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physical position within the cluster. Moving from 59 to 39, Hox
genes are expressed at progressively more anterior boundaries
along the anterior-posterior axis and with an earlier onset of
activation (34). In addition to structural and temporal colinearity, there may exist a functional colinearity: genes that are
more 59 can repress 39 genes (31) and dominate when both are
expressed (2, 34).
Abdominal B (AbdB) is the most 59 gene within the Drosophila homeotic complex, while the homologous gene in mammalian clusters has been further duplicated to include either four
or five AbdB-like genes at the 59 end of the A, C, and D
clusters. The AbdB-like genes share several properties which
distinguish them as a specific subset of Hox genes. First, structurally, they share certain characteristic sequence motifs outside of the homeodomain and lack the YPWM peptide present
in all other Hox genes (21). Within the homeodomain, they
exhibit differences at some of the positions in the flexible
N-terminal arm known to contact DNA (26, 35, 49). Second,
the regulation of these genes appears to have some unique
features. Retinoic acid treatment of animals or cultured cells
either represses or fails to activate AbdB-like genes, in contrast
to its effect on other Hox genes (24, 46). Additionally, in hematopoiesis, AbdB-like genes appear to be coordinately expressed as a group in myeloid-restricted lineages and coordinately inactivated in erythroleukemia cells, the converse of the
case for other Hox genes (30). Finally, the expression patterns
of AbdB-like genes suggest that they may control patterning of
the posterior body and the limb bud; most extensively studied
are the Hoxd cluster members, which are expressed in colinear
domains along the posterior body axis, the limb bud, and the
genitourinary tract (11, 12, 21).
Several fundamental questions remain concerning this subfamily. What is the expression pattern of the AbdB-like genes
of other clusters? How is the regulation of AbdB-like genes
achieved? How do the differences within the homeodomain

Homeotic mutations were originally defined by Bateson as
those that transform one structure into the likeness of another
(3). In many cases, the genes involved in these mutations have
been found to represent developmentally regulated transcription factors unified by a common structural element, the homeobox (33, 43), a 183-bp sequence encoding a helix-turn-helix
DNA-binding domain. In Drosophila melanogaster, various
combinations of homeobox genes interact with each other and
with target genes to determine the identity of segmental structures (28, 34). In certain developmental fields of vertebrates,
including the limbs, rhombomeres, and somites, Hox genes also
exhibit spatially restricted patterns of expression coincident
with morphogenesis of these segmented structures (34). This
finding has led to the concept of an analogous vertebrate Hox
code, which posits that the particular combination of Hox
genes expressed determines tissue identity (25). Recent gene
targeting experiments with the mouse have demonstrated homeotic transformations consistent with this idea (34).
The genomic organization of homeobox genes has been
strongly conserved throughout evolution. In mammals, there
are 38 Hox genes arranged in four chromosomal clusters.
Genes at the same relative position within different clusters
exhibit the highest similarity to each other and also to genes at
those positions within the Drosophila homeotic complex, suggesting that the clusters arose from duplication of a single
ancestral cluster (13, 18). While both shared cis-acting elements and regulation by dynamic chromatin structure have
been proposed (38, 44), the selection pressure that maintains
Hox genes in a clustered arrangement is not known. However,
it has been observed that several properties are dictated by
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Homeobox genes of the Abdominal B (AbdB) family constitute a distinct subset of vertebrate Hox genes.
Analysis of the murine Hoxa-10 gene, one member of this family, revealed several properties specific to this
class. Two transcripts of Hoxa-10, a10-1 and a10-2, encode homeodomain proteins of 55 kDa (399 amino acids)
and 16 kDa (96 amino acids), respectively. These proteins have identical homeodomains and C-terminal
regions encoded by a common 3* exon but differ significantly in the sizes of their N-terminal regions because
of the usage of alternative 5* exons. The 5* exon of the a10-2 form is also present in transcripts of Hoxa-9, the
next 3* gene, indicating that splicing can occur between adjacent AbdB Hox genes within a cluster. Both Hoxa-10
transcripts demonstrated identical patterns of expression in the posterior body and proximal limb bud,
differentiating them from AbdB morphogenetic and regulatory transcripts and suggesting a role with other
AbdB Hox genes in the patterning of these structures. Finally, a binding site selection identified the sequence
AA(A/T)TTTTATTAC as the Hoxa-10 homeodomain consensus binding site, with a TTAT core sequence.
Preferential recognition of a TTAT core therefore differentiates the AbdB class from Antennapedia (Antp) class
gene products which bind a TAAT core. Thus, in vertebrates, structural similarities, coordinate transcriptional
regulation, sites of expression, and binding site preferences all serve to distinguish AbdB from Antp Hox genes.

1592

BENSON ET AL.

affect DNA binding? In order to address these questions, we
have focused on Hoxa-10. Here we show that Hoxa-10 is similar
to AbdB in sequence, in the large number of alternative transcripts, and in a posterior restriction of expression. We also
show that while Antp class homeodomains recognize a TAAT
core sequence (20), Hoxa-10 exhibits a preference for a TTAT
core binding site, and we suggest that this may be a unique
feature of AbdB-like homeodomains. In addition, we show
that hybrid transcripts of exons of Hoxa-10 and Hoxa-9 exist,
providing another argument for the clustered arrangement of
Hox genes in the genome.
MATERIALS AND METHODS

prepared by linearizing with either SalI or XhoI and transcribing RNA in vitro
with T7 or SP6 polymerase in the presence of [35S]UTP. A sense probe was also
transcribed from the a10-2 sequence. The 854-nucleotide (nt) a10-1 probe and
the 316-nt common probe were hydrolyzed to fragments of approximately 100 nt
before use.
Synthesis of Hoxa-10 homeodomain-GST fusion protein. The homeobox of
Hoxa-10 was amplified by PCR and cloned into the SmaI site of a pGEX-2T
vector, in frame with the glutathione S-transferase (GST) coding sequence.
Following transformation of this plasmid into BL21(DE3) Escherichia coli, expression of the homeodomain-GST fusion protein was induced with 0.1 mM
IPTG (isopropyl-b-D-thiogalactopyranoside). Cells were lysed in cold phosphatebuffered saline (PBS), and Triton X-100 was added to 1%. The lysate was
incubated with glutathione agarose beads for 1 h at 258C. Some of the protein
was found in the pellet and could be eluted with 0.5 M NaCl–PBS and bound to
beads. The beads were then washed three times in 50 bed volumes of cold PBS
and eluted in 10 mM glutathione–50 mM Tris (pH 8.0). The protein was .95%
pure as judged by Coomassie staining of SDS-PAGE gels. The activity of the
protein was determined to be approximately 25% by titrating binding against a
known amount of DNA. For electrophoretic mobility shift assay (EMSA), the
homeodomain was cleaved from the GST carrier with 1% (wt/wt) thrombin in 2.5
mM CaCl2–150 mM NaCl–50 mM Tris (pH 7.5).
Binding site selection assay. The following 70-bp oligonucleotide (N70) was
synthesized for the selection: 59-GTGACCGTCGAGACGGAATTCGCGG
CCGCN12CTCGAGGGATCCGTGCTCAGTCCCTAT-39 (16, 48). The oligonucleotide contains a stretch of 12 random nucleotides flanked by EcoRI, NotI,
XhoI, and BamHI restriction sites used for subsequent cloning. The pool of
oligonucleotides was made double stranded by annealing with a primer complementary to the fixed sequence (PB primer: CGATAGGGGACTGAGCACGGATCCCT) and extending with the Klenow fragment of DNA polymerase I in
the presence of [a-32P]dCTP, prior to gel purification on a 10% nondenaturing
polyacrylamide gel. The binding reaction was done in 30 ml containing 20 mM
Tris (pH 8.0), 50 mM KCl, 0.5 mM EDTA, 10% glycerol, 1mM dithiothreitol, 70
mg of bovine serum albumin (BSA) per ml, 250 mg of poly(dI-dC) per ml, 500 ng
of Hoxa-10 homeodomain-GST fusion protein on glutathione agarose beads, and
100 ng of N70, and the mixture was shaken at room temperature for 1 hour. The
fusion protein beads were then washed twice in ice-cold buffer, resuspended in 30
ml of dH2O, and boiled for 3 min to release the bound sequences. The selected
DNA was then amplified in a PCR mixture containing 0.2 mM (each) deoxynucleoside triphosphate (dNTP), 50 pmol (each) of PA (GTCAACGTCG
AGACGGAATTCGCGG) and PB primers, 5 ml of selected DNA, and 1 U of
Taq polymerase. PCR conditions were 20 cycles of 948C for 1 min, 658C for 30
s, and 728C for 30 s. To ensure that all DNA was double stranded, a final
extension cycle was performed in which 300 pmol of PA and PB primers was
added to the reaction mixtures, followed by 948C for 2 min, 658C for 1 min, and
728C for 10 min. The selection process, including the binding and PCR amplification, was repeated eight times using 5 ml of DNA from the previous PCR in
lieu of N70 in subsequent cycles. After nine rounds of selection, the selected
DNA was digested with EcoRI and BamHI and subcloned into EcoRI-BamHIdigested pGEM3Z. The sequences of 30 inserts were determined and aligned
with the program Pileup (Genetics Computer Group, Madison, Wis.). The consensus sequence was tested by comparing the ability of the Hoxa-10 homeodomain to bind sequences from the binding site selection which varied at these
positions. Sequences which approximated the consensus more closely bound with
greater relative affinity (data not shown). EMSA analysis of oligonucleotide
pools from each round suggested that most of the enrichment occurred during
the first four rounds of selection. A selection performed with GST alone yielded
only random sequences.
EMSAs. Probes for EMSA reactions were synthesized by annealing two overlapping 22-bp primers and extending with the Klenow fragment of DNA polymerase I in the presence of [a-32P]dCTP. The primer sets for the three different
probes were as follows: a-10 site (F), 59-CGGATCCAAATTTTATTACGAA-39
and a-10 site (R), 59-GGAATTCGTAATAAAATTTGGA-39; AbdB site (F),
59-CGGATCCAAATTTTATGGCGAA-39 and AbdB site (R), 59-GGAATT
CGCCATAAAATTTGGA-39; and a-3 site (F), 59-CGGATCCAAATTCAATT
ACGA-39 and a-3 site (R), 59-GGAATTCGTAATTGAATTTGGA-39. Note
that all positions are the same with the exception of 2 bp within the consensus
sequences. The resulting 26-bp probes were gel purified on a 12% nondenaturing
polyacrylamide gel. EMSA reactions were performed by incubating 10,000 cpm
of probe with increasing concentrations of Hoxa-10 homeodomain (25, 90, 340,
and 1,200 nM) in the presence of 10mM HEPES (N-2-hydroxyethylpiperazineN9-2-ethanesulfonic acid) (pH 7.4)–50 mM KCl–1 mM b-mercaptoethanol–2.5
mg of BSA per ml–5 mg of poly(dI-dC)–20% glycerol. The reaction mixtures were
incubated at 48C for 30 min and then subjected to electrophoresis through an 8%
nondenaturing polyacrylamide gel in 0.53 TBE (Tris-borate-EDTA) at 240 V
and 48C. Visualization was by autoradiography, and quantitation of the percentage of probe shifted was determined by PhosphorImager (Molecular Dynamics)
analysis.
Nucleotide sequence accession numbers. The sequences of a10-1 and of a10-2
and a10-3 have been deposited in GenBank under accession numbers L08757
and L08758, respectively.
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Amplification of Hox genes by PCR. To identify Hox genes expressed in the
developing kidney, RNA was isolated by standard methods from embryonic
day-15 mouse kidneys and reverse transcribed with random hexamer primer and
RNase H2 reverse transcriptase (Superscript; Bethesda Research Laboratories).
The reverse-transcribed cDNA was subjected to PCR with the primers 59GCTCTAGAGCAG(A/G/C)(C/T)(G/C)CTGGA(A/G)CTGGAGAAGGA(A/G)
TT(C/T)-39 (forward) and 59-CGGGATCCTTCAT(C/G)C(G/T)(C/G)CG(G/
A)TTCTGG/A)AACCA(G/A)AT-39 (reverse) with denaturation at 948C for 1
min, annealing at 428C for 2 min, and extension at 728C for 3 min for 35 cycles,
followed by subcloning and plasmid sequencing. The primers used to amplify
hybrid transcripts of Hoxa-9 and Hoxa-10 had the following sequences: 59-GCT
CAAGAAGTGATTGAGGCT-39 (F) and 59-CTGAAGCTTACAATACCTC
CTCCA-39 (R) (41). The sequences obtained were compared with those in the
GenBank and EMBL databases and in the independent databases of homeobox
sequences maintained by Thomas Bürglin (Massachusetts General Hospital,
Boston) and Claudia Kappen (Yale University, New Haven, Conn.).
Screening of mouse cDNA libraries. The initial a10-3 cDNA clone was obtained by screening approximately 106 clones of an adult mouse kidney cDNA
library in lgt10 with an end-labeled 79-bp oligonucleotide complementary to the
Hoxa-10 PCR product isolated by the process described above. a10-3 was labeled
by nick translation and used to isolate other cDNAs from an embryonic day-11.5
BALB/c mouse lgt11 library and an adult CD-1 kidney library in lZap II.
Fragments from these clones were then employed in subsequent screenings. In
total, 35 independent clones were isolated and analyzed.
DNA sequencing. Genomic and cDNA fragments were subcloned into the
plasmid vector pGEM3Z (Promega) or into Bluescript II SK2 (Stratagene).
Double-stranded plasmid templates were sequenced by the dideoxy method.
Compressions were resolved by adding 10% dimethyl sulfoxide to the annealing
reaction and termination mixtures and running dimethyl sulfoxide reactions in
parallel with conventional, dideoxyinosine, and deazaguanine reactions for both
strands.
In vitro translation. DNA templates for the in vitro transcription of a9-2,
a9-29, and a10-2 were prepared by PCR. The forward primer contains the T7
promoter sequence and bp 463 to 482 of a10-2 (see Fig. 2B). The reverse primer
contained either bp 1316 to 1336 (see Fig. 2A) for a10-2 or bp 464 to 487 (40) for
a9-2 and a9-29. Linearized a10-1 template or 5 mg of the above-described PCR
templates was transcribed and capped under standard conditions. In vitro translation was performed by using nuclease-treated rabbit reticulocyte lysate (Promega) and [35S]methionine (1,200 Ci/mmol). In some experiments, because
comigration of the a10-2 form and hemoglobin resulted in band broadening, a
wheat germ system (Promega) was used. Samples were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10 or 15%
polyacrylamide); this step was followed by fixation in isopropanol-water-acetic
acid (25:65:10), treatment with scintillant (Amplify; Amersham), drying, and
autoradiography.
RNase protection assays. The a10-3 clone (bp 112 to 1426) was linearized at
a BglII site for preparation of a [32P]UTP riboprobe with SP6 polymerase. The
a10-2 clone (bp 141 to 626) was linearized with SalI and transcribed with T3
polymerase. Analysis was performed as described previously (27). For each
embryonic stage and adult tissue, 50 mg of total RNA was hybridized with 2 3 105
cpm of riboprobe for 12 h at 508C and digested with 20 mg of RNase A per ml
and 1.5 mg of RNase T1 per ml. Protected fragments were electrophoresed in a
6% denaturing polyacrylamide gel and analyzed by autoradiography.
In situ hybridization. In situ hybridization was performed according to Sassoon and Rosenthal (42). Briefly, day-12.5 postcoitus embryos were fixed in 4%
paraformaldehyde, dehydrated, and embedded in paraffin wax. Serial sections
were deparaffinized, hydrated, subjected to proteinase K digestion, blocked with
acetic anhydride, and then dehydrated. Probe was added at a concentration of 3.5
3 107 cpm/ml directly to the sections, and hybridization was carried out for 16 h
at 508C. Slides were then washed, treated with RNase A, and washed further.
After a final dehydration they were dipped in Kodak NTB-2 emulsion and
exposed for 1 week. The transcript-specific probes were transcribed from
pGEM3Z plasmids containing either the first exon of a10-1 (bp 97 to 957) or the
sequence between the splice donor sites of a10-3 and a10-2 (bp 313 to 431). The
common probe contained the sequence from bp 1110 to 1426. These probes were
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RESULTS
Identification of three alternatively spliced Hoxa-10 cDNAs.
The Hoxa-10 homeobox sequence was isolated during a reverse
transcription-PCR screen of mouse embryonic day-15 kidney
RNA by using degenerate primers corresponding to helices II
and III of the homeobox. The homeobox was clearly in the
AbdB subfamily and was most closely related to Hox-d10 with
59 of 61 amino acids identical (13). Genetic and physical mapping studies confirmed the assignment of this sequence as
Hoxa-10, and it was then used to isolate cDNA clones from
adult kidney and embryonic day-11.5 libraries. Analysis of a
total of 35 Hoxa-10 cDNA clones revealed three classes of
alternatively spliced transcripts (Fig. 1A). Exon mapping demonstrated that these transcripts are generated by splicing from
either of two alternative 59 exons to a common 39 homeoboxcontaining exon (Fig. 1B). The a10-1 class of transcripts splices
from a 59 exon 2 kb upstream of the homeobox-containing
exon, while the a10-2 and a10-3 transcript classes splice from
donor sites 172 bp apart in a 59 exon 8 kb upstream of the
homeobox-containing exon.
Alternatively spliced transcripts encode distinct protein
products. The choice of 59 exon dictates the coding potential.
The a10-1 class of transcripts has an open reading frame encoding a 399-amino-acid protein. The a10-2 class of transcripts
has a short open reading frame of just 95 amino acids, but this
open reading frame does contain an ATG within a favorable
Kozak consensus in frame with the homeodomain. In contrast
to a10-1 and a10-2, the a10-3 class of transcripts contains
multiple termination codons upstream of the homeobox and
lacks an in-frame ATG, indicating that it cannot encode a
homeodomain-containing gene product.
The sequences and deduced translations of the a10-1 and
a10-2 cDNAs are shown in Fig. 2A and B. The a10-1 and a10-2
proteins contain the same C-termini, encoded by the common
39 exon. This includes 17 amino acids preceding the homeodomain, the homeodomain itself, and a short 14-amino-acid C-

terminal tail. Thus, in addition to the AbdB-like homeodomain, both proteins contain a sequence immediately preceding
the homeodomain conserved among all AbdB-like genes with
an invariant tryptophan at position 26 from the homeodomain
(21).
The a10-1 and a10-2 proteins differ in their N-termini, which
are encoded by the alternate 59 exons. Neither N-terminal
region contains the YPWM peptide present in all Antp-like
homeoproteins (21). The a10-1 protein has a large 307-aminoacid N-terminal region which contains two additional motifs
conserved among AbdB-like Hox genes. An aspartic acid resides between amino acids 15 and 25, and a second conserved
sequence surrounding a proline-tyrosine pair (glycine-tyrosine
in the present case) is found in the central part of the protein
(21). In addition, the N-terminal region of a10-1 is distinctive
for two glycine-rich regions and a proline-glutamine-rich region (underlined in Fig. 2A). In contrast, the 59 exon of the
a10-2 transcript encodes only an additional 3 amino acids and
thus lacks any AbdB conserved motifs or putative transactivating domains. In vitro translations of both transcripts verified
the initiation codons and reading frames and produced proteins migrating at 55 and 15 kDa, respectively (Fig. 2D).
A comparison of Hoxa-10 sequences with the paralogous
genes Hoxc-10 and Hoxd-10 (13, 37) reveals 62 and 68% similarity, respectively, to a10-1. Several short regions of near
identity occur in the N-terminus (residues 1 to 20, 148 to 163,
and 198 to 214) and in the C-terminal tail. Transcripts corresponding to the a10-2 class have not yet been reported in these
paralogs.
The 5* exon of a10-2 can splice to exons of Hoxa-9. Unexpectedly, 136 bp of sequence within the 59 exon of a10-2 demonstrated 76% identity with the 59 end of a guinea pig cDNA
clone of Hoxa-9 (41). To determine whether this finding reflected strong conservation of 59 exons or splicing between
exons of two adjacent Hox genes, mouse adult kidney RNA was
subjected to reverse transcription and PCR analysis by using a
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FIG. 1. (A) Scheme showing the relationship among three representative classes of cDNA clones for Hoxa-10, designated a10-1, a10-2, and a10-3. The a10-1 form
encodes a 399-amino-acid protein with 325 residues N-terminal to the homeodomain; a10-2 encodes a 94-amino-acid protein with 20 amino acids N-terminal to the
homeodomain. a10-3 is a noncoding form. (B) Genomic structure of the AbdB region of the Hoxa cluster, determined from overlapping phage clones. The exons
depicted in panel A are shown in relation to other AbdB genes in the Hoxa cluster. The positions of the individual homeoboxes are shown in black. Restriction sites
shown in parentheses are polymorphic. Abbreviations: E, EcoRI; B, BamHI; S, SalI.
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forward primer (F) derived from the 59 exon of a10-2 (exon 1a)
and a reverse primer (R) complementary to a sequence in the
39 untranslated region of murine Hoxa-9 (shown in Fig. 1A).
Two products, 560 and 650 bp in length, were obtained. The
sequences of the PCR products (Fig. 2C) revealed that the 59
ends of both were identical to Hoxa-10 exon 1a up to the a10-2
splice donor site. The 560-bp product, designated a9-2, was
then joined, in frame, to a sequence identical to that reported

for the homeobox-containing exon of murine Hoxa-9. The
650-bp product, a9-29, contained 90 bp of intervening sequence
between Hoxa-10 exon 1a and the Hoxa-9 homeobox exon,
which was 94% identical to an intermediate Hoxa-9 exon found
in guinea pig. This analysis indicates that splicing can occur
between the adjacent AbdB-like Hox genes, Hoxa-10 and
Hoxa-9. Identical reverse transcription-PCR products were obtained from day-10.5 embryonic limb bud RNA and day-11.5
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FIG. 2. Deduced protein sequences for the a10-1 (A) and a10-2 (B) forms of Hoxa-10. The homeodomain, common to both, is boxed and shaded. Sequence motifs
highly conserved in other AbdB Hox genes are shown in bold, as is a portion of the 39 untranslated region, which is highly conserved (.95% over 200 bp) between mouse
and human (29). The splice junctions of a10-1 and a10-2 are indicated by solid triangles, while the a10-3 splice donor located in the a10-2 59 untranslated region is
indicated by an open triangle. Two glycine-rich and a proline-glutamine-rich domain in a10-1 are underlined, as is an additional in-frame 59 ATG which appears not
to be utilized as an initiation codon. Potential polyadenylation sites are also underlined. (C) Sequence of the PCR product a9-29, demonstrating splicing of Hoxa-10
exon 1a to the Hoxa-9 gene. The intermediate exon, Hoxa-9 exon 1b, lies between the two splice junctions (solid triangles) and is included in a9-29 but is absent in a9-2.
(D) In vitro translation demonstrating different size products encoded by a10-1, a10-2, a9-2, and a9-29. Autoradiogram of SDS-PAGE gels showing synthesis of
35
S-labeled products and control reactions to which no RNA was added.
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metanephric mesenchyme RNA. In vitro translation experiments, performed on both a9-2 and a9-29, yielded protein
products migrating at 16 and 17 kDa, respectively, demonstrating that like a10-2, these transcripts encode short homeodomain-containing forms (Fig. 2D).
Differential expression of the splice forms of Hoxa-10. Because a10-1 and a10-2 were potentially analogous to the morphogenetic (m) and regulatory (r) transcripts of Drosophila
AbdB, which exhibit differential temporal and spatial expression (7), RNase protection analyses were performed to determine if there is differential expression of Hoxa-10 transcripts.
Equal amounts of total mouse embryonic RNA isolated from
days 9 to 15 of gestation and adult kidney and skeletal muscle
RNA were assayed for the presence of Hoxa-10 transcripts.
Two antisense riboprobes were used to discriminate between
the three transcripts. The first was synthesized from an a10-3
cDNA and spans the a10-3 splice junction from exon 1a to
exon 2 (Fig. 3A). This probe is protected by a10-1 transcripts
only in the part derived from exon 2 (440 nt), by a10-2 transcripts as two fragments (220 and 440 nt), and by a10-3 transcripts along its full length (660 nt). The second riboprobe was
synthesized from an a10-2 cDNA and spans the a10-2 splice
junction from exon 1a to exon 2 (Fig. 3B). This probe is
protected by a10-1 transcripts only in the part derived from
exon 2 (135 nt), by a10-2 transcripts in its entirety (490 nt), and
by a10-3 transcripts as two fragments (160 and 135 nt).
RNase protection assays done with these two probes demonstrated the presence of all three classes of Hoxa-10 transcripts during development (Fig. 3). Increasing expression of
all three Hoxa-10 transcripts from day 9 to day 12 was observed, followed by decreasing expression to day 15, in agreement with a developmental Northern (RNA) analysis of embryonic poly(A)1 mRNA isolated from these same stages

(data not shown). Comparison of the different protected fragments during development revealed that a10-1 is the major
transcript of the Hoxa-10 gene from embryonic days 9 to 15.
The a10-2 class of transcripts is at its highest relative abundance at day 9 and then decreases, while a10-3 demonstrates a
low level of expression at day 9 and increases slightly thereafter. An additional protected fragment is seen with both probes
(480 and 350 nt). Studies with additional riboprobes suggest
that, although no cDNAs corresponding to these fragments
have been isolated, the presence of these fragments is consistent with a splice acceptor upstream of the a10-3 splice donor.
Of the adult tissues analyzed, RNase protection assays revealed the presence of all three transcripts in the kidney, but
only a10-1 was detected in skeletal muscle (Fig. 3). These
results indicate that Hoxa-10 transcripts are differentially expressed both temporally during development and in a tissuespecific fashion in the adult.
a10-1 and a10-2 transcripts have identical spatial distributions in posterior body and proximal limb bud at embryonic
day 12.5. To determine whether different Hoxa-10 transcripts
demonstrated different spatial patterns of expression during
embryogenesis, in situ hybridization of antisense riboprobes to
serial sections of day-12.5 mouse embryos was performed.
Transcript-specific riboprobes were transcribed from the first
exons of a10-1 and a10-2, and a common Hoxa-10 probe was
transcribed from the shared homeobox-containing exon. A
sense control probe was transcribed from the a10-2 template
and did not show any hybridization.
Hybridization of a10-1- and a10-2-specific probes to sections
through the limb bud at day 12.5 revealed that expression of
both transcripts is restricted to a band of mesenchyme along
the proximal-distal axis (Fig. 4A and B). The proximal and
distal boundaries of a10-1 and a10-2 are identical and corre-
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FIG. 3. Developmental RNase protection analysis demonstrating differential expression of a10-1, a10-2, and a10-3 transcripts. Fifty micrograms of total RNA from
embryonic days 9 to 15, adult kidney and skeletal muscle, and tRNA were assayed with a riboprobe transcribed from either a10-3 (A) or a10-2 (B) cDNA templates.
In the schematics, the exon 1a sequence up to the a10-3 splice donor is shaded, the exon 1a sequence between the a10-3 and a10-2 splice donors is shown by thick stripes,
and the exon 2 sequence is shown in white. The vector sequence is shown by thin stripes. The numbers at left are sizes in nucleotides.
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FIG. 4. In situ hybridization comparing the expression of Hoxa-10 transcripts at day 12.5 of embryogenesis. Probes used were specific for transcript a10-1 (A and
D) or transcript a10-2 (B and E) or were common to all transcripts of Hoxa-10 (C and G). Shown are serial sagittal sections through the limb bud (A and B; bar, 100
mm) and through the body axis (C, D, and E; bar, 250 mm). Panels F and G show the kidney from panel C at higher magnification (bar, 50 mm), in bright field and
dark field, respectively. Solid arrowheads indicate tubules that express Hoxa-10, while open arrowheads indicate more mature tubules which are not expressing Hoxa-10.
A control sense probe did not demonstrate any hybridization. Abbreviations: a, anterior; g, gut; gt, genital tubercle; li, liver; L1, first lumbar prevertebra; m,
metanephros; nt, neural tube; p, posterior; pd, paramesonephric duct; u, ureter; um, urogenital mesenchyme.
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FIG. 5. Determination of Hoxa-10 consensus binding-site from selected sequences. Sequences were aligned with the program Pileup (Genetics Computer
Group).

homeodomain to bind each of three probes (Fig. 6A). The first
probe contains the Hoxa-10 consensus sequence determined as
described above. The second probe has a substitution at the 2
bp following the TTAT, destroying the ATTA and creating the
consensus determined for the AbdB homeodomain (14). This

FIG. 6. Results of EMSA comparing binding of the Hoxa-10 homeodomain
to the Hoxa-10 consensus sequence, the AbdB consensus sequence, and the
Hoxa-3 consensus sequence. (A) Sequence comparison of the probes used to
assay the binding site specificity of Hoxa-10. The Hoxa-10 probe contains the
consensus sequence determined as described above. The AbdB and Hoxa-3
probes each differ from the Hoxa-10 probe by 2 bp, so that they contain only a
TTAT or ATTA core, respectively. Bases which are part of the consensus binding
sites identified for the homeodomains of Hoxa-10, AbdB, and Hoxa-3 are indicated by uppercase letters. Bases outside of the consensus sequences have been
assigned the identity of the base at the same position in the Hoxa-10 consensus
and are indicated by lowercase letters. (B) Results of EMSA comparing the
binding of the Hoxa-10 homeodomain to each of the three probes. Increasing
concentrations of the Hoxa-10 homeodomain (25, 90, 330, and 1,200 nM) were
incubated with radiolabeled 26-bp probes containing the consensus sequences
shown. Binding reactions were carried out in the presence of 5 mg of poly(dI-dC)
per ml and 2.5 mg of BSA per ml at 48C for 30 min. Probe bound to the
homeodomain (Complex) was separated from free probe by nondenaturing
PAGE and visualized by autoradiography. A Hoxb-7 homeodomain-GST fusion
protein control demonstrated a different order of relative binding preference for
these probes, binding the Hoxa-10 and Hoxa-3 consensus site probes with greater
relative activity than the AbdB consensus site probe.
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spond approximately to the zeugopod which will form the
radius and ulna. Expression appears to be excluded from cartilaginous condensations within this region, however. A second
set of hybridizing cells was also detected with both probes near
the base of the condensing cartilage of the humerus. This
second group of cells may correspond to migratory myoblasts
from the somatopleural domain (Fig. 4C) (19).
The a10-1-specific, a10-2-specific, and common Hoxa-10
probes also demonstrate similar patterns of hybridization to
day-12.5 midsagittal sections. Hoxa-10 expression is restricted
along the body axis to the posterior region of the embryo (Fig.
4C to E). In the posterior somites strong expression was detected with a sharp anterior boundary at L1, while in the neural
tube and dorsal root ganglia, the anterior limit of expression is
slightly more rostral, consistent with the case for other Hox
genes (21). A well-defined boundary of expression is also seen
in derivatives of the intermediate mesoderm, where Hoxa-10 is
expressed in the mesenchyme of herniated gut (not shown), in
the urogenital mesenchyme surrounding the ureter and mesonephric and paramesonephric ducts, and in the genital tubercle
(Fig. 4D and E). The epithelium of the ureter and ducts does
not express Hoxa-10, however. Likewise, in the metanephros,
expression is seen in the stroma and at early stages of tubule
development but is lost as tubule development progresses (Fig.
4F and G). By day 14 postcoitus, expression of Hoxa-10 has
declined in all sites except in the kidney and immediately
surrounding the mesonephric and paramesonephric ducts,
where expression remains very high (data not shown).
While the signal from the a10-2 probe was weaker, experiments directly comparing the levels of a10-1 and a10-2 expression showed that the expression patterns of both are identical
in all of the tissues examined. In addition, the common probe,
designed to detect all transcripts of Hoxa-10, did not show any
additional sites of expression, implying that all Hoxa-10 transcripts have an identical spatial pattern of expression at embryonic day 12.5.
The Hoxa-10 homeodomain binds a TTAT core recognition
sequence. To investigate whether the differences in the AbdBlike homeodomain alter DNA recognition, the DNA-binding
properties of the Hoxa-10 homeodomain were examined with
a binding site selection assay (16, 48). The Hoxa-10 homeodomain was expressed as a GST fusion protein and incubated
with a 70-bp double-stranded DNA fragment containing a random 12-bp core, the number of positions showing preferences
in Ubx and Def selections (15). Poly(dI-dC) competitor was
added in order to prevent nonspecific binding of DNA. Sequences that bound the homeodomain-GST fusion were amplified by PCR and subjected to further selection. Of 30 sequences examined after nine rounds of selection, a clear
consensus of AA(A/T)TTTTATTAC was determined (Fig. 5).
An apparent dissociation constant of 8 3 1029 M was estimated by determining the amount of homeodomain-GST fusion protein required to shift 50% of a low concentration of
Hoxa-10 consensus site probe in an EMSA (data not shown).
Although the opposite strand of the consensus sequence
contains a TAAT, recognized as the core binding site of Antplike homeodomains (20), TTTAT occurred more frequently: of
the selected sequences, 40% contained a TAAT while 85%
contained a TTTAT. In addition, the consensus determined
closely approximated the consensus determined for the Drosophila AbdB homeodomain, TTTTATGGC. The AbdB core
has been assigned as TTAT by alignment with the Ubx consensus (14), although in this sequence as in Hoxa10 the T at the
21 position is also strongly selected. To determine whether the
Hoxa-10 homeodomain preferentially bound a TTAT core,
EMSA was performed to compare the ability of the Hoxa-10
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DISCUSSION
Conservation of alternative splicing of Hoxa-10. Here, we
report the identification of three alternatively spliced transcripts of Hoxa-10. The three transcripts differ in their first
exon, producing significant differences in the encoded protein
product. Indeed, only two transcripts, a10-1 and a10-2, are
capable of producing a homeodomain-containing protein,
while the third appears to be similar to noncoding isoforms
reported for Ultrabithorax and Hoxa-1 (32). Of the homeoprotein-encoding forms, a10-1 encodes a large 325-amino-acid
N-terminal region with a proline-glutamine-rich domain, similar to those shown to function as transcriptional activators.
a10-2 encodes a small N-terminal domain with only 20 amino
acids prior to the homeodomain and lacks any obvious transcriptional activation domains.
Previously, two cDNAs, termed PL1 and PL2, were isolated
from human myeloid leukemia libraries and mapped to the
human HOXA cluster (29). Although there are several large
frameshifts within the PL1 sequence, which we believe to be
due to errors in the human sequence, and the first 140 bp of
PL2 appears to be a chimeric artifact, our analysis indicates
that these are the human homologs of a10-1 and a10-2. The
presence of the a10-1 and a10-2 homologs in the human shows
that there has been conservation of the alternatively spliced
transcripts. Comparisons of the mouse and human sequences
reveal that the homeobox itself is 95% identical at the nucleotide level and is 100% conserved in amino acid sequence.
Interestingly, the highest homology between the mouse and
human Hoxa-10 genes occurs in the final 200-bp sequence of
the 39 untranslated region which is 97% identical (shown in
bold in Fig. 2A). Therefore, this region may contain the sequence necessary for the regulation or stability of the transcript.
Hoxa-10 demonstrates properties of AbdB-like genes. The
Hoxa-10 gene displays several properties of AbdB-like Hox
genes. In addition to an AbdB-like homeodomain, both proteins contain a conserved region which is distinctive for a
tryptophan at position 26 preceding the homeodomain. a10-1
also contains two sequences common to the N-terminal region
of AbdB-like proteins: an aspartic acid residue surrounded by
a loose consensus, although in this case not containing a phenylalanine, is located within 15 to 20 amino acids of the start

codon and a glycine-tyrosine pair within a consensus that fits
that of the proline-tyrosine motif is located more centrally
(21). Although no function has yet been ascribed to these
motifs, they are conserved among AbdB-like Hox genes and the
m and r forms of Drosophila AbdB.
As with AbdB-like genes of the Hoxd cluster and Hoxc-10,
Hoxa-10 is expressed in the developing limb bud (11, 37). As
shown previously, it is part of a colinear pattern along the
proximal-distal axis with Hoxa-11 and a-13 (19, 50). Expression
described here at embryonic day 12.5 differs slightly from that
reported, in that it shows a distinct distal as well as a proximal
boundary. The difference may either be the result of using
different probes or, alternatively, it may reflect a sharpening of
boundaries at a slightly later stage, possibly through interaction
with Hoxa-11. A second domain of expression, the somatopleural domain, observed here and for Hoxa-10 and Hoxa-11 previously, was postulated to represent muscle precursor cells as
they migrate into the limb from the dermatomyotome (19).
Interestingly, we have observed that adult skeletal muscle expresses Hoxa-10. These two findings support a possible role for
Hoxa-10 in muscle differentiation and maintenance.
The domains of expression of Hoxa-10 along the body axis
are similar to that seen for AbdB-like genes of the Hoxd cluster
(12, 21). Hoxa-10 expression is restricted to posterior domains
in the somites, the neural tube, and the intermediate mesoderm in day-12.5 mouse embryos. In the derivatives of the
intermediate mesoderm, Hoxa-10 is expressed in the gut and
urogenital tract, including the kidney, the mesenchyme surrounding the ureters and paramesonephric and mesonephric
ducts, and the genital tubercle. These sites of expression overlap with those observed for AbdB Hoxd cluster members, raising the possibility of a relationship analogous to that seen in
the developing limb where AbdB genes of these clusters define
two different axes.
The discrete nature of Hoxa-10 expression suggests that this
gene may be involved in specifying the identities of structures
within the urogenital system. In support of this hypothesis,
retinoic acid treatment on day 9.5 of embryogenesis both repressed the expression of Hoxa-10 and produced malformations in the neural tube, the gut, and the genital tubercle (24).
In D. melanogaster, AbdB is expressed in the most posterior
parasegments and in the genital imaginal disc (4). Mutations in
regulatory sequences of AbdB can result in absence of the
genitalia (22). Therefore, it is possible that AbdB-like genes are
involved in the patterning of orthologous structures, as has
been recently reported for Pax6 in Drosophila and mammalian
eye development (39).
Splicing between Hoxa-10 and Hoxa-9. One particularly surprising feature of the Hoxa-10 gene is the splicing of exons to
the next 39 gene in the cluster, Hoxa-9. A database search
identified a guinea pig cDNA (41) for a transcript initiating in
the a10-2 59 exon but which then splices to the homeoboxcontaining exon of Hoxa-9. The presence of similar transcripts
in the mouse was confirmed by reverse transcription-PCR, but
they were not detected by RNase protection analysis. Therefore, these may be transcripts with either low abundance or a
limited distribution. Since the a9-2 and a10-2 transcripts have
common exons, they would be predicted to be coordinately
regulated, however. Such a mechanism of coordinate transcriptional regulation of adjacent Hox genes could act in hematopoiesis, where the AbdB-like genes appear to be expressed and
repressed as a group (30).
It has been shown that three homeobox genes in the human
HOXC cluster (C4, C5, and C6) also represent a single transcription unit (45). In the case of the HOXC cluster, the common 59 exon is noncoding, whereas in the present case, the
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probe thus contains a TTAT but not an ATTA. The third
probe has a substitution at the first 2 bp of the TTAT, destroying the TTAT but preserving the ATTA. The substituted base
pairs were chosen such that this probe contains the consensus
determined for the Antp class Hoxa-3 homeodomain (6). Each
probe differs by only the 2 bp shown.
The probes were radiolabeled in parallel and then incubated
with increasing concentrations of the Hoxa-10 homeodomain
in the presence of 5 mg of poly(dI-dC) per ml and 2.5 mg of
BSA per ml. The Hoxa-10 homeodomain exhibited the highest
relative binding activity for the Hoxa-10 and the AbdB consensus site probes and had a fourfold-less binding activity for
the Hoxa-3 consensus site probe (Fig. 6B). At the maximal
concentration tested, the a-10 homeodomain was able to shift
75% of the Hoxa-10 probe and 63% of the AbdB probe but
only 19% of the Hoxa-3 probe. The same rank order of relative
binding activities was obtained when performed under more
stringent conditions in the presence of 25 and 50 mg of poly(dIdC) competitor per ml (data not shown). Because the AbdB
probe binds with nearly the same activity as the Hoxa-10 probe
and lacks a TAAT, we conclude that the a-10 homeodomain
prefers a TTAT core sequence.
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sequence. Using a binding site selection assay, we identified the
consensus binding site for the Hoxa-10 homeodomain as
AA(A/T)TTTTATTAC (the core is underlined). Despite the
presence of a TAAT (ATTA in the consensus shown), which is
the core binding site for Antp-like homeodomains, the TTAT
sequence was more highly selected. It has been suggested that
Hox genes recognize a single consensus site but with decreasing
affinity according to position in the cluster (36); however, our
results suggest that, at least in the 59 region of the Hox cluster,
the genes recognize a different consensus sequence. EMSAs
comparing the binding of the Hoxa-10 homeodomain to its
consensus sequence and to sequences modified to contain only
the TTAT or TAAT revealed that the Hoxa-10 homeodomain
binds to sequences containing a TTAT with high relative binding activity and to those containing a TAAT core with fourfold-reduced activity. Differences of this magnitude in in vitro
binding assays have been shown to translate to significant differences in activation of target genes in vivo (10, 15).
The binding site determined for Hoxa-10 is remarkably similar to the consensus binding site recently reported for AbdB,
TTTTATGGC (the core is underlined) (14), indicating a
strong conservation of binding-site preferences through evolution despite 20 amino acid changes between the homeodomains of AbdB and Hoxa-10. Studies with chimeric homeoproteins have shown that the homeodomain is responsible for
most of the functional specificity of the entire protein (20).
Therefore, the conservation of the TTAT core preference may
be an important mechanism for achieving functional specificity
between AbdB-like genes and Antp-like Hox genes.
Molecular basis for TTAT core recognition. The second base
pair of the core is contacted by the third amino acid in the
N-terminal arm of the homeodomain (26, 49). However, amino
acid substitutions at position 3 did not convert the Ubx homeodomain binding site, TAAT, to that of AbdB, TTAT,
whereas a triple mutation at positions 3, 6, and 7 did (14). In
Hoxa-10, two of these residues, K-3 and P-7, are identical to
AbdB, whereas residue 6 is C in Hoxa-10 and K in AbdB.
Therefore, it is likely that only residues 3 and 7 are involved in
specification of the second base pair. The presence of a K-3
and a P-7 in all AbdB-like homeodomains suggests that they all
recognize a TTAT core. This hypothesis is supported by the
presence of a conserved sequence (AATTTATGA) which is
found upstream of paralog 5 Hox genes and can be footprinted
by HOXD9 and HOXD10 in vitro (1). These results may also
have implications for core sequence recognition among other
genes such as Hoxc-8, which has an S-3 and a T-7.
Alignment of the selected sequences also revealed strong
preferences for certain nucleotides at positions flanking the
core sequence. This finding is consistent with a 15-bp footprint
(36) as well as the crystal and nuclear magnetic resonance
structures determined for engrailed, Mata, and Antp homeodomains (26, 35, 49). The two nucleotides immediately 59 of
the core sequence (21 and 22) are contacted by residue 7 in
the N-terminal arm in MATa2 (49). This residue is proline in
Hoxa-10 and AbdB (14), both of which demonstrate a preference for thymidines at these sites. Hoxa-10 also demonstrates
preferences for positions 23, 24, and 25 from the TTAT,
although these nucleotides do not appear to be contacted directly in the available crystal structures. While other binding
site selection assays have not determined preferences at these
positions (6, 15), our result may be a consequence of applying
nine rounds of selection. At this level of stringency, subtle
differences may become more apparent than with fewer rounds
of selection.
The only difference in the binding site between Hoxa-10 and
AbdB is in the 39 flanking residues (14). These residues are
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common exon includes a functional initiation codon 10 bp
upstream of the splice donor site. Consequently, the 59 exon of
a10-2 can participate in the synthesis of truncated forms of two
AbdB-like Hox genes. Despite differences in the positions of
their initiation codons, in both the A and C clusters, the transcripts generated by this splicing are similar: long proteins are
encoded by exons proximal to the homeobox-containing exon,
while homeodomain proteins with deleted or minimal N-termini are encoded by the distal common exon. Therefore, truncated homeoproteins may serve a key function in development.
Furthermore, such splicing between homeobox genes may contribute to the pressure that has maintained homeobox genes in
a clustered array throughout metazoan evolution.
a10-1 and a10-2 are not directly analogous to AbdB m and r.
The structures of a10-1 and a10-2 have some similarities to the
m and r functions of Drosophila AbdB. Transcripts of m and r
are the result of alternative splicing; m transcripts, like a10-1,
result from splicing of proximal exons, whereas r transcripts
result from splicing of distal exons (51). The m protein has a
large N-terminal domain with a glutamine-rich transcriptional
activation domain, while the r protein is a truncated form
lacking this region. The question therefore arises as to whether
a10-1 and a10-2 are also similar to m and r in regulation and
function: m specifies positional information in parasegments 8
to 13 while r represses m in parasegment 14 (4, 51). Examination of the expression of a10-1 and a10-2 by RNase protection
analysis revealed that a10-2, like AbdB r (7), is expressed at
highest levels earlier in development and that differential expression of a10-1 and a10-2 occurs in adult tissues. However, in
situ hybridization at day 12.5 of embryogenesis demonstrated
that a10-2 expression is not confined to more posterior domains. a10-1 and a10-2 appear to have an identical pattern of
expression within the somites, neural tube, intermediate mesoderm, and limb bud. Therefore, we conclude that a10-1 and
a10-2 are not directly analogous to m and r. Indeed, recent
analysis of an AbdB homolog of Schistocerca gregaria suggests
that diversification of m and r may not be a general feature of
AbdB-like genes but may be specific to long-germ-band insects
(23). Thus, the duplication of mammalian AbdB homologs
within a cluster may substitute for the lack of transcripts with
different spatial domains.
The identical patterns of expression of a10-1 and a10-2 suggest that they act within the same cells. The difference observed in the temporal expression patterns of the transcripts
may be of functional importance in this context. A quantitative
temporal colinearity has been postulated for Hoxd genes in the
genital tubercle, with the last gene expressed at the highest
abundance (11); the same phenomenon may be a feature of
different transcripts of a single Hox gene. Recently, it has been
shown that while proper differentiation of larval epidermis
requires the continuous presence of homeotic gene products,
in other cell types transient expression can have lasting effects
(5). Therefore, early activation of a10-2 could modulate responses to later action by a10-1.
Because they contain the same homeodomain, a10-1 and
a10-2 proteins, when coexpressed, might be expected to compete for the same binding sites and thereby modulate the
expression levels of target genes. For instance, there is some
evidence to suggest an antagonistic relationship between short
and long forms of XHoxc-6 and HOXC4 (9, 32). Alternatively,
a different capacity for interactions with other proteins may
target a10-1 and a10-2 to different target sites in vivo; however,
the region shown to mediate Mata’s interactions with MCM1
in Saccharomyces cerevisiae (47) does correspond to the limited
N-terminal sequence a10-1 shares with a10-2.
The Hoxa-10 homeodomain binds a TTAT core recognition
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thought to be contacted by Q-50 and M-54 of helix III, both of
which are conserved between AbdB and Hoxa-10. The preferred nucleotides at these positions also differ in the Dfd and
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