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Abstract. We previously described the existence of abundant,
processed, polyadenylated murineHoxa 11antisense transcripts.
Of particular interest, in the developing limbs the antisense tran-
scripts were observed to be present in a pattern complementary to
that of the sense transcripts, suggesting a possible regulatory func-
tion (Hsieh-Li et al. 1995). We have analyzed the human HOXA
11 genomic locus, showing strong evolutionary conservation of
regions potentially encoding antisense transcripts. Human HOXA
11 fetal kidney antisense cDNAs were identified and sequenced,
demonstrating the evolutionary conservation ofHoxa 11antisense
transcription. As for the mouse, the human antisense RNAs were
polyadenylated and showed several alternative processing patterns,
but shared the sequences of a common 38 exon. The evolutionary
conservation of the opposite strand transcripts strongly suggests
function. A significantly long open reading frame was observed,
but mouse-human comparisons argued against true coding func-
tion. Murine kidneyHoxa 11antisense transcription and process-
ing was also examined, revealing tissue-specific differences be-
tween limb and kidney. A novel procedure, designated Race in
Circles, was devised and used to define mouse limb antisense tran-
scription start sites. Furthermore, comparisons of human, mouse,
and chicken sense transcriptHoxa 11 homeobox nucleotide se-
quences and their respective encoded homeodomains indicate a
very strong selective pressure in vertebrates against mutations that
result in coding changes. Given the significant differences in
amino acid sequences of the homeodomains of different Hox
genes, this observation argues for individual homeodomain func-
tional specificity.

Introduction

The clustered homeobox (Hox) genes encode transcription factors
that are known to function as master switch genetic regulators of
development inDrosophila,defining segment identities by initi-
ating genetic cascades (Gehring 1987). Comparisons ofDro-
sophila and mammalian Hox genes have revealed a remarkable
evolutionary conservation of sequence, gene order within the clus-
ters, and expression patterns during development (Graham et al.
1989; Duboule and Dolle´ 1989). Furthermore, transgenic fly ex-
periments, in which mammalian Hox genes have been introduced
into flies, have strongly indicated a surprising conservation of
function (Malicki et al. 1990).

We originally cloned theAbdominal-Btype Hoxa 11gene of
the mouse in a screen that identified ten novel homeobox genes
(Singh et al. 1991). It was shown to be expressed in the developing
limbs and caudal body, including the urogenital system (Small and
Potter 1993; Hsieh-Li et al. 1995). Mice homozygous for a tar-
geted mutation inHoxa 11exhibited axial skeletal homeotic trans-

formations and sterility in both males and females (Small and
Potter 1993; Hsieh-Li et al. 1995; Gendron et al. 1997). The func-
tion of Hoxa 11was further defined by the generation ofHoxa
11/Hoxd 11double mutants, where synergistic effects were evident
in the development of the axial skeleton, limbs, and kidneys. The
kidneys, which were normal in single mutants, were absent or
severely reduced in size in the double mutants. The forelimbs,
which were only mildly malformed in each single mutant (Small
and Potter 1993; Davis and Capecchi 1994), showed an almost
complete loss of the zeugopod in the double mutants, with ulna and
radius reduced to a mere vestige of normal (Davis et al. 1995). We
have also previously reported characterization of the murineHoxa
11 locus itself, including cDNA sequence, transcription start site,
and the sequence of the genomic DNA. Surprisingly, we observed
the presence of abundant naturalHoxa 11 antisense transcripts
(Hsieh-Li et al. 1995).

Natural antisense RNAs are best understood in prokaryotic
systems where they are documented to regulate bacteriophage
genes, transposition rates of insertion elements, and plasmid rep-
lication incompatibility and conjugation (Simons 1988). In eukary-
otic systems, antisense RNAs have been most widely studied as
experimental tools to regulate expression of endogenous genes.
However, several examples of natural endogenous antisense tran-
scription have now been reported in eukaryotic systems (Farnham
et al. 1985; Adelman et al. 1987; Lazar et al. 1989; Krystal et al.
1990; Dolnick 1993; Rivkin et al. 1993; Campbell et al. 1994;
Tasheva and Roufa 1995). In some cases the antisense RNAs have
been proposed to promote the degradation of the sense mRNAs
(Kimelman and Kirschner 1989; Hildebrandt and Nellen 1992),
and in other cases the antisense RNA has been suggested to block
sense mRNA translation (Lee et al. 1993; Wightman et al. 1993).
In the majority of cases, however, the function of the natural
antisense RNA, if any, remains unknown.

We previously presented an initial characterization of antisense
transcripts from the mouseHoxa 11locus (Hsieh-Li et al. 1995).
These antisense RNAs were found in an embryonic cDNA library
screen with a probe generated from the 58 region of the senseHoxa
11 cDNA sequences. Surprisingly, approximately 90% of the 72
cDNAs retrieved represented antisense transcripts. Several of the
antisense cDNAs were sequenced, revealing a number of interest-
ing features. The antisense cDNAs were found to be polyadenyl-
ated and alternately processed. Their antisense orientation was
confirmed by the locations of the polyA tails and the directionality
of the introns (locations of splice acceptor and splice donor se-
quences). The first exons of the sense and antisense cDNAs some-
times showed considerable sequence overlap of more than 500 bp.
The antisense cDNAs also showed significantly long open reading
frames, suggesting coding potential, although conceptual transla-
tion revealed no significant homologies in the database. In addi-
tion, in situ hybridizations were used to compare embryonic ex-
pression patterns ofHoxa 11sense and antisense RNAs. An in-Correspondence to:S. Steven Potter
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teresting complementarity of RNA distributions was seen in the
developing limb. In the early limb bud at embryonic day 9.5
(E9.5),Hoxa 11sense RNAs are present throughout, while anti-
sense RNA is absent. In contrast, in the E10.5 limb bud,Hoxa 11
sense transcripts are no longer detected in the most distal domains
of the developing limb. Strikingly, at this time antisense transcripts
are now extremely abundant in the distal regions where sense RNA
is absent. This trend continues later in development, with the do-
main of senseHoxa 11transcripts relatively more proximally re-
stricted and the distal domain of antisense transcripts expanding in
corresponding fashion (Hsieh-Li et al. 1995). This suggested a
possible regulatory function for the antisense RNA, since the pres-
ence of antisense RNA strongly correlated with the absence of
sense RNA. Alternatively, the antisense transcripts could be spu-
rious in nature and have no function, or they could have another,
nonregulatory, function.

The next step in the study of theHoxa 11antisense RNAs is to
determine if they are of biological importance or mere accidental
transcripts. Evolutionary conservation is considered one hallmark
of functional significance. In this report we describe the sequenc-
ing of the human HOXA 11 genomic locus and its evolutionary
comparison with that of the mouse. Regions potentially encoding
antisense RNAs were observed to be evolutionarily conserved. A
particularly striking 99% nucleotide sequence identity between
mouse and human was observed for an approximately 500-bp
stretch that included the region of overlap between the mouse
sense and antisense transcripts. Surprisingly, the frequency of
nucleotide mismatch in this region of sense-antisense overlap was
fourfold lower than that observed in the homeobox, even though
the mouse and human homeoboxes encode identical amino acid
sequences. To confirm the existence of human HOXA 11 antisense
RNAs, ten human fetal kidney antisense cDNAs were isolated and
sequenced. Comparisons of mouse kidney and limb and human
kidney antisense transcripts revealed tissue-specific differences as
well as aspects of RNA processing conserved during evolution.
These results strongly suggest that the antisense RNAs from the
Hoxa 11locus are functionally significant.

Materials and methods

RT-PCR.RNA was prepared from E11.5 embryos obtained from super-
ovulated females. All four limbs were removed and stored in a tube on dry
ice. A total of about 1 g of limbs was collected. The limbs were then
ground to a powder with a liquid nitrogen-cooled mortar and pestle. RNA
was prepared with RNAzol (TEL-TEST Inc.) according to recommended
protocols. The RNA was then extracted further with phenol, followed by a
chloroform extraction and an ethanol precipitation, to remove all enzyme
contaminants. The RNA was then treated with RNase-free DNase (30 U)
in 300 ml of 40 mM Tris pH 7.0, 6 mM MgCl2, 2 mM CaCl2 for 30 min at
37°C. The RNA was then phenol extracted twice, chloroform extracted,
ethanol precipitated, pelleted, dried, and dissolved in H2O. PolyA+ RNA
was prepared with the Oligotext kit from Qiagen. Superscript II (Gibco-
BRL, Gaithersburg) was used for reverse transcription, with the recom-
mended protocol, with 0.5mg of polyA+ RNA and 0.5mg of random
hexanucleotide primer. After the reverse transcription, the reaction was
treated at 37°C for 30 min with 2 U RNase H and 10 U RNAce-It (Strata-
gene, La Jolla, Calif.). The products were size fractionated in low-gel
temperature agarose, and DNA from about 300 bases to 5 kb was purified
with two phenol extractions, one chloroform extraction, and ethanol pre-
cipitation. This material was then used directly for PCR reactions or for the
Race In Circles procedure.

Nested PCR used first the 38-1 primer (CTCGGACTTGGCCTTTTG-
GTGTGCTCTTAT) (bases 1261–1290; Hsieh-Li et al. 1995) from the
most 38 exon of the 3C cDNA and the 23-2 primer (CTCTTGGCCAG-
CACGTCGCCAGGCA) (bases 5039–5015) from the first exon of the 3C
cDNA. The second round of PCR reactions used the 38-2 primer (CTTC-
CCCAGATCCTGGTGGGCTGAAATCAA) (bases 1303–1332) from the
last 3C exon and the 23-3 primer (TGCAGACAGTCTCTGTGCAC-
GAGCTCCT) (bases 4994–4966) from the first 3C exon. Products were
gel purified, subcloned, and sequenced.

Race in circles.RNA preparation and initial reverse transcription, with
random hexanucleotide primers, were performed as described above. The
single-stranded DNA products were then kinased with polynucleotide ki-
nase in 20ml T4 RNA ligase buffer. The products were diluted to 100ml
with T4 RNA ligase buffer, 60 U of T4 RNA ligase was added, and the
reaction was allowed to proceed at 37°C for 4 h. The dilute reaction
conditions help promote circle formation and reduce intermolecular liga-
tions. The circle products were then used directly for nested PCR reactions,
using first the 23-2 primer and the 23pp primer (CCAACGTCTACCAC-
CACCCCAC) (bases 5045–5066; Hsieh-Li et al. 1995) and then the 23-2
primer and the 23-1 primer (CCCGCCGTCTCGTCCAATTTC-
TATAGCA) (bases 5067–5095). Later experiments, looking at more 58
start sites, used the 3Cpp (ACTTCAAGTTCGGACGGCGGCGGT) (bases
5278–5301) and 3C-3 (TCGCAGCT-GCTGCTTGGGGCCCCTTCT)
(bases 5233–5207) pr imers , fo l lowed by the 3C-2 (TG-
TCAGGAGGCGGCGGCGGAGGAGAAGGAG) (bases 5311–5340) and
3C-4 (GG-GTAGTCGGAGGAAGCGAGGTTTTCCGGG) (bases 5189–
5159) primers. Products were subcloned and sequenced.

Mouse kidney cDNA library.The mouse kidney cDNA library was
made with polyA+ RNA prepared from K4 kidney cells grown in culture.
This cell line was established from transgenic mice carrying theHoxa 11
promoter connected to the SV40 large T antigen gene (M.T. Valerius et al.,
in preparation). PolyA+ RNA was prepared by the RNAzol (TEL-TEST
Inc.) method, followed by Oligotext (Qiagen) purification. First-strand
cDNA synthesis was performed with Superscript II (Gibco-BRL) with dT
primer, and RNA was digested with 2 U RNase H and 10 U RNace-It
(Stratagene). Second-strand synthesis was performed with Klenow, using
as primers a combination of random hexamers and residual dT primers,
followed by polishing of the ends with T4 DNA polymerase. Products
>500 bp were size selected in low-gel temperature agarose and ligated into
pBS KSII. Transformation was by electroporation, yielding approximately
5 × 105 independent clones with inserts.

Sequencing.Sequencing was done according to standard protocols, with
the Applied Biosystems ABI 377. Both strands of DNA were uniformly
sequenced with primer walking. Difficult regions and areas of disagree-
ment between the two strands were subjected to additional sequence runs
with more closely positioned primers.

A human HOXA 11 cosmid clone was obtained through a screen of a
human genomic DNA library kindly provided by Anil Menon. The HOXA
11 region was subcloned into pBS KSII and sequenced as described above.

Results

Alternate processing of theHoxa 11antisense transcripts.Con-
siderable variation in murineHoxa 11antisense RNA processing
was shown previously by the sequencing of the four antisense
cDNAs labeled 40, 23A, 59, and 3C in Fig. 1A (Hsieh-Li et al.
1995). To identify possible additional splicing patterns, we pre-
pared RNA from E11.5 limb buds, and nested RT-PCR was per-
formed with primers specific to the first (oligos 23-2 and 23-3) and
last (oligos 38-1 and 38-2) exons of the 3C antisense cDNA. The
RT-PCR products were subcloned and sequenced. The most com-
mon splicing pattern observed was identical to that seen for the 3C
cDNA, with the same intron-exon junctions. In addition, alternate
patterns were found. In one case the use of an alternate splice
acceptor site increased the size of the second exon by 26 bases
(8-2, Fig. 1A). It was also observed that a novel exon, located
between 3C exons 2 and 3 was sometimes included in the final
product. This exon also had two alternate splice acceptor sites,
located three bases apart, with the 8-2 exon being three bases
longer than the corresponding exon for clone 1. It is interesting to
note that the two alternate forms of exon 2 differ by 26 bases,
which means they are frame-shifted relative to each other, while
the two forms of the novel exon differ by three bases.

Mouse kidney cDNAs.We previously used in situ hybridization to
observe the presence of antisenseHoxa 11 transcripts in the de-
veloping kidneys and reproductive tracts as well as limbs. To
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address the issue of tissue specificity ofHoxa 11antisense tran-
scription and processing, a mouse kidney cDNA library was gen-
erated from K4 cells, a mouse kidney cell line (M.T. Valerius, et
al. in preparation; see Materials and methods). Five mouse kidney
antisense cDNAs were recovered by probing with 3C antisense
cDNA sequences. Fig. 1B shows the exon organization of these
cDNAs. Each cDNA contains the sequence of the common final
exon of the 3C, 23A, and 59 cDNAs, and the second exons are
either the same as the 3C second exon or the alternatively spliced
form of this exon in 8-2. For each kidney cDNA the splice donor
site of the first exon fell at the boundary of bp 4225/4226 of the
published sequence (Hsieh-Li et al. 1995), although each of the 58
ends of these cDNAs varied somewhat, owing either to incom-
pleteness of the cDNAs and/or distinct transcription start sites. Of
particular interest, none of these ‘‘antisense’’ transcripts actually
overlapped the region encoding the sense transcript, in contrast
with the extensive overlap often observed for the limb cDNAs. For
the mouse kidney, therefore, these transcripts are more accurately
referred to as opposite strand rather than antisense.

Evolutionary conservation of the Hoxa 11 locus.The Hoxa 11
antisense transcripts could have biological function, or they could

represent spurious transcripts with no functional significance. To
begin to address this issue, the nucleotide sequence of the human
HOXA 11 locus was determined. One common feature of func-
tional significance is evolutionary conservation. It was, therefore,
of interest to look for conservation of the sequences encoding the
Hoxa 11antisense cDNAs.

A human genomic DNA cosmid library was screened with a
mouseHoxa 11 cDNA probe, and the HOXA 11 region of a
positive clone was subcloned and sequenced. The sequence of the
human HOXA 11 locus, including sufficient flanking DNA to total
8,624 bp, was determined. Much of the human HOXA 11 sense
cDNA sequence can be inferred from comparison with the previ-
ously described mouseHoxa 11genomic and cDNA sequences
(Hsieh-Li et al. 1995). In addition, two HOXA 11 sense cDNAs
were isolated from a human fetal kidney cDNA library and se-
quenced at the 58 ends. One initiated at a major transcription start
site previously identified in the mouse (Hsieh-Li et al. 1995). The
other cDNA was incomplete at the 58 end.

A comparison of the human and mouse senseHoxa 1158 UTR
and coding sequences is shown in Fig. 2. A striking evolutionary
conservation of sequence is revealed for the 58 regions of the
cDNAs. For the first 500 bases of sequence there are only seven
bases of mismatch. This approximately 99% sequence identity at
the 58 end is particularly striking when compared with the level of
homology observed for the homeobox. In comparing orthologous
homeobox genes from very distantly related organisms, such as
Drosophila and mouse, it is not uncommon to observe that signifi-
cant homology is restricted to the homeobox itself. In general,
there appears to be evolutionary pressure to maintain the amino
acid sequence of the encoded homeodomain, perhaps consistent
with its important DNA binding function. In comparing the mouse
and humanHoxa 11genes, it was observed that there are 10 base
differences in the 180-bp homeobox. All ten of these differences
occur at codon third nucleotide positions, and none alter the amino
acid encoded. This is consistent with a rigid evolutionary require-
ment to maintain the precise amino acid sequence encoded by the
homeobox. Nevertheless, the frequency of base mismatches ob-
served in the homeobox (10/180) is four times higher than that
seen for the first 500 bases of the cDNA sequence (7/500). That is,
the mismatch frequency for the first 500 bases is fourfold lower
than that observed for the homeobox, even though the two ho-
meoboxes encode identical amino acid sequences. It is interesting
to note that the first five hundred bases of the human HOXA 11
cDNA includes 70 bases of 58 UTR, which do not contribute to the
coding of the Hoxa 11 protein. There is an in-frame translation
termination codon at base 32 of the 58 UTR, confirming that it is
genuine UTR and not coding sequence mis-identified as UTR.
This high-level conservation of the first 500 bases of theHoxa 11
cDNA strongly argues that it is under more selective pressure than
simple maintenance ofHoxa 11coding function. This additional
selective pressure could be related to function associated with
antisense transcripts, at least some of which overlap the sense
transcript for most of the first 500 bases.

Evidence for surprising conservation of the 58 end of the
HOXA 11 transcript is also seen in comparing the human and
chicken sequences. The human and chicken HOXA 11 180-bp
homeobox sequences showed 29 nucleotide differences. Of inter-
est, all of the base changes were silent, not changing amino acids
encoded, with 26 of 29 found in codon third nucleotide positions.
In contrast, the first 200 bases of the 58 end of the known chicken
cDNA differ from the human at only 14 positions, or less than half
the mis-match frequency of the homeobox. It is interesting to note
that the 58 region of extreme conservation with the human se-
quence appears more restricted in the chicken than that observed in
mouse, with only approximately 200 bases instead of 500. Also,
the mis-match frequency for the 58 end in chicken is only about
one half that observed for the homeobox, while in the mouse
comparison a fourfold difference was seen. Nevertheless, once

Fig. 1. Alternate splicing and evolutionary conservation ofHoxa 11anti-
sense RNA. Rectangles represent exons, and connecting lines represent
introns. The mouseHoxa 11sense exons are shown at the top, and the
vertically aligned human HOXA 11 sense exons are at the bottom. As
illustrated by the arrows, sense RNAs are transcribed to the left, and
antisense RNAs are transcribed to the right.(A) Clones m3C and m23A
were isolated from a mouse E12 limb cDNA library. Clones m40 and m59
were from an E12.5 total embryo mouse cDNA library. Clones m1 and
m8-2 were generated by RT-PCR with mouse limb bud RNA (see text for
details).(B) Mouse kidneyHoxa 11antisense cDNAs, generated from a
cloned kidney cell line.(C) Human fetal HOXA 11 kidney antisense
cDNAs. Shaded rectangles represent exons with distinct splice acceptor
sites. Vertical dashed lines mark common splice sites, except that the
shaded second and third exons have alternate splice acceptor sites that
increase exon sizes by 26 and 3 bases, respectively. The h and m prefixes
designate human and mouse clones.
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again, the greater conservation of the chickenHoxa 1158 cDNA
end, as compared with the homeobox, suggests the presence of
more than justHoxa 11coding function.

The human HOXA 11 genomic locus, including the single
intron and 58 flanking sequence, which includes the potential an-
tisense exons, showed strong sequence homology with mouse
Hoxa 11.A Pustell DNA matrix comparison (MacVector; mini-
mum % score of 65 and remaining parameters at default) generated
an almost continuous line from one end of the sequence to the next
(data not shown). Increasing the stringency of the comparison to a
minimum % score of 85 revealed extensive blocks of high homol-
ogy (Fig. 3). This homology includes, but is not restricted to,
sequences previously observed in mouse antisense cDNAs. Of
interest, both the human and mouseHoxa 11/HOXA 11 genomic
DNA regions appear devoid of transposable repetitive DNA. A
screen for all repeat sequences, with the program of the Genetic
Information Research Institute, revealed only a few scattered di-
and trinucleotide repeats. As transposable element repeat DNA is
quite common, in particular theAlu sequences in human DNA and
the B1 and B2 repeats in the mouse, this significant absence of
such repeats in a total of about 17 kb of DNA in the combined
mouseHoxa 11 and human HOXA 11 sequences suggests that
mobile genetic element insertions into these regions are not well
tolerated.

Transcription start sites for the mouse Hoxa 11 antisense RNAs.
The definition of theHoxa 11sense-antisense transcript overlap
region relied on the antisense transcription start sites inferred from

cDNAs. To better describe the most commonly used start sites for
mouseHoxa 11antisense transcription, a new technique, desig-
nated Race in Circles (RIC), was devised. In principle, RIC re-
sembles standard primer extension, except that the reverse tran-
scription products are circularized, instead of run on a gel, allow-
ing the 58 ends to be PCR amplified and sequenced. In outline
form, RNA is first reverse transcribed with random hexamer prim-
ers. This results in random reverse transcription start sites and
termination at the 58 ends of the RNAs. Under dilute conditions, to
reduce intermolecular ligations, the resulting single-stranded DNA
is circularized with T4 RNA ligase. The junction regions, where
the 58 ends of the reverse transcripts are ligated to the 38 ends, are
then amplified by an inverse PCR approach with primers in both
directions from near the 58 end of the transcript. The PCR products
are then cloned and sequenced (see Materials and methods for
details). The junction points mark the 58 ends of the RNAs.

As is often observed for promoters lacking a TATA box, there
appears to be a preferred region of antisense transcription initiation
instead of a single precise start site (Farnham et al. 1985). Se-
quencing of nine PCR products showed seven start sites within a
five base region centered at base 5180 of the publishedHoxa 11
sequence (Hsieh-Li et al. 1995), which corresponds to base 540 of
the human-mouseHoxa 11cDNA comparison of Fig. 2. Antisense
transcription start sites were located within the first exon of the
senseHoxa 11gene, clustered around base 540, as shown in Fig.
2. More 58 start sites appear to be used rarely, since none of these
ten RIC defined start sites were positioned more 58 than bp 579.
Nevertheless, the 3C antisense cDNA starts at base 705, demon-

Fig. 2. Comparison of human, mouse, and chicken 58 UTR and sense
coding HOXA 11 sequences. Hu is human, Mo is mouse, and Ch is
chicken. Dots represent sequence identity with the human sequence, and
dashes designate a deletion. The ATG translation start site, the homeobox,

and the TAA translation termination codon are underlined. Antisense tran-
scription start sites observed in the mouse limb are marked with an asterisk.
The 58 sequences are, surprisingly, even better conserved than the ho-
meobox.
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strating that more 58 sites can sometimes be used. To further
examine the transcription starts at more 58 positions, a second set
of PCR primers located 58 of the most common transcription start
sites were used (see Material and methods for precise primer po-
sitions). These primers selectively amplified RNAs that start 58 of
position 700. Fifteen RIC products were sequenced, revealing po-
tential start sites at bases 709 (three), 712 (two), 713, 727, 735,
740, 745, 755, and 765. The three remaining RIC products ex-
tended more 58, but all three spliced at 776, where the intron for
the sense transcript is located, indicating that they represent sense
and not antisense products. In summary the results indicate that the
most abundant antisense transcription start sites cluster around
base 540 of Fig. 2, but that in addition there are multiple, less
frequently used start sites that are scattered to almost the 38 end of
the sense Hoxa 11 first exon.

The 38 region of the sense Hoxa 11 gene first exon, which
serves as the promoter region for antisense transcription, has no
TATA box. It is, however very GC rich, with 75% of the last 230
bp being GC. This region carries numerous GC boxes that repre-
sent potential SP1 binding sites, which are often associated with
TATAless promoters.

Human HOXA 11 antisense cDNAs.To search for human HOXA
11 antisense transcripts, we screened a human fetal kidney cDNA
library with a mouse 3C third exon antisense cDNA probe. Ten
antisense cDNA clones were recovered and sequenced. The results
are summarized in diagrammatic form in Fig. 1C. Although these
cDNAs represent transcripts oriented in the opposite direction of
the standard sense HOXA 11 transcript, it is interesting to note
that, as observed for the mouse kidneyHoxa 11 ‘‘antisense’’
cDNAs, they do not overlap the sense cDNAs in sequence. In
addition, four of the cDNAs have no introns. One clone, not
shown, was a duplicate of J. The P2 and P4 cDNAs share a com-
mon 58 start site but show distinct 38 ends. The six spliced human
kidney antisense cDNAs share a common 38 exon, with the same
splice acceptor site. This exon is also common to all examined
spliced mouseHoxa 11antisense cDNAs. In contrast to the mouse
antisense cDNAs, these human kidney antisense cDNAs had only
two exons. The first exon of the P1 and H cDNAs overlap the
second exon of the mouse 3C cDNA. These exons all share the
same 38 splice donor site. The human P1 clone sequence starts
within the sequence of the second 3C exon, while the sequence of
the human H clone starts upstream of the second exon of the 3C
clone and extends directly into it. Three frame shift mutations in

the human versus mouse versions of this exon were found. The D
and L human kidney antisense cDNAs are duplicates, except that
they differ by one base at their 38 ends. These clones and the P3
cDNA share common splice sites, while the P5 clone uses a unique
splice donor site.

Two polymorphisms were found in comparing the human
cDNA and genomic DNA sequences. One polymorphism was lo-
cated 116 bases into the common 38 exon shared by all of the
spliced human HOXA 11 antisense RNAs. For the genomic se-
quence this base was a G, yet on two cDNAs, clones J and H, this
base was an A. The second polymorphism was 333 bases further
into this same 38 exon. This base was a C in thegenomic DNA and
was absent in the P4 cDNA. This frame-shifting polymorphism
suggests an absence of coding function for this region of the an-
tisense RNA.

There are open reading frames in the human HOXA 11 anti-
sense RNAs that could represent coding function. As shown in Fig.
4, almost the entire 38 exon is open reading frame, from the be-
ginning to the TAA termination codon within the AATAAA poly-
adenylation signal. The first methionine codon in this reading
frame occurs 268 bases into the exon, giving the potential to en-
code 135 amino acids. The unspliced forms of the antisense
cDNAs (J, P2, and P4) do not extend this coding potential, with
in-frame stop codons slightly upstream of the start of the 38 exon.
The D and P3 spliced forms, however, do extend the coding ca-
pacity. These two cDNAs connect an upstream methionine codon
in frame to the 38 shared exon, generating a 705-base open reading
frame potentially encoding 235 amino acids, as shown in Fig. 4.
The comparison of the 38 antisense exons of mouse and human,
however, argues against coding function. In the first 500 bases of
this exon, there are six frame-shifting single base pair insertions/
deletions located at positions 10, 187, 233, 273, 394, and 402. Also
consistent with no coding function, there is not a strong tendency
for missense mutations to be located at third nucleotide positions
of codons in order to preserve amino acid sequence encoded.

Discussion

Evolutionary conservation of Hoxa 11 antisense transcripts.The
characterization of the human HOXA 11 locus revealed a striking
evolutionary conservation of sequence, antisense transcription, and
processing that strongly suggests functional significance. This also
defined the human HOXA 11 sense cDNA sequence and genomic

Fig. 3. Pustell DNA matrix comparison of the mouseHoxa 11and human
HOXA 11 genes. The matrix was generated with MacVector with a win-
dow size of 30, minimum % score of 85, and remaining values at default.
Light gray marks the regions corresponding to sense exons, and dark gray

shows the regions corresponding to the mouse 3C antisense cDNA. The
two genomic DNAs show extensive homology, which is not restricted to
sense and antisense exons.
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organization. Comparison of the sequences including and sur-
rounding the mouse and humanHoxa 11/HOXA 11 genes revealed
strong conservation and an absence of transposable repetitive
DNA.

To address the issue of possible organ specificity of transcrip-
tion and processing ofHoxa 11antisense transcripts, mouse kidney
antisense cDNAs were isolated and sequenced. The relative uni-
formity of the mouse kidney antisense cDNAs is worthy of note.
These cDNAs all shared the same three exons, but with alternate
usage of the splice acceptor site for the second exon and different
apparent transcription start sites in the first exon. Such uniformity
could reflect the source of mRNA used to make this cDNA library.
While the mouse limb cDNA library was made from tissue, the
mouse kidney library was made from a clonal kidney cell line.
These observations suggest, but do not prove, that part of the
heterogeneity of antisense RNA transcripts previously seen could
be the result of heterogeneity of cell types present in the tissue
examined.

The identification and sequencing of ten human fetal kidney
HOXA 11 antisense cDNAs demonstrated that the antisense tran-
scripts are indeed evolutionarily conserved. Furthermore, the se-
quences defined appear to restrict possible mechanisms of action,
at least in the kidney. As observed in the mouse, these kidney
cDNAs were transcribed from the opposite DNA strand, but did
not overlap the sense HOXA 11 transcripts in sequence. This
argues that in the developing kidney it is unlikely that the opposite
strand RNAs function by duplexing to the sense HOXA 11 mRNA.

There were distinct similarities in exon usage between the
human and mouse antisense transcripts. In particular, the last exon
of human clones H, D, L, P5, P3, and P1 corresponded to the last
exon of all of the spliced forms of the mouse antisense cDNAs,
with the same splice acceptor site. In addition, the first exon of
human clones H and P1 partially corresponded to the second exon
of the 3C mouse cDNA, with the same splice donor site.

Comparisons of the sequences of the human and mouse anti-
sense cDNAs do not provide significant support for coding func-
tion. The second exon of the 3C cDNA, for example, has multiple
frame shift differences when compared with the corresponding
first exons of human clones H and P1, arguing against coding
function. Likewise, the 38 exon region, common to all of the an-
tisense RNAs, also showed multiple scattered human-mouse
frameshifts. Furthermore, the base mismatch distribution did not
show codon third nucleotide position preference, again arguing
against coding function. Comparisons revealed some conserved
open reading frames, but they were not dramatically long and did
not encode proteins that showed significant homologies to other
proteins in the database. It is difficult to disprove any coding
function. The data presented in this report, however, argues that
any protein encoded is likely small.

It is also interesting to note that the antisense cDNAs with
sense sequence overlap occur in the limb, where we previously
observed a dramatic complementarity in the domains of sense and
antisense RNAs (Hsieh-Li et al. 1995). In the early (E9.5) limb bud
the sense transcript is abundant throughout and the antisense tran-
script is absent. One day later, at E10.5, antisense RNAs are very
abundant in the distal bud, immediately flanking and indeed some-
what overlapping the expression domain of the now more proxi-
mally restrictedHoxa 11 sense RNA. This complementarity in
transcript domains suggests that the limb bud antisense RNA could
have a regulatory role, perhaps duplexing with and thereby driving
the degradation of the sense RNAs. In the kidneys, however, where
we have observed no complementarity in expression domains,
there is no apparent sequence overlap between sense and antisense
RNAs.

The very strong evolutionary conservation of the 58 ends of the
Hoxa 11sense cDNAs, which in the mouse limb overlap in se-
quence with the 58 ends of antisense cDNAs, suggest more than
just Hoxa 11 coding function for these regions. This hyper-

Fig. 4. Open reading frame for the HOXA 11 antisense transcript. Pre-
dicted amino acid sequence is shown above the nucleotide sequence. Hu is
human and Mo is mouse. Dots represent identities, and dashes deletions.
The top nucleotide sequence line shows the 38 end of the first exons of the
human D and P3 cDNAs (Fig. 1). No corresponding exon for mouse has

been detected. The remaining lines represent the most 38 antisense exon.
Although the open reading frame is significantly long, the multiple frame
shift differences in the mouse-human comparison, and the absence of
codon third nucleotide mutation preference, argue against coding function.
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conservation of nucleotide sequence, beyond that necessary to pre-
serve identical coding capacity, suggests that in chicken and hu-
man there may also be overlapping antisense transcripts that re-
main to be found. As observed in the mouse, these overlapping
antisense RNAs may be tissue specific, and present, for example,
in the limb but not in the kidney. The 58 sequence hyperconser-
vation could reflect the presence of essential cis-regulatory ele-
ments within the first exon, the requirement to preserve coding
function on both strands, or a requirement for perfect sense-
antisense duplex formation, as discussed further below.

A brief consideration of other examples of vertebrate antisense
RNAs places theHoxa 11/HOXA 11 results reported here in per-
spective and suggests possible functions. Farnham and coworkers
(1985) reported the presence of opposite strand RNAs from the
dihydrofolate reductase (dhfr) gene. Thedhfr antisense transcripts,
however, were without polyA tails, did not appear to be processed,
and were small (180–240 nucleotides) and limited to the nucleus.
In many respects, therefore, the opposite strand transcripts ofdhfr
are distinct from those ofHoxa 11/HOXA 11.

Several other examples of endogenous antisense transcripts
have been reported in vertebrate systems. Krystal and associates
(1990) described antisense transcripts for theN-myclocus. Again
there was the presence of a promoter without a TATA box, leading
to a range of initiation sites for both sense and antisense tran-
scripts. Of particular interest, this study showed the presence of in
vivo sense-antisense RNA duplexes. It is also interesting to note
that both Lee and colleagues (1993) and Wightman and coworkers
(1993) have shown that inC. eleganssmall noncoding RNAs from
one locus can have antisense complementarity to coding RNAs
from another locus and through this complementarity can exert
regulatory function, apparently at the translational level. The work
of Kimelman and Kirschner (1989) in their study of thebFGF
gene inXenopusprovides further precedent for possible antisense
regulatory function. They showed the presence of a processed,
polyadenylated antisense transcript with significant sequence over-
lap with thebFGF gene. Their data indicated duplex formation
between sense and antisense RNAs, followed by sequence modi-
fication and RNA degradation. ThebFGF antisense RNA has also
been shown to be conserved during evolution (Volk et al. 1989).

Perhaps theHoxa 11/HOXA 11 antisense RNA, as proposed
for bFGF, regulates the stability of the sense RNA. Consistent
with this, the enzyme that modifies dsRNA molecules, double-
stranded RNA-specific adenosine deaminase, is ubiquitous (Wag-
ner et al. 1990). Moreover, the striking (∼99% nucleotide sequence
identity) evolutionary conservation of the first 500 bases of the 58
end of the mouse/humanHoxa 11/HOXA 11 sense cDNAs, rep-
resenting the bulk of the region of overlap with the 3C antisense
transcript, suggests more than simpleHoxa 11coding function.
Lipman (1997) has pointed out that extreme conservation of non-
coding sequences and at silent base positions in coding regions
could reflect a requirement for long, perfect sense-antisense du-
plexes to properly regulate mRNA stability. In heterozygotes a
single base change would result in a 50% frequency of imperfect
heteroduplex formation and subsequent dominant negative effects
on gene regulation.

Nevertheless, in the kidney no sequence overlap withHoxa
11/HOXA 11 sense transcripts was detected, arguing for another
function besides sense-antisense duplex formation. Perhaps the
Hoxa 11/HOXA 11 opposite strand transcript function is similar to
the roles of theH19 and Xist noncoding RNAs, believed to be
important in genomic imprinting and X Chromosome (Chr) inac-
tivation, respectively (Pachnis et al. 1988; Brannan et al. 1990;
Ripoche et al. 1997; Clemson et al. 1996; Penny et al. 1996; Lee
et al. 1996; Lee and Jaenisch 1997). Although there is no evidence
of genomic imprinting for the Hox clusters, it remains possible that
Hoxa 11/HOXA 11 antisense RNA functions incis to regulate
gene expression patterns.

Homeodomain functional specificity.It has been proposed that the
many different mammalian Hox genes may be largely functionally
equivalent (Duboule 1995). UnlikeDrosophilahomeobox genes,
which appear capable of initiating distinct developmental pro-
grams, it has been suggested that the vertebrate Hox genes function
primarily in controlling cell proliferation rates. This interesting
model is consistent with many experimental observations. For ex-
ample, the often observed alterations in contour shapes of bones in
vertebrate Hox mutants are perhaps more easily interpreted as the
result of cell proliferation changes rather than homeotic transfor-
mations of segment identity. In extreme form this model states that
the various vertebrate Hox genes ‘‘may not even engage the regu-
lation of qualitatively different target genes’’ (Duboule 1995).
That is, the homeodomains of different Hox proteins may all bind
identical or functionally equivalent gene targets involved in regu-
lating cell proliferation.

In this report we describe the results of an extensive mutagen-
esis analysis conducted by nature, which argue that the Hox-
encoded homeodomains are not functionally equivalent. In com-
paring the human HOXA 11 homeobox 180 bp nucleotide se-
quence with that from mouse, we observed ten base differences. A
similar comparison of orthologous human HOXA 11 and chicken
homeoboxes showed 29 nucleotide differences. The striking result,
however, was that all 39 of the combined nucleotide differences
were silent, maintaining identical homeodomain sequences. Mu-
tations in nucleotide sequence can be presumed to occur in random
fashion, and despite the redundant nature of the genetic code, a
majority of nucleotide sequences changes will alter the amino acid
encoded. Yet chicken, mouse, and human encode identical Hoxa
11 homeodomains. Only silent mutations survived the stringent
test of natural selection. This argues that there is very tight selec-
tive pressure maintaining the Hoxa 11 homeodomain amino acid
sequence. This is particularly interesting in light of the consider-
able variation observed in the amino acid sequences of different
homeodomains. For example, theHoxa 10gene is very closely
related toHoxa 11. Hoxa 10and Hoxa 11are bothAbd-B type
genes that are adjacent to each other in the A cluster of Hox genes.
Nevertheless, their encoded homeodomains differ at 19 of 60
amino acids. Other, less closely related Hox genes show even
greater amino acid sequence divergence withHoxa 11.Yet the
Hoxa 11 homeodomain appears rather tightly frozen in sequence
during evolution, with the human-chicken and human-mouse com-
parisons showing 39 silent versus zero missense mutations surviv-
ing. There is no detected freedom to drift in sequence at the mul-
tiple variable amino acids of different homeodomains. This sug-
gests that a change of Hoxa 11 homeodomain amino acid
sequence, even towards sequence found in other homeodomains,
perturbs function.

Acknowledgments.We thank Ryan Walsh for assistance in the early
phases of this work. We thank Anil Menon for providing the human ge-
nomic cosmid library. We thank members of the Potter laboratory for
helpful reading of the manuscript. We thank Jan Hagedorn for assistance in
preparing the manuscript. This work was supported by National Institutes
of Health grant NIH HD32061.

References

Adelman JP, Bond CT, Douglass J, Herbert E (1987) Two mammalian
genes transcribed from opposite strands of the same DNA locus. Science
235, 1514–1517

Brannan CI, Dees EC, Ingram RS, Tilghman SM (1990) The product of the
H19 gene may function as an RNA. Mol Cell Biol 10, 28–36

Campbell CE, Huang A, Gurney AL, Kessler PM, Hewitt JA, et al. (1994)
Antisense transcripts and protein binding motifs within theWilms tumor
(WT1) locus. Oncogene 9, 583–595

Clemson CM, McNeil JA, Willard H, Lawrence JB (1996)XIST RNA
paints the inactive X chromosome at interphase: evidence for a novel
RNA involved in nuclear chromosome structure. J Cell Biol 132, 1–17

S.S. Potter, W.W. Branford:Hoxa 11antisense transcripts 805



Davis AP, Capecchi MR (1994) Axial homeosis and appendicular skeleton
defects in mice with a targeted disruption ofhoxd-11.Development 120,
2187–2198

Davis AP, Witte DP, Hsieh-Li HM, Potter SS, Capecchi MR (1995) Ab-
sence of radius and ulna in mice lackinghoxa-11andhoxd-11. Nature
375, 791–795

Dolnick BJ (1993) Cloning and characterization of a naturally occurring
antisense RNA to humanthymidylate synthasemRNA. Nucleic Acids
Res 21, 1747–1752

Duboule D (1995) Vertebrate Hox genes and proliferation: an alternative
pathway to homeosis? Curr Opin Genet Dev 5, 525–528
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Volk R, Köster M, Pöting A, Hartmann L, Kno¨chel W (1989) An antisense
transcript from theXenopus laevis bFGFgene coding for an evolution-
arily conserved 24 kd protein. EMBO J 8, 2983–2988

Wagner RW, Yoo C, Wrabetz L, Kamholz J, Buchhalter J, et al. (1990)
Double-stranded RNA unwinding and modifying activity is detected
ubiquitously in primary tissues and cell lines. Mol Cell Biol 10, 5586–
5590

Wightman B, Ha I, Ruvkun G (1993) Posttranscriptional regulation of the
heterochronic genelin-14 by lin-4 mediates temporal pattern formation
in C. elegans.Cell 75, 855–862

S.S. Potter, W.W. Branford:Hoxa 11antisense transcripts806


