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Abstract. We previously described the existence of abundantformations and sterility in both males and females (Small and
processed, polyadenylated murillexa 11antisense transcripts. Potter 1993; Hsieh-Li et al. 1995; Gendron et al. 1997). The func-
Of particular interest, in the developing limbs the antisense trantion of Hoxa 11was further defined by the generation ldbxa

scripts were observed to be present in a pattern complementary tol/Hoxd 11double mutants, where synergistic effects were evident
that of the sense transcripts, suggesting a possible regulatory funiir the development of the axial skeleton, limbs, and kidneys. The
tion (Hsieh-Li et al. 1995). We have analyzed the human HOXAkidneys, which were normal in single mutants, were absent ol
11 genomic locus, showing strong evolutionary conservation okeverely reduced in size in the double mutants. The forelimbs
regions potentially encoding antisense transcripts. Human HOXAyhich were only mildly malformed in each single mutant (Small
11 fetal kidney antisense cDNAs were identified and sequencedhnd Potter 1993; Davis and Capecchi 1994), showed an almo:
demonstrating the evolutionary conservatiorHoka 11antisense  complete loss of the zeugopod in the double mutants, with ulna an
transcription. As for the mouse, the human antisense RNAs wergygiys reduced to a mere vestige of normal (Davis et al. 1995). Wi
polyadenylated and showed several alternative processing patterngye also previously reported characterization of the muioea

but shared the sequences of a commbex®n. The evolutionary 11 ocys itself, including cDNA sequence, transcription start site,
conservation of the opposite strand transcripts strongly suggestg,q the sequence of the genomic DNA. Surprisingly, we observe

function. A significantly long open reading frame was observed,ihe presence of abundant natutbxa 11 antisense transcripts
but mouse-human comparisons argued against true coding fun%Hsieh-Li et al. 1995).

tion. Murine kidneyHoxa 11antisense transcription and process-

h . X . e Natural antisense RNAs are best understood in prokaryotic
ing was also examined, revealing tissue-specific differences bes'ystems where they are documented to regulate bacteriopha

tween limb and kidney. A novel procedure, designated Race "%enes, transposition rates of insertion elements, and plasmid re|

Clr_cle_s, was de\_/lsed and used to define mouse limb antisense tra ication incompatibility and conjugation (Simons 1988). In eukary-
scription start sites. Furthermore, comparisons of human, mouse

and chicken sense transcrigibxa 11 homeobox nucleotide se- otic SYStemS’ antisense RNAs have be_en most widely studied
quences and their respective encoded homeodomains indicate® perimental tools to regulate expression of endogenous gene

very strong selective pressure in vertebrates against mutations tha WEVET, several examples of nat.ural endog_enous antisense tra
result in coding changes. Given the significant differences inScription have now been reported in eukaryotic systems (Farmnhar

amino acid sequences of the homeodomains of different Ho t al. 1985; Adelman et al. 1987; Lazar et al. 1989; Krystal et al.

genes, this observation argues for individual homeodomain funci990; Dolnick 1993; Rivkin et al. 1993; Campbell et al. 1994;
tional specificity. Tasheva and Roufa 1995). In some cases the antisense RNAs ha

been proposed to promote the degradation of the sense mMRN/

(Kimelman and Kirschner 1989; Hildebrandt and Nellen 1992),

) and in other cases the antisense RNA has been suggested to blc

Introduction sense mRNA translation (Lee et al. 1993; Wightman et al. 1993)

The clustered homeobox (Hox) genes encode transcription factorIn t_he majority c_)f cases, hc_)wever, the function of the natural
ntisense RNA, if any, remains unknown.

ghez’:}e?égnlig?]\tlv{;é? ofs ggﬁﬁ : ggﬁwiiztirezvr\r,:;crn ?;griﬂfe;egyl?r:%r_s 0 We previously presented an initial characterization of antisens:
ating genetic cascades (Gehring 1987). Comparisondrof transcripts from the mouddoxa 11Iopus (Hsieh-Li et al. 1995).

. ; : These antisense RNAs were found in an embryonic cDNA library
sophilaand mammalian Hox genes have revealed a remarkablg. .o, \ith 4 probe generated from ttieegion of the sensdoxa
evolutionary conservation of seguence, gene order within the cluzi-':L cDNA sequences. Surprisingly, approximately 90% of the 72
ters, gnd expression patterns during development (Graham et DNAs retrieved represented antisense transcripts. Several of tt
198.9' Dubqule qnd D01IG_989). Furthermore, transgenic fly ex- ntisense cDNAs were sequenced, revealing a number of interes
periments, in which mammalian Hox genes have been introduce g features. The antisense cDNAé were found to be polyadenyl
into flies, have strongly indicated a surprising conservation Ofated and aI.ternater processed. Their antisense orientation ws

function (Malicki et al. 1990). ' ; . o .
o . confirmed by the locations of the polyA tails and the directionality
We originally cloned theAbdominal-Btype Hoxa 11gene of of the introns (locations of splice acceptor and splice donor se

the mouse in a screen that identified ten novel homeobox gent:g

(S et 1952w Shown o b expressed m e developn =), T oL 075 o 1 sense e antsere oA o
limbs and caudal body, including the urogenital system (Small an

Potter 1993; Hsieh-Li et al. 1995). Mice homozygous for a tar- he antisense cDNAs also showed significantly long open readin

P o ; ; frames, suggesting coding potential, although conceptual transle
geted mutation itHoxa 11exhibited axial skeletal homeotic trans- tion revealed no significant homologies in the database. In addi

_ tion, in situ hybridizations were used to compare embryonic ex-
Correspondence taS. Steven Potter pression patterns dfloxa 11sense and antisense RNAs. An in-
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teresting complementarity of RNA distributions was seen in theRace in circles.RNA preparation and initial reverse transcription, with
developing limb. In the early limb bud at embryonic day 9.5 random hexanucleotide primers, were performed as described above. Tt
(E9.5), Hoxa 11sense RNAs are present throughout, while anti-Si”9|‘3_'St£32|C’$_g g“ﬁ: Ip_)roducgsﬁwerﬁ_:]hen kid”aSEd with é??'y”;dezgge ki-
sense RNA is absent. In contrast, in the E10.5 limb aka 11 ~ Nasen _ igase buifer. The products were diluted to
sense transcripts are no longer detected in the most distal domaitji" 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
of the developing limb. Strlkln_gly, at t_h's t'me_ antisense transc”ptscondi'[ions help promote circle formation and reduce intermolecular liga-
are now extremely abundant in the distal regions where sense RNfyns. The circle products were then used directly for nested PCR reaction:
is absent. This trend continues later in development, with the dousing first the 23-2 primer and the 23pp primer (CCAACGTCTACCAC-
main of sensdHoxa 11transcripts relatively more proximally re- CACCCCAC) (bases 5045-5066; Hsieh-Li et al. 1995) and then the 23-
stricted and the distal domain of antisense transcripts expanding iprimer and the 23-1 primer (CCCGCCGTCTCGTCCAATTTC-
corresponding fashion (Hsieh-Li et al. 1995). This suggested dATAGCA) (bases 5067-5095). Later experiments, looking at more 5
possible regulatory function for the antisense RNA, since the presstart sites, used the 3Cpp (ACTTCAAGTTCGGACGGCGGCGGT) (bases
ence of antisense RNA strongly correlated with the absence of2/8-5301) and 3C-3 (TCGCAGCT-GCTGCTTGGGGCCCCTTCT)

sense RNA. Alternatively, the antisense transcripts could be sp -%aASGes Agé%%‘é’ggééé’ék%g:é Afggg"A"g)d (bljex);etshse31?_95-324o()TaGnc-i

rious in nature and have no function, or they could have anotherz-_, (GG-GTAGTCGGAGGAAGCGAGGTTTTCCGGG) (bases 5189—
nonregulatory, function. ) _ 5159) primers. Products were subcloned and sequenced.

The next step in the study of théoxa 11antisense RNAs is to
determine if they are of biological importance or mere accidental

transcripts. Evolutionary conservation is considered one haIImarIMc’cliJs‘e .tkh'dnfﬁcg\uA I|brar):jTPe m}gzslf.dkid”ey”cDNA library e
of functional significance. In this report we describe the sequenciade With Poly prepared from 14 kianey Celis grown in culture.

. . . A This cell line was established from transgenic mice carrying-bea 11
ing of the human HOXA 11 genomic quus and lts_evolutlona_ry romoter connected to the SV40 large T antigen gene (M.T. Valerius et al.
comparison with that of the mouse. Regions potentially encodlnd; preparation). PolyA RNA was prepared by the RNAzol (TEL-TEST
antisense RNAs were observed to be evolutionarily conserved. Anc.) method, followed by Oligotext (Qiagen) purification. First-strand
particularly striking 99% nucleotide sequence identity betweencDNA synthesis was performed with Superscript Il (Gibco-BRL) with dT
mouse and human was observed for an approximately 500-bprimer, and RNA was digested Wwit2 U RNase H and 10 U RNace-It
stretch that included the region of overlap between the mouséStratagene). Second-strand synthesis was performed with Klenow, usir
sense and antisense transcrlpts Surp“Slngly, the frequency @p primers a Cqmblnatlon of random- hexamers and residual dT primers
nucleotide mismatch in this region of sense-antisense overlap We{%llowed by polishing of the ends with T4 DNA polymerase. Products
fourfold lower than that observed in the homeobox, even though> (;Ollosp“w?re size selected in low-gel temperature agarose and ligated in
h ; . . Transformation was by electroporation, yielding approximately
the mouse and human homeoboxes encode identical amino acid, ;5 independent clones with inserts.
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 humaneguencingSequencing was done according to standard protocols, with
kidney antisense transcripts revealed tissue-specific differences %e% lfepnpc'fg V?i't?%fitﬁ]rgrs vﬁa'?llI(igZ;?b?ﬁ?(t:Zlft:ggigi ;;Eg‘grg’:sreo;’z'g’;gge
well as aspects of RNA processing Conseryed during evolutlonmem between the two strands were subjected to additional sequence ru
These results strongly suggest _tha_t_the antisense RNAs from tnﬁuth more closely positioned primers.
Hoxa 11locus are functionally significant. A human HOXA 11 cosmid clone was obtained through a screen of
human genomic DNA library kindly provided by Anil Menon. The HOXA
Materials and methods 11 region was subcloned into pBS KSII and sequenced as described aboy
Results
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 Alternate processing of theloxa 11lantisense transcriptsCon-

ground to a powder with a liquid nitrogen-cooled mortar and pestle. RNASiderable variation in murineloxa 11antisense RNA processing

was prepared with RNAzol (TEL-TEST Inc.) according to recommendedwas shown previously by the sequencing of the four antisens

protocols. The RNA was then extracted further with phenol, followed by acDNAs labeled 40, 23A, 59, and 3C in Fig. 1A (Hsieh-Li et al.

chloroform extraction and an ethanol precipitation, to remove all enzyme1995). To identify possible additional splicing patterns, we pre-

_contaminants. The R_NA was then treated with RNase-free DNqse (30 Ubared RNA from E11.5 limb buds, and nested RT-PCR was per

?7;?’20 #lh(e)f éﬁ:mwlgsth%i zﬁér?orl‘""em%%tlg dznmecacilbofr?)rf;?nnggt?;cte 4formed with primers specific to the first (oligos 23-2 and 23-3) and
' ! last (oligos 3-1 and 3-2) exons of the 3C antisense cDNA. The

ethanol precipitated, pelleted, dried, and dissolved j®HPolyA™ RNA
was prepared with the Oligotext kit from Qiagen. Superscript I (Gibco- RT-PCR products were subcloned and sequenced. The most cor

BRL, Gaithersburg) was used for reverse transcription, with the recommon splicing pattern observed was identical to that seen for the 3(
mended protocol, with 0.;ug of polyA* RNA and 0.5png of random cDNA, with the same intron-exon junctions. In addition, alternate
hexanucleotide primer. After the reverse transcription, the reaction wagatterns were found. In one case the use of an alternate splic
treated at 37°C for 30 min wit2 U RNase H and 10 U RNAce-It (Strata- acceptor site increased the size of the second exon by 26 bas
gene, La Jolla, Calif.). The products were size fractionated in low-gel(8-2, Fig. 1A). It was also observed that a novel exon, locatec
temperature agarose, and DNA from about 300 bases to 5 kb was purifie§enyeen 3C exons 2 and 3 was sometimes included in the finz
with two phenol extractions, one chloroform extraction, and ethanol pre- roduct. This exon also had two alternate splice acceptor sites

cipitation. This material was then used directly for PCR reactions or for th . .
Race In Circles procedure. ocated three bases apart, with the 8-2 exon being three bas

Nested PCR used first thé-2 primer (CTCGGACTTGGCCTTTTG-  longer than the corresponding exon for clone 1. It is interesting tc
GTGTGCTCTTAT) (bases 1261-1290; Hsieh-Li et al. 1995) from the NOte that the two alternate forms of exon 2 differ by 26 bases
most 3 exon of the 3C cDNA and the 23-2 primer (CTCTTGGCCAG- Which means they are frame-shifted relative to each other, while
CACGTCGCCAGGCA) (bases 5039-5015) from the first exon of the 3Cthe two forms of the novel exon differ by three bases.
cDNA. The second round of PCR reactions used th2 Brimer (CTTC-

CCCAGATCCTGGTGGGCTGAAATCAA) (bases 1303-1332) from the ) ) o .

last 3C exon and the 23-3 primer (TGCAGACAGTCTCTGTGCAC- Mouse kidney cDNAsWe previously used in situ hybridization to
GAGCTCCT) (bases 4994-4966) from the first 3C exon. Products weredbserve the presence of antisefid@a 11transcripts in the de-
gel purified, subcloned, and sequenced. veloping kidneys and reproductive tracts as well as limbs. To
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Antisense represent spurious transcripts with no functional significance. Tc
Q222224 —ZZZ0 mHoxa 11 el begin to address this issue, the nucleotide sequence of the hum
r-Tr—r—rrTr T T Tl HOXA 11 locus was determined. One common feature of func-
Sense tional significance is evolutionary conservation. It was, therefore,
/3 mao of interest to look for conservation of the sequences encoding th
i o0—a— m1 Hoxa llantisense cDNASs.
0-—a—N m8-2 A human genomic DNA cosmid library was screened with a
—— 1 m3c mouseHoxa 11 cDNA probe, and the HOXA 11 region of a
CHHH 1 m23A positive clone was subcloned and sequenced. The sequence of t
o 1 mso human HOXA 11 locus, including sufficient flanking DNA to total
8,624 bp, was determined. Much of the human HOXA 11 sense
B.) O——- mn cDNA sequence can be inferred from comparison with the previ-
O—#——-1 mi2 ously described mouskoxa 11genomic and cDNA sequences
O 1 m17 (Hsieh-Li et al. 1995). In addition, two HOXA 11 sense cDNAs
O 1 mi19 were isolated from a human fetal kidney cDNA library and se-
O 1 m35 quenced at the’%ends. One initiated at a major transcription start
site previously identified in the mouse (Hsieh-Li et al. 1995). The
C.) O 1 nH other cDNA was incomplete at theé Bnd.
i — A comparison of the human and mouse setega 115 UTR
O0—— nDL and coding sequences is shown in Fig. 2. A striking evolutionary
—— nes conservation of sequence is revealed for therdgions of the
O/ s cDNAs. For the first 500 bases of sequence there are only seve
C— bases of mismatch. This approximately 99% sequence identity ¢
C—1 npr2 the 8 end is particularly striking when compared with the level of
C— npra homology observed for the homeobox. In comparing orthologous
Sense homeobox genes from very distantly related organisms, such a
I I I | | | | | 1 | Drosophila and mouse, it is not uncommon to observe that signifi
ey, T S — cant homology is restricted to the homeobox itself. In general,
Antisense there appears to be evolutionary pressure to maintain the amin
Fig. 1. Alternate splicing and evolutionary conservationtixa 11anti-  acid sequence of the encoded homeodomain, perhaps consiste

sense RNA. Rectangles represent exons, and connecting lines repres#Mith its important DNA binding function. In comparing the mouse

introns. The mouséloxa 11sense exons are shown at the top, and theand humarHoxa 11genes, it was observed that there are 10 base
vertically aligned human HOXA 11 sense exons are at the bottom. Adifferences in the 180-bp homeobox. All ten of these differences
illustrated by the arrows, sense RNAs are transcribed to the left, angccur at codon third nucleotide positions, and none alter the amin
antisense RNAs are transcribed to the righd Clones m3C and m23A  4cid encoded. This is consistent with a rigid evolutionary require-
were isolated from a mouse E12 limb cDNA library. Clones m40 and M59qent to maintain the precise amino acid sequence encoded by tl

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 forhomGObox' Nevertheless, the frequency of base mismaiches o

details).(B) Mouse kidneyHoxa 1lantisense cDNAs, generated from a served in thg homeobox (10/180) is four times higher than thf,i'
cloned kidney cell line(C) Human fetal HOXA 11 kidney antisense S€en for the first 500 bases of the cDNA sequence (7/500). That i:
cDNAs. Shaded rectangles represent exons with distinct splice acceptéfe mismatch frequency for the first 500 bases is fourfold lower
sites. Vertical dashed lines mark common splice sites, except that théhan that observed for the homeobox, even though the two ho
shaded second and third exons have alternate splice acceptor sites tmaeoboxes encode identical amino acid sequences. It is interestir
increase exon sizes by 26 and 3 bases, respectively. The h and m prefixgs note that the first five hundred bases of the human HOXA 11
designate human and mouse clones. cDNA includes 70 bases of TR, 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 BTR, confirming that it is

address the issue of tissue specificityHdxa 11antisense tran- genuine UTR and not coding sequence mis-identified as UTR
scription and processing, a mouse Kidney C.DNA library Was geNTpig high-level conservation of the first 500 bases ofuxa 11
erated from K4 cells, a mouse kidney cell line (M.T. Valerius, et

al. in preparation; see Materials and methods). Five mouse kidneé/DNA strongly argues that it is under more selective pressure tha

: : . . imple maintenance dfloxa 11coding function. This additional

ggtﬁsnss:qﬁgn'\ééz leéie(;e Igchg\t\?sdtﬁg gizzmogrg\/:rﬁ?zaat%nag?stﬁgz elective pressure could be related to function associated wit
\ . . ~~antisense transcripts, at least some of which overlap the sen:

cDNAs. Each cDNA contains the sequence of the common flnaE - .

exon of the 3C, 23A, and 59 cDNAs, and the second exons ar ranscript for most of the first 500 bases.

either the same as the 3C second exon or the alternatively splic oo ) .

form of this exon in 8-2. For each kidney cDNA the splice donorqfﬁgf(':nlietrﬁgigzgt [?hzlsr?ursrlzer]n ;ﬂdcgmgfénggiAmiTafsgf‘bd

site of the first exon fell at the boundary of bp 4225/4226 of the q : |

h . : , omeobox sequences showed 29 nucleotide differences. Of inte
published sequence (Hsieh-Li et al. 1995, although each of'the é;st, all of the base changes were silent, not changing amino acic

ends of these cDNAs varied somewhat, owing either to incom- ncoded, with 26 of 29 found in codon third nucleotide positions.

pleteness of the cDNAs and/or distinct transcription start sites. O : p ;
particular interest, none of these “antisense” transcripts actuall n contrast, the first 200 bases of theesd of the known chicken

overlapped the region encoding the sense transcript, in contra Pe Nrﬁig-lmzrtcf:rr??ethl?emmg?tﬁteor?c?r/nleiEgiltz??ssinc;(relrzzzrt1hatr(; Eiltfe
with the extensive overlap often observed for the limb cDNAs. Fortp q Y . 9

. . at the 5 region of extreme conservation with the human se-
the mouse kidney, th_erefore, these transcripts are more accurateqyﬁence appegrs more restricted in the chicken than that observed
referred to as opposite strand rather than antisense.

mouse, with only approximately 200 bases instead of 500. Also
the mis-match frequency for theé Bnd in chicken is only about

Evolutionary conservation of the Hoxa 11 locughe Hoxa 11  one half that observed for the homeobox, while in the mouse
antisense transcripts could have biological function, or they could&comparison a fourfold difference was seen. Nevertheless, onc

Evidence for surprising conservation of thé &nd of the



802 S.S. Potter, W.W. BranfordHoxa 11lantisense transcripts

M D F D E R G P C 8§
Hu TCAAAGAGGCAGCTGCAGTGGAGAATCATGTTAAGCTCGGCTACIGCGGAGAGCCCAAGGTAGCCC~AATAATGGAT ITTGATGAGCGTGGTCCCTGCTC 99
L LN
Ch oL ALl AL AG. .G ...t hln L € T...T..T..

s N M Y L P S C T Y Y VvV S G P D F S S L P S F L P Q T P S§ S R P M

Hu CTCTAACATGTATTTCCCAAGTTGTACTTACTACGTCTCGGGTCCAGATTTCTCCAGCCTCCCTTCTTTTCTGCCCCAGACCCCGTCTTCGCGCCCAATG 199
Ch L e

T Y syYsSsNTLGPOQVOQPVRETYVTTFRETYATILITETPATTEKTMWHTPR
Hu ACATACTCCTACTCCTCCAACCTGCCCCAGGTCCARCCCETGCGCGAAGTGACCITCAGAGAGTACGCCATTGAGCCCGCCACTAMTGGCACCCCCGCE 299
AL A e

G N L A H CY S A E EL V HURDTCTLQQAU®P S A ACGVYV P GDV L A K S
Hu GCACTCTGGCCCACTGCTACTCCGCGGAGGAGCTCGTGCACAGAGACTGCCTGCAGGCGCCCAGCGCGGLCEGCGTGCCTGCCGACGTGCI'GGCCAAGAG 399
o T N T S
Ch A..AC...C..iitiiinnnnnnan F s ALLAL .o, T...CTT.CA...C.A.C...A..A..——..... G...T.C.G...A..

$ A NV Y HH P TP AV S S NUF Y S§ TV GG RNGV L P Q A F D
Hu ---CTCGGCCAACGTCTACCACCACCCCACCCCLCGLCAGTCTCETCCAATTTCTATAGCACCGTGEECAGGAACGGCGTCCTGCCACAGGCTTTCGACCAG 496
MO i i e e e e e G e Gttt i Tt e e e e
Ch CAG.A.C..G.iiiinriininnnanns G.G..AAC..... Coninni i Govvwvnnnnaa [€ B [

F ¥ E T A Y 6 T P E N L A 8 S DY P G D K S A E K G P P A A T A T
Hu TTTTTCGAGACAGCCTACGGCACCCCGGAARACCTCGCCTCCTCCGACTACCCCGGGGACAAGAGCGCCGAGAAGGGGCCCCCGGCGBCCACGGCGACCT 596
g

MO e L e B AR..A..AG.T.......
* *k kK *
- *
Ch e [ GG....G....CGT..... G.G..... TouGCChvtvnnnnnn, [ TN Curimmm e
s A A A AAAATOGA®PATT SS S DSGGG GG CTRTETA AU ATA AAE
Hu CCGC-~-GGCGGCEGCGECGECTGCAACGGECGCGCCGECAACTTCAAGTTCCGACAGCGECEECEECGECGEC IGCCEEEAGACGECGECGECAGCAGA 693
Mo ....TGC..... Tevereenns L= [ oo L N G..
Ch ——mmm L C.uCGG. . COAL .G e ea e e e e GG..... To...... G.C G G.G-—-

E XK E R R R R P E 858 s 8§ § P E S S § G H T EDIE KA AGG S S 6 ¢ R T 793
Hu GGAGAAAGAGCGGCGGCGGCGCCCCGAGAGCAGCAGCAGCCCCGAGTCGTCTTCCGGCCACACTGAGGACAAGGCCEGCEGCTCCAGTGGCCAACGCACC
Mo ...... G.o..oo L P - S .
Ch ---,..G...A..... A ..GL.GiL o Gooonnan

WAL

R K K R C P Y T K ¥ 0 I R EL EREVFF F S8 V Y I N K E KR L Q L
Hu CGCAAAAAGCGCTGCCCCTATACCAAGTACCAGATCCGAGAGCTGGAACGGGAGTTCTTCTTCAGCGTCTACATTAACAAACAGAACCGCCTGCAACTET 893
Mo ... T A e L Coviinninaa, Toeviiina,
Ch ..T...... AA........ C.o.... A..T..... TA..ovenn ALLAL AL Lo Tooeian.. Al A..... C..G..C.

S R M L N L T R M K E K X T N R D R L Q Y Y 8

D R Q V K I W F Q N R
Hu CCCGCATGCTCAACCTCACTGATCGTCAAGTCAAAATCTGCTTTCAGAACAGGAGAATGAAGGAAAAAAAAATTAACAGAGACCGTTTACAGTACTACTC 993
MO Loiiieiieneniiaannn L 5 L Gei e,
Ch ....A........ T..G..C..C..C..... Ao, Aol A..... Ao, 2 S G..... AL, A..T.....

A N P L L *
Hu AGCAAATCCACTCCUCHAA 1012
Mo ...T........ Teveunn
Ch ...T........ A..T...

Fig. 2. Comparison of human, mouse, and chickénlBR and sense and the TAA translation termination codon are underlined. Antisense tran:
coding HOXA 11 sequences. Hu is human, Mo is mouse, and Ch isscription start sites observed in the mouse limb are marked with an asteris|
chicken. Dots represent sequence identity with the human sequence, afithe 5 sequences are, surprisingly, even better conserved than the he
dashes designate a deletion. The ATG translation start site, the homeoboxeobox.

again, the greater conservation of the chicktoxa 115’ cDNA cDNAs. To better describe the most commonly used start sites fo
end, as compared with the homeobox, suggests the presence mbuseHoxa 11antisense transcription, a new technique, desig-
more than justHoxa 11coding function. nated Race in Circles (RIC), was devised. In principle, RIC re-
The human HOXA 11 genomic locus, including the single sembles standard primer extension, except that the reverse tra
intron and 5 flanking sequence, which includes the potential an-scription products are circularized, instead of run on a gel, allow-
tisense exons, showed strong sequence homology with mousgg the 3 ends to be PCR amplified and sequenced. In outline
Hoxa 11.A Pustell DNA matrix comparison (MacVector; mini- form, RNA is first reverse transcribed with random hexamer prim-
mum % score of 65 and remaining parameters at default) generategs. This results in random reverse transcription start sites an
an almost continuous line from one end of the sequence to the nexérmination at the Sends of the RNAs. Under dilute conditions, to
(data not shown). Increasing the stringency of the comparison to geduce intermolecular ligations, the resulting single-stranded DNA
minimum % score of 85 revealed extensive blocks of high homolys circularized with T4 RNA ligase. The junction regions, where
ogy (Fig. 3). This homology includes, but is not restricted 1o, the 5 ends of the reverse transcripts are ligated to then@is, are
sequences previously observed in mouse antisense cDNAs. Qfen amplified by an inverse PCR approach with primers in both
interest, both the human and mousexa 1YHOXA 11 genomic  irections from near the'®nd of the transcript. The PCR products
DNA regions appear devoid of transposable repetitive DNA. A5/ then cloned and sequenced (see Materials and methods f

screen for all repeat sequences, with the program of the Genet@etails). The junction points mark thé &nds of the RNAs.

Information Research Institute, revealed only a few scattered di- As is often observed for promoters lacking a TATA box, there
pears to be a preferred region of antisense transcription initiatio

and trinucleotide repeats. As transposable element repeat DNA ?p
quite common, in particular thélu sequences in human DNA and instead of a single precise start site (Farnham et al. 1985). Se
quencing of nine PCR products showed seven start sites within

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 ive base region centered at base 5180 of the publist 1
mousetiora 11and human HOX 11 sequences suggess el quence (s ot al 1958) whichcoresponds o base 340
tolerated e huma_n-mousblo?(a 11cDNA comparison of Flg: 2. Antisense

' transcription start sites were located within the first exon of the

senseHoxa 11gene, clustered around base 540, as shown in Fig

Transcription start sites for the mouse Hoxa 11 antisense RNA. More 5 start sites appear to be used rarely, since none of thes
The definition of theHoxa 11sense-antisense transcript overlap ten RIC defined start sites were positioned mofrehan bp 579.
region relied on the antisense transcription start sites inferred frolevertheless, the 3C antisense cDNA starts at base 705, demo
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Human HOXA 11

Fig. 3. Pustell DNA matrix comparison of the mous®xa 11and human  shows the regions corresponding to the mouse 3C antisense cDNA. Th
HOXA 11 genes. The matrix was generated with MacVector with a win-two genomic DNAs show extensive homology, which is not restricted to
dow size of 30, minimum % score of 85, and remaining values at defaultsense and antisense exons.

Light gray marks the regions corresponding to sense exons, and dark gray

strating that more 'Gsites can sometimes be used. To furtherthe human versus mouse versions of this exon were found. The |
examine the transcription starts at morepdsitions, a second set and L human kidney antisense cDNAs are duplicates, except th
of PCR primers located’ ®f the most common transcription start they differ by one base at their 8nds. These clones and the P3
sites were used (see Material and methods for precise primer p@DNA share common splice sites, while the P5 clone uses a uniqu
sitions). These primers selectively amplified RNAs that stadf5  splice donor site.

position 700. Fifteen RIC products were sequenced, revealing po- Two polymorphisms were found in comparing the human
tential start sites at bases 709 (three), 712 (two), 713, 727, 73£DNA and genomic DNA sequences. One polymorphism was lo-
740, 745, 755, and 765. The three remaining RIC products exeated 116 bases into the commoheXon shared by all of the
tended more 5 but all three spliced at 776, where the intron for spliced human HOXA 11 antisense RNAs. For the genomic se
the sense transcript is located, indicating that they represent sengaence this base was a G, yet on two cDNAs, clones J and H, thi
and not antisense products. In summary the results indicate that thEse was an A. The second polymorphism was 333 bases furth
most abundant antisense transcription start sites cluster arounndto this same 3exon. This base v&a C in thegenomic DNA and
base 540 of Fig. 2, but that in addition there are multiple, lesswas absent in the P4 cDNA. This frame-shifting polymorphism
frequently used start sites that are scattered to almost thed3of =~ suggests an absence of coding function for this region of the an
the sense Hoxa 11 first exon. tisense RNA.

The 3 region of the sense Hoxa 11 gene first exon, which ~ There are open reading frames in the human HOXA 11 anti-
serves as the promoter region for antisense transcription, has reense RNAs that could represent coding function. As shown in Fig
TATA box. It is, however very GC rich, with 75% of the last 230 4, almost the entire '3exon is open reading frame, from the be-
bp being GC. This region carries numerous GC boxes that repreginning to the TAA termination codon within the AATAAA poly-
sent potential SP1 binding sites, which are often associated witadenylation signal. The first methionine codon in this reading
TATAless promoters. frame occurs 268 bases into the exon, giving the potential to en

code 135 amino acids. The unspliced forms of the antisens

. cDNAs (J, P2, and P4) do not extend this coding potential, with
Human HOXA 11 antisense cDNABo search for human HOXA _ ; frame stop codons slightly upstream of the start of thex®n.

. : . in-
11 antisense transcripts, we screened a human fetal kidney cDN$ . :

. . L . he D and P3 spliced forms, however, do extend the coding ca
library with a mouse 3C third exon antisense cDNA probe. Ten__ . ' ’ o
antisense cDNA clones were recovered and sequenced. The reSLmaC'ty' These two CDNAs connect an upstream methionine codo

are summarized in diagrammatic form in Fig. 1C. Although these, r:;?énegt% H;iz I:IS sgizzeoddﬁ]xog’g%eggﬁgngc? dzosa-:)i?]%\?v?\ei?] r'fiad'Z'
cDNAs represent transcripts oriented in the opposite direction o P y 9 ’ 9- %

Lo h . he comparison of the’3antisense exons of mouse and human,
the standard sense HOXA 11 transcript, it Is mt:ares_tlng to,,mt%owever, argues against coding function. In the first 500 bases ¢
that, as observed for the mouse kidnepxa 11 “antisense

GONAS hey o not ovetap he sense cDNAS 1 sequence, 12 207 ere e 3 fame shtng snol bese par pesrion
addition, four of the cDNAs have no introns. One clone, not P ’ ’ ' ’ ’ ’

shown, was a duplicate of J. The P2 and P4 cDNAs share a con}cg)rn;iis‘stseg;xtgﬂfaggggngofggﬁgzg't éze;f’ti;irgort_lsclség)t%getendgnc}
X - ; ; position
mon 5 start site but show distinct' &nds. The six spliced human of codons in order to preserve amino acid sequence encoded
kidney antisense cDNAs share a commoregon, with the same P a :
splice acceptor site. This exon is also common to all examined
spliced mouséioxa 11antisense cDNAs. In contrast to the mouse
antisense cDNAs, these human kidney antisense cDNAs had on
two exons. The first exon of the P1 and H cDNAs overlap the
second exon of the mouse 3C cDNA. These exons all share thEvolutionary conservation of Hoxa 11 antisense transcriftise
same 3 splice donor site. The human P1 clone sequence startsharacterization of the human HOXA 11 locus revealed a striking
within the sequence of the second 3C exon, while the sequence efvolutionary conservation of sequence, antisense transcription, ar
the human H clone starts upstream of the second exon of the 3@rocessing that strongly suggests functional significance. This als
clone and extends directly into it. Three frame shift mutations indefined the human HOXA 11 sense cDNA sequence and genomi

IDiscussion
y
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M P G HL P QRHAAPTLULTIR RSV VF FUPWCPGEITRST ERQK
Hu ATGCCAGCCCACCTCCCCCAGCGGCACGCAGCCCCTCTCTTAATTAGATCGGTTTTCCCCTGATGTCCGGGAGAGCGGTCCCGGCAGRARG/ /

¢ G pPpTAEULSPPGSGCEKDZPTEHA ADIZ KA AAPEGOQVRVYV PFILEE
Hu GAGGTCCAACAGCCGAGCTTAGCCCACCGGGCTCTGEGARAGACCCCACTGAGGCTAAAGCCGCCCCGGAAGGCCAAGTCCGAGTTCCATTTCTTGAAGA 100
Mo ....C....-G.TT..TP.C........ ALLAL. ... G....... A, AG. LA .GAG.ALA. AR .. A.....

A G ARUEKA AV TVLALA AT GTFU®PGAVILSQETLUHSASGH L Q@ K T
Hu GGCCGGCGCGCGTAAGGCTGTGACATTGGCCCTGECGACTGECTTCCCAGGAGCTGTTCTTTCTCAGGAGCTCCACAGCGCGGGCCA-TCTCCAGAAAAC 199
Mo ...G.CTT.CG.C...... - AC.T...T i C.T....... < S A .GTG. ... et

vV FRVYFILTULJSSTOQS?PTA AANA ARG QI EKMTFGGTRIE KTZKAG
Hu TGTCTTCAGAGTGTATTTCCTTTTATCGTCAACCCAGAGCCCCACCGCGGCTAATGCAAGAGGCCAAAAAATGTTTGGAGGAAGAAAAACAAAGGCAGGA 299
Mo GC...... GC..T...... T...A...... -G...G...... B Tttt e

s 6 6L TVU RVCLQRZ REGA AT G SV S SCFSZKXKILOQGZ?PG S P
Hu AGTGGCGGCGECCTGACGOTCCGTGTGTCTCTGCAGAGAAGGGAGGGAGCCGGCTCAGTCTCTTCTTGTTTTTCCAAACTTCAAGGTCCAGGCAG-CCCT 398
MO ... i e i e e S S T...AC...CC..C..... C..G.ooivnnnnenn Tevinn. A...C

L Q G RAPVLULUPAaAZARIUHEWRWPUPGEEIZ KA ANACARTLVR RZREKTR
Hu CTGCAGGGCCGGECCCCATTGCTCCCCGCGCGGCATTGGAGGTGGCCGCCCGGAGAGGAGAAGGCCAACGCCTGCGCCAGGCTTGTCAGGCGGAAACGGE 498
Mo ..T-...... TT...GAGGCT.G. ...CACACCC.CA.CG.CGCAG.ATTT. . . .GT.GCC. ACGATTTAAGCCTCGGTC . GGCTGA . A.GA. . TTT . AT

L. TR RFGQQNZ RUPSILSEASSDILA ARIEKVYVGESGS GTLA AQSTLHR
Hu TAACAAGGAGATTTGGTCAGCAAAACAGACCCAGCCTTTCCGAGGCTTCGTCTGACTTGGCCCGAAAGGTTGGGGAGGGGGGGCTTGCGCAGAGCCTCAG 598
Mo CGG..GAACA.ACCAAC.CTTTTCGG. .GTTTCTTT.GATTTG. T.C.AARGG. TA.AT. . TA. TGTCCACA.C.GCT. . . . TGGCTGCTGTTTT . CTCC

D PPLWGLPSTLSTLTILLSTA AFHA AGTGTISE *
Hu GGACCCTCCTCTCTGGGGACTACCATCCCTGAGCCTTACGCTTCTTTCCACAGCCTTTGCAGGCGGAATATCGGAATAAA
Mo C.C.GGG.TAAAAGTACC . AG. AGGGAGGGAG . GAGAGA. A. . .AGG.AC. TTG.GC. .GCT. . ACTC . CCTTCTGAG . TAGAATACCAGAATAAA
Fig. 4. Open reading frame for the HOXA 11 antisense transcript. Pre-been detected. The remaining lines represent the nicstt&ense exon.
dicted amino acid sequence is shown above the nucleotide sequence. HuAithough the open reading frame is significantly long, the multiple frame
human and Mo is mouse. Dots represent identities, and dashes deletiorshift differences in the mouse-human comparison, and the absence «
The top nucleotide sequence line shows ther®l of the first exons of the  codon third nucleotide mutation preference, argue against coding functior
human D and P3 cDNAs (Fig. 1). No corresponding exon for mouse has

organization. Comparison of the sequences including and sur- Comparisons of the sequences of the human and mouse an
rounding the mouse and humbloxa 1YHOXA 11 genes revealed sense cDNAs do not provide significant support for coding func-
strong conservation and an absence of transposable repetitit®n. The second exon of the 3C cDNA, for example, has multiple
DNA. frame shift differences when compared with the corresponding
To address the issue of possible organ specificity of transcripfirst exons of human clones H and P1, arguing against coding
tion and processing ¢ioxa 1lantisense transcripts, mouse kidney function. Likewise, the 3exon region, common to all of the an-
antisense cDNAs were isolated and sequenced. The relative unisense RNAs, also showed multiple scattered human-mous
formity of the mouse kidney antisense cDNAs is worthy of note.frameshifts. Furthermore, the base mismatch distribution did no
These cDNAs all shared the same three exons, but with alternatthow codon third nucleotide position preference, again arguing
usage of the splice acceptor site for the second exon and differeatgainst coding function. Comparisons revealed some conserve
apparent transcription start sites in the first exon. Such uniformityopen reading frames, but they were not dramatically long and dic
could reflect the source of mMRNA used to make this cDNA library. not encode proteins that showed significant homologies to othe
While the mouse limb cDNA library was made from tissue, the proteins in the database. It is difficult to disprove any coding
mouse kidney library was made from a clonal kidney cell line. function. The data presented in this report, however, argues thz
These observations suggest, but do not prove, that part of thany protein encoded is likely small.
heterogeneity of antisense RNA transcripts previously seen could It is also interesting to note that the antisense cDNAs with
be the result of heterogeneity of cell types present in the tissusense sequence overlap occur in the limb, where we previousl
examined. observed a dramatic complementarity in the domains of sense ar
The identification and sequencing of ten human fetal kidneyantisense RNAs (Hsieh-Li et al. 1995). In the early (E9.5) limb bud
HOXA 11 antisense cDNAs demonstrated that the antisense trarthe sense transcript is abundant throughout and the antisense tre
scripts are indeed evolutionarily conserved. Furthermore, the sescript is absent. One day later, at E10.5, antisense RNAs are ve!
guences defined appear to restrict possible mechanisms of actioabundant in the distal bud, immediately flanking and indeed some
at least in the kidney. As observed in the mouse, these kidnewhat overlapping the expression domain of the now more proxi-
cDNAs were transcribed from the opposite DNA strand, but didmally restrictedHoxa 11 sense RNA. This complementarity in
not overlap the sense HOXA 11 transcripts in sequence. Thisranscript domains suggests that the limb bud antisense RNA coul
argues that in the developing kidney it is unlikely that the oppositehave a regulatory role, perhaps duplexing with and thereby driving
strand RNAs function by duplexing to the sense HOXA 11 mRNA. the degradation of the sense RNAs. In the kidneys, however, wher
There were distinct similarities in exon usage between thewe have observed no complementarity in expression domains
human and mouse antisense transcripts. In particular, the last exahere is no apparent sequence overlap between sense and antise
of human clones H, D, L, P5, P3, and P1 corresponded to the laiRNAs.
exon of all of the spliced forms of the mouse antisense cDNAs,  The very strong evolutionary conservation of tHeefds of the
with the same splice acceptor site. In addition, the first exon ofHoxa 11sense cDNAs, which in the mouse limb overlap in se-
human clones H and P1 partially corresponded to the second exajuence with the 5ends of antisense cDNAs, suggest more than
of the 3C mouse cDNA, with the same splice donor site. just Hoxa 11 coding function for these regions. This hyper-
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conservation of nucleotide sequence, beyond that necessary to ptdemeodomain functional specificityt has been proposed that the
serve identical coding capacity, suggests that in chicken and hunany different mammalian Hox genes may be largely functionally
man there may also be overlapping antisense transcripts that requivalent (Duboule 1995). UnlikBrosophilahomeobox genes,
main to be found. As observed in the mouse, these overlapping/hich appear capable of initiating distinct developmental pro-
antisense RNAs may be tissue specific, and present, for examplgfams, it has been suggested that the vertebrate Hox genes functi
in the limb but not in the kidney. The' Sequence hyperconser- primarily in controlling cell proliferation rates. This interesting
vation could reflect the presence of essential cis-regulatory elemodel is consistent with many experimental observations. For ex
ments within the first exon, the requirement to preserve codingample, the often observed alterations in contour shapes of bones
function on both strands, or a requirement for perfect sensevertebrate Hox mutants are perhaps more easily interpreted as tl
antisense duplex formation, as discussed further below. result of cell proliferation changes rather than homeotic transfor.
A brief consideration of other examples of vertebrate antisens&ations of segment identity. In extreme form this model states tha
RNAs places thédoxa 1ZHOXA 11 results reported here in per- the various vertebrate Hox genes “may not even engage the regt
spective and suggests possible functions. Farnham and coworkd@fion of qualitatively different target genes” (Duboule 1995).
(1985) reported the presence of opposite strand RNAs from thé’hat is, the hom(_aodomalns_of different Hox proteins may_all bind
dihydrofolate reductasellifr) gene. Thalhfr antisense transcripts, 'dentical or functionally equivalent gene targets involved in regu-
however, were without polyA tails, did not appear to be processedting cell proliferation. .
and were small (180-240 nucleotides) and limited to the nucleus, " this report we describe the results of an extensive mutagen

In many respects, therefore, the opposite strand transcripisfof ~ ©5iS analysis conducted by nature, which argue that the Hox
are distinct from those afioxa 17HOXA 11. encoded homeodomains are not functionally equivalent. In com

gring the human HOXA 11 homeobox 180 bp nucleotide se-

Several other examples of endogenous antisense transcrip? ence with that from mouse, we observed ten base differences
have been reported in vertebrate systems. Krystal and associatas ' ’

- . . . Similar comparison of orthologous human HOXA 11 and chicken
(1990) described antisense transcripts _forl\hmyclocus. Again homeoboxes showed 29 nucleotide differences. The striking resul
there was the presence of a promoter without a TATA box, leadin

shion, and despite the redundant nature of the genetic code
that both Lee and colleagues (1993) and Wightman and coworkerg,aiority of nucleotide sequences changes will alter the amino aci

(1993) have shown that i@. elegansmall noncoding RNAs from  oncoded. Yet chicken, mouse, and human encode identical Ho»
one locus can have antisense complementarity to coding RNA$1 homeodomains. Only silent mutations survived the stringen
from another locus and through this complementarity can exerfest of natural selection. This argues that there is very tight selec
regu_latory function, gpparently at the_transl_atlonal level. The workijye pressure maintaining the Hoxa 11 homeodomain amino aci
of Kimelman and Kirschner (1989) in their study of th€GF  sequence. This is particularly interesting in light of the consider-
gene inXenopusprovides further precedent for possible antisenseaple variation observed in the amino acid sequences of differer
regulatory function. They showed the presence of a processethomeodomains. For example, thoxa 10gene is very closely
polyadenylated antisense transcript with significant sequence ovefelated toHoxa 11. Hoxa 10and Hoxa 11are bothAbd-B type
lap with the bFGF gene. Their data indicated duplex formation genes that are adjacent to each other in the A cluster of Hox gene
between sense and antisense RNAs, followed by sequence modievertheless, their encoded homeodomains differ at 19 of 6
fication and RNA degradation. THe#=GF antisense RNA has also amino acids. Other, less closely related Hox genes show eve
been shown to be conserved during evolution (Volk et al. 1989) greater amino acid sequence divergence Wwitixa 11.Yet the
Perhaps thédoxa 1ZHOXA 11 antisense RNA, as proposed Hoxa 11 homeodomain appears rather tightly frozen in sequenc
for bFGF, regulates the stability of the sense RNA. Consistentduring evolution, with the human-chicken and human-mouse com
with this, the enzyme that modifies dsRNA molecules, double-parisons showing 39 silent versus zero missense mutations survi
stranded RNA-specific adenosine deaminase, is ubiquitous (Wagng. There is no detected freedom to drift in sequence at the mul
ner et al. 1990). Moreover, the strikingd9% nucleotide sequence tiple variable amino acids of different homeodomains. This sug-
identity) evolutionary conservation of the first 500 bases of the 5 gests that a change of Hoxa 11 homeodomain amino acit
end of the mouse/humaroxa 1YHOXA 11 sense cDNAs, rep- sequence, even towards sequence found in other homeodomair
resenting the bulk of the region of overlap with the 3C antisenseperturbs function.
transcript, suggests more than simpilexa 11coding function.
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