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ABSTRACT

The complex mechanisms underlying homeobox genes
expression involve regulation at transcriptional, post-
transcriptional and translational levels. The multiple
transcripts of the human HOX-5. 1 gene are expressed
differentially in tissue- and stage-specific patterns
during embryogenesis, and differentially induced by
retinoic acid (RA) in human embryonal carcinoma (EC)
NT2/D1 cells. We have sequenced 6.3 Kb of the
genomic region containing the HOX-5.1 gene and
analyzed its mechanisms of expression. Two
alternative promoters underlie the transcription of two
classes of HOX-5. 1-specific mRNAs. These classes
differ in tissue and subcellular distribution, induction
by RA, structure of the 5'-UT region and mRNA
stability: these features are compatible with a
differential function of the two classes of transcripts
in embryogenesis.

INTRODUCTION
Homeobox containing genes are highly conserved and widely
distributed among Metazoa (i.e., Annelids, Drosophila,
Echinoderms, Xenopus, mice, and humans) (1). The homeobox
is a conserved 183 bp sequence encoding a sequence-specific
DNA-binding domain, which admittedly regulates gene
expression (2, 3).

in Drosophila these genes, mostly organized in chromosome
3 in two clusters (the Antennapedia (Antp) and Bithorax (Bx)
complex), play a key role in embryogenesis, particularly in the
determination of the number, polarity and identity of body
segments (4). In mice and humans Antp-like genes are clustered
in four major complexes (murine Hox- and human HOX-1, -2,
-3, and -5), which map in man on chromosomes 7, 17, 12 and
2 respectively (5). Growing evidence suggests that these genes
play a key role in mammalian development: thus, (i) they are
expressed in embryonic tissues according to tissue- and/or stage-
specific patterns (6, 7); (ii) the structure/expression features of
the genes in the Antp-Bx complex show striking similarities with
those of corresponding genes in the murine Hox-], -2, and -5
and human HOX-2 clusters (8, 9, 10, 11 and our unpublished
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observations); (iii) inappropriate expression of homeobox genes
in transgenic mice leads to malformations (12, 13).
A 1.3 Kb cDNA clone (HHo. c13), belonging to the HOX-5

cluster, has been isolated from a SV40-transformed human
fibroblast library (14). This clone, corresponding to the HOX-5. 1
gene, encodes a homeobox-containing protein of 255 residues.
Northern blot analysis revealed multiple c13-specific transcripts,
which are differentially expressed in a variety of human
embryonic tissues, i. e. , brain, spinal cord, backbone, heart and
limb buds, often according to stage-specific patterns (14). All
c13 specific transcripts are also expressed in the retinoic acid
(RA)-induced NT2/D1 human embryonal carcinoma (EC) cell
line (15). The murine homologue to c13, isolated from an
embryonic mouse cDNA library (16), is similarly expressed in
multiple RNA species according to a temporally-regulated
pattern, with a tissue distribution analogous to that found in the
human HOX-5.1 (16, 17).

In an attempt to clarify the complex structure of the human
HOX-5. 1 gene and the origin of its multiple transcripts, we have
analyzed a large genomic region containing the gene. The gene
was entirely sequenced, and the structure of the transcripts
determined. Transcripts are generated starting from two
alternative promoters and polyadenylated at the level of at least
three sites. The two classes of HOX-5. I transcripts, related to
the two different promoters, are characterized by differential
tissue and subcellular distribution, induction by RA and mRNA
stability.

MATERIALS AND METHODS
Embryos and cells
Human embryos were obtained virtually intact by legal curettage
abortions at 5-9 weeks after fertilization. Their age was carefully
established by morphologic staging as previously described (7).
Different organs and body parts were sterilely dissected under
an inverted microscope.
Human pluripotent EC cells NTERA-2, clone Dl (NT2/D1)

(18) were grown at 37°C in Dulbecco's modified Eagle's medium
(high-glucose formulation), supplemented with 10% fetal calf
serum (Flow Laboratories, Glasgow, Great Britain) in 5% C02,
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in air humidified atmosphere. The cells were maintained in their
undifferentiated phenotype by continuous growth at high cell
density (5-50 x 106 cells/ 175 cm2 flask) as described (19).

Human embryonic cDNA libraries
cDNA libraries were prepared from poly(A)+ RNA from 5-wk
whole embryos, 7-wk spinal cord in XgtlO (Clontech, Palo Alto,
CA) and placenta (20).
Genomic DNA and cDNA fragments were subcloned in Ml 3

mplO/mpl 1 or pGEM 3Z/4Z (Promega, Madison, WI). DNA
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sequencing was performed according to Sanger et al. (21) and
adapted to double-stranded plasmid DNA (22).

Induction of teratocarcinoma cells differentiation
Differentiation of NT2/Dl cells was induced by seeding cells
at 2 x 106 cells per 175 cm2 flasks in 10-5M RA (Sigma Co.,
St. Louis, MO). After 1 week the cells were refed with an equal
volume of fresh culture medium containing 10-5M RA.
Cultures were then exposed to RA for 2 weeks.

In order to assess the induction of neuronal differentiation (23,
24) of NT2/D1 cells by RA, we evaluated both the expression
of nerve growth factor receptor (NGF-R) and the reactivity of
the cells with mAbs to neurofilament proteins. The expression
of NGF-R was assayed by binding studies with (1251)-NGF
(Amersham, Buckinghamshire, England). The expression of
neurofilament proteins was examined by an immunoperoxidase
technique with three different mAbs to 68, 160 and 200 kDa
neurofilament polypeptides (Amersham). Control NT2/D1 cells
did not express these neuronal markers, whereas cells grown for
14 days in the presence of RA were clearly positive for all of
them.

RNA extraction and Northern analysis
Total cellular RNA was extracted from fresh or frozen cells and
tissues by the guanidinium thiocyanate technique (25).
To extract nuclear and cytoplasmic RNA, NT2/DI cultures

were trypsinized and the cell pellet lysed in 10 mM TrisHCl pH
7.5/10 mM NaCl/3 mM MgCl2/0.5% NP40. Nuclei and
cytoplasms were separated by centrifugation at 1020 xg 10 min
at + 4°C. Total RNA was extracted from these fractions by the
guanidinium thiocyanate technique (25).
Poly(A)+ RNA was selected by one passage on oligo(dT)-

cellulose columns, run on 1.0% agarose-formaldehyde gels,
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Figure 1: Northern blot analysis of poly(A)+ RNA (2-3 jg/lane) from RA-
induced NT2/D1 cells, human embryonal 8-wk medulla oblongata, 6-wk limbs,
7-wk gut. (A) Hybridization to the 0.8 Kb BamHI-Hindlll fragment; the same

pattern was observed for 0.5 Kb Hindlll-PvuII and probe A. (B) Hybridization
to probe B; probes C and D revealed the same pattern. (C) Hybridization to the
2.3 Kb Xbal-EcoRI probe; the 0.8 Kb Alul probe gave the same pattern. Sizes
in Kb are shown on the right.
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Figure 2: Genomic map of the human HOX-S. I gene. Boxes represent the coding
region; the black box is the homeobox. Restriction sites are indicated: B, BamHl;
V, PvuII; H3, Hindll; H2, Hincll; E, EcoRI; Bg, Bglll; Xb, Xbal; Hfl, HinfI;
S, SmaI. Cap sites (bent arrows) and polyadenylation sites (vertical lines) are
indicated under the map. The probes reported in the text are shown at top. Ava
is Aval. Probes A, B, C and D are derived from the HHO. c13 cDNA clone (see
Results and ref. 12). The riboprobes (R) used in RNAase protection experiments
are indicated as horizontal arrows turned in the antisense orientation. The cDNA
clones analyzed are indicated below the map. Structure of the HOX-S. I transcripts
is indicated at bottom; sizes in Kb are given on the left.
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transferred to nylon membranes (Amersham, Hybond N) by
Northern capillary blotting and hybridized to 1-2x 107 cpm

DNA probes labeled by nick translation or random priming.
Prehybridization and hybridization were carried out as described
(7). Filters were washed under stringent conditions (15 mM
NaCl/1.5 mM Na citrate/0.1% SDS at 650C) and exposed to
Kodak X-OMAT SO-282 film at -70°C in an X-omatic
intensifying screen cassette.

RNAase protection
RNA probes were synthesized to high specific activity from DNA
fragments cloned in the pGEM 4Z vector (Promega, Madison,
WI) to generate 32P-labeled antisense RNAs according to
standard protocols (Promega and 26). In each experiment 20 ,ug
of total RNA were hybridized to 2-10 x 105 cpm of the probe.

Hybridization and RNAase digestion were performed according
to standard procedures (26). Samples were run on a 8M
urea/6-8% acrylamide gel. Gels were dried and exposed to
Kodak X-OMAT SO-282 film for 2 days.

Primer extension
Total RNA (50 mg) was hybridized to 106 cpm (1 pmole) of the
32P-kinase labeled oligonucleotide 5'-GCGCCGGCTGCTTCT-
AGTCTCCATGTCGCA-3' in 10 Al of 10 mM Pipes pH 6.4/400
mM NaCl 16 hr at 60°C. Reverse transcription was performed
for 2 h at 420C in 100 tdl of a buffer containing 50 mM TrisHCl
pH 8.3/5 mM MgCl2/50 mM KCI/250 AM each dNTP/10 mM
DTT/10 u RNasin/20 u AMV reverse transcriptase (Boehringer).
Samples were phenol extracted and run on a 8M urea/8%

10 20 30 40 50 60 70 80
GGATCCTGGTGGGGGAGGGTGGTTAATAAAGCCGCCATCCTTGGGATGGATTATTTTTCTTTCTTTCTTTCTTTTTTrCT
BamHI

90 100 110 120 130 140 150 160
TTCTTAAGAAGAATATTCTGGTTGTTCGCCTGCTTGGTAACCCTGACCCTGGCAGAAGAATGAGGGAACTCATTGCTTCA

170 180 190 200 210 220 230 240
AATTGTCGCCAAGCCCATTAGGCTACCTGAACTGTCTCAGAAAGTGCGGGTGGCTGCGTCGAACGGTGGTGGCTCAGAGG

250 260 270 280 290 300 310 320
AAGAGATTGGGGCCGGCAGCGACCTAGGTACCTCACTCTGGGTGGGACCCAGAGGTTGTAACGTTGTCTATATATACCCT

Avall
330 340 350 360 370 380 390 400

GTAGAACCGAATTTGTGTGGTATCCOTCACAGATTCGATTCTAGGGGAATATATGGTCGATGCAAAAACTTCACG
Hinf A

410 420 430 440 450 460 470 480
TCTTCGGAATAGCCAGAGACCAAAGTGCGACATGGAGACTAGAAGCAGCCGGCGCTGGTCAGCCGCCTCGTTCTGTIT

490 500 510 520 530 540 550 560
TATTACCTTGGACTCCAGGAGGATCAGCTGCGCCTGGTGACATAGAGCAGCTTTTCCTCTCCAGAAGCTCCTCACCTTTA

Pvu II
570 580 590 600 610 620 630 640

AACAGAGTATCCTCTGGGTGCTGAAAAGAAAGAAAGACAGAAAGAGAGAAAGAGAGAGAGAGAGAGAAAGAGAGAATGCA
LA641I

650 660 670 680 690 700 710 720
AGCCTAATTGGTTGCATGGATGCAGGGCCAAAGGGCTAGGTTTTGGGGTACTAGGGAGTGAGGTACAAGGCCAGCTTGCC

730 740 750 760 770 780 790 800
CAGTCCCAGCTCTGCCCTCCAGGAACATGAGGTGCAAAGGTACCCAAATGGGGGCTTGCTTGTATTTGGGGCCTGTGGGA

810 820 830 840 850 860 870 880
AGAAAGCAAGCTCAAAGAAGCCCAGTGGGGAGCTCTAGGGTGCATTTTGACAAGGTGGAGGTGCCCTTGCCACCATCCC

Hind III
890 900 910 920 930 940 950 960

AGCCCACCCCCAGCTACATGGGCAAGGGCAGCGAGGGCCCCCTGCTATTTTGGCAGGGCCCAGCTTTGGCTGGGAACCCC

970 980 990 1000 1010 1020 1030 1040
CGGGCCTGGGCACTGGTAGAAAGCATGGCGGTTACTCATTGCCTAATTTGATTCAAGCTGGCCAGATTCTGGTAACTTTT

1050 1060 1070 1080 1090 1100 1110 1120
GGGTGACCCTGATGAAGACAAAGCCAGGACGGCGGCCTTTGTATGGCAGATCCCTGCTCCCGCCGGCTGCAGGCAGGGCG

1130 1140 1150 1160 1170 1180 1190 1200
GGCAGGCAGGAACCCTCCTCGCCTGGGGCACTCTGCCCAACTCAGAPGCGAGTTCACCCACCCACCTTTCATTGCTCTGT

1210 1220 1230 1240 1250 1260 1270 1280
ACCCCAATAGGAGGATTCATTCTCCCTTGAGCTGTGCCTACTTGGTGTCGGGGGGCGGGGGTTGCATTCAGCTGGGGGTG

Pvu 11
1290 1300 1310 1320 1330 1340 1350 1360

AGTGGAAGGGCCACGGAAGGTTGGCAAAATCAGTGGCAGACAAAAGCTGGGATTACCTGAGGGGAATGGGGTGCTGGGGA

1370 1380 1390 1400 1410 1420 1430 1440
CTGGAACTACATTAATATCTGGCAGGGGCTCTCAAATGTGCCATAGCAAGCTACTTGATTACACGTATGTTATTOAGTTA

LHHo.cl3
1450 1460 1470 1480 1490 1500 1510 1520

AATTTGTGAAAATTATGAGATGCTCACCAACCCGGTGATAAACTTGCTCCCTCGCCATTGGCTGGCCTGGTCACATGGCT

1530 1540 1550 1560 1570 1580 1590 1600
GCCCAACTTTATTCAGTTGACAGCAAGTAGGAGGGCCCTATGGAAGGAGAAAAAAAGACAACACGAGAAAAATTAGTATT

Hinc 11 Apa LA67 II L
1610 1620 1630 1640 1650 1660 1670 1680

TTCTACCTTCTGAAATTAATGGTCATGAGTTCGTATATGGTGAACTCCAAGTATGTGGACCCCAAGTTCCCTCCGTGCGA
tMetValMetSerSerTyrMetValAsnSerLysTyrValAspProLysPheProProCysGl

acrylamide gel. The gel was then dried and exposed to Kodak
X-OMAT SO-282 film for 4 days.

Evaluation of HOX 5.1 transcripts half-life

mRNA half-life was evaluated in NT2/D1 cells grown for 14
days in the presence of RA. The cells were incubated for 0-8
h in the presence of lAg/ml actinomycin D (Sigma). Control
experiments showed that this concentration of actinomycin D was
sufficient to inhibit > 98% (3H)-uridine incorporation into
trichloro-acetic-acid (TCA)-precipitable material (i.e., > 98%
inhibition of RNA synthesis). At fixed times after actinomycin
D addition, the culture medium was removed and cells,
immediately lysed in guanidinium thiocyanate, were processed
for RNA extraction as described above.

RESULTS

A 24 Kb clone (X13G) has been isolated from a human genomic
library probed with the HHo.c13 (14). This clone largely
encompasses the c13 sequence and appears to contain the entire
HOX-5. 1 gene.
The HOX-5. I gene is expressed in multiple transcripts, namely

the 5.4, 4.2 and 2.8 Kb mRNAs (14,15). To map the position
of these transcripts on genomic DNA, poly(A)+ RNA from
human embryonal tissues (14) and 14-day RA-induced NT2/D1
cells (15) were successively probed, by Northern analysis, with
several restriction fragments from X13G and c13 (Fig. 1). The
results indicate that all HOX-5. 1 mRNAs are transcribed from
a region included between a BamHl site located 2.6 Kb upstream
and a EcoRI site 3.5 Kb downstream to the homeobox: indeed,

1690 1700 1710 1720 1730 1740 1750 1760
GGAGTATTTGCAGGGCGGCTACCTAGGCGAGCAGGGCGCCGACTACTACGGCGGCGGCGCGCAGGGCGCAGACTTCCAGC
uGluTyrLeuGlnGlyGlyTyrLeuGlyGluGlnGlyAlaAspTyrTyrGlyGlyGlyAlaGlnGlyAlaAspPheGlnP

1770 1780 1790 1800 1810 1820 1830 1840
CCCCGGGGCTCTACCCACGGCCCGACTTCGGTGAGCAGCCTTTCGGAGGCAGCGGCCCCGGGCCTGGCTCGGCGCTGCCT
roProGlyLeuTyrProArgProAspPheGlyGluGlnProPheGlyGlySerGlyProGlyProGlySerAlaLeuPro
Sma

1850 1860 1870 1880 1890 1900 1910 1920
GCGCGGGGTCACGGACAAGAGCCAGGCGGCCCCGGCGGTCACTACGCCGCTCCAGGAGAGCCTTGCCCAGCTCCCCCGGC
AlaArgGlyHisGlyGlnGluProGlyGlyProGlyGlyHisTyrAlaAlaProGlyGluProCysProAlaProProAl

1930 1940 1950 1960 1970 1980 1990 2000
GCCTCCGCCGGCGCCCCTGCCTGGCGCCCGGGCCTACAGTCAGTCCGACCCCAAGCAGCCGCCCCCCGGGACGGCACTCA
aProProProAlaProLeuProGlyAlaArgAlaTyrSerGlnSerAspProLysGlnProProProGlyThrAlaLeuL

2010 2020 2030 2040 2050 2060 2070 2080
AGCAGCCGGCCGTGGTCTACCCCTGGATGAAGAAGGTGCACGTGAATTCGGGTAAGGCTAGGGTCCAGTAACCTTTCTGT
ysGlnProAlaValValTyrProTrpMetLysLysValHisVaTAsnSer'EcoRI-J 164II

2090 2100 2110 2120 2130 2140 2150 2160
CCACATCCCAGCCCGTrAGCCTGGGTCCTCTGGAAGGGGGTGCGAGTAGGTGGGGGCGTGTGGAGCTTCCATGGGCGCCG

2170 2180 2190 2200 2210 2220 2230 2240
CAATTACTCTCCCCATAAATTTTTATAGCTGAGGGAGCAGGTCAGGACCATGTGGCTGGCTGCTCGGCTGTGGGCGCAAA

2250 2260 2270 2280 2290 2300 2310 2320
AGGGGGTGGGGATGGGGGGGTGGGGGAGGACTCCATTTTCAGAGCAGGGGGAAGGCTGTGGAGGAGCGGGGGATCCAA

2330 2340 2350 2360 2370 2380 2390 2400
AATGCTTGAGGGTTCCGGACCTGGTGGTGGGCCCAGAAGAAGGAGCACATTTGGGGATCCCGCAAGCCTGGGGTATGTGG

2410 2420 2430 2440 2450 2460 2470 2480
GTGTGTTTGAGGAGGTGGGTGGGAGTGAGCGTGTGCGCCGGGGAGAGGGCGGGAGGGAGGAAGCAAGCGAGCTTGGGAGC

2490 2500 2510 2520 2530 2540 2550 2560
GCGCGGGGAGGGCCGCGGGCCTCGGGGCGCGCCAGGAAGTGAGCGGCGGAGGCGAGGGGCCTAACTAGTGGCCGGGCGCT

Ava
2570 2580 2590 V 2600 2610 2620 2630 2640

GACCTGCCTGTCCTGTCTGTTTTGTCTCGCAGTGAACCCCAACTACACCGGT2GGGGACCACUGTCCCWUZaACGTValAsnProAsnTyrThrGlyGlyGl roLysArgSerArgThrAlaT

2650 2660 2670 2680 2690 2700 2710 2720
ACACCCGGCAGCAAGTCCTAGAACTGGAAAAAGAAmCATTTTAACAGGTATCTGACAAGGCGCCGTCGGATTGAAATC
yrThrArgGlnGlnValLeuGluLeuGluLysGluPheHisPheAsnArgTyrLeuThrArgArgArgArgIleGluIle

2730 2740 2750 2760 2770 2780 2790 2800
GCTCACACCCTGTGTCTGTCGGAGCGCCAGATCAAGATCTGGTTCCAGAACCGGAGGATGAAGTGGAAAAAAGATCATAA
AlaHisThrLeuCysLeuSerGluArgGlnl leLysIleTrpPheGlnAsnArgArgMetLysTrpLysLysAspHisLy

2810 2820 2830 B2840 2850 2860 2870 2880
GTGCCCAACACTAAAGGCAGGTCATCGTCCTCATCTTCCTCCTCATCTTGCTCCTCCTCAGTCGCCCCCAGCCAGCATT
s LeuProAsnThrLysGlyArgSerSerSerSerSerSerSerSerSerCysSerSerSerValAlaProSerGlnHisL

2890 2900 2910 2920 2930 2940 2950 2960
TACAGCCGATGGCCAAAGACCACCACACGGACCTGACGACCTTATAGAAGTGGGGACCCTGGGCC CATCTCTCCCTGCGC
euGlnProMetAlaLysAspHisHisThrAspLeuThrThrLeu * Apa

2970 2980 2990 3000 3010 3020 3030 3040
ACCAGGCTGAGCCGAAGCTGCGGGGCAGGCCGGGCCTGCTGTCACCTCGCTGGGCTCTAAGGTACTGTGGGGTGGACCTG
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3050 3060 3070 3080 3090 3100 3110 3120
GGACAAGCAGGCCGCCCTCGGACTAGGTTAGCATCCTGCCCGAGGGCAGCCCCCTCCCTAGAGCGGGATGGGGATGGGAG

3130 3140 3150 3160 3170 3180 3190 3200
GGGGGGCGGGATTCTCTCTCTAAGTATATTATATGGCAGGAGCTACTGAGAACATAAAATCTTGGCGAGT13CTT

3210 3220 3230 3240 3250 3260 3270 3280
ATGAAAATCACCGCTCTTGGATTTTGAA TTGCAAATGAAGGTTGGATGCTTTATCCCACTGTGAAT=TGGACATTCTCC

*A HHo.cl3
3290 3300 3310 3320 3330 3340 3350 3360

CCCACTCCACCCCTCCAGGGTGCTTTGTGGCTTAATAATGTGGGGGAGTTGAGGCAGAAGGTTGGCCACCCCTGTGCTAG

3370 3380 3390 3400 3410 3420 3430 3440
GTGCTTTCAGTGGAAGCCAGAGAGCTGGGTCAGGATTTCTGGAC =CTGGGTTGTCTATGGAATTTCATGTGATTAAAA

Alul
3450 3460 3470 3480 3490 3500 3510 3520

3530 3540 3550 3560 3570 3580 3590 3600
AGATATTTGCTTAAATATTTATTTGTTGGGAAATGTGGTACAGAAATAACTGACACCTTCATGCCAAAAATCTTAAAAAG

3610 3620 3630 3640 3650 3660 3670 3680
GTGAAAGGGGCTGAACTTCAGGGAGCAGAATCAGAGATATGTGCACTTACTTCTGAACTCCACCCCTCCCCACTCTCTGG

3690 3700 3710 3720 3730 3740 3750 3760
. .

3770 3780 3790 3800 3810 3820 3830 3840
CACATGTGTTTTTTTCAGCACTGTGCTTACAACCAGTTCTGGGTGATTAAAGGAAAGGGAAAAAAACCAACAAATGGTCC

A67II-J LCP 2-8
3850 3860 3870 3880 3890 3900 3910 3920

AACATTTTCCTTCTGGGGAAAGAAAACAAAACCTCTATGCACTGGGTCATTAGATAATGACTGAATTTTCTGTTCCAACT

3930 3940 3950 3960 3970 3980 3990 4000
GGATTCCAAATGCCCTAAATACCCTCATATAGCAGTGTTTTACAGGAATTAGTGTATGGCCCGTGTAGGGGAGGGGCTGT

4010 4020 4030 4040 4050 4060 4070 4080
GCAGTGGGGAGAAAGTGGGAAGGTGAGGAACTCTTGCTTTAAGAAGGAAAAAAAAAAAACCCTAATTGAATCTAGAAGTC

Xba
4090 4100 4110 4120 4130 4140 4150 4160

CACAAAAGTTAGCCTTAGAGTTTTTTTCCCCCTGAAGTTTTAATTTTTTTAAAAACCAAATCTAAGGAAGTTTTCCTCAG
Al

4170 4180 4190 4200 4210 4220 4230 4240
CTCATTAATTAGAAGCAGAATTTGTAAAAGTATAAAAGTTTTCAAGCACTCGTCTTTGCCTTGAGAATAGTGGTlTTTTA
ul

4250 4260 4270 4280 4290 4300 4310 4320
AAGAATCACTCTCAACAGGGGAGATGTCCTCTAGTCGTTTTTCTTCTGCCTCTCCTGGGAAGGGTTCAAAGTTCATTTTT

4330 4340 4350 4360 4370 4380 4390 4400
CTAAAATGCTGACCCTCAAGCATAAGGAGGAAGAAGTCAAAGTTAATGGCCAGAGTTCATATACTCAGATGAAACCAGTC

4410 4420 4430 4440 4450 4460 4470 4480
TTCCCAAGGCCTCAGGCTCCAAAAAAGGTTGTAGCTATCAAAAAGTGACCAAAGTGGGAAA0GGGAGAAAGGATAAGCTTA

ti nd 11
4490 4500 4510 4520 4530 4540 4550 4560

4570 4580 4590 4600 4610 4620 4630 4640
AAAAATATATTTAAGTGGGAGGGAAAAAAGAGT= CTCTGTAGGCTTGTTCTTTGGCTGTGTCTCCTGAGAGCTGAGGGC

4650 4660 4670 4680 4690 4700 4710 4720

4730 4740 4750 4760 4770 4780 4790 4800
GGGGACTGCTCTT=G =CTCCTTGGGGTGAGCCTGGCTCTCAGACTTGCACATGGCAATACTTGAATGTCACCACGTCG

4810 4820 4830 4840 4850 4860 4870 4880
GGATATTAAAGATGGATATTCGTGCATTATTCACATCATTGTTTCTATGACAAAAAGCACAGAGTTCATACATAGTCAAG

4890 4900 4910 4920 4930 4940 4950 4960
ACGTCTTTTTCTGACGCCCTCACGTTGAGAAGCTGAAAAGGTATTTTACCGAAGTTCGGGTAAATTACAGAATCAGGTTC

4970 4980 4990 5000 5010 5020 5030 5040
ATCCAGAGGACAAATTTTCTATTTGATTAGCTGTATTTCAGCCGGGAGGACTGACCTCTAAACCCCTAACCTTrTGGACT

5050 5060 5070 5080 5090 5100 5110 5120
CTAACTACCCTTCTCTTCTTTTTTCCTCTCTAACATGGAGAGCAGTC0TTGGATGTACCATTTGAAAGGAGCCGCTATCC

5130 5140 5150 5160 5170 5180 5190 5200
TTAGGCAAGTTGGAAAGTTGCTAAGCTGC =rCCTAAAACCCAAATCTGTCTATACATTGAACCTTCTCTTTGAGAAGGG

5210 5220 5230 5240 5250 5260 5270 5280
GAAAAAGGTATATATTTTCACAACATCCAATTACATATATATAATAGAGATTTGTTGTATAGATTTTCCCCCACCTCAGA

5290 5300 5310 5320 5330 5340 5350 5360

*~~~~~~~~~~~ ~ - -

5370 5380 5390 5400 5410 5420 5430 5440
AAGAAACATGTTTTCATGAGGAAAACCCAAGCTCCTTCTCAAACATAGCCCCACTAcTTTGGAAAGTAACTTAATCAGAG

5450 5460 5470 5480 5490 5500 5510 5520
AAACAACTTCTTTGTTTATAAGTCTCAGCTCTCCTTCTCAGCTTGGAGGGATTCTTTTGAAATGTTAATGGAGCCTGGAT

5530 5540 5550 5560 5570 5580 5590 5600
GGCCCAGAGTGCAGCCCCCAACCCTGAGGTCCCAGTCGGACCCCAGCATCCATTTGGGCCCACAGGAGTGGGCCAGGGAA

LI 5-19
5610 5620 5630 5640 5650 5660 5670 5680

GGGGTAGGGCCCCGTAACCACTTAGGGCAGGGAAGGAAATGGGTTTCCATCTGAGAACGTGCTTTGGAGAAAGCTAGGTG

5690 5700 5710 5720 5730 5740 5750 5760
TGGAAAAGCTCCAATGCCCATTTGCTATTATTTGTTTCCAGTTTGTTCCTTTAAATATGAGCCAGAAGTGTTTGTGTTGG

5770 5780 5790 5800 5810 5820 5830 5840
TGTTTTAAAAACAAAAACAAAAACCGTGTTGGGGTCCTGACTGGGGGAGGGGGAGAGTGAAGTGTTTGCTGAGGACATTG

L-AS-20
5850 5860 5870 5880 5890 5900 5910 5920

CTCCTCTGACTCCCATCTCACTTTGTCCATCGCAGCCTTTTGTTGGGAGATGACACTGTCAGTCAGCCCATGATGTCTGT

5930 5940 5950 5960 5970 5980 5990 6000
TCACACGAGATGCTTTTTTAATAGAATTGACCAATGTTTTGCTGCCACTt;TATTATTTATACTAATTGTTGCT

CP 2-8--s LA5-19
6010 6020 6030 6040 6050 6060 6070 6080

TGTAGTTTTGATGTAATTCATTGATCTATATTTAAAMAIGGTGTAGCAAAATCTCCCTCCTGTTTGGTGCCTTA
A5-20

6090 6100 6110 6120 6130 6140 6150 6160
ACAGAAGCATTCATCCTTTGTTAAGTCTTCTAAAAGCTAACATTTAACATAAACAAGTTATTAmTTCTG3rTA

6170 6180 6190 6200 6210 6220 6230 6240
GGCACCATTTTTTGGGGGGTGCCTAAAGTGTGAAGGTTAAACCATGTAAGGCTTAGCAATTCTATTATTACCACCTCCTr

6250 6260 6270 6280 6290 6300
AATGTACACACACTCCCAGTTGGCCACCATATTTTGTGAGCATTGGGAAGCCTGGGGTTGAATTC

EcoRl

Figure 3: Nucleotide sequence of the HOX-5. 1 gene. Restriction sites reported in the text are shown. cDNA boundaries are indicated. TATA box, polyadenylation
signals and the homeobox are boxed; poly-A addition sites are indicated by vertical arrowheads, followed by the name of the cDNA clones polyadenylated at those
sites. Black triangles above the sequence indicate the splice sites. The open triangles below the sequence indicates the cap sites. The oligonucleotide used in the
primer extension experiment is underlined. Nucleotide positions that do not agree with those reported for the HHo.cl3 clone (14) are indicated by asterisks.

probes external to this region failed to hybridize to any HOX-5. I
transcript. The 0.8 Kb BamHl-Hindlll (1-808, in Fig. 3), 0.5
Kb Hindlll-Pvull (808-1269) and A (0.2 Kb from the 5' end
of c13 to Apal, 1370-1553) (14) probes detect both the 5.4 and
2.8 Kb transcripts (Fig. IA). Using the B (0.5 Kb Apal-EcoRI,
1553-2044), C (0.35 Kb EcoRI-ApaI, 2044-2941 excluding
the intron) and D (0.25 Kb ApaI-3' end of HHo.c13, 2941-3209)
(14) probes both the above mentioned RNAs and an additional
4.2 Kb transcript were detected (Fig. iB). A faint 1.4 Kb band
was detected using the same probes, but only in RA-induced
NT2/D1 cells and embryonal medulla oblongata. When probes
downstream to the c13 poly-A site were used, i.e., 0.8 Kb Alu
I (3383-4159) and 2.3 Kb Xbal-EcoRI (4071-6300), only the
4.2 and 5.4 Kb bands were observed (Fig. IC): these data suggest
that the 5.4 and 2.8 Kb transcripts contain a long region upstream
to the reported ATG, while the 5.4 and 4.2 Kb transcripts largely
extend 3' to the c13 poly-A site (Fig. 2).
The 6.3 Kb region encompassed by the BamHl and EcoRI sites

was completely sequenced (Fig. 3). The genomic sequence of
the region corresponds to the cJ3 sequence, with the exception
of: (i) two sites in the 123 and 142 codons in the first coding
exon (positions 1985 and 2043 in Fig. 3), where nucleotide
substitutions determine respectively changes of Pro and Val in
the Ser and Ala residues previously reported (14), and (ii) 10
positions in the 3' untranslated (UT) region (see asterisks in Fig.

3). The aminoacid 123 is also Ser in the X641I and X67II cDNAs
(see below). All of the 12 new positions in the human genomic
sequence agree with the mouse Hox-5. I sequence (16). Three
cDNA libraries were screened with HOX-S. I-specific probes.
When a 3' probe was used (1.8 Kb Hindlll-EcoRI, 4474-6300)
a 2169 bp clone, cp2 -8, from a placenta library and two shorter
clones, X5 -20 and X5-19, 288 and 449 bp long respectively,
from a 5-wk human embryo library were isolated. By restriction
mapping and partial or total sequencing, the clones were found
to be colinear to the genomic sequence in the 3 ' region (Fig.
2). Moreover, X5 -20 and X5 -19 were polyadenylated at two
different positions (6053 and 5990 in Fig. 3), 63 bp apart from
one another, 9 and 14 bp respectively downstream from canonical
polyadenylation signals (27). An additional AATAAA sequence
is located at position 6152 in Fig. 3, possibly representing the
signal for a third poly-A site in a multiple poly-A region. All
three poly-A signals are followed, at a 10-20 bp distance, by
a typical GT-rich stretch (27). This region appears to constitute
the 3' termination of the 5.4 and 4.2 mature transcripts. When
probe B was used, two clones, X64II and X67II, were isolated
from a 7-wk spinal cord library. These clones were characterized
as described above (Fig. 2). X6411 is a 1424-bp clone, colinear
to the genomic sequence in the 5' UT and first coding exon. X6711
is a 1685-bp clone spliced as c13, but extending 587 bp 3' to
it. Neither clone is polyadenylated. As indicated by the colinearity
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of the described cDNA to the genomic sequence, no other introns
appear to be spliced out in primary transcripts from the HOX-5. I
transcription unit other than the 541 bp (Figs. 2 and 3).
To verify that this intron is spliced in the same way in all

transcripts, a 711 bp EcoRI-BgIII RNA probe encompassing the
intron sequence was hybridized in a RNAase protection
experiment to 20 itg total RNA samples from: (a) RA-induced
NT2/D1 cells, (b) 8-wk embryo medulla oblongata, (c) NT2/D1
stem cells. In both the (a) and (b) samples, the first one expressing
all HOX-5. I transcripts and the other only the 4.2 kb messenger,
we detected a 165 bp band (Fig. 4A), corresponding to the
distance from the c13 splice site and the BgIII site in the
homeobox. No bands were detected in sample (c). If we further
consider that c13 and X6711 appear to correspond to partial copies
of the 2.8 and 5.4 Kb transcripts respectively, we may conclude
that the 541 bp intron is similarly spliced in all mature transcripts
of the HOX-5. 1 gene.

Nevertheless, when we used a 457 bp EcoRI-AvaI
(2044-2501) probe containing most of the intron sequence, we
detected only two faint bands of approximately 6.0 and 3.2 Kb
in poly(A) + RNAs from RA-induced NT2/D 1 cells, embryo
limbs and gut (data not shown). These bands are present in
nuclear but not in cytoplasmic poly(A)+ RNA from RA-induced
NT2/D1 cells (results not presented): thus, they may represent
precursor forms, polyadenylated but not yet spliced, of the 5.4
and 2.8 Kb mRNAs.

Positions of the distal cap site pertaining to 5.4 and 2.8 Kb
transcripts were determined by both RNAase protection and
primer extension assays. Total RNA from RA-induced or
uninduced NT2/D 1 cells was used for both assays. The RNAase
protection experiment, performed with a BamHI-PvuII 504 bp
(1-505) or a AvaII-PvuII 220 bp (285-505) RNA probe,
showed in both cases an RNA-protected fragment co-migrating

A

with a 126-bp DNA band in the RA-induced but not in the stem
cell sample (Fig. 4B). In this regard, evaluation of the size of
RNA fragments may be up to 10% approximate with respect to
DNA size markers (26). In the primer extension experiment,
when a 30 bp oligonucleotide complementary to the 428-457
sequence (underlined in Fig. 3) was used and hybrids were
extended with AMV reverse transcriptase, a band of 81 bp was
detected in RA-induced samples (Fig. 4C). Therefore, the distal
cap site may be located at the T at residue position 377 (Fig.
3) or, more likely, at the preceding A: indeed, the cap site is
most often an A residue surrounded by pyrimidines (28) and a
one residue shorter cDNA may be generated by methylation of
the first nucleotide of the corresponding mRNA (29).

This A residue is 26 bp 3' to a TATA sequence. Furthermore,
no bands were detected when poly(A)+ RNA from RA-induced
NT2/D1 cells was hybridized to an excess of a 32P-labeled
Hinfi-Hinfl 0.8 Kb probe (0.8 Hfl in Fig. 2), spanning from a
Hinfl site 0.45 Kb upstream from the BamHl site (pos. 1) to the
Hinfl site at position 357 (data not shown).
From hybridization experiments (see the A probe in Fig. 1)

the position of the proximal cap site, pertaining to the 4.2 and
possibly the 1.4 Kb transcripts, appears to be located close to
the first ATG. An RNAase protection experiment was performed:
a 254 bp RNA probe containing the 226 bp antisense sequence
from the HincII site (pos. 1536) to the Smal site (pos. 1762) was
hybridized to 20,g of total RNA from RA-induced NT2/D1 cells
and 20 fig from NT2/D1 stem cells (Fig. 4D). In the RA-induced
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Figure 4: (A) RNAase protection analysis using the intron-specific riboprobe 0.7 Kb EcoRl-BgllI synthesized in the antisense orientation. Hybridizations were performed
to 20 jig of total RNA from RA-induced NT2/D1 cells, 8-week embryonal medulla oblongata, NT2/DI stem cells. (B) RNAase protection analysis using the distal
cap site-specific riboprobe 0.5 Kb BamHI-PvuII, synthesized in the antisense orientation. Hybridizations were performed to 20 jig of total RNA from RA-induced
NT2/DI cells and NT2/D1 stem cells. (C) Primer extension analysis using the 30 bp oligonucleotide (position 428-457 in Fig. 3). Hybridizations were performed
to 50 Ag of total RNA from RA-induced NT2/DI cells and NT2/D1 stem cells. After reverse transcription, half of each sample was loaded on a 8M urea / 8%
acrylamide gel. As size reference, a sequence was performed using the same 30 bp oligonucleotide as specific primer on a plasmid containing the entire HOX-S. 1

gene. (D) RNAase protection analysis using the 226 bp HincII-SmaI proximal cap site-specific riboprobe in the antisense orientation. Hybridizations were performed
to 20 jAg of total RNA from RA-induced NT2/D1 cells and NT2/DI stem cells. M is a size marker. In all experiments a known sequence was run together with
the samples as size reference.

sample a 220 bp band was observed representing full-protection
by the probe of the distally-promoted transcripts. In addition two
bands are present: the first comigrating with a 166 bp, and a
second fainter one with a 146 bp DNA band. They indicate two
possible proximal cap sites, the first located about 20 bp upstream
from the ATGs (probably at positions 1598), the other located
at the first ATG or immediately 5' to it (pos. 1618). The
possibility that the 166 bp bands arise from a splicing site,
although not excluded, seems unlikely, in that the only AG in
the region is not surrounded by a good splicing consensus
sequence (30). Furthermore, multiple cap sites of the murine
Hox-J. 4, the paralog of Hox-5. I in the Hox-l cluster, have been
mapped 21 and 13 bp 5' to the first ATG, within a sequence
region 80% similar to that of human HOX-5.1 (31).
To characterize the differential half-lives of HOX 5.1

transcripts, poly(A)+ RNAs from RA-induced NT2/Dl cells,
incubated for increasing times (0-8 h) with actinomycin D, were

probed with the B fragment in a Northern analysis.
Data were normalized by hybridization to f-actin, whose

mRNA decay is negligible at the times considered. As shown
in Fig. 5, the 4.2 Kb transcript displays a 60-75 min half-life,
and is virtually undetectable after 4 h of actinomycin D treatment.
The 5.4 and 2.8 Kb transcripts display a half-life of 20-30 min
and are hardly detectable after 1 h.
The same probe was used on poly(A)+ RNAs from separately

prepared nuclei and cytoplasms of RA-induced NT2/D1 cells.
Reciprocal ratios between the 5.4, 4.2 and 2.8 Kb transcripts
are respectively: 2.52: 1.19 : 1 in total cellular RNA; 1.14:
2.28: 1 in cytoplasmic RNA; 4.04: 1: 2.30 in nuclear RNA
(Fig. 6). From these results the 5.4 and 2.8 Kb transcripts appear
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Figure 5: Northern blot analysis of poly(A)+ RNA (2-3 pg/lane) from RA-
induced NT2/Dl cells treated for different times (O-8 h) with I Ag/ml actinomycin
D hybridized to the B probe (see Fig. 2). C corresponds to time 0. Sizes in kb
are indicated at left. Hybridization to the (3-actin probe is shown. The 5.0 Kb
band present in all lanes represents a cross hybridization of the GC-rich (70%)
B probe to a 28S ribosomal RNA residue.

to be mainly accumulated in the nucleus, whereas the 4.2 Kb
RNA is distributed between the nuclear and cytoplasmic
compartments, representing the main band in the cytoplasm.

DISCUSSION

We previously reported the sequence of a 1.3 Kb homeobox-
containing cDNA, HHo.c13, apparently comprising the entire
coding sequence (14). This clone was used to probe poly(A)+
RNA samples from a variety of human embryonic body parts:
several transcripts with differential stage- and/or tissue-specific
expression were detected in limbs, heart, spinal cord, brain and
backbone (14). We now report its expression in gut (see Fig.
1), as described for the murine Hox-5. 1 (16, 17). The expression
in the brain appears to be restricted to a region between the
cervical and pontine flexures (medulla oblongata), as the region
anterior to the pontine flexure fails to express any of the HOX-5. I
transcripts (data not shown). Accordingly, the anterior boundary
of the expression of the murine HOX-5. I has been located in
the mid-myelencephalon (17).
The present work also includes an extensive analysis of the

structure of the human HOX-S. I gene, as well as the mechanisms
responsible for the expression of its mRNAs.

Production of multiple transcripts is a feature shared by a

number of genes, including the homeobox (9, 32, 33, 34). The
multiple transcripts, often showing a stage- and/or tissue-specific
expression pattern in development, arise from multiple promoters
and/or alternative processing. HOX-S. I appears to use two
promoters in both embryonic tissues and teratocarcinoma cells:
the 5.4 and 2.8 Kb transcripts are driven from the distal promoter
and the 4.2 from the proximal one. The two promoters appear

Figure 6: Northern blot analysis of poly(A)+ RNA (2-3 /g/lane) from total
cellular (T), cytoplasmic (C) and nuclear (N) fractions of RA-induced NT2/D1
cells, hybridized to the B probe (see Fig. 2). Sizes in Kb are indicated at left.

to be differentially regulated in a tissue- and stage-specific manner
(14) and respond differently to RA induction (15). Likewise, a

proximal and at least two distal, clustered but independent,
polyadenylation sites exist: the first pertaining to the 2.8 Kb, the
others to the 4.2 and 5.4 Kb transcripts (Fig. 2). We report the
presence of a 1.4 Kb transcript, which is expressed as a faint
band detected by only the B, C and D c13-specific probes (Fig.
1B). This transcript has been observed only in RA-induced
NT2/D1 cells and in embryonic medulla oblongata poly(A)+
RNA after prolonged exposure (see Figs. 1, 5 and 6).
Remarkably, its expression is strictly related to that of the 4.2
Kb transcript, being clearly detectable only when the 4.2 kb band
is abundantly expressed. The 1.4 Kb transcript appears to utilize
the proximal cap site(s) and the proximal polyadenylation site.

Analysis of the sequence upstream from the transcription start
points revealed that the distal promoter displays two TATA
sequences, 29 and 67 bp, and an inverted CCAAT 129 bp
upstream from the cap site (positions 347, 309 and 246
respectively). A 32 bp sequence composed of a tandemly repeated
CTTT module located 322 bp upstream from the distal cap site
(position 54), is invertedly repeated 209 bp downstream from
it (position 584) in a 53-bp GA-rich sequence: the cap site is
located between these inverted repeats. In this regard,
poly(pyrimidine)-poly(purine) stretches have been implicated in
gene regulation (35).
The proximal promoter does not show a TATA box, but

displays an inverted CCAAT and two GGGCGG located at
positions 1497, 1116 and 1253 respectively.

Regulatory elements acting as enhancers with time-, tissue- and
region-specificity have been demonstrated in transgenic mice in
the 2830 bp fragment upstream the Hincll site (position 1536 in
Fig. 3) using a lacZ gene fusion construct (36). These elements
specifically direct (3-galactosidase expression to the upper cervical
region of the central nervous system and appear to regulate
HOX-S. 1 expression at transcriptional level from the proximal
promoter (36).
The 5'-UT-region, included in the distally promoted transcripts,

contains three potential short open reading frames at 3, 678 and
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709 bp 3' to the distal cap site, starting with an ATG, which
are able to encode for respectively 68, 52 and 85 aminoacid long
polypeptides. It has been suggested (37,38) that short open
reading frames in the upstream region may be involved in the
translational control of transcripts containing that region.

Analysis of HOX-5. I transcripts stability after actinomycin D
treatment of RA-induced NT2/D1 cells shows a half-life of
20-30 min for both the 5.4 and 2.8 Kb transcripts and
approximately 1 h for the 4.2 Kb messenger. Altogether, the short
half-life of the 5.4 and 2.8 Kb mRNAs, their preferential
accumulation in the nucleus, the presence of their precursors in
the nuclear RNA and the rapid turnover of mature transcripts
in cytoplasm suggest that the distally-promoted transcripts are
abundantly synthesized, and/or accumulate in the nucleus, but
rapidly decay soon after their transfer to the cytoplasm.
Conversely, the 4.2 messenger is characterized by a relatively
low abundance in the nucleus and high level in cytoplasm, a
longer half-life and absence of detectable precursors: this suggests
that the 4.2 Kb mRNA is synthesized at a lower rate as compared
to the distal transcripts, but has a slower catabolic rate in the
cytoplasm.

Control of these variables may be related in part to alternative
functional features of the two differentially regulated upstream
regions, and/or to the intrinsic stability of different mRNA
molecules.

Determinants ofmRNA stability may reside in the 5' or 3'-UT
region of the molecule (39). The determinant responsible for the
differential stability of the 2.8 and 5.4 Kb transcripts versus the
4.2 Kb mRNA may be located in the long 5'-UT region, which
structurally discriminates between the 5.4 and the 4.2 Kb
mRNAs. In this regard, it has been reported that the 5'-UT region
of c-myc oncogene is responsible for the rapid degradation of
c-myc mRNA (40).
The 5.4 and 4.2 Kb transcripts largely extend 3' to the proximal

poly-A addition site in a long AT-rich sequence. The AT-stretches
are reported to be responsible for rapid degradation of short-lived
mRNAs (41): in this case they might partially contribute to the
rapid turnover of the distally polyadenylated HOX-5. 1 transcripts.
An alternative explanation may be considered. RA-induced

NT2/D1 cells differentiate into heterogeneous cell lineages that
include neuron-like cells (23). It has been suggested (15) that
the HOX-5.1 transcripts may be differentially expressed in
different cell subpopulations, e.g. the 4.2 Kb transcript,
specifically expressed in embryonic medulla oblongata and spinal
cord could be selectively synthesized in the neuron-like cells in
RA-induced NT2/Dl cells. In this case the differential regulation
and mRNA stability of HOX-5. 1 mRNAs may be attributed to
the different intracellular environment in which each transcript
is expressed.

In conclusion, analysis of the molecular mechanisms of
HOX-5.1 expression shows the presence of two independent
classes of transcripts, one including the 5.4 and 2.8 Kb transcripts
and the other the 4.2 and 1.4 Kb ones. The two classes appear
to be differentially regulated at transcriptional and post-
transcriptional level. However, all HOX-5. I transcripts share the
same major open reading frame, thus suggesting they encode for
the same protein.
The functional significance of the two classes of transcripts

remains to be elucidated.
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