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SUMMARY

Hoxa 11 is a murine Abdominal-B-type homeobox gene.
The structure of this geneis presented, including genomic
and cDNA sequence. The cDNA includesthe complete open
reading frame and based on primer extension results is
near full length. Surprisingly, the antisense strand of Hoxa
11 was found to be transcribed. Moreover, these antisense
transcripts were processed and polyadenylated. The devel-
opmental expression patterns for both sense and antisense
transcripts were examined using serial section and whole-
mount in situ hybridizations. Hoxa 11 transcription
patter nsweredefined in thelimbs, kidney and stromal cells
surrounding the Mullerian and Wolffian ducts. Of partic-
ular interest, in the developing limbs, the sense and
antisense transcripts showed complementary expression
patterns, with antisense RNAs increasing in abundance in

regionswher e sense RNAswer e diminishing in abundance.
Furthermore, targeted mutation of Hoxa 11 is shown to
result in both male and female sterility. The female
mutants produce normal ova, which develop properly post-
fertilization when transferred to wild-type surrogate
mothers. The Hoxa 11 homozygous mutants are shown to
provide a defective uterine environment. The mutant males
exhibited a malformation of thevasdeferensthat resembles
a partial homeotic transformation to an epididymis. In
addition, the mutant testesfail to descend properly into the
scrotum and, likely as a result, spermatogeness is
perturbed.
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INTRODUCTION

The 38 mammalian Hox genes are organized in four clusters
(McGinnis and Krumlauf, 1992). These Antennapedia-like
homeobox genes encode transcription factors with ahelix-turn-
helix motif. The homeobox genes are remarkably well-
conserved during evolution, with mammalian and Drosophila
orthologous homeodomains often showing greater than 95%
amino acid sequence identity. These genes are also surprisingly
conserved in function; transgenic Drosophila that misexpress
mammalian Hox genes display homeotic transformations that
closely reproduce the results of misexpression of endogenous
Drosophila homeobox genes (Malicki et a., 1990). This
suggests that significant portions of the genetic circuitry of
development are conserved between mammals and flies. Fur-
thermore, both mammalian and Drosophila homeobox genes
show the property of colinearity, with genes located more 3'
within clusters having developmentally earlier and more
anterior expression domains.

The Abdominal-B (Abd-B) type Hox genes are located at the
5" ends of the mammalian Hox clusters, and are of particular
interest for several reasons. These genes have undergone acon-
siderable expansion in number in mammals, with but a single

Abd-B gene in Drosophila, and atotal of 15 Abd-B-type genes
in mammals. These genes show overlapping domains of
expression in developing limbs, suggesting that they may play
an important role in specifying regional identity (Dolle et al.,
1989; Yokouchi et al., 1991). Targeted mutations in three of
these genes, Hoxa 11, Hoxd 11 and Hoxd 13, have in each case
resulted in both axial and appendicular skeletal defects (Small
and Potter, 1993; Davis and Capecchi, 1994; Dolle et a.,
1993). The Hoxa 11 mutants showed posteriorization of the
thirteenth thoracic vertebrato form afirst lumbar vertebra and
anteriorization of the sacral region by one segment. In addition,
the ulna and radius of the forelimb, and tibia and fibula of the
hindlimb, were dramatically malformed, with extensively
atered contour shapes. Moreover, there were apparent gene
dosage effects, with hemizygotes showing phenotypes of inter-
mediate severity.

In this report, we extend our studies of the Hoxa 11 gene.
The structure of Hoxa 11 is presented, including the complete
cDNA sequence and 9 kb of genomic DNA sequence. Sur-
prisingly, during the course of this work, it was found that the
antisense strand of the Hoxa 11 gene gives rise to elaborately
spliced mMRNASs. We aso provide a more detailed presentation
of the Hoxa 11 expression pattern during development. Hoxa
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11 expression in the early limb has previously been studied by
serial section (Haack and Gruss, 1993) and whole-mount
(Small and Potter, 1993) in situ hybridizations. Here we use
both techniques to examine expression of both Hoxa 11 sense
and antisense transcripts in the limbs, including later time
points, and in the body of the embryo. The sense and antisense
transcripts show a complementarity in the developing limbs,
with antisense RNASs appearing in regions where sense RNAs
are diminishing, that suggests a possible antisense regulatory
role. Furthermore, as the Hoxa 11 homozygous mutants
matured, we observed that both males and females were sterile.
In this report, we describe the nature of these infertility phe-
notypes.

MATERIALS AND METHODS

Cloning of cDNAs

A mouse embryo E10.5 cDNA library (Novagen) was screened with
a labeled 300 bp fragment (probe A shown in Fig. 3) which was
created by PCR from the region immediately 3' of homeobox. The
most 5' end 250 bp fragment (nucleotides 4830 to 5080 shown in Fig.
1) of the Hoxa 11 cDNA from this screen was then used to screen an
E12 limb library (kindly provided by M. Solursh) to extend the 5 end
of cDNA.. One of the antisense transcripts, 3C, was obtained from this
screen; another antisense transcript, 23A, was obtained by using probe
B (Fig. 3) to rescreen the limb library; other antisense transcripts, 59
and 40, were obtained from screening an E12.5 embryo library
(Novagen) by using the same probe. Plague hybridization was
performed as previously described (Kern et al., 1992).

DNA sequencing

Genomic DNA was sequenced using the USB sequenase system. Both
strands were determined and for difficult regions both inosine and
deaza nucleotides were used. Hoxa 11 cDNA and antisense transcripts
were sequenced using the ds cycle-sequencing system (GIBCO BRL)
according to supplier’s protocols.

Primer extension

The procedure for primer extension was modified from Sambrook et
al. (1989). 5'-end labeled primer (5%10° cts/minute) was hybridized
with 10 pg total RNA at 95°C for 10 minutes and cooled to 70°C.
The primer-RNA hybrid templates were chilled in ice for 1 minute
and then precipitated by ethanol. Reverse transcription was performed
at 42°C for 30 minutes by incubating the resuspended templates with
10 units/ul of Superscript Il reverse transcriptase (GIBCO BRL).
RNA was removed by digestion with 1 unit/pl of RNase H at 55°C
for 5 minutes followed by precipitation with ethanol. The products
were electrophoresed on a 6% polyacrylamide-8 M urea gel.

Northern blot analysis

Poly(A)* RNA was isolated from E10.5, 11.5, 12.5 and 14.5 mouse
embryos or E11.5 limbs by using either oligo(dT) cellulose (Celano
et a., 1993) or the Qiagen d(T) kit according to supplier's protocols.
Probes A and B (Fig. 3) were random primer labeled and used to
detect Hoxa 11 and antisense transcripts separately. Probe A isaPCR
product of 300 bp immediately 3' of the Hoxa 11 homeobox and probe
B is the first 650 bp fragment of antisense transcript 3C. Both
fragments were subcloned into pBS (KS, Stratagene) to make both
sense and antisense riboprobes.

Serial section and whole-mount in situ hybridizations

The procedures for seria section and whole-mount in situ hybridiza-
tions were performed as previously described (Li et al., 1994; Small
and Potter, 1993). Both strands of probes A and B (Fig. 3) were used

to detect Hoxa 11 sense and antisense transcript expression in
different stage mouse embryos or adult tissues.

Zygote transfer

3.5- to 4.5-week-old Hoxa 11 mutant femal e mice were superovul ated
and EO.5 zygotes were transferred into the oviducts of pseudopreg-
nant wild-type mice as described (Hogan et al., 1986).

RESULTS

Hoxa 11 cDNA and genomic structure

The Hoxa 11 gene was originaly cloned using a degenerate
oligonucleotide screen of mouse genomic DNA (Singh et a.,
1991). To define the coding potential of this gene, a genomic
DNA fragment of 300 bp located immediately 3' of the
homeobox was used to screen an embryonic day 10.5 cDNA
library. The most 5' fragment of the cDNAs isolated was used
to screen an E12 limb-specific cDNA library to extend the 5'
end. The longest Hoxa 11 cDNA isolated was completely
sequenced on both strands. To determine exon-intron organiz-
ation and define potential regulatory regions, 9 kb of genomic
DNA including the Hoxa 11 gene was also sequenced on both
strands. The Hoxa 11 cDNA sequence is shown in Fig. 1 in
bold letters within the genomic sequence. The homeobox is
underlined and the predicted amino acid sequence is shown
below.

The Hoxa 11 cDNA includes the entire open reading frame,
with an in frame termination codon just 33 bp 5’ of the trans-
lation initiation ATG. The Hoxa 11 amino acid seguence
shows an interesting series of mono-amino acid runs prior to
the homeodomain. Most dramatic is atract of 14 amino acids
that includes 11 aanines (A). Such polyalanine tracts have
been previously observed in severa genes of developmental
interest, including the even-skipped (Poole et al., 1985),
engrailed (Macdonald et a., 1986), cut (Blochinger et al.,
1988), runt (Kania et a., 1990) and ovo (Mevel-Ninio et al.,
1991) genes in Drosophila. It is thought that this domain may
form an alpha helix structure involved in transcription repres-
sion (Han and Manley, 1993a,b).

Primer extension analysis was used to define the 5' tran-
scription start site. The results, shown in Fig. 2, suggest start
sites at nucleotides 4641, 4647 and 4667 of Fig. 1.

Antisense transcripts

A restriction segment probe corresponding to the 5’ end of the
Hoxa 11 cDNA was used to rescreen cDNA libraries in order
to obtain afull-length cDNA. Surprisingly, this screen resulted
in several fold more positive clones than had been previously
found using a probe corresponding to the 3' end of the Hoxa
11 cDNA. Moreover, when these cDNAS were characterized,
it was found that most represented transcripts from the Hoxa
11 antisense strand of DNA. For cDNAs from the poly(dT)-
primed E12.5 cDNA library, the positions of the poly(A) tails
served to orient them. In addition, sequence analysis of all four
cDNAs shown in Fig. 3, and comparison with genomic DNA,
allowed a definition of intron-exon boundaries. The positions
of the splice donor and acceptor sites served to confirm that
these cDNA transcripts were from the Hoxa 11 antisense
strand. All splice junctions were conventional, with good sim-
ilarity to established consensus sequences.



CTGGTGAAGACCTCTTTCTTTAAACCTGTGTAGTAGT TTCCTGCCAGGGA
AAGCCTAAGAAAGGATAGAT GGGAAAAGT CAAGAT GGGAGACAAAT GGGG
TGGT TGGATATTCACGCTATGCTGATCCTTCCAGGAACTGCACTGGGTAT
CCACCCCCTTTGACAGATGGTGGT TGATGGAAGGAGT TGATGCTAGGAAG
CCTTGAAGT GGCATAATGCTAAGGAGCCTAGCAACTGATAGCGGT CCATC
GGCCACAAGGCCTTCCATTGCCTTTCTACAAATACACGATTCCTCAAAAG
ACATCTCCGACT GCAAGGAAAAT CAAAT TCAGCAGAGGCACCTGAATACA
CCTGAATCTCTCTCCCTCCCTCCCTTCTTGGTACT TTTAGCCCGGCGEGA
GGACCAAATCAAAAGAAACCT CCGAAAAGGGTTGGTTTGTTCTGCCGATC
GCTGCGCCGCT GEEGGET GT GEGEGEECGAGCCT CGECAAGGCCCTAAGGEEEGE
CCTCCCTTCTTTACAGACACACACGCACCGT CAGGCCGCGGECCACTTCCT
TTAGGGCTCCGGGECGACGATTAAAAGAAAT AAACGT TGAAGAGCGTTTTC

CCCCGAGAACCT.
GGGTACCCCTTCTCCCTGGCAT CCCCGGAAGT CGAGT TAATTATGAGAGA
ACCTCGGGECCCCACT GCTCAGGCACAAGCTGAAGT TGACTGCCAAAACTG
CCCGGGT TCAATTATGGT CTTAAAAGCCCTAATGCAAGT GCAAGAATTTG
TATAGCAAAGT CACTGAAACCCT TCATGCATTCCTTTTGT TCGAGGGAAG
CAACCCAGAGAGCTGT TCTTGTAAGGCCCT TTGCAAGCCCACCTCCCTTT
TCCTTGGTAACTGATAGAAATAGAAGT TTTTGCTGCAGGACCATCCTGIC
TCTCTCCCTCCTGAATCTCATGCAAACGCCGT GGCAGT CATCTATGAAGC
AGCTCTCAGGGAT TTCAAGGGGCATGAAAGT TCCTGCAGCAAATCCTGAA
AGCCCTTGT AAAAGAGAGGGGEGEGT TGGAGCCACATAAACATTAATGCTAA
ACAGT GGGCATTCATATGCAATGGT GGGTCATTATTTGGAGAAAATACAT
GTCAGTTACAGT CAGCTCAGCAATAAATAAATAAATCGATGT TGACACTT
AATACCTTTAACTATTTCCTGAATGAGGAAAGGGAAAAAGGT TTTCATTT
GGTGAGACCCCT GGT CTGGAGCCCCATCTCTGCTCAATTTGCCTAGCTGT
TTGCAGAATGGCAGTCGTTATTTTATCTTCTTAATCCCCATTTCCTCCTC
ATCTGTACAGCAAGCCT TGCCCTTTTGAGGCATCTCTGI GGCCCAAGGTG
TGGGCTAAAGAACAAGAAT GATGGGAGCTGTCTCAATTTCTGCCTTGAAT
TAGCCAGGACTCCTTGGGECCAGTACTCCCTCTTTGCCACCCTCCTTTTCC
CCCCAAGGT GCAGCATACCCAGGAGAAGGECTCCTCAGCGCCTCTAAAACA
GACCAGGCAGCT TGCGGACCGGT GAGCAGAAGT GCCTCTGGCTCTGAGGA
AGGGT GTGGGGT AAGGAAGT AAGCAGAAAGATACAGGGAAGGT GGAACCC
AGGGAAGCCGCTTTGCCTGI TGGCGGT TTGGEEGACGGAAGGECACTAAAGC
TCGGACAAGCCACGAGGECCGGECACAT CCGT GCCGECGAAGCCTGECCCCA
GT GGGAGGGEEEECT GCCGAAGAAGGT GCTGAACGT AAGCTTCGGATAACAG
AGCCCAGAGAGTATCCCTCACCCACCGGGEGAGT GGEGEEGAGECGT CAGGA
CTGAGCAAAGGAGAGCT GCCCCEGEEECECACCCCAGCCT TTCTGCGCCCG
TGAGAACACCGAGT GACGATCTGT TGCTTCCCCT GAGGTGGCTACAAAGA
AAAAAAAAAAAAAAAGCCGGGACT AGCT CGCGGCT TGT CAATTTCAACAT
GTCAGCTTACGT CTCCAAATTTCTACT TCACGGAT CCGCTTCAAAGAGGC
TAGCCCAATGATGGATTTTGATGAGCGT GGTCCCTGCTCCTCTAACATGT
M MDFDERGPTCSSNM
CCTTCTTTTTTGCCCCAGACCCCGTCTTCGCGCCCAATGACATACTCCTA
P

CA CGT GCTGGCCAAGAGCTCGGCCAACG
S AAGVPGDVLAKSSAN
CGGCGT TCTGCCACAGGCTTTCGACCAGTTTTTCGAGACGEC
GRNGVLPQAFDIOQFFETA
ACGCCGA GCAGCTGCGACCTCCGCTGCGECGET G
N A EKGPQAAAATSAAAV
T GTCAGGA GGAGAAGGA

G G GCQEAAAETEIKERRTR R
AAGGCCGGT GGCT CCGGTGCGTATAAAGGCAGCGCCCAGCGCTTTATGAA
K A G G S
TTTTATAAGCATATAAGGT TTATGAAGGGCCTTTAGGT TTCCCCCAACAA
GAAATACCCACCGGCCAAAGCAT GCCTGCAGAAAAAAAAAAAAAATACAA
TCCCCGCTAGAGACCAGCT CCAGGCT GGEGAGCCGGAGGT GEGCGCCTGT
AGATTTTTATAAAAGCCATGT GT TGCGGCGGGACT CCAGT CCCGECTGEG
ATAAAGTAGCCCACT TAGCT CAAGCAATATATTAAAAGAAACAAATTAAC
GCAATTACATGCTGCCTTCTGT TATTCACAATTGT TTTTAAATCAGTCAA
TGTGTGT TTCTTAAAGGT GAGGGT GAACAAATGGATCCTGCCTGAGACTT
CTGAGGGCCCTCTGGCAGT ATGCTGACGGT GTGTACT GAGTGAAGGCCTG
CGGAAGAGGCAAGAACT GGTGAT CAGAAGT CAGGCTGACAAAGACCCCTC
CCTGGGGECCAGGATGCATGCCTTTACT GCCT CGEGAACAGGCGECCCAGG
AAGGAGCAGCCCGCAACCCCCACT TGCCTCCGT TCAAAGCAGT TCAACCA
AGCCTGAGT CCTTTCCCTGGEGEGECCTATCTAGTGAGCTGECTTTTATCTG
GGCAGGGGCCT GGAAAGACT TTGAAAGGGCCTGGAT TGGGECCTCCAGACC
TATCGCCCTCTCACTCTTTGCCTCTCTCCTTCCTTAGGTGGCCAACGCAC
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ACACATCAGCTCT TTCTGAGT CAAGGAGAGACAT CAGAAAAGGCAGGAGA
CAGGAGGAACAGCCT GGGAACAAAACAGGCT TTGAGGAGGATCTGGAGAG
TTCCAATGGATGCCCAGGAGT TAGAGGAGT TAGAGATAGCTGGCCT CCAA
CCCAGAGT CAAGAAGTGCTTATGGTTGCCCATGTGACTCTTTCTAGTCTC
TCAAGGCTCTTGAATGGCTGT GT TGGAACCT GGCCTGGATCAGACAATCT
CTATAATCACTCTAGGCAGCT TTCCCCGAGGCT CCCCAACTACTGCTCAT
CTTTATTCTGGTATTCTATCTCAGAAGGAGAGT GCAGCCAGCGCAAGGTG
GGAAAACAGCAGCCACCCCAGCCGCT GTGGACACTAGCATATACCCTTTA
AAATCTCCT TTCAGCCCGACCGAGGCT TAAAT CGT TGGCCACCTCCAAAT
TCTGCCTAGACCT TGAAGT TCGGGAAAACGAGGGEAGGT TGAACCGECTC
GCCTTTGITTTTCTTCCTCCAAACATTTTTGGCCTCTTGCATTAGCCGCC
TGGAGACAGCCCCGT GCTGTGGAGT TCTTGAGAAAAAGCAGCTCCTGGGA
AGAAATGGAACTCGGACTTGGCCTTTTGGTGTGCTCTTATCCCTAGI TGG
GCCAAAGAACCAGIT TAAGCTCAAAGCAAAGT GAAAACCAAGGACCCTCAG
ACCTTGTACCCTGATGCATGACT GAAGAACAT TCACACTACCAGGGCCAA
TCTTCTCTCTGCT TAAGAGAACT AAACGCAATCGGCATCTCCAGGCCATC
CAGCGCCCCCACACGCTCCCT TCGAGGAT GCCCCTCTGGEECACCCCTCTT
TTCCGCAGTCTTTGCTCGGGAATTTGTCTTGTCTCCTGCTGACACCCATG
GAAGCACT GCCTGT GCAGAACACT GCACAGT GCCGCACCGACCTTTCTGT
AGCTGCCATGTAGT CAGGGGAGGCGECCT GECGT CCCCCGCGECTGAGCC
CTATAAAACCACAGGTCTGTCTAGAACTGT TTTCGGT TCTCCTAGACGCC
TTTGCCT TCACCCAGGGECGEEECGAGCCCT GCAATGGTGGCGCCTTTGT
GGGTATTGAGGACT GGGT GGGCT GCTGAAGAAAGT TTGAGGTAGCAAAAC
TCTATCCGGATCTCCAGAAAGACAACCGT GAAGAGACAGATATGCTTGCC
GTTGIGATCCTCAGCTTTAGAAGACCT GAAGCTACCCTTTCCCAACACCC
CACAGTGAACAAATATGT CAAGCTGAAGAT GCACAAATAATTTCAAGT TC
TAAAGAGT TCATTAAACCAATGT GTCCGAGTAGCTTGATTTGTGATAAGC
TAAATTAGT TTACTCCACTACACAGTAATTACTTGATATTATTGATATTT
AACGAGAGTAGT TCTTTTCCAGAGCAATACATGATTAAATTTGTTATTGA
AAATACCAAAGATCTTAGCGT TTATACTCTAAATCTCCCCAAGATATGTA
TTCACTTTTGACTGI TGTGACACCCTAGCACCTTCTAAGAAGGGAGT TGT
CCTGCGCCCTCTTTTTTCTCTTTCATTTTCCCCTAAGTACATCTTTGGTC
GGGAGAAAGCT AAAT GCAACT TAGCAGCCAAGCCCTCTTTAGAATTATCT
CAGGCAGGCAGGAGAGCATCTCTCTTTTCTTTGECATTGTGCTTCTCCTG
ATCCTTTGCTTTCACTCTTAGGT TTTGCAAGAAAGAAGAGACTCTTTTCT
CTCACAGCT CTGAAGCCCT GCAAGCAGCCT GGT GCCCCCCCCGACCCCCA
GCCCAAGGT TCGCCTCAATTGCATGGT TTCCCGATTCGTCAGCTTCAGCA
GTCACTCCGAACCCCTACAGGCAGCGAGGAGAAGGGGT TCCTTCAAGGAC
GGGTAAGACGAAGGCCCT TCCGGACAGCGCGGAT TATTGACAAACCGCGG
GCTTCGGAAGT GACCGT GAAT GAGAGCGT GTAAT CAAGT CACCGT GCAAA
AATGGGGT CCAGCCAGGGT CTGAGGCT GGGEEGEECT TCCCAGAGCAAACCT
ACTCCGGGACCT GAAGCTATACAATTCCGGGECTTTCACCTGGCCACCCCC
GTTGCGCTCTCTTGCCGCCCT CAGAGCACT CGT GGACCAGGACCATGTAG
GGGAGGCCCCCCAGCCAACATGAGT TACACCGGCGATTACGTGCTTTCGG
AAGGAAGCCGAGGAGGGAGGGEGAGGECAAAAAAGGAAAGGGAGGEEEGET T
CGGGTCACATGACCAGCACCT CCCTGCTAAGGATGGGGATAGATTTCCAC
AGCTGCAGT GGAGAATCATGT TAAGCT CGGCTACT GCGGAGAGCCCAAGG
ATTTGCCAAGTTGTACTTACTACGT CTCGGGTCCAGATTTCTCCAGCCTC

AAAATGAPATSSSDGG GG
GACCCGAGAGCAGCAGCAGCCCCGAGT CGT CTTCCGGCCACACTGAGGAC
R P ESSSSPESSSGHTED
AGGGGAGT TGGGAATCTAGCGCAGCACCGCTGTTAAATTTTTATATGCTG

AACTTTGI TATAAAAGGAGGGAT CACGT GGCGAGT GCTGAAAT TGGCCGT
CTCCCCTTTTTCCTTTTTTCCCTTCTCAGCTCCCAAACTCAACAGCACGA
AAATTCCCCCTACAAGGGCT TCAGGAGCCT TTGATAGCGGGGTAATCCGG
ATTCAAAGGCATCGCCTGIT TTAATGATGGCGCTAAGAGCGCATTTAACAG
TTAAATTTGGCCTTTTTGT CCAAAGGAAGCCATTTTCCTCTGGTCCGGT T
AAGTTTTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
AAGGTAGCCTCTCTTTCCTCTACCCT TCCTAAACTAGCATCCCTACCCTG
GGTAGGGGT TTCCT CTGCCACCT CCCACCT CGAGAGAGCTGGEGAGECTGG
AGCCGCCCCAGATGT TAAGGAGGGCTAAAT CATGECGGCAAGCAGGAAAG
TGCTGAAGGTGAAATGT CCTCGGECGECTGI TTGT TTAGT CTGGCGEGEEC
GCGCAAACT CGCCTGI TGCTGT GAGGAGCCTTCCTTTCAGCT CAAGGGGEC
AAGCCGGCT CCAGACT GCAACTTGT CCCTGACCAGCAATAGAAGCCTGAA
CTGT GGCCAGACCT TCTCCAAT GGGEGGEGT CCTGEGAGAGGGT TGCACCCC
CCGCAAAAAGCGCT GCCCTTATACCAAAT ACCAGAT CCGAGAGCTGGAGC

G GQRT
GAGAGITCTTCTTCAGCGT CTACATCAACAAAGAGAAGCGT CTGCAACTG
REFTFTFSVVYINSKTETZKTRLOQL
CAGAAGAAT GAAGGAAAAAAAGAT TAACAGAGACCGGT TACAGTACTACT
RRMKTET KT KI NRDRLOQYY
CTTCATACATGTGAAATAATATGCAGAT TTTGOCCT TGACAAGGT CAAGC
CTTATCAGAGATTCGT CCAATAGGAAGGGGGCCTGAAACTCTCTTGGTTC
AATCAACAGAATGAATGGT TTGGGACCCCTGGTGGT TCACTCTTAGAGCC
AACCCT AAGGAGGCCACCOGCT CAAGACCCT CTGCACAGAGCCTGCCCAC
TGGGGATAGGAGCAGGAGGAAAGGEGAT GACTCCTAGAGAT TCAGGCTGG
GAAAAGGGAGAGAGAGT GEGAGGGEGGT GTCCT GGAGGAAGGAGAAACCT
GCTCCTGTCAGOCACCT TCTGCAGOCTACCT GGGT TTTCTACCT CCCAAT
CATTGAAAACT CCAGAGGCT GTGCTGGTTCCTGEOCCCTCAATCTCTACA
GAAACTTGGATTTGGT GTCTGT CAGGCAGCAGAGCAGCAGGCCT GGCCAG
AATCCCTCATTCCTACCCT GCACTCTGTGCTCATCAACT CAGAACTGAGC
TTTAAAAGATAAATATTATATTATATATATATATATTTCCCOGAAGGAAC
AATATTTAAAGGCTCTATCTGT TTACAGTGT TCCAAGGT TAAACTCGCTC
ACTGTAAATAAAGAAACCATAACCTACTGTGT TTCAATACTCCTTTCCCT
TGGTCTTTTAATCTCTTACAACACTGTGACATTTGGAAAGGGECTGGCATA
CTCTCCAAATGAATCTCTTCTGCCTCOCTGOCT TAAGAAATCCCTGGTGG
CTATACATTTTAACACAGAGAGAGACAAT GGGGCATACCAAGAATAAAAA
TCOGCTTTTTCCTGCCAAATGTCTCCOCT CAGCTAGCATCCTTTTAGCAG
GCTGCAATTGAAGCT AAGCAT AGGAAGCCT GAGGCTATACGTCCTTGTGG
CTCTCCAACTGACCT TAGCT COGGAGAAGGCCT TGTGEGTAACTGCAATA
ACCCTCTGGGTGTACCTTGTGAGTCCTTTCAGCATGAG

R K KRCPYTIKY QI RETLE
TCCCGCAT GCTCAACCT CACCGACCGT CAAGT CAAAATCTGGTTTCAGAA
S RML NLTDROQVKI WF QN
CAGCTAATCCACTTCTCTAAGGCTCCAGCCTACT GGAAT TGGGAGGEEEEG
S ANP L L *
CACATTGCGACT TGGAAAAGGGEGGGT GATATAGGAGAGAGGAGAGGTTTC
AGATCTCCGT GGTTAAGCTTCCTATTAGT AATTGAATGCTAAGGGTTGTG
TGCAAAAGCT TTGAGCT GGGT GT GGT CACT GGAGAT TGGEGCCCCCT GCCA

ATCCAGATGTCATTAATATCATCCCACCACT GATCTGCACCCAAACCTGA
GGTGGTGATGGGT CTTCCATCTCAGAGCT GACTATTCCTAGGGTAGAAGA
GGAAATGCCTGCGGAGGECTACAGT TTGCECAAACTCTTCACCACATTAAG
TGGGTCCTTGECCTTTGECT GTGAGGEGECT GAAGT TCCCCCCCCCT CCCA
TTGGAAGCT TCTGGCAATCT TCTAAGAGCCGGAGAGT GATTTGGAGCTAT
CAAAGCGAATTTTAAGAAGCAAT GTAGAGGGGEGEGEEGT GEGGATAATAAA
ACTCCTAAAATATTTGAATGTATGCTTCATACAGGGATGGTGT TCAAAAG
ATCCCCATTAGCTGACT TATTTGAGGGT GCT GGGGAGAGT GGT CTGGGGA
CTGAGAGCCAGACTACTAAGACCTGAGAAT GT CCTCT GGGGAGCCAGECG
TTCTGICTGTAGT GAGCGCCT TTGGCCGGCCCTTACTCAACATACATTTC
GGGTAGAAATTTGAGTATCGAGT CCTGGTGTGACATTTCTCTCTCCCTGT
TAAAAGGGGT GAGT TACCACGCCCCCGAAAGGT GATGGAATCAGGATTGA
AAGGCAGCATAT TAGGGAT GGGATATGT CAGGGCCTATGGT GT GAGACCT
GCCAATGGCCTAACCCAGGCTAATCTTGCTCACCTCAGGACTGAATAAAA
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Fig. 2. Determination of the transcription initiation site of Hoxa 11
by primer extension. A radiolabeled oligonucleotide corresponding
to position 51-70 of the Hoxa 11 cDNA (Fig. 1) was used asa
primer. Three primer-extended products of 51, 71 and 77 bases were
detected with total RNA from E11.5 mouse embryo hindlimbs (lane
1 and 2) but not from brain (lane 3). Marker lanes G, A, T and C
indicate a sequencing ladder.

As shown in Fig. 3, the processing of the antisense tran-
scripts is complex. The sequences of the last two exons of the
3C cDNA are shared with the final exons of the 23A and 59
cDNAs. Nevertheless, the preceding exons of each of these
cDNAs are distinct, as is the exon arrangement of the 40
cDNA.

Antisense cDNA sequences are shown in Fig. 4. It isinter-
esting to note that the 3C cDNA, in particular, shows signifi-
cant overlap with the open reading frame of the Hoxa 11
cDNA. The longest open reading frames of these antisense
cDNAs are marked by the encoded amino acid sequences
shown. For the 3C cDNA a potential amino acid sequence of
140 amino acids is encoded by the 5' end. If this cDNA is

Fig. 3. The gene structure of the Hoxa ATG

Fig. 4. The nucleotide sequence and ORFs of antisense cDNAs 3C,
23A, 59 and 40. The predicted encoded amino acids are shown
below and the CTG codon of 23A is underlined.

incomplete at the 5' end, as appears likely, then the actual open
reading frame could be significantly longer. To date, attempts
to extend these antisense cDNAS have instead resulted in the
characterization of additional processed forms of the tran-
scripts.

It is interesting to note that the potential 3C protein shown
in Fig. 4 is actually encoded on the DNA strand opposite of
the Hoxa 11 coding strand. That is, the same region of DNA
specifies Hoxa 11 amino acid sequence on one strand and
potentially encodes a distinct protein on the other strand. This
putative 3C protein includes a proline-rich motif, with 50% of
residues from position 5 to 35 being proline (P). In other
proteins, such proline-rich motifs have been associated with
transcription activation and repression domains (Mitchell and
Tjian, 1989; Han and Manley, 1993a,b). The amino region of
the protein is also particularly basic, with 33 of 140 amino
acids being arginine (R), suggesting again possible interaction
with DNA. It is aso interesting that in a different frame 3C
carries a 966 bp open reading frame, from bases 63 to 1029.
The placement of the first ATG codon, however, at base 666,
permits the encoding of only a 121 amino acid protein. Nev-
ertheless, for some genes, CUG has been reported to serve effi-
ciently as a trandation initiator codon (Hann et al., 1994;
Florkiewicz and Sommer, 1989; Prats et al., 1989). The CTG
at base 210 of the 3C cDNA might therefore initiate a protein
of 270 amino acids encoded by this large open reading frame.

The 23A cDNA has two significant open reading frames,
with one encoding 165 amino acids at the 5' end, and the other
encoding 123 amino acids near the 3' end. Splicing differences
bring these two open reading frames together in the 3C cDNA
to contribute to the 966 bp open reading frame observed there.

The abundance of statistically significant open reading
frames, including one of almost 1 kb on the 3C cDNA, coupled
with the richness of splicing alternatives, suggests but does not
prove that some Hoxa 11 antisense transcripts encode protein.
Further characterization of additional cDNAs and immunocy-
tochemistry will be required to establish this point.

Northern blot analysis

Northern blot analysis of embryonic mRNAs was conducted
to better define the developmental time course of Hoxa 11
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CGTCGCTCCTTCTCCTCCGCCGCCGCCT CCTGACAGCCGCCGCCACCECC
VA PSPPPPPPDSRRHR

CCGCAGCGGAGGT CGCAGCT GCTGCT TGEGEECCCCTTCTCGECGTTCTTG

P QRRSOQLTLTLGAZPSRT RSSC

RSGGRSCCLGPLTLTGV.L
CTCGAAAAACT GGTCGAAAGCCT GTGRCAGAACGOCGT TCCTGOCCACCG
S RKTGREKPVAERTRSTCTPFP
LEKLVESLWQNAVYVYTPAHTR R
GCOGAGCTCTTGGOCAGCACGT CROCAGECACGCOGEC0GCGCT GRGEOGE

PSSWPARZRGOQART RTPRWA
GRALGQHVYVYARHATGE RAGR
GATTGCOGOGEEGGT GCCAT T TAGT GBCGGGCT CAATGGOGTACTCTCTG
DCRGGA A *

I AAGVPFSGGLNGVTL S
GTATGTCATTGGGOGCGAAGACGGEGT CTGEGEGCAAAAAAGAAGGGAGEC
VCHWARRRGLT G QKT RTRTE A
AGAGGCACTTCTGCTCACOGGT CCGCAAGCT GCCTGGTCTGCTGAAGCTG
QRHFCSPVRKLZPGLTLEK.L
CGCTGAGGAGCCT TCTCCTGEGAGECCCAAGGT TGATTTCAGCCCACCAG
AEEPSPGRPEKVDEFSEPFP
CGAGTTCCATTTCTAGAAGAGGCGECT TCCGGECAAGGCTATGACATTGGC
RVPFLTETEAASGKAMTTL A
CGGGECTGTCTCCAGAAAACGCTCTTCAACGT TTATTTCTTTTAATCGTC
TGLSPENALG QRTLTEFTLTLI V
AGAAAAACAAAGGCAGGAAGT GBCOGCGGOCT GACGGTGOGTGTGTGTCT

EKQRUOQEVAAA *
AAGGTCTAGGCAGACCCCCT TAGGGCCT TGOOGAGECT CGCCCCCACACC
CTGAAAGGAGAT T TGATCGGCAGAACAAACCAACCCTTTTCGGAGGTTTC
GGCTGCTGTTTTCCTCCOGOCGRECTAAAAGT ACCAAGAAGGGAGGGAGG
ATACCAGAATAAAGT GTATTCAGGTGCCTCTGCT

GTCGGAGGAAGCGAGGT TTTCCGGGEGET GCCGTAAGCCGT CTCGAAAAACT
V G G S EVFRGAVSRLEKIL
TTGGACGAGACGECGEEEGET GEGGT GGT GGTAGACGT TGGCCGAGCTCTT
I GRDGGGGV V VDV GRAL
CTCTGTGCACGAGCT CCTCCGCGGAGT AGCAGT GGGCCAGATTGCCGCGG
S VHELULIRGVAVGQI AA
GCGCACGGGT TGGACCT GGGGECAGGT TGGAGGAGTAGGAGTATGTCATTG
A HGLDLGQV GGV GV CHW
GGACCCGAGACGTAGT AAGTACAACT TGGCAAATACATGT TAGAGGAGCA
WTRDVV STTWOQI HVRGA
GTAGCCGAGCTTAACATGATTCTCCACTGCAGCTGCCTCTTTGAAGCGGA
*

CACTCGGT GT TCTCACCGAAAGCACGT AATCGCCGGTGTAACTCATGT TG
CTCTCCTTTGCTCAGCTACATGGT CCTGGT CCACGAGT GCTCTGAGGECG
ACAGGT TTGCTCTGGEGAAGCCCCCCAGCCT CAGACCCT GGCTGGACCCCA
GATTTGCACGGTGACTTGATTACACGCT CTCATTCACGGTCACTTCCGAA
CTCCGCGGEGEGET TCGGAGT GACT CCTCAGAGCCAGAGGCACTTCTGCTCAC

CAATTGAGGOGAACCT TGEGCTGTTTTAGAGGCGCT GAGGAGCCTTCTCC
LRRTLGCFRGATETETPSSFEP
CTAGGGATAAGAGCACACCAAAAGGOCAAGT COGAGTTCCATTTCTAGAA
TRDKSTPIKG G QVRVPFTLE
AGGAGCTGCTTTTTCTCAAGAACT CCACAGCACGGGGCT GTCTCCAGAAA
GAAFSQELUHSTGL SPE
GCTAATGCAAGAGGCCAAAAAT GTTTGGAGGAAGAAAAACAAAGGCAGGA
ANARGO QKT CLTETETET KT QRO OQE
OGGTTCAACCTCCOCT CGTTTTCOCGAACT TCAAGGT CTAGBCAGACCCC
GGAGGTGGEOCAACGAT TTAAGCCT CGGTCGGGCT GAAAGGAGATTTGATC
GGGTATATGCTAGTGT CCACAGCGECT GGGGTGECTGCTGT TTTCCTCCC
TTGCGCTGGCTGCACT CTCCTTCTGAGATAGAATACCAG

CTCAGGGGAAGCAACAGAT CGT CACT CGGT GT TCTCACCGAAAGCACGTA
GCTGGGEGTGCECCCCCGEECAGCTCTCCTTTGCTCAGCTACATGGTCCTG
CCCCACT CCCCGGGGT TCGGAGT GACT CCTCAGAGCCAGAGGCACTTCTG
CCATGCAATTGAGGCGAACCTTGGECTGT TTTAGAGGECGCT GAGGAGCCT
M QLR RRTLGTCFRGAETEP
CCCAACTAGGGATAAGAGCACACCAAAAGGCCAAGTCCGAGT TCCATTTC
P T RDIKSTWPIKGOQVRVPF
TTCCCAGGAGCTGCTTTTTCTCAAGAACTCCACAGCACGGEEGECTGTCTCC
FPGAAFSQELMHSTGL SP
AGGCGGCTAATGCAAGAGGCCAAAAAT GT TTGGAGGAAGAAAAACAAAGG
K AANARGQKTCLETETEIKQR
GGAGCCGGT TCAACCTCCCCTCGT TTTCCCGAACT TCAAGGT CTAGGCAG
CATTTGGAGGT GGCCAACGAT TTAAGCCT CGGT CGGECTGAAAGGAGAT T
CTAAAGGGTATATGCTAGT GT CCACAGCGECTGGEEGTGECTGCTGITTTC
GCACCTTGCGCTGGECTGCACTCTCCTTCTGAGATAGAATACCAGAATAAA

ACAGAGGCT GACAGAGCAAT TCGACAGGCT CTACAGAAGAGGGGTGCCCA
GAGGGAAAGCECT TTTGAT GGGEGGT GEGEGEEEGAGECGEGATGECCTGGAGAT
TCCCTAAGGCTGCTCAATAGTAGCCGCT TTGCCTGCTTGECCCTGGTAGT

GGTTCGGACCAAAT CTGGAGGAAGAAAGGCGAGGT CTCTGAGGGTCCTTGG
R F GP NLEEEREV S EGPW
AAGGT TGATTTCAGCCCACCAGGAT CTGGGGAAGACCCAACTAGGGATAA
RLI S AHOQDULGIKTQL GI
CCGGCAAGGCTATGACAT TGECCCTGGACATTGGT TTCCCAGGAGCTCCT
ACGTTTATTTCTTTTAATCGT CGCCCGGAGCCCTAAGGCGGCTAATGCAA
GCCTGACGGT GCGT GT GT GTCTGTAAAGAAGGGAGGGAGCCGGT TCAACC
TGCCGAGGCT CECCCCCACACCCCCAGCGECGCAGCATTTGGAGGT GECC

GOCGTCCGAACT TGAAGT TGCCBGECGOGCCOGT GRCCGOCGOOGCCACCG
RRPNLJIKLTPARPWPPPPTP

S CRRARGRRRUHTR R
TCOCCGRGGTAGT CGRAGGAAGCGAGGT TTTCCGGGGT GCCGTAAGCCGT
P RGSRRKR RGEFZPGT CRTKP
VPGVVGGSEVTFRGAVSR R
TGCTATAGAAAT T GGACGAGACGGCGGGGGT GBGGT GGTGGTAGACGTTG
CYRNWTRRRGWGGGRTZ RW
Al EIl GRDGGGG GV V VDYV
CTGCAGACAGT CTCTGT GCACGAGCT CCTCOGCGGAGTAGCAGT GGGCCA
P ADSLT CARAPPRSTSSGFE®P
L QTVSVHETLTLTRGVYAVGDOQ
AAGGT CACT TCGCGCACGGGT TGGACCT GGGGCAGGT TGGAGGAGTAGGA

EGHFAHGLUDLGOQV GGV G
TGGAGAAAT CTGGACCCGAGACGT AGGGT TCGGAGTGACTCCTCAGAGCC
GEI WTRDVGFGVTWPQS
ACGAAT CGGGAAACCAT GCAAT TGAGGCGAACCT TGGCCTGTTTTAGAGG
T NRETMQLRRTUL GCTFRG
GATCTGGGGAAGACCCAACT AGGGAT AAGAGCACACCAAAAGGCCAAGTC
G S GEDWPTRDIKSTWPIKGAOQV
CCTGGACATTGGT TTCCCAGGAGCTGCTTTTTCTCAAGAACTCCACAGCA
L DI GF P GAATF S QETULHS
GCCCGGAGCCCTAAGGCGGECT AATGCAAGAGGCCAAAAATGT TTGGAGGA
A RSP KAANARG GO QKT CL E E
GTAAAGAAGGGAGGGAGCCGGT TCAACCTCCCCTCGT TTTCCCGAACTTC

CCCAGCGGCGCAGCATTTGGAGGT GGCCAACGAT TTAAGCCTCGGT CCGEG
TTTTGATTTGGT CCTAAAGGGTATATGCTAGT GT CCACAGCGGCT GEGGT
GAGAGAGAT TCAGGCACCTTGCGCTGGECTGCACTCTCCTTCTGAGATAGA

GGTCGAAAGCCT GT GBCAGAACGOCGT TCCT GCCCACOGT GCTATAGAAA
VESLWQNAVZPAHTRAIE

GGEOCAGCACGT CBCCAGGECACGOOGEOCGECGCT GBEOGCCT GCAGACAGT
GQHVARHAGRAGRLIOQTYV
GGGTGOCATTTAGT GBCGGEGCT CAATGGOGTACT CTCTGAAGGTCACTTC
GVPFSGGLNGVLTSETGHTF
GGOGCGAAGACGGGGT CTGGGGECAAAAAAGAAGGGAGGCT GGAGAAATCT
ARRRGLGQZKZRREA ATGE.I

GGGACCACGCTCATCAAAAT CCATCATTGGECTACCT TGEGCTCTCCGCA
G TTLI KI HHWATTLGSPAQ
TOCGTGAAGTAGAAAT T TGGAGACCCACCT CAGGGGAAGCAACAGATCGT

GCTGGGEEEGECCT CCCCECGCGECAGAAAGCECT GEEGT GCGCCCCCGGEECAG
GCAAGAGAGCGCAACT CCTGACGCCT CCCCCCACTCCCCECCCCCCTCCC
TTTGGGEECCAGGCT TCGCCGBCACGGAT GTGCCGECCTCGTGECTTGTCC
GCGCTTTAGIGCCT TCCGT CCCCAAACCGCCAACAGGCAAAGCGECTTCC
CGGTCCGCAAGCTGCCTGGT CTGCTGAAGCT GACGAATCGGGAAACCATG
M
TGGGAGGECCCAAGGT TGATTTCAGCCCACCAGGAT CTGGGGAAGACCCAA
GRPKVDFSPPGSGETDP
GAGGCGGCT TCCGGCAAGGCTATGACAT TGGCCCTGGACATTGGT TTCCC
EAASGKAMTILALUDI GFP
ACGCTCTTCAACGTITTATTTCTTTTAATCGT CGCCCGGAGCCCTAAGGCG
NALQRLFLULI VARSZPKA
AGTGGCCGCGECCTGACGGT GCGT GTGT GTCTGTAAAGAAGGGAGGGAGC
vV A A A *
CTTAGGGCCT TGCCGAGGCT CGCCCCCACACCCCCAGCGGOGCAGCATTT
GGCAGAACAAACCAACCCTTTTCGGAGGT TTCTTTTGATTTGGTCCTAAA
GCCGGGCTAAAAGT ACCAAGAAGGGAGGGAGGGAGAGAGAT TCAGGCACC

ATCGCCGGT GTAACT CATGT TGGCTGEEGEEECCT CCCCGCGCGCAGAAAG
GTCCACGAGT GCTCTGAGGGECGGCAAGAGAGCGCAACTCCTGACGCCTCC
CTCACCGGT CCGCAAGCT GCCTGGT CTGCT GAAGCT GACGAATCGGGAAA
TCTCCTGGGAGGCCCAAGGT TGAT TTCAGCCCACCAGGATCTGGGGAAGA
S P GRPKVDFSPPGS GE D
TAGAAGAGGCGGECT TCCGECAAGGCTATGACATTGGCCCTGGACATTGGT
L EEAASGKAMTILALUDI G
AGAAAACGCTCTTCAACGT TTATTTCTTTTAATCGTCGCCCGGAGCCCTA
ENALQRLZFLLI VARTSTP
CAGGAAGT GEGCCGCGGECCT GACGGT GCGT GTGT GTCTGTAAAGAAGGGAG
Q E V A A A *

ACCCCCTTAGGGCCT TGCCGAGGCT CGCCCCCACACCCCCAGCGECGCAG
TGATCGGCAGAACAAACCAACCCTTTTCGGAGGTTTCTTTTGATTTGGTC
CTCCCGCCGGECTAAAAGT ACCAAGAAGGGAGGGAGGGAGAGAGATTCAG
GTGTATTCAGGTGCCAAAAAAAAA

GAGGGGCATCCTCGAAGGGAGCGT GT GGGGGECGCTGCGATGAAGATGGAT
GCCGATTGCGT TTAGT TCTCTTAAGCAGAGAGAAGAAATGGATGCTCAGA
GTGAATGT TCTTCAGT CATGCATCAGGGTACAAGGT GCGAGCAGCCCTGA
M FFSHASGYKVRAAL
TTTTCACTTTGCTTTGAGCTTAACTGGT TCTTTGGECTTTCCAGGAGGCCC
FSLCFELNWFFGEFZPGGTP
GAGCACACCAAAAGGCCAAGT CCGAGT TCCATTTCTAGAAGAGGCGECTT
R AHQKAKSEFHF *
TTTTCTCAAGAACTCCACAGCACGGEGECTGT CTCCAGAAAACGCTCTTCA
GAGGCCAAAAATGT TTGGAGGAAGAAAAACAAAGGCAGGAAGT GGCCGCG
TCCCCTCGTTTTCCCGAACT TCAAGGT CTAGGCAGACCCCCT TAGGGCCT
AACGATTTAAGCCT CGGT CGGGECT GAAAGGAGAT TTGATCGGCAGAACAA
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expression and the size of sense and antisense transcripts
produced. Poly(A)* RNA was isolated from embryos at 10.5,
11.5, 12.5 and 14.5 days of gestation and used to produce the
northern blot panel shown in both Fig. 5A and B. For Fig. 5A,
a 300 bp (probe A, Fig. 3) fragment from immediately 3' of
the homeobox was used. None of the antisense cDNAs isolated
to date have sequence overlap with this region. Furthermore,
when sense controls of this segment were used as probes for
whole-mount and serial section in situ hybridizations, no signal
was detected. This probe therefore appears specific for the
Hoxa 11 sense transcripts. In Fig. 5A, three distinct bands of
hybridization are detected, corresponding to mRNAs of 1.9,
2.5 and 4.4 kb. The most abundant mRNA, of 2.5 kb, approx-
imately matches the predicted polyadenylated size of the
cDNA transcript described in this report. The other two fainter
bands are not likely the result of non-specific sticking to
residual 18S and 28S ribosomal RNA, as a flanking lane (not
shown) was loaded with total RNA, which contained much
more 18S and 28S rRNA, yet did not show these bands of
hybridization. It is interesting to note that, in a separate
northern blot, using mRNA purified from developing limbs,
only a single intense band corresponding to the Hoxa 11 2.5
kb transcript was observed (data not shown). These observa-
tions suggest that the devel oping limbs specifically express the
2.5 kb transcript, with additional transcripts expressed in the
developing body. Consistent with this, the origina Hoxa 11
cDNA was isolated from atotal embryo E10.5 library, but all
subsequent work to complete the sense cDNA used a limb-
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Fig. 5. Northern blot hybridization analysis of the temporal
expression of (A) Hoxa 11 sense and (B) antisense transcriptsin
mouse embryos. 10 pg of poly(A)* RNA from E10.5, 11.5, 12.5 and
14.5 embryos were loaded on lanes 1 to 4. Probes used are shown in
Fig. 3.

specific cDNA library, and no evidence of Hoxa 11 sense tran-
scripts other than the one described in this report was found.

The embryonic northern panel in Fig. 5A was alowed to
decay and rehybridized with the antisense probe designated B
in Fig. 3. The resulting hybridization pattern is shown in Fig.
5B. Severa bands, indicating transcripts of 1.4, 1.9, 2.9 and
3.2 kb, were observed. Consistent with the severa fold greater
number of antisense cDNASs found in cDNA library screens,
the hybridization signal observed in Fig. 5B was significantly
stronger than in Fig. 5A. This suggests that antisense tran-
scripts are more abundant than standard Hoxa 11 sense tran-
scripts.

In situ hybridizations

The Hoxa 11 antisense transcripts may function as regulators
of the Hoxa 11 transcripts. This would require an overlap in
the Hoxa 11 sense and antisense expression patterns. To better
define the Hoxa 11 expression domains and to establish the
expression pattern of the antisense transcripts, we have
conducted extensive whole-mount and serial section in situ
hybridizations.

The Hoxa 11 mutant mice show severely altered shapes for
the tibia and fibula bones of the hindlimbs, and ulna and radius
bones in the forelimb (Small and Potter, 1993). At E14,
sections through the developing forelimbs and hindlimbs
showed abundant expression of Hoxa 11 mRNA. As shown in
Fig. 6A, cross sections show localization of the signal to layers
of immature mesenchymal cellsthat surround the cartilaginous
forms of the developing long bones as well as the layers that
separate the immature muscle bundles.

Expression of Hoxa 11 was also observed in severa organs
in the embryo, particularly the urogenital tract. Fig. 6B shows
expression in the metanephric kidney of an E14 embryo. The
expression is restricted to the subcapsular zones of nephroge-
nesis in the blastemal cell population. No expression was
present in the primitive tubules or glomerular structures. In the
external genitalia of the male embryos, expression localized to
the glans penis (Fig. 6C). Fig. 6D shows expression of Hoxa
11 in the squamous epithelia layers of the skin and in the
foregut mucosa of the stomach. Although no expression was
observed throughout development in the male or female
gonads, there was signal associated with the devel oping genital
duct system (Fig. 6E,F). The immature stromal cells sur-
rounding the paramesonephric duct (Mullerian duct) showed
significant Hoxa 11 transcription. No hybridization signa,
however, localized to the epithelial cellslining these ducts. For
the expression patternsin the body, single-stranded riboprobes
that were sense (probe A of Fig. 3) and antisense (probe B of
Fig. 3) specific were used, with indistinguishable results, indi-
cating overlapping expression domains (data not shown). It
remains possible that subtle differences will be revealed by
future double label experiments.

A distinct complementary pattern of expression was seen for
sense and antisense transcripts in the developing limbs using
whole-mount in situ hybridization. We have previously shown
that, at E9.5, Hoxa 11 sense transcripts are abundant through-
out the distal region of the limb buds (Small and Potter, 1993).
Asshownin Fig. 7, at E10.5, the Hoxa 11 antisense transcripts
arefound at the distal tips of limb buds and simultaneously the
sense transcripts disappear from this region. The embryos in
Fig. 7A,B show forelimbs and hindlimbs, respectively, at
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Fig. 6. Embryonic expression pattern of Hoxa 11 by in situ hybridization. (A) Darkfield illumination of a section through the forelimb of an
E14 mouse embryo hybridized with antisense probe for Hoxa 11. The white grainsindicate localization of the Hoxa 11 mRNA, whichiis
restricted to bands of mesenchymal cells that surround the developing radius and ulna (*) as well asin bands of cells that separate developing
muscle bundles. (B) Section from an E14 mouse embryo. The positive signal indicating Hoxa 11 mRNA islocalized to the nephrogenic zonein
the developing kidney (kd). No signal is present in the ovary (Ov) or stomach (St). (C) Developing external genitalia of an E16 male embryo.
The Hoxa 11 mRNA islocalized to the glans penis. (D) Section through the stomach and abdominal wall of an E16 mouse. Thereis strong
hybridization in the squamous epithelium lining the forestomach (arrowhead) and in the skin covering the abdominal wall. (E,F) Bright-field
and dark-field illuminations respectively of sections through the mesonephric and paramesonephric ducts in an E14 mouse. The stromal cells
surrounding the ducts show a high level expression of Hoxa 11. No signd is present in the epithelium lining the mesonephric duct (arrowhead)
or the adjacent paramesonephric duct. (A-D, 120x magnification; E,F, 240x magnification.)
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E10.5. This trend, with sense transcripts disappearing as
antisense transcripts appear, continues at E11.5, as shown in
Fig. 7C. The antisense transcripts are first found in restricted
domains at the most distal section of the limb, but by E11.5
antisense expression is much more widespread. The sense tran-
scripts, in turn, are found at more proximally restricted regions
as the antisense expression domain expands. This overall

Fig. 7. Complementary expression patterns of Hoxa 11 sense and
antisense transcripts in the embryonic limb. Whole-mount in situ
hybridizations show distinct complementary expression patterns of
Hoxa 11 antisense transcripts (embryo on left in A-C) and Hoxa 11
sense transcripts (embryo on right in A-C) in E10.5 forelimbs (A)
and hindlimbs (B) and in E11.5 limbs (C). Probes used are shown in
Fig. 3.

pattern is consistent with an antisense role in regulating Hoxa
11 sense transcript stability, as previously shown for the bFGF
gene in Xenopus (Kimmelman and Kirschner, 1989).

Hoxa 11 mutants are sterile

Multiple matings set up between mature Hoxa 11 homozygous
mutant males and females failed to produce any progeny. To
determine if the mutant males, or females, or both were sterile,
matings between mutant and wild-type mice were performed.
The mutant mal es copul ated with wild-type females, producing
vaginal plugs at a normal frequency, but no pups were born.
M utant femal es likewise mated normally with wild-type males,
but produced no progeny. Hoxa 11 homozygous mutant males
and femal es therefore both appeared sterile.

The female sterility appeared to represent a maternal effect.
From previous breeding of heterozygous Hoxa 11 mutants, it
was clear that zygotes with no functional copy of the Hoxa 11
gene survived to birth and beyond at normal frequency. It was
likely, therefore, that the Hoxa 11 homozygous females were
either incapable of producing ova, or that these ova were
defective, or that the mothers were incapable of properly
nurturing embryos to birth. Histologic examination of the
ovaries of Hoxa 11 mutants revealed no abnormalities (data not
shown). Furthermore, on the day of observing the vaginal plug
following mating with a wild-type male, normal numbers of
zygotes were retrieved from the oviducts of mutant females.
Similarly, at 1.5 and 2.5 days post coitus, development of
embryos within the oviducts appeared normal. Morphologi-
cally normal blastocysts were also observed at E3.5.

Expression of Hoxa 11 during devel opment was not detected
in the gonads, but was found in the cells surrounding the
Wolffian and Mullerian ducts. It is therefore perhaps not sur-
prising that, in the adult female reproductive system, Hoxa 11
expression was restricted to the stromal cells of the uterus (Fig.
8A). These observations suggested that the reproductive defect
in these females resided in the uterus. To test this hypothesis,
we conducted embryo transfers, removing zygotes from Hoxa
11 homozygous mutant females and placing them in the
oviducts of surrogate mothers that had copulated with vasec-
tomized males. Six such embryo transfers resulted in the birth
of normal litters, strongly supporting the hypothesis. Further
suggesting that the Hoxa 11 female infertility is the result of a
uterine defect is the observation that the heterozygous females

Fig. 8. Hoxa 11 is expressed in the genital tract of the adult mouse.
(A) Thelocalization of Hoxa 11 mRNA in a section through the
uterus of awild-type mouse. The signal islocalized to the stromal
cells of the endometrial lining but no signal is present in the
glandular epithelium (arrowhead). (B) The localization of Hoxa 11
MRNA in the vas deferens. The signal is present in the stromal cells
beneath the mucosal epithelium which is negative. (C,D) Sections of
wild-type and mutant vas deferens, respectively. (E) Stained paraffin
section of testis from awild-type adult mouse. Numerous sperm are
shown aong the luminal lining of the seminiferous tubules
(arrowheads). (F) Section from the Hoxa 11 mutant mouse. Although
spermatogonia are present, there is no maturation in this population
of germ cells. Note the extensive apoptosis in the germ cell
population. (G) Section through the epididymis of a mature wild-
type mouse. The tubules contain numerous mature sperm cells. (H)
The epididymis from a Hoxa 11 mutant. No mature sperm cells are
present in the tubules. (A-E and G, 120x magnification; F,H, 240x
magnification.)
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have severely reduced litter sizes. The uteri of pregnant het-
erozygous femaleswerefound to have only 165 living embryos
out of atotal of 480 implantation sites when examined at days
10.5 and 11.5 of gestation.

This indicates that the heterozygote uteri are only margin-
ally capable of supporting embryonic development to term.
Such agene dosage effect is consistent with the observed inter-
mediate malformations of bones and homeotic axial segment
transformations in Hoxa 11 heterozygotes. The accumulated
data strongly suggest that in the Hoxa 11 homozygous mutants
there is defective uterine support of embryonic development.
The precise nature of this defect is being further investigated.

The Hoxa 11 homozygous mutant males copulate normally,
and produce vagina plugs, but no pups are born, even when
mated with wild-type females. Similar to the females, no Hoxa
11 expression was observed during gonad development.
During devel opment, the male reproductive tract showed Hoxa

11 expression restricted to the cells surrounding the Wolffian
ductsand, in the adults transcripts were localized to the stromal
cells of the vas deferens (Fig. 8B). No expression was detected
in the cells of the epithelial lining. This expression pattern is
also consistent with malformations observed in the vas
deferens of the mutant males. Histologic sections of the vas
deferens showed the lumens were patent, but the luminal
diameter was consistently smaller in the mutants (Fig. 8C,D).
The epithelial lining of the mutant vas deferens also showed
abnormalities. The epithelia lining was more simplein appear-
ance as a result of less complex mucosal folding. The mutant
epithelial lining cells were more narrow and columnar in
appearance. The nuclel were also more basal in location in
contrast to the normal vas deferens where the nuclei tended to
be located more in the central or apical regions of the cells.
The epithelia lining of the mutant animals also had more of a
stratified organization compared to the wild type, where

Fig. 9. Hoxa 11 mutant mice have malformations in the genital tract. (A) The dissected reproductive tract from a wild-type mouse. (T, testis; E,
cauda epididymis; *, vas deferens near the junction with the epididymis). (B) The dissected reproductive tract from aHoxa 11 mutant. The
testes (T) are dightly smaller compared to the wild type. The vas deferens (*) is hypoplastic and markedly coiled. Thisis most notable at the
junction between the vas deferens and the cauda epididymis (E). (B, bladder) (C) Side-by-side dissections of horma mouse epididymis (E) and
vas deferens (*) on the |left compared to the Hoxa 11 mutant mouse on the right. Note the extensive folding in the proximal vas deferensin the
mutant mouse making it difficult to distinguish where epididymis (E) ends and vas deferens (*) begins.



generaly only a single layer of epithelial cells lined the vas
deferens.

Prior to sexual maturity, the histology of the mutant testis
was indistinguishable from wild type (data not shown).
However, sections of sexually mature mutant testes showed
evidence of altered spermatogenesis. This aspect of the
phenotype showed variable expressivity, with Fig. 8E-H rep-
resenting a severe example of failled spermatogenesis. The
seminiferous tubules of the mutant testis (Fig. 8F) were lined
by Sertoli cells and contained numerous spermatogonia but no
mature sperm were present. Instead, many of the germ cells
appear to be undergoing cell death by apoptosis. Similarly, the
epididymis in the wild-type mouse contains numerous mature
sperm but, in the mutant, it only contains cellular debris and
fluid (Fig. 8G,H). In occasiona mutant testes, some mature
sperm cell populations were present, again consistent with the
observed variable expressivity.

Gross level malformations were also observed in the repro-
ductive tracts of the Hoxa 11 homozygous mutant males (Fig.
9). The vas deferens in the mutant mice were smaller in
diameter than normal, and generally had a highly coiled con-
figuration, particularly at the proximal end near the junction of
the vas deferens and the cauda epididymis. Indeed, the mutant
vas deferens now resembl es the epididymisin appearance. Fur-
thermore, the testes of the mutant mice were smaller than
normal in size and consistently showed incompl ete descent into
the scrotal sac. The degree of maldescent was variable, but in
some animals the testes remained completely within the
abdominal cavity and were located near the inferior pole of the
kidneys.

DISCUSSION

In this report, the Hoxa 11 gene structure is shown to be fairly
typical among Hox genes, with a single intron and two exons
spanning atotal of only 3679 bp. The encoded homeodomain,
which we had previously described (Singh et a., 1991), isalso
unremarkable for an Abd-B type Hox gene. There is an absence
of the YPWM motif often found prior to the homeodomains of
many Hox genes. In this same region, there is an interesting
series of homopolymeric amino acid tracts, with polyalanine,
polyglutamine, polyserine and polyarginine runs.

The characterization of the Hoxa 11 cDNA led to the finding
of abundant Hoxa 11 antisense transcripts. In screening cDNA
libraries, several fold more cDNAS corresponding to antisense,
rather than sense Hoxa 11 transcripts, were found. The
sequences of four of these antisense cDNASs are presented in
this report. These cDNAS, athough likely incomplete, present
an interesting picture of RNA processing aternatives, signifi-
cant sequence overlap with the 5 end of Hoxa 11, and coding
potential.

It is interesting to consider the possible functions of these
antisense transcripts. At one extreme, these transcripts may be
‘spurious’ and without function. A second possibility is that
the antisense transcripts function in the traditional sense by
encoding protein(s). The Hoxa 11 antisense transcripts might
also serve to regulate expression of the Hoxa 11 gene. The
occurrence of natural antisense regulator RNASs has now been
shown in several organisms. In prokaryotes antisense tran-
scripts appear to have numerous functions, including regula-
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tion of mobile DNA element transposition, control of plasmid
replication and incompatibility, regulation of bacteriophage
genesand, in some cases, control of E. coli chromosomal genes
(Simons, 1988). In C. elegans, the lin-4 gene is believed to
transcribe two small non-coding RNAs of 22 and 61
nucleotides that base pair with the 3 UTR of the lin 14 gene
and block trandation (Lee et d., 1993). In higher organisms,
several genes with antisense transcripts have now been
described. Two c-erb related genes overlap on the opposite
strands of DNA (Miyajimaet a., 1989; Lazar et al., 1989). For
the dihydrofolate reductase gene short, non-coding, non-
polyadenylated antisense transcripts have been detected
(Farnham et al., 1985). Swiatek and Gridley (1993) have used
Hoxb 3 sense strand probes to detect the presence of antisense
transcripts. For the insulin-like growth factor-2 (Rivkin et al.,
1993; Baccarini et al., 1993), c-myc (Celano et al., 1992; Kindy
et al., 1987) and N-myc (Krystal et al., 1990) genes, antisense
transcripts with potential regulatory function have been
described. Perhaps most interesting, however, is the bFGF
gene, with a spliced, polyadenylated antisense mRNA that
encodes an evolutionarily conserved 24x103 M, protein of
unknown function (Volk et al., 1989). Moreover, the antisense
mMRNA appearsto direct the covalent modification of the bFGF
transcripts, resulting in their rapid degradation (Kimmelman
and Kirschner, 1989). The expression pattern of the Hoxa 11
antisense RNA is consistent with a regulatory function. The
limbs are of particular interest, with the appearance of the
antisense transcripts coincident with the disappearance of the
normal Hoxa 11 transcripts in the distal regions of the limb
bud.

It is interesting to note that the targeted disruption of the
Hoxa 11 gene described by Small and Potter (1993) deleted the
entire coding sequence of the Hoxa 11 cDNA presented here.
This targeting therefore also disrupted antisense transcription
units, at least as represented by the 3C and 23A cDNAs
described in this report. The resulting mutant phenotype may
therefore in part be due to the absence of some or al antisense
transcripts.

The expression pattern of Hoxa 11 in the developing kidney
is quite suggestive. Although no histologic defects are
observed in the Hoxa 11 homozygous mutants, this may be the
result of genetic redundancy, as ten other clustered Hox genes
have now been reported expressed in the developing kidney
(Bard et a., 1994). The metanephric kidney begins through
inductive interactions between the ureteric bud and the
metanephric mesenchyme. In the devel oping kidney, stem cells
are located at the periphery, with differentiating aggregates
immediately subperipheral and maturing nephrons more
central. The expression of Hoxa 11, at the outer regions of the
kidney, suggests function in early stages of nephron formation.
Further experiments involving two or more targeted Hox genes
will be required to test this proposition.

Hoxa 11 isrequired for both male and female fertility. Hoxa
11 homozygote females produce normal eggs, which develop
properly postfertilization when transplanted to a surrogate
mother. The Hoxa 11 mutant females provide a defective
uterine environment, however, with even hemizygotes
suffering extremely high embryo resorption rates. The
molecular basis of this uterine defect is being further investi-
gated. The Hoxa 11 mutant phenotype is quite similar to that
observed in mice with a targeted mutation in the leukemia
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inhibitory factor (LIF) gene (Stewart et a., 1992). In both
cases, oogenesis is normal, but embryos fail to thrive in the
mutant uterus. This suggests the possibility of their involve-
ment in a common genetic pathway.

In contrast, the Hoxa 11 homozygous mutant males suffer a
severe perturbation of gametogenesis. Although the required
cellular components of spermatogenesis, including spermato-
gonia, Leydig cells and Sertoli cells are present and appear
morphologically normal, the process is aberrant with sperma-
tocytes undergoing cell death rather than forming spermatozoa.
It isimportant to note that this phenotype does not show 100%
penetrance, as we have observed one homozygote male
capable of producing progeny. The molecular cause of the
altered spermatogenesis remains uncertain, but gross dissec-
tion indicated that the mutant testes failed to descend from the
abdomen. Mammalian testes generally require the reduced
scrotum temperature to allow completion of spermatogenesis.
Therefore the defective spermatogenesis is likely the result of
the maldescent of the testes. Both androgen and Mullerian
inhibitory substance have been implicated in the hormonal
control of testicular descent (Hutson and Donahue, 1986).
Moreover, it is relevant to note that severa studies have cor-
related undescended testes in humans with epididymal abnor-
malities (Minenberg and Schlossberg, 1983; Heath et a ., 1984;
Marshall and Shermeta, 1979). It has been speculated that since
the epididymis and vas deferens physically precede the testes,
they may play arolein testicular descent.

The observed alteration of the mutant vas deferens is rather
unigue. At the gross level, the mutant vas is thinner and more
coiled, in some cases even severely kinked, in appearance. The
mutant vas deferens structurally resembles the epididymis. For
this phenotype, there was variable expressivity, with the vas
sometimes bearing a striking similarity to the epididymis,
while in other cases the more caudal regions of the vas
appeared normal. This apparent partial homeotic transforma-
tion of the vas deferens into epididymis was also suggested by
histological examination, with the cellular architecture,
including the morphology and location of nuclei of the epithe-
lia lining, now resembling that seen in the epididymis. Thisis
the first reported homeotic transformation of a non-skeletal
element caused by a Hox gene mutation in mice.

Wethank Karen Y ager for performing the embryo transfers and Jan
Hagedorn for assistance in preparing the manuscript. We aso thank
Michael Solursh for providing the limb cDNA library and Kathy
Sadfeld and Terry Smith for technical support. This work was
supported by NIH HD29599.

REFERENCES

Baccarini, P., Fiorentino, M., D’Errico, A., Mancini, A. M. and Grigioni,
W. F. (1993). Detection of anti-sense transcripts of the insulin-like growth
factor-2 genein Wilson' stumor. Am. J. Pathol. 143, 1535-1542.

Bard, J. B. L., McConnell, J. E. and Davies, J. A. (1994). Towards a genetic
basis of kidney development. Mech. Dev. 48, 3-11.

Blochinger, K., Bodmer, R., Jack, J., Jan, L. Y. and Jan, Y. N. (1988).
Primary structure and expression of a product from cut, alocus involved in
specifying sensory organ identity in Drosophila. Nature 333, 629-635.

Celano, P., Berchtold, C. M., Kizer, D. L., Weeratna, A., Nelkin, B. D.,
Baylin, S. B. and Casero, R. A. (1992). Characterization of an endogenous
RNA transcript with homology to the antisense strand of the human c-myc
gene. J. Biol. Chem. 267, 15092-15096.

Celano, P., Vertino, P. M. and Casero, J., R.A. (1993). Isolation of

polyadenylated RNA from cultured cells and intact tissues. BioTechniques
15, 27-28.

Davis, A. P. and Capecchi, M. R. (1994). Axia homeosis and appendicular
skeleton defectsin mice with atargeted disruption of hoxd-11. Development
120, 2187-2199.

Dolle, P., Izpisia-Belmonte, J.-C., Falkenstein, H., Renucci, A. and
Duboule, D. (1989). Coordinate expression of the murine Hox-5 complex
homeobox-containing genes during limb pattern formation. Nature 342, 767-
772.

Dolle, P., Dierich, A., LeMeur, M., Schimmang, T., Schuhbaur, B.,
Chambon, P. and Duboule, D. (1993). Disruption of the Hox d-13 gene
induces localized heterochrony leading to mice with neotenic limbs. Cell 75,
431-441.

Farnham, P. J., Abrams, J. M. and Shinke, R. T. (1985). Opposite-strand
RNAsfromthe5' flanking region of the mouse dihydrofolate reductase gene.
Proc. Natl. Acad. Sci. USA 82, 3978-3982.

Florkiewicz, R. Z. and Sommer, A. (1989). Human basic fibroblast growth
factor gene encodes four polypeptides: Three initiate translation from non-
AUG codons. Proc. Natl. Acad. Sci. USA 86, 3978-3981.

Haack, H. and Gruss, P. (1993). The establishment of murine Hox-1
expression domains during pattering of thelimb. Dev. Biol. 157, 410-422.
Han, K.and Manley, J. (19934a). Transcriptional repression by the Drosophila
Even-skipped protein: definition of a minima repression domain. Genes

Dev. 7, 491-503.

Han, K. and Manley, J. L. (1993b). Functional domains of the Drosophila
Engrailed protein. EMBO J. 12, 2723-2733.

Hann, S. R., Dixit, M., Sears, R. C. and Sealy, L. (1994). The aternatively
initiated c-Myc proteins differentially regulate transcription through a
noncanonical DNA binding site. Genes Dev. 8, 2441-2452.

Heath, A. L., Man, D. W. K. and Eckstein, H. B. (1984). Epididymal
abnormalities associated with maldescent of the testis. J. Plastic Surg. 19,
47-49.

Hogan, B., Costantini, F. A. and Lacy, E. (1986). Manipulating the Mouse
Embryo. New Y ork: Cold Spring Harbor Laboratory.

Hutson, J. M. and Donahoe, P. K. (1986). The hormonal control of testicular
descent. Endocrine Rev. 7, 270-283.

Kania, M. A., Bonner, A. S., Duffy, J. P. and Gergen, J. P. (1990). The
Drosophila segmentation gene runt encodes a novel nuclear regulatory
protein that is also expressed in the developing nervous system. Genes Dev.
4,1701-1713.

Kern, M. J., Witte, D. P., Valerius, M. T., Aronow, B. J. and Potter, S. S.
(1992). A novel murine homeobox gene isolated by a tissue specific PCR
cloning strategy. Nucl. Acids Res. 20, 5189-5195.

Kimmelman, D. and Kirschner, M. W. (1989). An antisense mRNA directs
the covalent modification of the transcript encoding fibroblast growth factor
in Xenopus oocytes. Cell 59, 687-696.

Kindy, M. S., McCormack, J. E., Buckler, A. J., Levine, R. A. and
Sonensheim, G. E. (1987). Independent regulation of transcription of the
two strands of the c-myc gene. Mol. Cell. Bial. 7, 2857-2862.

Krystal, G. W., Armstrong, B. C. and Battey, J. F. (1990). N-myc mRNA
forms an RNA-RNA duplex with endogenous antisense transcripts. Mol.
Cell. Biol. 10, 4180-4191.

Lazar, M. A.,Hodin, R. A., Darling, D. S. and Chin, W. W. (1989). A novel
member of the thyroid/steroid hormone receptor family is encoded by the
opposite strand of therat c-erb A and transcriptional unit. Mol. Cell. Bial. 9,
1128-1136.

Lee, R., Feinbaum, R. L. and Ambros, V. (1993). The C. elegans
heterochronic gene lin-4 encodes small RNAs with antisense
complementarity to lin-14. Cell 75, 843-854.

Li, H., Witte, D. P, Branford, B. W., Aronow, B. J., Weinstein, M., Kaur,
S, Wert, S, Singh, G., Schreiner, C. M., Whitsett, J. A., Scott, W. J. and
Potter, S. S. (1994). Gsh-4 encodes a LIM-type homeodomain, is expressed
in the developing central nervous system and is required for early postnatal
survival. EMBO J. 13, 2876-2885.

Macdonald, P. M., Ingham, P. and Struhl, G. (1986). Isolation, structure, and
expression of even-skipped: a second pair-rule gene of Drosophila
containing ahomeo box. Cell 47, 721-734.

Malicki, J., Schughart, K. and McGinnis, W. (1990). Mouse Hox-2.2
specifiesthoracic segmental identity in Drosophila embryos and larvae. Cell
63, 961-967.

Marshall, F. F. and Shermeta, D. W. (1979). Epididymal abnormalities
associated with undescended testis. J. Urology 121, 341-343.

McGinnis, W. and Krumlauf, R. (1992). Homeobox genes and axia
patterning. Cell 68, 283-302.



Mevel-Ninio, M., Terracol, R. and Kafatos, F. C. (1991). The ovo gene of
Drosophila encodes a zinc finger protein required for female germ line
development. EMBO J. 10, 2259-2266.

Minenberg, D. T. and Schlossherg, S. (1983). The role of the epididymisin
testicular descent. J. Urology 129, 1207-1208.

Mitchell, P. J. and Tjian, R. (1989). Transcriptional regulation in mammalian
cells by sequence-specific DNA binding proteins. Science 245, 371-378.

Miyajima, N., Horinchi, R., Shibuya, Y., Fukushige, S., Matsubara, K.,
Toyoshima, K. and Yamamoto, T. (1989). Two erb A homologs encoding
proteins with different T3 binding capacities are transcribed from opposite
DNA strands of the same genetic locus. Cell 57, 31-39.

Poole, S. J., Kauvar, L. M., Drees, B. and Kornberg, T. (1985). The
engrailedlocusof Drosophila: structural analysisof an embryonic transcript.
Cell 40, 37-43.

Prats, H., Kaghad, M., Prat, A. C., Klagsburn, M., Lélias, J. M., Liauzin,
P., Chalon, P, Tauber, J. P., Amalric, F., Smith, J. A. and Caput, D.
(1989). High molecular mass forms of basic fibroblast growth factor are
initiated by aternative GUC codons. Proc. Natl. Acad. Sci. USA 86, 1836-
1840.

Rivkin, M., Rosen, K. M. and Villa-K omar off, L. (1993). I dentification of an
antisense transcript from the IGF-11 locusin mouse. Mol. Rep. Dev. 35, 394-
397.

Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989). Molecular Cloning, A

Hoxa 11 structure, expression and function in fertility 1385

Laboratory Manual. 2nd Edition. pp. 771-783. Cold Spring Harbor: Cold
Spring Harbor Press.

Simons, R. W. (1988). Naturaly occurring antisense RNA control-a brief
review. Gene 72, 35-43.

Singh, G., Kaur, S,, Stock, J. L., Jenkins, N. A., Gilbert, D. J., Copeland, N.
G. and Potter, S. S. (1991). Identification of 10 murine homeobox genes.
Proc. Natl. Acad. Sci. USA 88, 10706-10710.

Small, K. M. and Potter, S. S. (1993). Homeotic transformation and limb
defectsin Hox A11 mutant mice. Genes Dev. 7, 2318-2328.

Stewart, C. L., Kaspar, P., Brunet, L. J., Bhatt, H., Gadi, |., Kontgen, F.
and Abbondazo, S. J. (1992). Blastocyst implantation depends on maternal
expression of leukemiainhibitory factor. Nature 359, 76-79.

Swiatek, P.J. and Gridley, T. (1993). Perinatal lethality and defects in
hindbrain development in mice homozygous for a targeted mutation of the
zinc finger gene Krox20. Genes Dev. 7, 2071-2084.

Volk, R., Koster, M., Poting, A., Hartmann, L. and Knochel, W. (1989). An
antisense transcript from the Xenopus laevis bFGF gene coding for an
evolutionarily conserved 24 kd protein. EMBO J. 8, 2983-2988.

Yokouchi, Y., Sasaki, H. and Kuroiwa, A. (1991). Homeobox gene
expression correlated with the process of limb cartilage development. Nature
353, 443-445.

(Accepted 30 January 1995)



