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At least three human homeoboxes on chromosome 12 belong to the same transcription unit
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ABSTRACT
Mammalian homeoboxes show a clustered chromosomal organization. In the

mouse, at least seven homeoboxes on chromosome 6 and at least six on
chromosome 11 identify the murine Hox-1 and Hox-2 loci, respectively. A
number of homeoboxes on chromosome 7 define the human HOX-1 locus and homeo-
boxes on chromosome 17 define the human HOX-2 locus. We studied the genomic
organization of three homeobox sequences of the HOX-3 locus on chromosome 12
and analyzed transcripts from this region. Structural characterization and
sequencing of several cDNA clones reveal that the three homeobox sequences
present in this chromosomal region identify a single transcription unit.
Primary transcripts are alternatively processed to give mature messengers
with a common 5' noncoding exon encoding different proteins containing one
of the three homeodomains.

INTRODUCTION
The homeobox is a DNA sequence conserved in several genes involved in

the determination of Drosophila body segment (1). Homeobox-containing genes
have been identified in a wide range of species and a number of such genes
have been isolated from sea urchin (2), frog (3-8), mouse (9-23) and man
(24-28). The high degree of conservation of the homeodomains identified in
these species suggests that vertebrate and fly homeobox genes may perform
corresponding functions in development (29). Consistent with the hypothesis
of a common role in the control of development, Drosophila and vertebrate
homeobox genes share some features. Firstly, most mammalian homeobox
sequences show a clustered chromosomal organization. At least 13 murine
homeoboxes are clustered in two 60 kb regions on chromosomes 6 and 11 (30).
The seven boxes present on chromosome 6 define collectively the murine Hox-1
locus, whereas the six on chromosome 11 define the murine Hox-2 locus. Two
other class I homeobox sequences have been mapped on chromosomes 15 and 12,
which should define murine Hox-3 and Hox-4 loci, respectively. We have
isolated human homeoboxes (26-28) representing the human cognates of
murine homeoboxes in the HOX-1, HOX-2 and HOX-3 loci (31). Secondly,
structural analysis of several Xenopus, murine and human cDNA clones
revealed that in common with most Drosophila homeobox genes the homeodomain
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lies in the last 3' exon with an intron just upstream from it. Finally,
most Drosophila and vertebrate homeobox genes are expressed in multiple
transcripts with a complex transcriptional organization.

We have determined the chromosomal organization of three human homeobox
sequences of the HOX-3 locus on chromosome 12. Analysis of cDNA clones
representing transcripts from this region reveals that these three homeo-
boxes are transcribed in a single primary transcript, alternatively spliced
to give different mature messengers containing different homeoboxes in their
3' exons.

MATERIALS AND METHODS
cDNA and genomic clones

Three cDNA libraries were prepared from poly(A)+ RNA of full-term
placenta in Agtll (32). A genomic library in pcos2EMBL cosmid vector (33)
was kindly provided by Anna-Maria Frischauf. These libraries were screened
according to standard procedures (34). DNA fragments of interest were
subcloned in pEMBL8 (35). DNA sequencing was performed according to Sanger
et al. (36) and Maxam and Gilbert (37).
RNA isolation and analysis

Eight-week human embryos were obtained virtually intact by legal
curettage abortions (26). Total RNA was extracted from embryos and term
placenta by the guanidinium thiocyanate technique (38) and poly(A)+-selected
by one passage on oligo (dT)-cellulose columns. Poly(A)+ RNA was run on
1.0% agarose-formaldehyde gels, transferred to nitrocellulose (Schleicher &
Schuell, BA-85) or nylon (Amersham, Hybond N) membranes by Northern
capillary blotting and hybridized to 107 c.p.m. of DNA probe labelled by
nick translation to a specific activity of 3-8 x 108 c.p.m. per 4g.
Pre-hybridization and hybridization were carried out as described (26).
After washing under stringent conditions (15 mM NaCl/1.5 mM sodium
citrate/0.1% SDS at 65'C), the blots were exposed for 1-7 days at -70°C to
Kodak XR-5 films in X-omatic intensifying screen cassette. Probes were then
removed by boiling in 0.1% SDS buffered solution, and the filters re-
hybridized to a human actin probe for normalization. Probes used in
Northern blot experiments shown in Fig. 6 are as follows: a) probe labelled
"5' exon" contains nucleotides 400-635 of the first exon of Fig. 2; b) probe
"3' cp25" contains nucleotides 660-865 of the last exon of Fig. 2: c) probe
"3' cpl9" contains nucleotides 297-493 of the last exon of Fig. 3; d) probe
"cp8 specific" contains nucleotides 437-664 of the second exon of Fig. 3.

RESULTS
We have reported the isolation of several human cDNA clones containing

homeobox sequences, which represent transcripts from four different genomic
sequences (25). Representative clones of the four groups were termed cl
(=HOX-2.3), cdO (=HOX-2.1), c8 and c13.

In order to study the chromosomal organization of human homeobox genes
we isolated genomic sequences present in overlapping cosmid clones using our
cDNA clones as probes. A 45 kb DNA region of the human HOX-3 locus on
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c8 cp11 cpl9
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10 20
Antp ArgLysArg,l yArgBI nThrTyrThrArgTyr9lnThrL-uuluL-u9luLyBI8uPh-

CGCAAACG1ZS13AA3GGCAIACA1 AtACCCGBrACCAGACl C1 ABAGCTAG3AGAA1BA13 ITT

cB ArgArgArg31lyArgBIlnjTyr§TvArgTyr9InThrL-u13IuL&uul uLyU13luPh-
CG13A13G1C3C1313CC13CCA13ATC1'ACTCt C13C3TACCABACCC11'313AACT13GAGAA13I3AA 'TT

cp 11 .xLysArgnrArg1blbgTyrThrAjrgTyr9l n7hrLwu1lIuL*uBIuLy5BI uPh-
BGCAAG1G31 CCCGAACCAG3TTACACBC13CI ACCAGACI C'l BGAACl CBAGAAA13AAI TC

cp 19 ftLy%Args ArgAfI TyrThrArg,Bl n,L-uG3 uL-uCIuLy-BIuPh-
CCCAAGCL3CL CGA1G3GCAL3CCI ATACCCBBCAGCAABTCCl'BBAAl'l A13AAAAA13A131 T r

30 40
Antp HisPhwAsnArgTyrL.uThrArgArgArgArgI 1-3lul AlaH1*A1*aL-uCy*L-u

LAC II CAA'I COC' 'ACTT13ACCC131 C13I3CG3AAI313ATC13ABATC13CCCACBCCC1 131 13CCl C

csG HisPh.A.nArgTyrLuuThrArgArgArgArglI1elulleAlaa AIaLuuCy*Lsu
CAC'i 1 AAI CGCTACCTAACGCBBCGCCl:BBCtCATCBAGATCBCCAACBCGCl TTOCCi 13

cpl1 HisPh.A.nArgTyrLwu7hrArgArgArgArgIlu1luIl wAlaA-na-LeuCysL-u
CACI '1 AACCGCl ACCTCACI'CGCCGCAGGCGCA'1'AGAGAl CBCCAACAACl lB1l11'C'1'C

cp19 HislylA%nArgTyrL.ulhrArgArgArgArgIl1*IuluAaHHisincLwuCymLmu
CAl I ACAACCLC1 ACCilGACCCGAAGCAGAAGGAlCBABAICBCCCAC1CGC1G3GCCIC

50 60
Antp lhrGIuArgGlnllwLy,llelrpPhwGlnAsnArgArgMutLysirpLysLys1luAsnLys

ACGGAGCGCCAlAIAAAGAlT1Bl1CCABAAlCBGCBCA1GAAB1GBAA13AABBA1BAACAA1

cs lhrG1uArgG1nIleLysl1eTrpPh-G1nAsnArgArgM tLy-TrpLysLysG1uS-rA-n
ACCGAGCGACAGAICAAAAIClG rTCCABAACC3CC1GGATGAA1BGG3AAAAAAGAAlClAAI

cp1l s f9uArg81nlI1Lysl1-TrpPh-81nA-nArgArgH tLy-TrpLysLysaaFpSrLy-
AAIAG3ACALABAICAAQA1ClGGTTCCAGAACCGACGGA1 1AA13IBAABAAABATICCAAA

cpI9 Se(_l uArg81nlilLysl lTrpPh-B1nAsnArgArgM-tLysTrpLysLyAspHisaM
1 C 1 AGAUGLA1GAI CAAAA1 ClC33T1 CCAAAACC13l CGCAl GAAA183AA1AA3GACCACCGA

Figure 1: Genomic map of a region of the human HOX-3 locus containing three
homeobox sequences (filled boxes). E=EcoRI. Below the map the nucleotide
sequence of the three homeoboxes is shown together with the conceptual
translation. The aminoacid changes relative to a consensus sequence,
represented by the Drosophila Antennapedia (At) homeodomain, are
underscored.

chromosome 12 was isolated using clone c8 as probe. Fig. 1 shows the map of
this chromosomal region. Two new homeobox sequences have been mapped in
this region downstream from the c8 homeobox and provisionally termed cpll
and cpl9. Their sequence is also shown in Fig. 1.

We screened three different cDNA libraries prepared from human placenta
with genomic probes containing these three HOX-3 homeoboxes. Several cDNA
clones were isolated belonging to at least four classes. We report here the
structure of representatives of three classes. Fig. 2 shows the nucleotide
sequence of clone cp25, a placental messenger containing the c8 homeobox.
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CA6C16A6IAAIAAAAG1 balALGaCILALAAl01 66AI6GCCACAA6iA6ICA1616GAIILCAILCA16AACBI67.IIIIIIA1 I 1il6 IO

ICC6IICCBAGCGCTCC6CAGAACA6ICCICCCI TAAGA6CCIAACCAT16CCA66AAACC16CCC7666C6CTCCCTICATTA6CA61ATTJTTITT 200

AAAITAAIC76ATTAATAATTATTTTTCCCCCATTTAATTTTTTTICCTCCCA66T66A6116CC6AA6CT6666

9GB6A6BACAAABTI6A666CAITCTCTICITCCTTCCCGACCCTCTS6CCCCCAA6666CA66A6BAAT6CA

GCAT6CCTCC6CCCCTCCT CTCTCCCA66CT CT TCCTCCT6CCCCCITCI16CAACT CT CCT1AAT TTT 61 TTI

TTAlTTT6AATITATATAAA61AlATBT616166616166ABC16A6ACA66CTC66CA6C66CACA6AA16A6

6A6A6A66CA6ASGA6A6A66GA6AB16ACAGCAGC6CTC661AA616TTTCCTIATT66TT

CCTCSCC66696CCA66AC6TCCTCCCCAAC6TCSCCCTCAATTCCACC6CCTA1T6CCAI616A66CATTTCIlC

6GCA6CT6666A666T6666AT666A 300
cp25

MAABCAASATTATT666A6CT 400

166CTTIT66ATSATTAIAATTATTT 500

MM6AASACGAAAGABAOT66AA6A 600

llkb intron 665

C6ACClATM6A6C66CC67M6CCAG 100

1 200AACC66ATClACTCSACICCCTTTTATTC6CCACA66A6AA16TC6T6TTCAGTTCCA6CC66666CC6TAT6ACTAT66ATClAATTCCTTITTCCA66A

to 30 30

NetLeuSorAsnCysAr 6T nAs;ThrLeu61 yHi sAsaThrG6amtSehr 11,61Aa61AspPhsS.rSer61uG l61 yArgWlhrAI Pro6
6AAA6ACAT6CTCICAAACT6CABACAAAACACCTTA66ACATAACACACA6ACCTCAATC6CTCA66ATTTTA6TTCI6A6CA666CA66ACT6C6CCCC

40 so

I nkAp61 itLysAl S e I I 6} n 1 TyrPt oTrpPlet61 nAtgUetAsnSerHi sS#r

300

800bp intron 378

.0 ,0 so

6 yYa&61 yTTr1yAl&AsA rgAejAt6TyAyg6111 TrS.rAeglyr6Gl ThpLsu61l1umuGl.ys6luPhe4u,h.
GCUAAAIC1A66661TC66CIAC66A6C6GAC66A66C6C66CC6CCA6ATCTACTC6C6STACCAGACCC166AACT66A6AA66AATTTCACTTC 100

AsnAP9TypLwlbekAgArgArgArg 11eG1 ull eAI AsfiAI LtuCy&Ltulbe6 uArg61 l I eLysI I eTpPhe61 nAsiAtgArgiltLysT
AATC6CTACCTAC6C66C6CC6OC6CATCGAGATCGCCAAC6C6CTTT6CCT6ACC6A6C6ACA6ATCAAAATCI66TTCCASAACC6CCGGAT6AA6T 200

320100140

upLysLys61uStrAsG1ulhrSerThLNeuSer61y6Oy61y61y61yAI ThrAI AspSerit61y61yLy Glu6luLysAP 61u61uThr6I
6GAAAA6AATCT^AXCTCACATECACTtlCTCG66G66C66C66A6666CCACC6CC6ACA6CAT666C66AAAA6A66AAAA6C666AA6A6ACA6A 300

u61 u61 uLys61 nLy s61uEhD
A6A6A 6T 6A6TSACCA66ACTG6CCCT 6CCACCCCT CTClCCCl CT CCCTC6CTCCCCACCAACT C1 CCCCTAAT CACACACICT 6TAT

TTAlCACT66CACAATT6AT6T6TT1T6ATTCCCTAAAACAAAATTA666A6TCAAAC6T66ACCT6AAA6TCA6C C 66ACCCCCTCCCTCACC6CAC

AACTCTCTTTCTCCAC6C6CCTCCTCCTCCTCGCTCCCT16CTA6CTC6TTClC66CTT61CTACA66CCCTTTTCCCC6TCCA66CCTT66666C1C66

ACCCTSAACTCA6ACTCTACA6ATT6CCCTCCAAGT6AGSACTT66CTCCCCCACTCCTTC6AC6CCCCCACCCCC6CCCCCCGTBCA6AG66CC66CCC

CT666C6CT6666CCCT6CT6CAA666CCTCA666C6CATS6CA6CC6G6A666CC66A6C66A666C6C6CCTT66CCCCACACCAACCCCAA666CCT

ACC6TTTC76T6TGAA6ATTTTTAGCT6TAT1T6T6GTCTCT6TATTTATATTTAT6TTTA6CACC6TCA6T6TTCCTATCCAAITICAAAAAA66AAAA

AAAAA6S6AAAATTACAAAAAGA0AAAAAAAA6T6AAT9ACTTT6TTTA6CCA 6TA66A6AAAA LAAAT ATAAATCCCTTC6T6TTACCCT

CCT6TATAAAICCAACCTCT66ITCC0TTCTCGAATATTTAATAAAACT6ATATTATTTTT c8.5111
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Figure 2: Nucleotide sequence of genomic regions corresponding to exons of
the cDNA clone cp25. An arrowhead marks the 5' terminus of the first exon
as determined by RNase protection experiments. Dashes indicate nucleotide
identity between genomic and cDNA sequences. The conserved pentapeptide
Ile-Tyr-Pro-Trp-Met is underlined as are polyadenylation signals. The
homeodomain is boxed. The 3' terminus of clone c8.5111 (28) is indicated.

It has a 3' untranslated (3'-UT) region 82 bp longer than clone c8.5111
(28), isolated from adult fibroblasts, because it uses an alternative
polyadenylation signal. It consists of 3 exons with a first long intron of
about 11 kb and a second of 800 bp just upstream from the homeobox as is the
case for c8.5111 (28). The coding region of predicted 153 aminoacid
residues initiates in the second exon, which contains the conserved pre-box
pentapeptide (27), and terminates in the 3' exon 34 aminoacid residues
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CA0C16A91AA1AAAA0111 6AC6AIBACICACAAB066AI 166CCACAW0CA1B166A1 ICCAlUA16AACC16AAC111 At1616C6111B
V

ICC61 lCC6A6C6ClCCGEA6AACA61CClCCClClAA6A6l^AACCAl lCCA666AAACC16CClC666CCClCCClIlCAl 116CA61 t11T 111TI
cp8

AAA0IAA9C16A111AA1AA11A110lCCCCCAllAAl 1 9011CClUCA66166A100 16CCSAA6C166666A6C1660A66616666AT6J6A

U16C6A6SACA6AA6116ABOBCAlCRICICICICCIICCCSACCCICINCCCCCIUUCASMWISCABSASAABI001 BABSI 1666A6CT

CCA6A16CCICC6CCCClICCICICtCCA66ClCTl CClCC16CUCCllCl'MCltlCCllAAl IlCBIlC6C11166Al6Al lAlAAl lAIlT

............................................. .S..U..........x....s-ms........................ ......

AAGABCA6A6AO66ABA6A666A6A616ACA6CA6C6CA C66IM6C1O6ISl;CC11Ao1661 35kb intron

ICCI61CIC0CI1CAGC66S6C1CAACCCCCA6ACCICCA6AtACC6 A0AAICAT 1KAICCC0C1KC16CC1CC0ICCA6CC66AC

CC16CtlC6CC66CC6CA166CCA6AC661166T61A6116CCAF6A6U" lC6AtlCl661AlCCT166AC6C6666CAClCCA66ClCTCCA6
w-assams.28282222.2...maesssses----------------------------------

CCICClC6CClCA6CC1S66CCTCCClttAltCAACAlCCAClCtCAlCTlCAllCAACtiCClCllCClU6AA6A666CKClCCCC61 6ACCTAC

ACA6AC16A6ACAt6AlC6CCA16AA166A6ACtItCIGAA6ACICA66ACCC*ACCCAC6666KCCA6CA6A66CCTC6A66CA6ACCC1C666C664
6GCI0M1CAC96CCTCCCSACACCCCCAC CC66C1166AUU66A6tC6CC6llACMAICICC1116CA6666A66CllClC6B1C16CC

666AlClCCAClC666GCAClCCAACCICl 6CIA6tlAACCUCACAlCACCACCCACMCUCCClCCCA6CACCACCACCACCACACACACAAAA -All

661ATACA11IT16AAlTAABCGt6^Cl6611CCtl AUCC6666AClC611B16CltCCB1616Al l66CC6A6CA61ACACA1616CAA61AACITlACA66B

otIllektSerSertIye ufLet
lC6CA6ClA6A6666C11 A16A6CA6A^AAACCACAAA6CCA6AA ^11A lUACICCA6A- 11ZA6AlCA16A6CTC61Ali16ATI

to toe , 40

ASPSrAtr lyr 11eAspPr oLysPhoProPf,oCy%BI uBIulypSetro1 ^^zSef 11e 11 PtoioCIsuIserPeo61 uylye161yAr slulht l
GACGC6ACICAT9CSAICCCACCAA91tCCSCA1C6AA6AAlAlC6C9AAACACCG ACACCCCAAC0A61CCM66AAA TSI66CC66ACCA6C6

so got

IuSerCIyPht61 nHi sNisHi s61n61 uLeu1yrProProProProProUrsPpoStlyrPre61uAts6C1 *y1eSrCyiilhr5rLou6 fi61 yPe
AAlC666AlTIMA6CAICACCACCA66A6CT61ACCKCACCACCB CC6C6CCC1A6Cl*CC16A6CCCCA6lAlA6Cl6CACCAW61ClCCA666UCC

so to too

ao6yAsaSarArg6IyHis60yProA0aB AolilyiyH0sHiaHi ProOluLhsSer6lnSeeLnChs61uP,oA Pr,L,vS9rB1yA1.StrAl.
CGGCAAOIC6CGA60CCAC66CC&6CCCA66C666CCACKCCCACCCC6A6AAC61CBC1C0K6ACC66CJCClCllCA66C1CCICCSCC

810~~ ~ ~ ~~a a.. las14
6Pr?oSeeProAlProProA0lCyIsSerPt0ProAloPPoAsPHisProSerStrAl0Al0Se1Lys610Proll.Y0llyTProirpPNtLysLysI
ICCCCB0CCCCA0CCCC6CCA6CC16CA6CCA6CCA6CCCCC6ACCA1CCC1CCA6C6CC0CCA6CAA6CAKCCATA1BCIACUCA166A119AAAAW

I HisValSerlhr
IICAC6TIA6CAC66616A6CAAC1116CI1111 500bp intron

ao ago paa
ValAsaProAsaiBI^so61y9ly6DOtytoLysAagSerArIAIAtilyrlhrArgS6 1I.VuIYLeu61 uL,uGOuLys61u

CIClIClTClCA!6CA616AACCCCAAJTA1AAC06A6666A4CCAA6C6CIC0A666CASCClATACCC66CACAA61CC166AA1IA6AAAA6A9

PheN iayrAsaAr,,yrLeulhrAr,Ar,Ar,Arg,li61u110eA1IsSt,rLuCy sL,uSer6tvAkOaIeLysa l,r pPhh,9.As,ArgA
ITTCATIACAACGC6ClCC16ACCC6AA66A6AA66AlC6A6AlC6CtCAClC6C1616CCIClC16ACA66CA6AlCAAAAC1661 lCCAAAACC61C

ago ISO 230 240

gNitLysTrpLysLy,sAspHisA- teuProAsnlhrLysValArgStrAIoProProAIalyAAIAlProSarmlrL.uSr AlAIa*lhrPro6I
SCA16AAA16SAA6AA60ACCACC61CCCCAACALAAA61CAS60CA6CACCCCC66CC66C6C16C6ttA6CA6CClT11C66CA6CIACCCC666

ylhrSer6luAspHisSerGtaSerAOaThrProPro6O61 n61nArOAIO61uAsplIelbrArgLeuEND
IACICISACCAACCCICCA6ACCACCAC6CC6CC66A6CA6CAAC666CA0 A66ACAACA0616A101AAAACAIAACICACACCCC16CCCCCAEC

CCA16CCCCCACCEClECCCCACACACAAA116AClCTlATIA^TA6AA}TIAAlAZlAAlAlAlAluuAlAlAlAlA6611CTITIClClCl

100

200

300

400

500

600

100

200

300

400

500

600

?00

0OO

900

1000

1100

1200

1234

100

200

300

400

493

Figure 3: Nucleotide sequence of genomic regions corresponding to exons of
the cDNA clone cp8. An arrowhead marks the 5' terminus of the first exon.
Dashes indicate nucleotide identity between genomic and cDNA sequences
and cp19, upper and lower lines, respectively). The conserved Val-Tyr-Pro-
Trp-Met pentapeptide is underlined. The homeodomain is boxed. Sequenced
region does not include a polyadenylation signal.
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10 20 ~~~~~~~~30
c13 MIV M 8 BY V N 8 K Y V D P K F P P C E E Y L QGOB Y L O

I*1*::1::1 * *: I * ** * * *t*:* * * *:
cpl9 M I M 8 Y L M D S N Y I D P K F P P C E E Y B G N S Y I P

40 50 60
e13 E Q e A D Y Y a? a o A 0 B A D f 0 P P e L Y P R P D F 14 E 0

ep t9 E H 8 P E Y Y e R T R E 8 13 F 0 H H H 0 E L Y P P P P P R P

70 s0 90
c13 P F GE 9e P B P S8 A L P A R HO Q0 E P BB P O O H YA

cpl9 9 Y P E R Q Y 8 C T 8 L Q B P S N B R G H B P A Q A B H H H

100 110 120
c13 A P 9 E P C P A P P A P P P A A L P 6 A R A Y 9 0 8 D P K 9

cp19 P E K 9 98 L C E P A P L S 9 A B P 8 P A P P A C SQ P A P

130 140 150
c 13 P P 1B 1 T A L K 0 P A P WI M K K V H A N 8 V N P N Y T

I * * * *:* *** ,1: * ** *
cpl9 D H P 89 AASK QPI V Y P WM K K IH V 8 T V NP N Y N

160 170 ISO
c13 13 E P K R B R T A Y T R 0 Q V L E L E K E F H F N R Y L T

* ** *t* *** **** * *** * ***** * I** *S**
cpl9 9B E P K R 9 R A A Y T R 0 O V L E L E K E F H Y N R Y L T

190 200 210
c13 R R R R I E I A H T L C LS E R 0Q K IW F 0 N R R 1 K W K

* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
cpus R R R R I E I A H 9 L C L 9 E R 0 I K I W F 0 N R R M K l K

220 230 240
c13 K D H IC L P N T K 9 R 9 S 5 9 9 9 9 9 C 9 9S V A P9 C H

* * * * * *
cpl9 K D H R L P N T K V RN A P PA9 A A P9 T L9 A A T P9 T

250 260 270
c13 L 0 P M A K D H H T D L T T L End

cplS9 E D H S Q 9 A T P P E 0 0 R A9 DI T R L End

Figure 4: Alignment of predicted protein products of c13 (27) and cpl9 cDNA
clones. The aminoterminal domain is boxed as is a domain including the
conserved pentapeptide, the homeodomain and five aminoacid residues down-
stream from the latter. Asterisks indicate aminoacid identity and a
vertical bar aminoacid conservation. The carboxyl terminus is underlined.
The Drosophila Dfd product carboxyl terminus is DLTAL (39). Dashed lines
indicate a potential recognition sequence for tyrosine protein kinase (44)
conserved in the Dfd product as well (39).
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C 8.5111

c8 cpul cp19
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5 3
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5'~~~~~~~~~~~~~3'sQ 2s ~~~~~~~~~~~~~~cp8
5' 3'

cp 19

2kb

Figure 5: Structure of three cDNA clones isolated from placenta. Above the
genomic map the stucture of clone c8.5111 (28) isolated from fibroblasts is
shown. Boxes represent exons and a filled box indicates the homeobox.
Clone cp25 differs from c8.5111 only in the terminal 3'-UT region. These
clones use two alternative polyadenylation signals 76 bp apart.

downstream from the homeodomain. By means of RNase protection experiments
we determined the 5' terminus of the first exon, as shown in Fig. 2.

Fig. 3 shows the structure of clones cpl9 and cp8 containing the cpl9
homeobox. Clone cpl9 is composed of 4 exons with a first intron of about
35 kb, a second of 600 bp and a third of 500 bp upstream from the homeobox.
The coding region of predicted 262 aminoacid residues initiates in the third
exon and terminates 43 aminoacid residues downstream from the homeodomain.
Thee 3'-UT region is not present in full in this clone. The predicted
protein product encoded by clone cpl9 appears to be homologous to the c13
product (27). The amino terminal domain and a second region centered around
the homeodomain are particularly conserved (Fig. 4). The cpl9 homeodomain
itself and five aminoacids downstream from it are very similar to the murine
Hox-1.4 (21), the human HOX-1.4, HOX-2.6 (unpublished) and c13 (27) and frog
Xhox-lA (5) homeodomains, related in turn to the Drosophila Deformed (Dfd)
homeodomain.

Clone cp8, bearing the same coding region of clone cpl9, differs from
it only because it contains, unspliced, the second intron of cp19 (Fig. 3).
Northern blot experiments show that it is not a cloning artefact (see
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Figure 6: Northern blot analysis of polyadenylated RNA (3 fig) from 8-week
embryos (E) and placenta (P). P lanes are overexposed. Probes used are

about 200 bp DNA fragments from the common 5' exon, the 3'-UT region of
c2, the 3'-UT region of cl and the region of the second exon of cp8 not

present in cP19 (Figs. 3 and 6). Transcript sizes are given in kb.

below). Strikingly, both cp8 and cl clones initiate within the genomic
region representing the first exon of cp25. There is only one genomic
region corresponding to this 533 bp 5' exon, located 13 kb upstream from the
c8 homeobox region (Fig. 5). The three cDNA clones share a common 5' exon

spliced, at the same 5' splice site, to different exons to give mature mRNAs
encoding two different proteins with alternative homeodomains.

Northern blot experiments with placenta polyadenylated RNA (Fig. 6)
reveal an intricate expression pattern. The 5' exon detects 3 major
transcript classes of 3.5 kb, 2.2 kb and 1.8-1.7 kb. The 3.5 kb transcript
class contains the 3' untranslated region of cp19, whereas the 2.2 kb size
class contains the 3'-UT region of cp25. The cp25 3'-UT region probe
detects in placenta a fainter 1.8 kb band representing transcripts possibly
lacking the 5' exon. The cp1 3'-UT region probe detects two additional
3.2 kb and 2.8 kb bands. A probe derived from the second intron of cp19,
termed specific" probe in Fig. 6, detects the 3.5 kb band representing
possibly the mRNA from which clone cp8 derives and the 3.2 kb band. cp25,
cp19 and cp expression in 8-week total human embryos is also shown.

DISCUSSION
Murine Hox-1 and Hox-2 homeoboxes show a clustered genomic organization

with at least six homeoboxes per locus, whereas no Hox-3 homeobox has been
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mapped other than Hox-3.1 (18). The human HOX-3 locus on chromosome 12
contains clustered homeoboxes as is the case of the human HOX-1 and HOX-2
loci and of a locus mapped on chromosome 2 (unpublished). We have
identified so far 18 homeoboxes in these four loci (our unpublished results)
with the same 5V-3' orientation in each locus. It is interesting to note
that in all four human loci there is a Dfd-like homeobox: HOX-1.4, HOX-2.6,
cpl9 and c13. We have shown that the entire cp19 predicted protein bears
similarity to the c13 protein (Fig. 4) and both, in turn, to the Dfd
protein, as already noted (39). The same is true for the HOX-2.6 protein
(unpublished). Therefore, there are at least four human protein products
corresponding to Dfd. The significance of this redundancy is elusive and
requires further investigation. Alignment of the four human loci in such a
way that HOX-1.4, HOX-2.6, cpl9 and c13 homeoboxes occupy corresponding
positions leads to interesting conclusions on the organization and origin of
various loci. For example, the triplet c8, cpu, cpl9 should correspond to
human (or murine) 1.2, 1.3, 1.4 and 2.2, 2.1, 2.6, suggesting a large-scale
duplication of an ancestral Hox region, followed by dispersion in various
chromosomes.

Drosophila homeotic and segmentation genes belonging to the bithorax-
and Antennapedia-complex have separate promoters and often different
orientation. The human HOX-3 region we have studied seems to exhibit a
different transcriptional organization. cDNA clones encoding proteins with
different homeodomains share a common 5' noncoding exon. We have reported
(40) preliminary characterization of a HOX-3 cDNA clone, cpl, encoding a
protein with a third homeodomain, namely the c homeodomain, and sharing
the same 5' noncoding exon. Therefore, the whole genomic region from the
common 5' exon to the last cpl9 exon appears to be transcribed in a single
primary transcript, alternatively spliced to give the mature mRNAs from
which the cDNA clones derive. Primer extension experiments (not shown) and
an estimate of transcript length from Northern blot analysis suggest that
one or more short exons may in turn precede the common 5' exon. The finding
that at least in one tissue the three homeoboxes belong to the same
transcription unit and do not represent three separate genes is bound to
influence considerably our view on homeobox genes. For Drosophila homeotic
and segmentation genes nothing similar has been reported so far. Several
different Ultrabithorax (Ubx) proteins have been reported (41) to originate
from alternative splicing. Different messengers with common 5' and 3' exons
differ from each other for three internal short exonic sequences
alternatively spliced. A similar, albeit simpler, organization may be
present in Antennapedia (Ant) transcripts (41). In all these instances the
different protein products contain the same homeodomain. In human placenta
different proteins might be encoded in alternative mature transcripts
obtained by means of an alternate use of homeobox regions. This should
limit the number of different human homeobox genes, while increasing the
complexity of their transcriptional organization. We are not yet in a

position to assess how general this phenomenon is and, in particular, how
many HOX-3 homeoboxes belong to the same transcription unit.

An alternative explanation for the origin of the cDNA clones studied
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can be considered. In fact, exons specific for the three cDNA clones could
be transcribed from three different promoters and the common 5' exon could
be spliced post-transcriptionally with a trans-splicing mechanism as that
found operating in trypanosomes (42). Although for the time being the
explanation cannot be ruled out, we think this unlikely. First, the genomic
region corresponding to the common 5' exon lies in cis, upstream from the 3'
exons. Second, nuclear run-on transcription assays (43) show that the whole
region is transcribed (not shown). Finally, we found several alternative
cDNA clones containing various exons between the 5' and 3' exons. It
appears likely that a considerable proportion of the genomic region under
scrutiny will turn out to be present in mature transcripts. Northern blot
analysis supports this picture and suggests that clone cp25 represents a
placental messenger 2.2 kb long, that clone cpl9 derives from a transcript
of 2.8 kb and clone cp8 from a transcript of 3.5 kb. Additional placental
mature transcripts map in this region and await a characterization.

Because we found this transcriptional organization in placental
tissues, it seemed appropriate to wonder whether the observed mature
messengers are predominant in these tissues or specific for them. Northern
blot analysis of embryonic tissues reveals common mature transcripts and
some differences. In particular, the embryonic spinal cord shows a complex
expression pattern including all transcripts detected in placenta (not
shown).

In summary, analysis of cDNA clones and polyadenylated RNAs from the
HOX-3 locus suggests that transcription might start from a major promoter
upstream from homeodomain-containing exons. Several polyadenylation signals
are recognized giving rise to a number of polyadenylated RNAs, in turn
spliced to generate mature messengers RNAs. We do not know whether this
organization is unique to the HOX-3 locus or can be generalized to other
homeobox loci. This transcription organization could readily account for
the same 5'-3' orientation of all mammalian homeoboxes isolated so far and
for the unique degree of conservation of the whole homeobox chromosomal
region in mice and men (14). The presence of a major upstream promoter does
not exclude that additional specific promoters in front of single homeobox
regions exist in placenta or other tissues. Transcription from the upstream
promoter might provide the substrate for a concerted fine tuning of the
expression of homeobox messengers whereas transcription from specific
secondary promoters might serve specific purposes.

ACKNOWLEDGEMENTS
This work was supported by Progetto Finalizzato CNR "Oncologia" and by

the Italian Association for Cancer Research AIRC. MDE and MP are recipients
of an AIRC fellowship and DA is recipient of a fellowship from the Fondazio-
ne Anna Villa Rusconi.

*To whom correspondence should be addressed

5388



Nucleic Acids Research

REFERENCES
1. Gehring, W.J. (1987) Science 236, 1245-1252.
2. Dolecki, G.J., Wannakrairoj, S., Lum, R., Wang, G., Riley, H.D.,

Carlos, R., Wang, A. and Humphreys, T. (1986) EMBO J. 5, 925-930.
3. Carrasco, A.E., McGinnis, W., Gehring, W.J. and De Robertis, E.M. (1984)

Cell 37, 409-414.
4. Mueller, M.M., Carrasco, A.E. and De Robertis, E.M. (1984) Cell 39,

157-162.
5. Harvey, R.P., Tabin, C.J. and Melton, D.A. (1986) EMBO J. 5, 1237-1244.
6. Condie, B.G. and Harland, R.M. (1987) Development 101, 93-105.
7. Sharpe, C.R., Fritz, A., De Robertis, E.M. and Gurdon, J.B. (1987) Cell

50, 749-758.
8. Wright, C.V.E., Cho, K.W.Y., Fritz, A., Buerglin, T.R. and

De Robertis, E.M. (1987) EMBO J. 6, 4083-4094.
9. McGinnis, W., Hart, C.P., Gehring, W.J. and Ruddle, F.H. (1984) Cell 38,

675-680.
10. Colberg-Poley, A.M., Voss, S.D., Chowdhury, K. and Gruss, P. (1985) Nature

314, 713-718.
11. Rabin, M., Hart, C.P., Ferguson-Smith, A., McGinnis, W., Levine, M. and

Ruddle, F.H. (1985) Nature 314, 175-177.
12. Joyner, A.L., Lebo, R.V., Kan, Y.W., Tjian, R., Cox, D.R. and Martin, G.R.

(1985) Nature 314, 173-175.
13. Jackson, I.J., Schofield, P. and Hogan, B. (1985) Nature 317, 745-748.
14. Hart, C.P., Awgulewitsch, A., Fainsod, A., McGinnis, W. and Ruddle, F.H.

(1985) Cell 43, 9-18.
15. Hauser, C.A., Joyner, A.L., Klein, R.D., Learned, T.K., Martin, G.R. and

Tjian, R. (1985) Cell 43, 19-28.
16. Joyner, A.L., Kornberg, I., Coleman, K.G., Cox, D.R. and Martin, G.R.

(1985) Cell 43, 29-37.
17. Colberg-Poley, A.M., Voss, S.D., Chowdhury, K., Stewart, C.L., Wagner, E.F.

and Gruss, P. (1985) Cell 43, 39-45.
18. Awgulewitsch, A., Utset, M.F., Hart, C.P., McGinnis, W. and Ruddle, F.H.

(1986) Nature 320, 328-335.
19. Wolgemuth, D.J., Engelmyer, E., Duggal, R.N., Gizang-Ginsberg, E.,

Mutter, G.L., Ponzetto, C., Viviano, C. and Zakeri, Z.F. (1986) EMBO J.
5, 1229-1235.

20. Duboule, D., Baron, A., Maehl, P. and Galliot, B. (1986) EMBO J. 5,
1973-1980.

21. Rubin, M.R., Toth, L.E., Patel, M.D., D'Eustachio, P. and Nguyen-Huu, M.C.
(1986) Science 223, 663-667.

22. Rubin, M.R., King, W., Toth, L.E., Sawczuk, I.S., Levine, M.,
D'Eustachio, P. and Nguyen-Huu, M.C. (1987) Mol. Cell. Biol. 7, 3836-3841.

23. Odenwald, W.F., Taylor, C.F., Palmer-Hill, F.J., Friedrich, V., Tani, M.
and Lazzarini, R.A. (1987) Genes Dev. 1, 482-496.

24. Levine, M., Rubin, G.N. and Tjian, R. (1984) Cell 38, 667-673.
25. Boncinelli, E., Simeone, A., La Volpe, A., Faiella, A., Fidanza, V.,

Acampora, D. and Scotto, L. (1985) Cold Spring Harbor Symp. quant. Biol.
50, 301-306.

5389



Nucleic Acids Research

26. Simeone, A., Mavilio, F., Bottero, L., Giampaolo, A., Russo, G.,
Faiella, A., Boncinelli, E. and Peschle, C. (1986) Nature 320, 763-765.

27. Mavilio, F., Simeone, A., Giampaolo, A., Faiella, A., Zappavigna, V.,
Acampora, D., Poiana, G., Russo, G., Peschle, C. and Boncinelli, E. (1986)
Nature 324, 664-668.

28. Simeone, A., Mavilio, F., Acampora, D., Giampaolo, A., Faiella, A.,
Zappavigna, V., D'Esposito, M., Pannese, M., Russo, G., Boncinelli, E.
and Peschle, C. (1987) Proc. Natl. Acad. Sci. USA 84, 4914-4918.

29. Schofield, P.N. (1987) Trends in Neurosciences 10, 3-6.
30. Martin, G.R., Boncinelli, E., Duboule, D., Gruss, P., Jackson, I.,

Krumlauf, R., Lonai, P., McGinnis, W., Ruddle, F. and Wolgemuth, D. (1987)
Nature 325, 21-27.

31. Cannizzaro, L.A., Croce, C.M., Griffin, C.A., Simeone, A., Boncinelli, E.
and Huebner, K. (1987) Am. J. Hum. Genet. 41, 1-15.

32. Huynh, T.U., Young, R.A. and Davis, R.W. (1985) In Glover, D. (ed.), DNA
Cloning Techniques: A Practical Approach, IRL Press, Oxford, pp. 49-92.

33. Poustka, A., Rackwitz, H.R., Frischauf, A.M., Hohn, B. and Lerach, H.
(1984) Proc. Natl. Acad. Sci. USA 81, 4129-4133.

34. Maniatis, T., Fritsch, E. and Sambrook, J. (1982) Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor,
New York.

35. Dente, L., Cesareni, G. and Cortese, R. (1985) Nucl. Acids Res. 11,
1645-1655.

36. Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Proc. Natl. Acad. Sci.
USA 74, 5463-5467.

37. Maxam, A.M. and Gilbert, W. (1977) Proc. Natl. Acad. Sci. USA 74, 560-564.
38. Chirgwin, J.M., Przybyla, A.E., MacDonald, R.J. and Rutter, W.J. (1979)

Biochemistry 18, 5294-5300.
39. Regulski, M., McGinnis, N., Chadwick, R. and McGinnis, W. (1987) EMBO J.

6, 767-777.
40. Acampora, D., Pannese, M., D'Esposito, M., Simeone, A. and Boncinelli, E.

(1987) Hum. Reprod. 2, 407-414.
41. Gehring, W.J. and Hiromi, Y. (1986) Ann. Rev. Genet. 20, 147-173.
42. Van der Ploeg, L. (1986) Cell 47, 479-480.
43. Greenberg, M.E. and Ziff, E.B. (1984) Nature 311, 433-438.
44. Patschinsky, T., Hunter, T., Esch, F.S., Cooper, J.A. and Sefton, B.M.

(1982) Proc. Natl. Acad. Sci. USA 79, 973-977.

5390


