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We have isolated a cDNA clone from chicken embryo that contains a
homeobox sequence (CHox-cad2). Analysis at the nucleotide and amino acid levels
revealed closest similarity to the Xenopus Xcad1 and to other homeoboxes related
to Drosophila caudal. RNA blot analysis showed hybridization of CHox-cad2 to two
transcripts of 2.6 and 1.5 kb, present at day 1 of embryogenesis (E1). Using the
highly sensitive polymerase chain reaction (PCR) to amplify cDNAs from embryonic
RNAs from EO (unincubated blastoderm) to E4, we confirmed the restricted
expression of this homeobox sequence to the period of neurulation (E1).  « 1993

Academic Press, Inc.

The understanding of the molecular mechanisms that control morphogenesis
has progressed enormously with the study of genes containing the conserved
180-bp homeobox first discovered in Drosophifa (1). The hypothesis that the
DNA-binding proteins encoded by homeobox-containing genes also regulate pattern
formation in vertebrate embryos is supported by the recent finding of their
restricted expressionin time and space {2). The idea is also emerging that important
steps of the body plan may be established by the interplay of peptide growth
factors and homeobox-gene products (3,4]).

Homeobox genes in vertebrates appear to be organized in highly conserved
clustered arrangements (Hox complexes) plus a few apparently scattered genes.
Typically, each group of vertebrate genes, including muitiple genes in each species,
is related to one of the homeobox genes in Drosophila. The caudal group appears
to be one of the most conserved since genes with this type of homeobox have
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been isolated from C. elegans (5), Drosophila (6), Xenopus (7), chicken (8) and
mouse (9). Expression of caudal-related genes may be important for gastrulation
and early induction events in vertebrates (7, 8, 9).

We have isolated a cDNA containing a homeobox similar to members of the
caudal group (CHox-cad2). Its restricted pattern of expression in chicken embryos
provides an additional evidence for a possible role of proteins of this group during
gastrulation and neurulation. It also provides a tool to explore potential interactions
with growth factors expressed in the early chicken embryo (10, 11).

MATERIALS AND METHODS

Chicken embryos. Fertilized White Leghorn eggs were incubated at 37.5°C,
60-90% relative humidity in an egg incubator. Embryos were staged, according to
Hamburger and Hamilton (12), after dissection from membranes.

cDNA library screening and sequence analysis. A stage HH10 (30-36 h of
development) cDNA chicken embryo library (kindly provided by Dr. R. M. Grainger,
University of Virginia, Charlottsville, VA) had been prepared by cloning the cDNAs
from the embryonic mRNAs into the £co Rl site of Jambda gt10 bacteriophage. A
total of 10° phages were plated on 160X25 mm dishes (Falcon, Lincoln Park, NJ)
and double replica filters were prepared (Nitrocellulose BA85, Schieicher and
Schuell, Keene, NH}. The filters were treated sequentially with i} 0.5 M NaOH,
1.5 M NaCl for 2 min; ii) 0.5 M Tris-HC!, pH 8.0, 1.5 M NaCl for 3 min; iii) 2X SSC
for 5 min (1X SSC consists of 0.15 M NaCl, 15 mM sodium citrate}; followed by
baking at 80°C for 20 min. Prehybridization was carried out at 50°C for 2 h in 5X
SSPE {1X SSPE consists in 0.18 M NaCi, 10 mM sodium phosphate, pH 7.7, 1 mM
EDTA), 0.5X Denhardt’s solution (1X Denhardt’s solution consists in 0.2%
polyvinylpyrrolidone, 0.2% Ficoll, 0.2% bovine serum albumin}, 0.1% SDS and
100 pg/mi ssDNA. Subsequently, 10° cpm/ml of a random-primed, [*’P]-labeled
probe was added and the filters were hybridized at 50°C avernight. The filters were
then washed twice for 15 min at 50°C in 5X SSPE containing 0.1% SDS, foliowed
by two additional washes for 20 min at 50°C in 2X SSPE with 0.1% SDS. Under
these non-stringent conditions, the cDNA fragment of rat insulin-like growth factor
I (kindly provided by Dr. Derek LeRoith, National Institutes of Health, Bethesda, MD)
hybridized to the homeobox-containing cDNA. The reason for cross-hybridization
with the homeobox clone is not clear, but we suspect that it was due to the
presence of multiple short stretches of sequence similarity (there is no known
ancestral relationship between homeobox and peptide growth factor genes). After
secondary screening, the strongly hybridizing clones were subjected to restriction
analysis, and the appropriate fragment of one of them (named p3) was partially
characterized and found to contain a hameobox motif (to be reported elsewhere).
We rescreened then the same library using p3 as a probe, and obtained a second
cDNA clone, pCHox-cad2, which was subcloned into the Eco Rl site of pGem 4z
{Promega, Madison, WI). Recombinant plasmids containing the approximately
1-kb insert cDNA were sequenced as dsDNA by the dideoxynucleotide method {13}
using commercial kits (K/RT, Promega; Sequenase, USBC, Cleveland, OH). The
sequence obtained was compared to those in the EMBL bank using the GCG
programs.

RNA isolation from embryonic tissues and Northern blot analysis. Total RNA
was prepared by the method of Cathala et al. (14). Polyadenylated RNA was
prepared by affinity chromatography using poly{dT)-cellulose {BRL, Gaithersburg,
MD), according to the manufacturer’s protocol. RNA was resolved by
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electrophoresis in 1% agarose gels in the presence of formaldehyde and transferred
to nylon filters (Gene Screen, Dupont, Boston, MA)} by capillary blotting. The filters
were probed with a [*?Pl-end labeled 48-base oligonucleotide
(5'TTGTTTACACAGACCATCAGAGACTAGAATTAGAGAAGGAATTTCACT3’)
{primer U, corresponding to nucleotides 17 to 64 of the homeobox in Fig. 1} or with
a random-primed [*?P]-labeled c¢DNA from pCHox-cad2. The filters were
prehybridized and hybridized at 37°C overnight in 50% formamide, 4X SSPE,
1X Denhardt’s solution, 1% SDS, followed by sequential washes in i} 4X SSPE,
0.1% SDS; ii) 2X SSPE, 0.1% SDS; iii) 1X SSPE, 0.1% SDS; 15 min each at
37°C. The filters were exposed to XAR-2 film (Eastman Kodak, Rochester, NY)
with intensifying screens (Cronex lighting-plus, Dupont} at -70°C, for approximately
24 h,

Reverse transcription-polymerase chain reaction (RT-PCR). Total or
poly(A}* RNAs from chicken embryos at different stages of development
were analyzed for expression of CHox-cad2 by using the polymerase chain
reaction with reverse transcriptase-synthesized cDNA as described (15). In
short, cDNAs were synthesized by reverse transcriptase (30 U/ul, Boehringer
Mannheim, Indianapolis, IN) in the presence of RNAsin (Promegal, 5X RT
buffer and deoxinucleotides, using a 48mer {primer D)
(B’ AGATACTGCTGAAGATTCAAGCAAACCTAATTCTAGTCTGCTCATGTASZ’)
complementary to a 3’ untranslated region of the CHox-cad2, 422 bases
downstream of the homeobox. One third of the cDNA mixture was processed for
amplification, using the kit GeneAmp (Perkin-Elmer, Cetus Corp., Emeryville, CA),
following the protocol of the manufacturer. The oligonucleotide primers used were
the above described, U and D. Thirty cycles of denaturation (30°C, 1 min),
annealing {(50°C, 1.5 min) and extension {70°C, 2 min) were performed. One tenth
of the amplified product was electrophoresed on a 2% agarose gel in Tris-borate-
EDTA buffer. The DNA was transferred then to Nytran filters (Schieicher and
Schuell} and it was hybridized with the [*?P]-labeled random-primed insert of
pCHox-cad2.

RESULTS AND DISCUSSION

Isolation and characterization of the homeobox of CHox-cad2.
We have cloned a homeobox-containing cDNA from a stage HH10 chicken
embryo library that, by comparison with previously identified genes, shows the

AAA GAG AAG TAC CGG GTT GTT TAC ACA GAC CAT CAG AGA CTA GAA®
Lys Glu Lys Tyr Arg Val Val Tyr Thr Asp His Gln Arg Leu Glu

TTA GAG AAG GAA TTT CAC TGC AAC AGA TAC ATT ACA ATA AGG AGA”
Leu Glu Lys Glu Phe His Cys Asn Arg Tyr Ile Thr Ile Arg Arg

AAG TCA GAA CTT GCA GTA AAC CTT GGA CTA TCT GAA AGA CAG GTA™
Lys Ser Glu Leu Ala Val Asn Leu Gly Leu Ser Glu Arg Gln Val

AAA TCC TGG TTC CAG AAT CGC CGA GCC AAA GAA AGA AAA ATA aTC™®
Lys Ser Trp Phe Gln Asn Arg Arg Ala Lys Glu Arg Lys Ile Ile

Figure 1. Nucleotide and derived amino acid sequence of the homeobox of
CHox-cad2.
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Caudal homeoboxes

Chicken CHox-cad2 KEKYRVVYTDHQRLELEKEFHCNRY I TIRRKSELAVNLGL SERQVKSWFQNRRAKERK 11
Xenopus Xcad-1 Y FRARERERQRARERT R RN Y GREARRAAH LR RR AR AR AR TIAN [N RR A RN AR
Mouse Cdx-1 HYRGEAA KRR AT A AR AR ERY GHARARREERH IR ARKNET HA R IR ] KRR AARARANRYN
Chicken CHox-cad R RREEAHIRAAERARRAREIY GRAAANARHARRA QAR KR ddeddk | ANRRRENAARRYY
Xenopus Xcad-2 R R e Tt Y Y Y g e T Y]
Drosophila caudal HDRREERR A ERRREIRARY [ ]GRIANRAARRRAEQTHGRARARAH | ARX KA I NRART TN
C. elegans ceh-3 AD**AMAHSHY RAHH R IA RN T GDEAKGDHHEQNGTMRGR TR A # [ [ Ak kRN KA *RDK

Figure 2. Alignment of derived amino acid sequences of the caudal-related
homeoboxes of several species. The single letter code is used. * indicates identity.

highest similarity to the group of caudal. Since it is different from another chicken
caudal homologue recently reported (CHox-cad), we have named it CHox-cad2. The
nucleotide and derived amino acid sequences of the homeabox of CHox-cad2 are
shown in Fig. 1. The open reading frame in pCHox-cad2 continued 90 amino acids
upstream of the homeobox. An in-frame translational stop codon was found 35
amino acids downstream of the homeobox (data not shown).

At both the nucleotide and amino acid levels, CHox-cad2 homeobox was
remarkably similar to the caudal-related homeoboxes, with 78% of identity in amino
acids with the Drosophila gene (Figs. 2 and 3}. The closest similarity was found
with the Xenopus Xcad-1 (87% of amino acids identicai), while the most distant
was the C. elegans ceh-3 (62%). The similarity was less with any other group of
homeoboxes. Chicken is the only species besides Xenopus (that has a tetraploid
genome and, thus, many duplicated genes) in which two caudal-related cDNAs
have been reported to date. This fact may suggest that there are several groups of
caudal homeobox genes in vertebrates. This phenomenon of multiplicity of
vertebrate homeobox-containing genes relative to the Drosophila counterpartis well
established for the Hox-complexes {1, 2).

CHox-cad?2 Xcad-1 Cdx-1 CHox-cad Xcad-2 caudal ceh-3

CHox-cad2 *

Xcad-1 87 *

Cdx-1 85 a8 *

CHox-cad 83 20 95 *

Xcad-2 83 90 95 100 *

caudal 78 82 82 82 82 *

ceh-3 62 63 67 67 67 67 *

Figure 3. Percentage of identity between derived amino acid sequences from
caudal-related homeoboxes.
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Figure 4. Expression of CHox-cad2 during early embryogenesis. Four yg of
poly(A}+ RNA from whole chicken embryos before incubation (EQ}, after 1 day
(E1), and from heads of E4 embryos {E4h) was fractionated in a gel and
transferred to a nylon filter as described in Materials and Methods. The blot was
hybridized to the [*?P]-labeled 48-base oligonucleotide U, described in Materials and
Methods.

Figure 5. CHox-cad2 expression analysis by RT-PCR. Five yg of poly(A) +
RNA from EO and E1 whole embryos and 5 yg of total RNA from E3 whole
embryos, from E4 heads (E4h) and bodies (E4b), and from E2 yolk sac (2YS) and
E3 vyolk sac {(3YS), was used for reverse-transcription followed by PCR
amplification of the cDNAs. The amplified fragments were photographed under UV
light (upper panel) and transferred to a nylon membrane. This blot was hybridized
to an £co Rl fragment of pCHox-cad2 as described in Materials and Methods.

Expression of CHox-cad2 in early chicken development is restricted to E1
embryos.

Since the cDNA had been isolated from a library of stage HH10 (30-36 h}
chicken embryos, we knew that the mRNA was expressed very early in
embryogenesis. An RNA blot hybridized with a 48mer complementary to the
pCHox-cad2 sequence (described in Materials and Methods as primer U} showed
transcripts of 1.5 and 2.6 kb in ET1 embryos. No expression was detected at the
time the egg is laid (EOQ, blastoderm of a few thousand cells} or in heads of E4
embryos (Fig. 4). Other stages of embryogenesis (whole embryo RNA from E2, E3,
E4 and E8) did not show any expression when RNA blots were hybridized with the
full-length insert of pCHox-cad2 (data not shown)}. To confirm this restricted
temporal expression with a technique of much higher sensitivity than RNA blot
hybridization, we used RT-PCR with RNAs extracted from embryos from EO to E4
and from yolk sac membranes of E2 and E3. After hybridization of the amplified
products, only the E1 embryo showed expression of CHox-cad2 (Fig. 5}). The
integrity of the RNAs was confirmed by the positive amplification of unrela‘ted
genes, CTK-1 and CTK-2, in all samples (16).
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The expression of CHox-cad2 corresponds temporally to the period of late
gastrulation and early neurulation {our E1 RNA was extracted from embryos at
stages HH6 to HH10). The time of expression partially overlaps, but is more
restricted than the expression of both Xenopus Xcad-1 and Xcad-2 (7) and the
other chicken caudal-related gene, CHox-cad {8). These three homeobox genes
have been shown to be highly expressed in the embryonic Spemann’s organizer
(the blastopare lip in Xenopus and Hensen’s node in chicken). The developmental
stages at which we detect expression of CHox-cad2 are compatible with its
possible expression in the embryonic organizer, although future studies using "in
situ” hybridization will be needed.

Interestingly, despite the finding that cauda/ transcripts in Drosophila are first
detected as maternal mRNA that forms a gradient from the pasterior pole (6), no
maternal mMRNA from either Xcad-1 or Xcad-2 has been found in the unfertilized
Xenopus egg (7). In the chicken embryo, CHox-cad2 transcripts found in E1 are not
likely to be maternal, since they are not detected at EQ.

The reported expression for another member of the group, mouse Cdx-7, first
detected at E14 by "in situ” hybridization in the epithelial lining of the intestine (9),
overlaps neither with CHox-cadZ2 expression nor with the expression patterns of

other vertebrate caudal-related homeobox genes (7, 8). This suggests, again, the
existence of multiple caudal-related genes in vertebrates, which may have evolved
from an ancestral gene by duplication and divergence. Each new gene within a
species may have restricted its expression and/or its role to a narrower time and
region.
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