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Purpose: To identify homeobox-containing genes that may play a role in the differentiation of ocular tissues.

Methods: Total RNA was isolated from microdissected chicken embryo eye tissues at 3.5 days of development (embryonic
day 3.5; E3.5). An "anchor-oligo-dT primer" was used for the synthesis of cDNA. Degenerate oligonucleotides designed
from highly-conserved sequences in the third helix of the homeobox and the "anchor-primer" were used to amplify cDNAs
by polymerase chain reaction (PCR). PCR products were cloned and sequenced. The spatial and temporal expression of
selected transcripts was mapped by whole-mount in situ hybridization and northern blot analysis.

Results:After sequencing eighteen clones we identified a member of the distal-less family (dIx-3) in cDNA from presumptive
neural retina and three chicken homologs of the Xenopus "anterior neural fold" (Xanf-1) in cDNA from anterior eye
tissue. DIx transcripts were mapped by in situ hybridization. Expression began at Hamburger and Hamilton stage 14
(E2.5) and was widely distributed in embryonic mesenchyme on E3 and E4. Expression increased in the retina during
early development and persisted until after hatching. The one anf clone selected for further study was not detected by in
situ or northern blot analysis.

Conclusions: It is feasible to isolate homeobox cDNAs directly from microdissected embryonic tissues. Chicken dIx-3
MRNA has a wider distribution in the embryo than expected, based on the expression of the mouse homolog. DIx-3 may
play a role in establishing or maintaining the differentiation of the retina.

Homeobox genes control pattern formation and positioneontaining sequences in cDNA prepared from ocular tissues
specific cell differentiation in developing embryos (1-5). Themicrodissected from a small number of stage 22 (embryonic
proteins encoded by the homeobox superfamily contain day 4; E4) chicken embryos (10). The utility of this approach
highly conserved DNA-binding domain, the homeodomainjs demonstrated by the identification of new homeobox
comprised of four alpha helical segments. The second and thisgquences, one isolated from presumptive retina and the others
helices form a helix-turn-helix motif involved directly in DNA from the anterior optic cup and surrounding mesenchyme. The
binding. The first and the fourth helixes are believed tcexpression of one of these transcripts was mapped by whole-
contribute to the specificity of DNA-binding (5, 6) mount in situ hybridization.

In the last decade, several families of homeobox genes
have been identified. These genes were often identified using
conseryed sequences fro.m _the homeobox as probes to screen MATERIALS AND METHODS
cDNAlibraries. (1, 7, 8) Within a homeobox family, the amino
acid sequence of the homeodomain is highly conserved
Outside the homeodomain there is usually sequence similari
between members of a family, but little similarity to other

Chicken Embryos+ertilized chicken eggs were obtained from
Pruslow Farms, Chestertown, MD. Embryos were staged
- according to Hamburger and Hamilton (10). The experiments
homeobox families. . o . reported were conducted according to the principles set forth
Our Iaborat.ory has been_lnteresteq n !dentlfy|ng thﬁn the Guide for Care and Use of Laboratory Animals, Institute
factors responsible for the regional specification of the OPtiGs Animal Resources, National Research Council. DHEW Pub.

Ve5|ﬁlefdur|ng_ eye ffOLmat.'l(.)n' we _hr?vlg focus((jad %Lljr ?ttem'cc)ﬂlo. (NIH) 78-23 and the ARVO Guidelines for the Use of
on the formation of the ciliary epithelium, a double-layered, .\« i1\ Vision Research.

epithelium that differentiates near the margin of the optic cup, Cloning Strategy—Four embryonic eyes at stage 22 (E4)
f"‘dja‘?‘?m to the lens. Although hypridization experi_mer_ns ha,vﬁ/ere dissected as described previously (11) to obtain neural
identified homeobox genes selectively expressed in this r€91%ina. anterior optic cup, and other eye tissues. The anterior

(9), homeobox-containing transcripts rarely are I‘Q‘()l"’lte%ptic cup included the presumptive ciliary epithelium and

directly from differentiating eye tissues. We used degeneratgnterior periocular mesenchyme. Total RNA was extracted
PCR primers from the third helix of the homeobox and a

: . ; . rﬂ)ythe method of Chomczynski and Sacchi (12). Approximately
oligo-dT-anchor primer to amplify and isolate homeobox-5 pg of total RNA was obtained from the anterior optic cup

"To whom correspondence should be addressed: David C. Beeb(zei,ncl 1.7ug from the neural retina. The T7-RNA polymerase

Dept. of Ophthalmology and Visual Sciences, Washington Universit?romo'[er se_)quence (Table 1) taHed_ with 15 thymidine residues
School of Medicine, Campus Box 8096, 660 S. Euclid Ave., Stdt15-T7;Fig. 1), was used as a primer to convag af total
Louis, MO 63110, phone 314-362-1621, fax 314-747-1405, e-mailRNA into cDNA with MMLV reverse transcriptase (Life
beebed@am.seer.wustl.edu Technologies, Gaithersburg,
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GlassMax (Life Technologies) and directly cloned into
Invitrogen's PCR-II T-A cloning vector (Invitrogen, San Diego,
A. Nucleotide sequences of oligos used in amplification of homeobox specific sequencésA). Insert size was determined by restriction enzyme
from embryonic eye tissues. B. and C. Primer sets used to generate chdIx-3- and chadigestion and clones greater than 200 bp in Iength were
specific probe templates for in situ hybridizations. . . .

sequenced in both directions by the ABI-fluorescent dye

Table |

f ;lzosT)ZUb:éi?:cmc PeR: 5'GT(GC)AA(GA)AT(CT)TGGTT(CT)CA(GA)AAS' terminator method (Perkin-EImer, Norwalk, CT) Sequence

2 #2607 HOX-B 5'AA(GA)AT(CT)TGGTT(CT)CA(GA)AA(CT)CG3" . . . pu .

3 #4861 T7-promoter sequence  SAATACGACTCACTATAGGGS homologies were identified by searching Genbank.

B Ditabess specitc A gel showing the PCR products obtained from several

2 4eTi 454 T promoter  SAATACGACTCACTATAGGGTATTGACAGAGGTGTGGGCE eye tissues from stage 22 embryos is shown in Figure 2. Each

LS e TATTOACAGAGGTGTOGGES tissue produced a unique pattern of PCR products. In the

2. #4416 3779 + T3 promoter 5'’AATTAACCCTCACTAAAGGGAGCCCCAACAACAGCGATT3! present StUdy IndIVIdual bands Were not eXCISGd from the gel

© ganyg o nouralfold-specifc and cloned. However, in future studies tissue-specific

2 o732 4656+ T7 promoter  SAATACGACTOACTATAGGGCCTCTCCCAGCARTTAAGE homeobox sequences could be obtained with this approach.
Set#4 . . .

L #4659 Anisense SCCTCTCCCAGCAARTTAAGY Synthesis of ProbesSense and antisense single stranded

#4657 3780 + T3 promoter ~ 5'’AATTAACCCTCACTAAAGGGTAATTCCACCTCCAGCCTG3'

DNA and RNA probes were generated from selected clones.
A 130 bp PCR product from a clone related to the dix-3
subfamily (chdIx-3) and a 222 bp product from a clone related

MD). Degenerate primers (Hox A and Hox B, 32-foldto Xenopus Anf-1 (chanf) were amplified using specific
degeneracy; Table 1) were derived from the sequence of tiwimers (Fig. 3A & B; Table 1). These PCR products served
conserved third helix of the homeobox to serve as sense primé&s templates in single-stranded PCR to genéeRtéabeled
for PCR (Fig. 1). Amplification was first performed with the anti-sense probes (11) for screening northern blots. To prepare
Hox A primer (Table 1; Fig. 1) as the sense and the T7 promoté&boprobes for in situ hybridization, the PCR probe templates
sequence with the T-tail as the antisense primer. Approximatelyere re-amplified with modified primers that included the
80 ng of cDNA were used as template in a "hot-start” PCRromoter sequence for T7 or T3 RNA polymerase (Table 1) to
with 2.0 mM magnesium chloride in the PCR buffer. Reactionslirectly attach the promoter sequences to the probe templates.
were heated to 80°C for 1 min 30 sec, Tag polymerase wadigoxigenin-labeled sense or antisense riboprobe templates
added and the reaction was cycled 30 times at 94°C, 1 miwere produced in separate reactions using the Genius 4 RNA
50°C, 1 min and 72°C, 1 min, with a final extension at 72°Gabeling kit (Boehringer-Manneheim, Indianapolis, IN).
for 5 min. A second, nested PCR was performed with primeéNorthern Blot AnalysisFotal RNA was extracted from the
Hox B and the T7 promoter sequence without the T-tail usingjssues of interest by the method of Chomczynski and Sacchi
2 ul of the previous PCR reaction as template at the following12). RNA pellets were re-precipitated with 4M lithium
conditions: hot start, 80°C, 1 min 30 sec, 96°C 40 sec, 55°C,chloride and 1Qug aliquots of total RNA were resolved on
min, 72°C, 1 min for 30 cycles, extension at 72°C, 5 min . Thd% formaldehyde gels. The blotted RNA was probed with the
PCR products from the second amplification were purified omnti-sense strand of the probes labeled with 32P by single-
stranded PCR (11).

Whole-Mount In situ Hybridizatier- Whole-mount in

situ hybridization with digoxigenin-labeled probes was done

3 H1 H2 H3 3 by modified methods based on Harland (13) and Li et al (14).
] AAAAAAA
ATy 17 w
{dT,s- 17] S « ¥ S
PCR #1 |HoxA } 7 | S Y 1 S 1
| | | | | |
PCR #2 |HoxB I 17 |
Figure 1. Schematic illustration of the strategy adopted to isolat P 1 KB
homeobox genes from the eye tissues.Total RNA was extracted fro - 500
micro-dissected eye components from four D3.5 eyes
Complementary DNA synthesis was primed with oligo-dT-tailed =300

promoter sequence for the T7-RNA polymerase (dT15-T7) ani
homeobox specific cDNAs were amplified by PCR. Degenerate
primers, Hox A & B, were synthesized from the highly conservec
helix 3 (H3) region of the homeobox, to serve as sense primers for rigure 2. Al agarose yel snowing uie FUK prouucts yenerated
PCR. The Hox B primer overlapped most of the sequence of Hox Arom several ocular tissues. Tissues were isolated from stage 22
as it was shifted in the 3-prime direction by only three bases. Thembryos, RNA was extracted, reverse transcribed and amplified with
first round of amplification (PCR#1) was done using primer Hox Atwo sets of primers, as shown in Fig. 1. The pattern of bands obtained
and T7 promoter sequence and the second round (PCR#2) was carfiemm each tissue was unique. AOC, anterior optic cup; NR,
out with primer Hox B and the T7 promoter sequence. The amplifiegpresumptive neural retina; RPE, retinal pigment epithelium; L, lens;
PCR products were then cloned and sequenced. C, corneal epithelium; STD, molecular weight standards.
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Briefly, embryos were fixed overnight at 4°C in MEMFA (0.1 A
M MOPS’ pH 74’ 2 mM EGTA’ 1 mM magneS|um Su”aigg(:'?é 32.:;3 TTT CAA AAC CGC CGC Tég AAG TTC AAG AAG CTC TAC AAG

and 3.7% formaldehyde), rinsed in 0.9% saline and stored inw F Q NRRSKFEKKLYK

90% methanol at -20°C. For in situ hybridization, embry0s cec cac GT6 CCG TTG GAG CAC AGC CCC AAC AAC AGC GAT TCC ATG
NGEVPLEHSPNNSDSM

were rehydrated, treated with proteinase K(@0nl in PBS, 144

0.1% Tween-20) for 15 minutes at room temperatu@es TGC AAC GAA GGA ACT GCT TTT GCG GGC GTT GAG GGA CTG CGT GTG
CNEGTAFAGVEGLRYV

acetylated and hybridized as described by Li, et al. (2%). 192

Hybridization was carried out overnight at 58°C for chdxa3 ® T 565 A4 S8R CTC CTC CACACC TECTECTAT GCA GCC CAC ACC

and 60°C for chanf probes. Probe concentration was-4534 223
. TCT GTC AAT AAACAC CTT TTG GTC TTT GTT TAA AAA AAA AAA AAA A-T7
approximately 0.21g/ml. Embryos were washed atthe samev N k HL L v F v
temperatures in 50% formamide, 2xSSC; 0.1% CHAPS and
50 mM glycine, pH 7.2 and treated with RNAase Aand T1 at B
37°C for 1 hr. The last wash before blocking was doneji(+oxB)-> 48
ATC TGG TTC CAG AAC CGT CGT GCA AAA CTG AAG AGA TCC CAC CGA

maleate buffer pH 7.5. After blocking for two hours at 4@? WFQNRRAKLKRSHR

H H ° 7 H 3780-> 96
embryos were InCUbated 0Vern|ght at4°C Wlth alkallgg\TCA CAG TTT TTA ATG GTG AAA AAT AAT TCC ACC TCC AGC CTG CTA

phosphatase-conjugated anti-digoxigenin antibody (1/20003 @ F L M V K N N s A
Boehringer-Manneheim), then washed extensively with BS#s Tac Gac GAA GGA TGG CTT GCC TCG ATA TTA CTA CAA TGG GAC TTG
saline. Color development used NBT and BCIP as substratés 102

for alkaline phosphatase (Kirkegaard and Perry, GaithersbM@pAT TAC TGG CAT TGG CTG TAATGT GTATTAAAC AMATGATTATGT
MD) for chdIx-3 probes and either NBT/BCIP or BM-purpl@T aAT TAT GGA TTC CAT CCC TAG ATT TGA AAG ATT ATC AAT CCC CCG
(Boehringer-Manneheim) for chanf. The NBT/BCIP SUDSIIRL aan 1ra ACT GTA AAT ATG Taa ACG TAT TGT TAA ACT TAA TTT GCT
was prepared in Tris buffer (pH 9.5), containing 10% pOlyVir%lée‘Z%A GGA AAG GTG GAA CTC TcaTS(G:CT TAT ATT TTT TTC GAT TTC ATA
alcohol of molecular weight 13,000-23,000 (98% hydrolyzed,; 360

A|dl’iCh, M"Wau kee, WI) (15) TTT TGT CCA CGA ACC GGC ACA TTG AAA AAA AAA AAA AAA-T7

Figure 3. The nucleotide and amino acid sequences of A) the

RESULTS chicken Distal-less (ChdIx-3) and B) the anterior neural fold (Chanf)

cDNA fragments isolated from extracted ocular RNA . The nucleotide

Sequence ComparisersOf 5 clones isolated and sequencedand amino acid sequences of A) the chicken Distal-less (Chdix-3;

from the neural retina’ one Containing a228 bp insert Showe@enBank accession # U31667) and B) the anterior neural fold (Chanf;
homology to the third distal-less sub-family (Fig. 4A). We GenBank accession # U31800) cDNA fragments isolated from RNA

refer to this sequence as chicken dix-3 (chdlx-3). As is eviderﬁXtraCtEd from the presumptive neural retina and the anterior optic

f Fig. 4A . . id h | fcup of stage 22 embryos. Sequences in bold are within the homeobox.
rom rig. » Maximum amino acid sequence NoMoIogy Olp itinng of primer sequences used in the study are underlined and

chdlx-3 was to mouse dIx-3, zebrafish brdlx-3, and anothef,e arrows indicate the direction of the primers. Primers 2607 (Hox

member of the dIx-3 family, newt nvhbox4. Sequences frong) and T7 were used to amplify the homeobox sequences. For chdlx-
two other Urodeles, Pleurodeles waltii (Genbank accessioB, primers 3779 and 4534 (A) and for chanf, primers 3780 and 4659
#U49645) and Ambystoma mexicanum (Genbank accessiof) were used to generate the templates for the probes used for in
#U59480) were identical to nvhbox3 and are not shownsitu hybridizations and Northern blots.

A

Homeodomain----( Carboxyl terminus
helix-3 helix-4 6
mdix3 KIWFQNRR SKFKKLYK NGEVP.LEHSPNNSDSMACNSPPSPALWDTSSHSTPAPARNPLPPPLPYSASPNYLDDPTTSWYHTQNLSGPHLQQQPPQPATLHBRGPPPNBAVY
2dIx3 oo fer— kit ekt ik e NARS QVNRGQIPQSSTPPYMEDY SNHWYQQGSHLQHPV*HPGP*QSV GAVY
nvhbox4 *ees kdk HRKGMFHIAD xR AR T ST PYRVQHTQAQPL*HNSSPSYLEDYNPWYHHPQNLSGHLQPPGTMHHTPPGT GAVY
chdlx3 Ferirsx el Fkkk ki EGTAF*GVEGLRVRVAKGLLHTCCCAAHT*VNKHL*VEFV|
chdIx5 *esxiCx HHEHIM* M PGS SHPISPQSP*VW*PQGSSRSIGHHGHGH*AANPSPGS**ES*SAWYPAASP*GSH?QPHGSLOHPLALPS GTIY|
mdlx2 sk HEREMW* SH[* T*QH*GA*A*PP*A***VS*PASWDFGAPQRM*GGGPGSGGGGAG*SGSSPSSAA*AFLGNYPWYHQASGSASHLQATAPL LHPSQTPQAHHHHHHHHHAGGGAPVSAGTIF|
mdlx1  Feerex HHRRKM* Q*GAA *G*ALANGRALSAGS*PVPPGWNPNSSSGKGSGSSAGSYV*SYT*WYPSAHQEAMQQPQLM|
dll s Y HMM* AAQG*GTNSGMPLGGGGPNPGQHSPNQMHSGGNNGGGSNSGSPSHY*PGH*TPSST*VSELSPQFPPT*LSPPT*A*WDQKP*WI| AHK**QM*GYVPQYWYLPETNPSLVTVWPAV/|
B
Homeodomain----( Carboxyl-terminus

helix-3 helix-4
xanf-1 QIWFQNRR AKLKRSHR ESQFLIVKDSLSSKIQE|

xanf-2 *ereseee Jres— |

TR e ssppwRe  seeeMATKPENPDLLK|
Hesx-1 ®ewmesx  wiMrorRe o MARKPFNPDLLK|
Chanf seeeesss e svveeeNNSTASLLE]

Figure 4. Amino acid sequences of chdIx-3 and chanf mRNA fragments aligned to other dix- and anf sequences to show homologies.
Sequences identical to mdlx-3 are shown in asterisks (*) and stop codons as vertical hashes (|). The GAVY sequencé atitbedird o
sequences is shown in blue. ChdIx-3 and chanf are denoted by agetafbrtzebrafish (zdIx-3), the newt (nvhbox4), the chicken (chdIx-

3 & 5), the mouse sequences (mdix-1 & 2), and the Drosophila (dll), are shown aligned to the mouse mdIx-3 sequenceaittiecsauite
insertion of glycine in the Drosophila and newt sequences at the sixth position after the homeodomain is representedthe atbet i
sequences. The chdIx-3 sequence shows 24% homology to the mouse mdlx-1, 27% to mdIx-5, 31% to mdIx-2, 36% to mdIx-3x-33% to zdI
3 and 29% to nvhbox4 in the sequences sh@&withe chicken anf (chanf) sequence aligned to the Xenopus (xanf-1 & 2) and mouse (Hesx-
1, Rpx) sequences. The chicken sequence is identical to the xanf-1 & 2 in the homeobox sequences and is identical 2uB55% atitie
positions in the 3' coding sequences. It bears 87% identity to the mouse sequences in the homeobox region and 47-52%ei®ntting
sequences.
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Sequences within the homeodomains of these genes wearkthe hindbrain (Fig. 6l), the ectodermal lining of the otic
identical at the amino acid level. In the sequences flanking theesicle (Fig. 61), the mesenchyme of the mandibular arch (Figs.
homeodomain, chdIx-3 matched mdix-3 in 21 amino acids an@l and 6L) and the cranial ganglia (Fig. 61). In the leg buds,
zdIx-3 in 19 amino acids. No significant homology was seermhdIx-3 transcripts were expressed in the avascular mesoderm
in the remainder of the coding sequences (Fig. 4A). Alignmerdnd in the dorsal ectoderm (Figs. 6K and 6M). Transcripts
with mouse dix-1 and 2 and the Drosophila homolog, dllwere also detected in the mesenchyme surrounding the neural
revealed that chdIx-3 shared little amino acid sequenctibe, in the scelerotome and in the mesonephros, as shown in
similarity beyond the homeodomain. Fig. 6K.

From the presumptive ciliary epithelium and periocular ~ As with northern blot analysis, whole mount in situ
mesenchyme 13 clones were selected for sequencing. Otgbridizations for chanf transcripts in embryos from stage 10
AOC19, had a 355 bp insert that was identical in proteithrough E6 did not reliably show detectable levels of this
sequence to Xenopus Anfl in the homeodomain and 50%hessage. It may be necessary to isolate longer cDNA sequences
amino acid identity in the short, 18-amino-acid 3' codingor to employ more sensitive detection methods to evaluate the
region. The comparatively long 3' untranslated regiorexpression pattern of this mRNA.
contained seven in-frame stop codons. We refer to this clone
as chicken anf (chanf). We identified two other clones among DISCUSSION
the 13 sequenced that shared 60-69% amino acid identity with
chanf (data not shown). The remaining ten clones did nddirect Amplification and Cloning of Homeobox cDNA
contain sequences related to homeobox genes. Sequences- Homeobox genes control pattern formation and

Northern Blots— Northern blots probed with3@P-labeled  position-specific cell differentiation during development.
chdix-3 fragment identified a single band at approximatelyBecause they are known to have expression patterns localized
1.5 kb (Fig. 5A & B). The mRNA for this gene was expressedo sharply-delimited domains, we decided to clone homeobox
in the heads of chicken embryos at stage 17 (E3; Fig. 5A). Ajenes directly from differentiating eye tissues. Our aim was
stage 22 (E4), dIx-3 transcripts were abundant in the head buat isolate messages that could be used as markers in
were barely detectable in the neural retina, anterior optic cugxperiments designed tdentify the signals that orchestrate
and limb bud (data not shown). ChdIx-3 transcripts weréhe regional differentiation of the eye.
readily detectable in the retinas of E8 and E18 embryos and 2- Whole Mount In Situ Hybridizatier ChdIx-3 transcripts
day post hatch (P2) chicks (Fig. 5B) and were present at lowere first detected at low levels in the optic cup at stage 14
levels in corneas and scleras of E8 and E18 embryos (data 1{btg. 6A). At stage 18 (E3, Fig. 6C) expression was seen in
shown). Stripping and reprobing the blots for chicken betathe optic cup, forebrain, branchial arches, and the limb buds.
actin (lower bands Fig. 5A & B) showed that similar amountsAbout one day later, at stage 22, chdIx-3 transcripts were more
of RNA were loaded. abundant in the optic cup (Figs. 6E, 6H) and the branchial

No chanf message was detected by northern blot analysasches (Fig. 6E). At this stage intense staining was also seen
of total RNA extracted from whole heads of embryos at stages a group of cells in the region between the nasal placode and
17-22 (E3-4). Chanf sequences were not detected in RNthe optic cup (Fig. 6G). A lower level of staining was seen in
isolated from microdissected retina, anterior optic cup, retinghe mesenchyme surrounding the frontal lobes of the brain at
pigmented epithelium or pituitary primordium from stage 22all of these stages. Vibratome sections of stage 22 embryos In
(E4) embryos (data not shown). revealed that the most intensecent years, amplification of complementary DNA by RT-
staining in the head was in the mesenchyme beneath the fldBCR has made it easier to isolate cDNA sequences from small
amounts of embryonic tissues. Researchers have employed
this technique to amplify cDNA fragments between two highly

A B conserved domains in a gene family, then used the fragments
St St 5t St I =S A generated as probes to isolate the rest of the sequence by

17 18 19 20 8 1218 2 screening cDNA libraries (16) or using rapid amplification of

e S 185 - cDNA ends (RACE) (17, 18) Although this approach has

1.4 kb - e . . BEITH . ete resulted in the identification of a large number of genes

belonging to families such as the kinases (19-20), phosphatases

Actin - . I (21, 22), and homeoboxes (16, 18, 23), it has its limits. Most
18s -E - . “ Actin - | s often, the amplified cDNA fragments contain sequences that
18S - are quite similar to each other, thereby limiting their use as

_ _ _ probes for studying patterns of differential gene expression.
_ Figure 5. Northern blot analysis of the chicken dix-3 and betagecause mapping distribution patterns by in situ hybridization
actin transcripts. A. Blots of total RNAs extracted from the heads o\;\%as critical for our experiments, we opted to amplify sequences

embryos at stages 17, 18, 19, and 22 (embryonic days 3-4) . o
development. B. Blots of the total RNAs extracted from retinas a ,etween a highly conserved region in the homeobox and the

embryonic day 8 (E8), E12, E18, and 2 days post hatch (P2)gTen -end of the messenger RNAg. This would prowde sufﬁugnt
of RNAwas resolved on 1% formaldehyde gel. The chdix-3 transcripgéduence information to identify homologs in other species,
were approximately 1.5 kb (top) and the chicken beta-actinvhile providing sequences from the 3'-untranslated region for
approximately 2.4kb (bottom). use as specific probes.
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Figure 6. Whole mount in situ hybridization of chicken embryos,
probed with digoxigenin labeled chdlx-3 riboprobes. A, C, E, G, and
H were probed with the anti-sense strand and B, D, and F were probed
with the sense strand. The embryo in A shows dIx- transcripts in the
optic cup (arrows) at early D3 (stage 16) of development. In C, at
stage 18 of development, the chdlx-3 transcripts were present in the
forebrain (fb), the optic cup (arrow), the branchial arches (br), and
the leg bud (Ib). At 3.5 days (stage 22, embryo in E), chdIx-3
transcripts were more abundant in the optic cup and the branchial
arches. Staining is also seen in the limb buds (Ib and wb). G is the
anterior view of the frontal lobes and the nasal placode of a D3.5
embryo. Intense staining is seen in the mesenchyme in the region
between (arrow) the eye (e) and nasal placode (np). Faint staining is
also seen in the whole frontal lobe. H is the posterior view of the
tissue in G, showing low levels of staining in the mesenchyme of the
frontal lobes and more intense staining in the retina (arrow). I, J and
K are 70um Vibratome sections of stage 22 embryo. | is through the
floor of the hindbrain (hb), otic vesicle (ov), mandibular arch (m),
the nasal placode (np), and the forebrain (fb). Intense staining is seen
in the mesenchyme beneath the floor of the hindbrain (arrow), in the
mandibular arch (m), and the cranial ganglia (arrow heads). J is a
section through the right eye in H, showing staining in the retina. K
is a transverse section through the trunk at the level of leg buds.
Staining is seen in the migrating neural crest (arrow), in the
mesonephros (k) and in the peripheral avascular zone of the mesoderm
in the leg bud. L and M are higher magnification (20X) views of
similar sections as in | and K. L shows that staining in the mandibular
arch is restricted to the cells of the mesenchyme. In M localization of
chdIx-3 transcripts in the dorsal ectoderm (*) and the peripheral
avascular mesenchyme (m) of the limb is apparent. The unstained
region under the dorsal ectoderm is clearly distinguishable (arrow).
The apical ectodermal ridge (aer) was not stained appreciably.

The sequences in the third helix of the homeobox wertruncated at its 3' end, because no canonical poly-A addition
most suited to our purpose, as these are the most highdignal is present near the 3' end of the clone.
conserved among homeobox families. PCR products generated Absence of the 3' end of a cDNA, as discussed above,
from this region also include a portion of the 3' end of thanay be caused by priming the cDNA from short stretches of
homeobox sequence, permitting positive identification ofadenines. Errors of this type may be avoided in future studies
homeobox-containing clones. We primed the cDNA reactionby using shorter chains of thymines (6-7 Ts) for cDNA
with 15 thymidine residues anchored to the T7 promotesynthesis. The first round of PCR would then use an anchor
sequence to ensure maximal representation of the messagesner linked to longer stretches of poly-T (18-22 Ts) at higher
present in the tissues of interest and amplified the cDNAs withnnealing temperatures for amplification. This would assure
degenerate, overlapping primers (Hox A and Hox B) to increadbat only cDNAs initiated in the poly-A tail would be amplified.
the probability of obtaining homeobox-specific products. In future studies we also suggest that one not use RNA

Our results show that this method was capable opolymerase promoter sequences as anchor-primers. Most
identifying new homeobox sequences. The chdIx-3 and theloning vectors already have these sequences and two identical
chanf sequences are identical to their homologs from othaites in the plasmid created interference in screening and
species in the homeobox region and have a high degree mboprobe synthesis. The use of newer thermostable
homology in their 3'-coding sequences. polymerases and polymerase mixtures more suitable for

Although both sequences include much or all of the 3'amplification of longer PCR fragments might provide an added
coding region, the chdix-3 clone comes to an abrupt end advantage in amplifying more of the 3' end of homeobox-
what appears to be a stop codon. Because this stop codorc@taining cDNAs.
TAA, it is possible that one or both of the adenines were  The Chicken DIx-3 Sequence and the Distal-less Family
contributed by the poly-A primer. If this occurred, some ofln Drosophila a single distal-less gene (dll) is expressed in
the 3'-coding sequence may be absent. This explanation megrly larval stages, where it controls the formation of the larval
be correct, because the coding sequence we obtained for chdbense organs. After shutting off briefly in the later larval stages,
3 is shorter than dix-3 sequences from other species ailll is expressed again in the pupae during limb formation (24,
because all other dix-3 orthologs, but not chdIx-3, end in th&5).
amino acid sequence "GAVY." Although the chanf cDNA Multiple distal-less homologs are found in vertebrate
includes a substantial 3' untranslated region, it also may kepecies. It has been suggested that the complex developmental
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patterns in vertebrates are partially accounted for by thdevelopment of the forebrain was abnormal and the
increased number and diversity of homeobox genes, comparatbrphogenesis of skeletal elements derived from the proximal
to the complexity of this gene superfamily in invertebratesregions of the first and second visceral arches was disturbed.
This has apparently led to the expression of several membeFke expression patterns of several homeobox genes, normally
of a given vertebrate homeobox family in overlapping orco-expressed with dix-2, was not disturbed in dIx-2 knockouts.
complementary domains. Thus, in mice (16, 26-31), frogs (32ZFhis suggested that dIx-2 was not responsible for the regional
35), and zebrafish (36-38), multiple genes from the distal-lesspecification of the forebrain. However, in contrast to normal
family are expressed in several regions of the brain, thmice, the enzyme tyrosine hydroxylase was absent from
olfactory, otic, and optic sense organs, the mesenchyme of theurons in the olfactory bulb in eight independent lines of
branchial arches, and the developing limbs. In newts, twdlx-2 null homozygotes. DIx-1 continues to be expressed in
distal-less genes are co-expressed in regenerating limbs (38)ese cells. This suggests that dIx-2 regulates the state of
The single distal-less homolog identified in rat, rdix (40), anddifferentiation or the identity of these cells. If these
its mouse ortholog, mdlx-5 (31), have wide expression domainsharacteristics of dix-2 are typical of other members of the
in the forebrain, branchial arches, otic vesicles, and craniaistal-less family, these genes may be more important in
ganglia, which they share with mdIx-1, 2 and 3 (16, 26-31determining neuronal cell type or cell-specific characteristics
40). The recently isolated chicken ortholog, chdIx-5 (41), ighan in defining regional identity. DIx-2 null mice also had
expressed in the AER in the limb, as are the members of tladnormalities in the differentiation of the proximal derivatives
dix-1 and 3 families. The dIx-5 genes in chicken, mouse, andf the first and second branchial arch and in the membranous
rat also have a novel expression in differentiating cartilagebones of the skull. It is not clear whether these abnormalities
Based on these complex and overlapping expression pattermgre due to defects in spatial patterning or cell differentiation.
it has been proposed that the vertebrate dix family is importaferivatives of the distal portions of these arches were normal.
in craniofacial and sense organ development and in specifyirithis may be because dix-3 and -5 were expressed in the distal
proximo-distal position in limbs. regions of these arches (51).

From Fig. 4A it is apparent that the partial chdlx-3 The mouse genes for dIx-1 and dIx-2 map near the
sequence bears maximum homology to the members of tmeutations Ul (ulnaless), which is characterized by
dix-3 sub-family. Based on the known expression pattern cdibnormalities of the ulna, radius, tibia and fibula (43) and Far
members of this family in other vertebrates, we expected chdlXFirst Branchial Arch), which is characterized by abnormalities
3 transcripts to be expressed in the neural crest-derived the first branchial arch and mandible (44), suggesting dix-1
mesenchyme of the branchial arches, in the apical ectodernaid dIx-2 as candidate genes for these mutations.
ridge (AER) at the distal tip of the limb, and in the olfactory  Although it is likely that members of distal-less family
and otic epithelia (30, 34, 38). Although transcripts werere responsible for cell differentiation in many complex tissue
present in many of these areas, the chicken dIx-3 homolog hagstems, such as the brain, branchial arches, otic vesicles, and
a wider expression domain than its counterparts in the moughge limbs, there is not yet enough information available about
zebrafish, or frog. Whole-mount in situ hybridization revealedhe functions of all the distal-less family members in the
chdIx-3 expression in the forebrain, cranial ganglia, andlevelopment of anyertebrate organ system to test this
mesonephric clusters. This pattern more closely resembles theediction. From the present study, the early and persistent
distribution of members of the diIx-2 sub-family (16, 29, 30).expression of chdIx-3 in the retina suggests a function for this
Similarly, expression of chdIx-3 in differentiating neural retinagene in retinal development.
is more like the expression of members of the dIx-1 sub-family A Chicken Homolog of the Anterior Neural Fold Gene
(27, 37). Unlike other members of dIx-3 sub-family, chdIx-3The anterior neural fold homolog identified in our studies is a
is expressed in the dorsal ectoderm and the mesoderm of ttiember of a family of homeobox genes first reported in
developing limbs where it appears to partially overlap theXenopus (Xanf-1) (45). The mRNA for Xanf-1 is expressed
expression domain of chicken dIx-5 (41). ChdIx-3 was notn the neural ectoderm and is localized to the anterior region
detected in the AER, although, time mouse diIx-1, 3, and 5 of the neural folds by mid-neurula. It is also expressed in the
are all found in this region (27, 30). Given the unexpectedlynesodermal cells comprising Spemann's organizer, a region
wide and divergent expression of chdIx-3, it will be of interestesponsible for determining the anterior-posterior axis in the
to compare the expression patterns of the other chicken dfstog embryo. Ectopic expression of Xanf-1 in early embryos
family members with the distribution of their mouse, frog,revealed that it is able to control the positional identities of
and zebrafish orthologs. cells along the anterior-posterior axis and the development of

Distal-less function— Drosophila distal-less specifies the anterior mesodermal and ectodermal structures (45, 46).
patterns along the proximo-distal axis of sensory appendagé®mologs have now been isolated from a gastrula-specific
such as the maxilla, antenna, labrum, labia, and the thorackenopus cDNA library (Xanf-2) (47) and in mice (Hesx-1
limbs (23-25, 42). In this species, distal-less functions in and Rpx) (48-50) and zebrafish. Mathers and coworkers
cell-autonomous manner and absence of distal-less causeported that Xanf-2 is expressed in the early upper sensorial
appendages to grow without differentiation (25). ectoderm (which gives rise to the stomodeum, the anlage of

Information about the function of the distal-less family inthe pituitary gland), the optic vesicles, and the olfactory
vertebrates was provided by creating mice lacking dix-2 bylacodes (47). Hesx-1 isolated from cultured, pluripotent
homologous recombination (51). In these animals, thenouse embryonic stem cells and by RNase protection assay
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was found to be most abundant in embryonic liver cells (48,0. Hamburger, V., and Hamilton, H. L. (1951) A series of normal

49). In situ hybridization demonstrated that Rpx, a closely  stages in the development of the chick embryo. J. Morph. 88:49-
related gene, was expressed in the early cephalic neural plate 92.

(presumptive prosencephalon region) and the endoderid. Dhawan, R. R., and Beebe, D. C. (1994) Differential localization
underlying it. Aday later, Rpx localized to the prosencephalon, of collagen type IX isoform messenger RNAs during early ocular

and later to the oral ectoderm (pituitary anlage) (50). development. Invest. Ophthalmol. Vis. Sci. 35:470-478.

The chicken homolog of anf was not reliably detected byL2. Chomczyski, P. and Sacchi, N. (1987) Single step method of RNA
northern blot or in situ hybridization in embryos from stage isolation by acid guanidinium thiocyanate-phenol-chloroform
10-25. In particular, we were unable to detect transcripts in ~ extraction. Anal. Biochem. 162:156-159.
the anterior optic cup tissues at E3.5, the tissue and stage frdi® Harland, R. M. (1991) In situ hybridization: An improved whole-
which the initial cDNA was isolated. Use of a longer clone mount method for Xenopus embryos. Methods in Cell Biol.
and more sensitive detection methods might permit the 36:685-695.
localization of chanf transcripts more effectively. Our14.Li, H., Yang, J., Jacobson, R. D., Pasco, D., and Sundin, O. (1994)
preliminary data and the results of others suggest that the Anf/ Pax-6 is first expressed in a region of ectoderm anterior to the
Rpx family has several members in vertebrates. The role of early neural plate: Implications for stepwise determination of
these genes in eye formation and morphogenesis is not clear the lens. Dev. Biol. 162:181-194.
at present, although Xanf-1 and -2 are expressed in cells thkd. Barth, J., and Ivarie, R. (1994) Polyvinyl alcohol enhances
will form the optic cup (47) and mice in which Rpx function detection of low abundance transcripts in early stage quail
is deleted by homologous recombination are microphthalmic  embryos in a nonradioactive whole mount in situ hybridization
or anophthalmic (KA Mahon, personal communication). technique. Biotechniques 17:324-328.

Robinson, G. W., Wray, S., and Mahon, K. A. (1991) Spatially
restricted expression of a member of a new family of murine
distal-less homeobox genes in the developing forebrain. The
New Biol. 3:1183-1194.

Frohman, M. A, Dush, M. K., and Martin, G. R. (1988) Rapid
production of full-length cDNAs from rare transcripts:
amplification using a single gene-specific oligonucleotide
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