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ABSTRACT Mouse Hox-1.11 and Hox-4.9 genes were
cloned, and the nucleotide sequences of the homeobox regions
were determined. In addition, nucleotide sequence analysis of
the homeobox regions of cloned Hox-4.3 and Hox-4.2 genomic
DNA revealed some differences in nucleotide sequences and in
the deduced homeodomain amino acid sequences compared
with the sequences that have been reported.

Homeobox genes code for proteins that bind to specific
nucleotide sequences in DNA and either activate or inhibit
the expression of the corresponding genes (for reviews, see
refs. 1-5). Homeobox proteins are related to one another
primarily in the sequence of the 60-amino acid residue
DNA-binding-site portion of the protein, the homeodomain.
The homeobox family of genes is large; more than 50 mouse
homeobox genes or species of cDNA have been reported thus
far, and additional homeobox genes undoubtedly will be
found in the future. Many homeobox genes reside at neigh-
boring sites in the chromosome in clusters of homeobox
genes (5, 6). Whereas the Drosophila genome contains only
one copy of the Antennapedia (Antp) and Ultrabithorax
(Ubx) clusters of homeobox genes, mammalian genomes
contain four copies of the combined Antp—Ubx cluster of
homeobox genes, which presumably originated by succes-
sive duplications of an ancestral cluster of genes (7). The
amino acid sequences of the homeodomains encoded by
genes that originated as copies of the same ancestral gene,
which are located in different clusters of genes, are more
closely related to one another than the homeodomains en-
coded by other genes within the same cluster. Both the amino
acid sequence of the homeodomain encoded by each gene
and the order of the genes within the four mammalian
Antp-Ubx clusters of genes have been highly conserved
during evolution. Why the organization of genes within each
cluster has been maintained during evolution is not known,
but several clues have been found. There is considerable
overlap in the expression of many of the homeobox genes in
the Antp-Ubx clusters of genes along the anterior—posterior
axis of the embryo, but the anterior border of gene expression
is successively displaced towards the posterior, starting with
the second gene from the 3’ end of the cluster and progressing
toward the gene at the 5’ end of the cluster (8, 9). Thus,
different combinations of homeobox genes are expressed in
different regions along the anterior-posterior axis of the
embryo (10, 11). In addition, treatment of cultured human
embryonal carcinoma cells with retinoic acid results in the
gradual, sequential activation of many homeobox genes in
each cluster over a period of days, starting with the gene at
the 3’ end of the cluster and proceeding towards the 5’ end of
the cluster (6). These results suggest that the order of
homeobox genes within each cluster may be involved in
determining the topographic position and/or the develop-
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mental time of initiation of expression of these homeobox
genes in the embryo.

In this report, the nucleotide sequences of the homeobox
regions of Hox-1.11 and Hox-4.9 genes are described.t

METHODS AND MATERIALS

Clones of PCR-Amplified Mouse Genomic DNA. The ho-
meobox regions of many mouse homeobox genes were am-
plified by PCR. Multiple species of oligodeoxynucleotides
that correspond to highly conserved sequences in the ho-
meoboxes of many mouse homeobox genes were synthesized
with the aid of an Applied Biosystems DNA synthesizer
model 380B and purified by OPC (Applied Biosystems)
column chromatography. The (+)-oligodeoxynucleotide
primers consisted of 64 species of oligodeoxynucleotides,
each 28 nucleotide residues long, with a Sac I site near the 5’
terminus; the (—)-oligonucleotide PCR primers consisted of
48 species of oligodeoxynucleotides, 28 nucleotide residues
long, with an EcoRlI site near the 5’ terminus. (See Fig. 2 for
the nucleotide sequences of the primers.)

A programmable DNA thermal cycler (Perkin-Elmer/
Cetus) was used for the amplification of DNA. A typical 25-ul
reaction mixture contained 1 ug of BALB/c mouse liver
genomic DNA; 50 mM KCl; 10 mM Tris'HCI (pH 8.3); 1.5
mM MgCly; 0.01% gelatin; 15.6 nM of each species of
(+)-oligodeoxynucleotide primer and 20.8 nM of each species
of (—)-oligodeoxynucleotide primer; 1.0 mM each of dATP,
dCTP, dGTP, and dTTP; and 2.5 units of Taq polymerase.
Reaction mixtures were covered with 50 ul of mineral oil and
were incubated for 35 PCR cycles; each cycle consisted of
incubation for 1 min at 94°C, 2 min at 37°C, and 3 min at 65°C.
After the last cycle, the reaction mixtures were incubated for
an additional 10 min at 65°C. The DNA was precipitated with
ethanol, incubated with EcoRI and Sac I, and subcloned in
pBluescript II KS(+) (Stratagene).

RNA Probes. 32P-labeled (+)-RNA probes were prepared
by using a modification of the Stratagene RNA transcription
protocol. A typical 10-ul reaction mixture contained 40 mM
Tris'HCI (pH 8.0), 8 mM MgCl,, 2 mM spermidine, 50 mM
NaCl, 10 mM dithiothreitol, 10 uM [a-*?P]JUTP (800 Ci/
mmol; 1 Ci = 37 GBq), 0.5 mM ATP, 0.5 mM CTP, 0.5 mM
GTP, 194 fmol of linear proteinase K-treated DNA, 10 units
of RNase inhibitor, and 4 units of phage T7 RNA polymerase.
Reaction mixtures were incubated at 37°C for 30 min; then
RNA was precipitated with sodium acetate and ethanol.

Clones of Unamplified Homeobox Genomic DNA. A mouse
genomic DNA library in AGEM-11 (Promega) was screened
for some of the homeobox genes that had been found with
PCR-amplified DNA. E. coli KW251 cells (2 x 10°) infected
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TThe sequences for Hox-1.11, Hox-4.9, Hox-4.3, and Hox-4.2 have
been deposited in the GenBank data base (accession nos. M87801-
M87804, respectively).
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Mouse homeobox gene clusters. Genes that code for proteins with similar homeodomain amino acid sequences that are thought to

be copies of the same ancestral gene are aligned vertically. The numbers 1 through 13 (from right to left) at the top of the figure represent the
vertical sets of related genes in different clusters. Clones of homeobox genes described in this report are shown with shaded backgrounds.
Homeobox nucleotide sequences shown in this report are indicated by boxes drawn with thick solid or dashed lines. The chromosomal location
of Hox-X is uncertain. The boxes drawn with thin dotted lines indicate that no mouse homeobox sequence has been reported; the names of the
human HOX genes (6, 13) are sliown beneath these boxes. Some DNA clones described in this report also are shown beneath the appropnate
box; the number of DNA clones found is enclosed within parentheses DNA clones that begin with P are clones of PCR-amplified mouse genomic
DNA; clones prefaced by A are clones of mouse genomic DNA that were not amplified prior to cloning.

with 25,000 recombinant phages were plated on each 150-mm
Petri dish. Phage DNA adsorbed to replica nytran filters
(GeneScreenPlus, DuPont) was hybridized overnight at 60°C
with 32P-labeled RNA (35 fmol/ml, 2 x 10° cpm/ml) synthe-
sized from cloned PCR-amplified DNA. The hybridization
buffer contained 1 M NaCl, 50 mM Tris-HCI (pH 7.6), 1%
SDS, and 100 ug of yeast tRNA per ml. Filters were washed
twice with 2x SSC (300 mM sodium chloride/30 mM sodium
citrate, pH 7.0) at room temperature for 15 min (each wash),
followed by two washes in 2x SSC/1% SDS at 60°C for 60
min (each wash) and finally by one wash in 0.1x SSC at 24°C
for 30 min. Filters then were exposed to x-ray film in
cassettes at —70°C. Recombinant phage with matching pos-
itive signals on autoradiograms of replica filters were cloned.
DNA inserts were excised with Sac I and cleaved with
various restriction enzymes; some DNA fragments were
subcloned into pBluescript IT SK(+):

DNA Sequencing. Both strands of cloned DNA fragments
were sequenced manually by using Sequenase 2.0 (United

States Biochemical) with universal phage M13 primers or
specific primers by the dideoxynucleotide chain-termination
method (12), and also by using an automated DN A sequencer
(Applied Biosystems Model 373A) with Tag DNA polymer-
ase at 70°C, dITP instead of dGTP, dideoxynucleotides or
primers labeled with fluorescent dyes, double- or single-
stranded DNA preparations, and other components accord-
ing to the manufacturer’s instructions.

RESULTS AND DISCUSSION

Clones of PCR-Amplified Homeobox DNA. Small DNA
fragments that correspond to part of the homeobox of many
mouse homeobox genes were amplified from mouse genomic
DNA with the use of sets of primers, each set consisting of
multiple species of oligodeoxynucleotides that correspond to
conserved nucleotide sequences within the homeobox (nu-
cleotide residues 43-68 and 142-162). The amplified DNA
was subcloned, and the chain lengths of the DNA inserts from

(+) PRINERS (-) PRINERS
cen ‘s
(+)S' TGGAG CTC GAA ARR GAR TTT CAT TTT A ACC ARA GTT TTA GCC TCT TAC TTARGCT 5'(-)
6 ¢ ¢ ¢ 6C PERCENT  REF.
6 HOMOLOGY  NOS.
48 6Q 9 79 90 105 120 135 141 15 162 (69-1418)
Hox 1.11 PBB GAG CTC GAG ARG GAR TTT CAC TTC AAL ARG TAC CTT TGC nun cce CGC AGG r GRA ATC GCE GCG CTG CTG GAT TTG ACC GAG AGA CAR GTG AAR GTG|TGG TTC CAG ARC CGG AGG ATG 100
Hox 2.8 6AG CTG GAG ARG GAE) TR CAC TTC AAD) ARG TAC CTE] Tec (@6 ccB) cofd (05 67K 6AG) ATc 6¢ 6l Mie cT6 AR ENE Acc ARl AGE) CAB) 6TE) ARA GTE] T6G TTC CAG AAC CGR D6 ATG 71 {16
Hox 4.9 P125 GAG CTC GAG ARG GAG TTT CAT TTT Al G TAC CTA ncr AGR GCC CGA CGC ATC GAG ATA GCC AAC TGT TTA CAG CTG ART GAC ACC CAG GTC ana ATC| T6G TTC CAG ARC CGG CGC ATG 100
Hox 1.6 G6RG CTF| GAG ARG 6AG TTE CAB TTF] A nns TAC € A 6ofl) ¢ ”r GAG ATf| 6ee A CAG CT[] ART Gl ncc CAG GTR ATC| 766 TTC CAG ARD cod) c6C ATG 71 [24,25)
Hox 2.9 GAG CTIG| GAG AAG GAF] TTT CAT TTK| A m: ¢ 6ee C ’II GAG A occ 6 tr AAT G CAG or ATC| T6G TTC CAG ARC CGG CGC ATG 64 [16,17]
Hox 2.9 GAG CTG) GAG ARG GAgl TTT CAT T rm: ¢ 6ce C GTG) GAG A G CTC] AAT G CAG 6T n ATC|{ TGG TTC CAG AAC CGG CGC ATG 63 (18]
Hox ¥ P30 GRAG CTC GAG ARG GAG TTT cﬁr TTC AAC €GC TAC CTA TGC CGG CCG CGC CGG GTG GAG ATG GCC AAC CTG CTG AAC CTC AGC GAG CGC CAG ATC AAG ATC|TGG TTC CAR AARC CGG CGG ATG 100
Hox 1.5 GAG CT GRG ARG GAG T T7C ARC €6C TAC CTA BT CGG CCG CGC CGG GTG GAG ATG GCC AAC CTG CTG AAC CTC GAG CGC CAG ATC ARG ATC|TGG TT) CAR] ARC CGG c ATG 95 [24-26)
Hox 4.1 GAG c GAG ARG GAG T TTC ARC CGC 1@&@ T6C €66 CCG C6C COLJ GTG GAG ATG GCC AAC CTG CTG AAC CTC GAB CGC CAG ATC ARG ATC|TGG TTC CAG AAC C AT6 93 (27)
Hox 2.7 GAG CTE| GAG ARG GAG T TIc RAC e} T 16C €66 CCG CGC GG GTE] GAG ATG GCC AR CTG CTG AAC CTC RGC GAG CGC CAG ATC ARG ATC|TGG TTC CAG AAC C AT6 92 (28]
Hox 4.3 P24 GAG CTC GAG ARG GAR TTT CAT TTC AAC CCT TAT CTG ACC AGG ARG AGG AGA ATC GAG GTC TCC CAT ACT CTG GCC CTC ACG GAG AGA CAG GTA ARA ATC| TGG TTC CAR AAC CGG CGC ATG 100
Hox 4.3 6AG {16 oAl ARG AR TTIE) cBr TTD AR CCT TAT CTG ACC AGG ARG AGG AGA ATC GAG GTC TCC CAT AT CTG GCC CTC ACG GAG AGA CAG GTA AAA ATC|TGG TTC CAG ARC Asc MGA ATG 99 [14)
Hox 4.2 P167 GAG CTC GAA AAG GAG TTT CAC TTT AAC AGG TAT CTG RCC AGG CGC CGT CGG ATT GAR ATC GCT CAC ACC CTG TGT CTG TCT GAG CGC CAG ATC ARG ATC|{TGG TTC CAG AAC CGG CGC ATG 100
Hox 4.2 Al cTE) GRA ARG GAR TTT A TTT AAC AGG TAT CTG ACC AGG CGC CGT CGG ATT GAR ATC GCT CAC ACC CTG TGT CTG ECT GAG CGC CAG ATC ARG ATC|TGG TTC CAG AAC CGG [HGE) ATG 99 (1s)
Hox 2.9 P31 GAG CTC m AAG GAG TTT CAT TTT AAC ARA TAC CTG AGC CGT GCC CGG AGG GTG GAG ATC GCC GCC ACC CTG GAG CTC 100
Hox 2.9 6RG C ARG s TTT CAT TTf) AAC ARA TAC CTG AGC CGT GCC CGG AGG GTG GAG ATC GCC GCC ACC CTG GAG CTC 100 [16,17]
Hox 2.9 GAG ¢ ARG s TTT CAT TTQ AAC ARA TAC CTG AGC CGT GCC CGG AGG GTG GAG ATC GCE @CC ACC CTG GAG CTC 96 (18]

F1G. 2. The nucleotide sequences of six homeobox DNA clones, obtained by PCR amplification of mouse genomic DNA, are shown and
are compared with the sequences of the most closely related mouse homeobox genes. The numbers at the top correspond to homeobox nucleotide
residues. The sequences of oligodeoxynucleotide primers for PCR amplification of DNA are shown at the top. The asterisks above the primers
indicate that only one nucleotide residue is present at the position indicated; thus oligodeoxynucleotides will base-pair correctly if the codon
sequence in DNA is complimentary to that of the ohgodeoxynucleotnde but not if the DNA contains other synonym codons for the same amino
acid. The symbol t indicates that (—)-oligodeoxynucleotide primers do not contain A at this position; hence, correct base pairs can form if the
DNA contains five of the six arginine codons but not if the DNA contains the arginine codon CGT.
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—_— -——
(+)PRINERS (-)PRINERS  PERCENT
[O=HELTX 1] [O=HELTX 2] [O=HELTX 3] HOMOLOG
15 21 24 28 33 42 47 5254 RAA_BASE
Hox 1.11 P8B ELEKEFH F RPRRUEIRALL DLT ERQUKUMFQNR AR 100 100
Hox 2.8 ELEKEFH F RPRRVEIAALL DLT ERQUKUWMFQNR RN 100 71
Hox 4.9 P125 ELEKEFH F nnnmEmncL QLN DTQUKIMFQNR RN 100 100
Hox 1.6 ELEKEFH F RAR OLN QUKIMFQNR R 83 M
Hox 2.9 ELEKEFH F RAR QUKIMFQNR RN 75 64
Hox 2.9 ELEKEFH F RAR QUK IMFQNR RN 75 63
Hox X P30  ELEKEFH F RPRAVENANLL NLS ERQIKIMFQNR AR 100 100
Hox 2.7 ELEKEFH F RPRRUEMANLL NLS ERQIKIMFQNR RH 100 92
Hox 1.5 ELEKEFH F RPRRVENANLL NL[T| ERQIKIMFONR AN 92 95
Hox 4.1 ELEKEFH F RPRRVENANLL NLI| ERQIKIMFQNA AR 83 93

Hox 4.3-P24 ELEKEFH F RKRRIEUSHTL ALT ERQUKIMFQNR RN 100 100

Hox 4.3 ELEKEFL] F RKRRIEUSHEL ALT ERQUKIMFQNR RM 96 99
Hox 4.2-P167 ELEKEFH F RRRRIEIAHTL CLS ERQIKIMFQNR RN 100 100
Hox 4.2 ELEKEFH F RRRAIEIAHTL CLP] ERQIKIMFQNR RN 96 99
Hox 2.9-P31 ELEKEFH F RARRVE IAATL EL 100 100
Hox 2.9 ELEKEFH F RARRVEIAARTL ELN ETQUKIMFQNR RN 100 100
Hox 2.9 ELEKEFH F RARRVE IAPITL ELN ETQUKIMFQNR RN 96 96

Fi1G. 3. The amino acid sequences deduced from the nucleotide
sequences of PCR-amplified cloned mouse genomic DNA (Fig. 2) are
shown and are compared with the most closely related mouse
homeodomain amino acid sequences. The percent homology be-
tween related amino acid sequences for the central region between
the PCR primers (amino acid residues 24-47) and the percent
homology between nucleotide sequences shown in Fig. 2 (nucleotide
residues 69-141) are shown. The numbers at the top refer to
homeodomain amino acid residues. The positions of a-helices 1-3 in
the Antennapedia homeodomain (1) of Drosophila also are shown.

93 clones were determined. The nucleotide sequences of
some of the DNA inserts also were determined. Of 93 clones
examined, 85 were identified as homeobox genes. Two
clones, P8 and P91 with different DNA inserts, consist of two
homeobox DNA fragments amplified from separate genes
that were joined by ligation and cloned. The DNA clones
found correspond to 13 mouse homeobox genes as shown in
Fig. 1.

The nucleotide sequences of six amplified homeobox ge-
nomic DNA clones are shown in Fig. 2 and are compared with
the sequences of the most closely related mouse homeobox
genes. The percent homology also is shown between the
central region of each cloned DNA insert without the primer
sequences (homeobox residues 69-141) and the correspond-
ing sequences of the most closely related mouse homeobox
genes. The percent homology was calculated for only the
central region of the cloned DNA between the primers
because oligodeoxynucleotides that hybridize to DNA with
some incorrectly paired bases can serve as PCR primers.

Hox 1.11 A33

Proc. Natl. Acad. Sci. USA 89 (1992) 2885

Clone Hox-1.11 P8B corresponds to a novel mouse ho-
meobox gene of the Drosophila proboscipedia homeobox
class. The nucleotide sequence of clone Hox-1.11 P8B is most
closely related to that of the mouse Hox-2.8 gene, but only
71% of the nucleotide residues compared are identical.

Clone Hox-4.9 P125 is a member of the labial class of
homeobox genes, probably the first gene in the Hox-4 cluster
of homeobox genes (see Fig. 1). The amino acid sequence of
the Hox-4.9 homeodomain was reported recently (11), but the
nucleotide sequence has not been described. The nucleotide
sequence of Hox<4.9 P125 differs considerably from the
sequences of other labial class mouse homeobox genes,
Hox-1.6 (71% homology) and Hox-2.9 (63-64% homology).

Clone Hox-X P30 may correspond to an unreported murine
homeobox gene, probably the third gene in the Hox-3 cluster
of homeobox genes (Fig. 1). The nucleotide sequence of the
Hox-X P30 homeobox clone is most closely related to that of
Hox-1.5 (95% homology).

The nucleotide sequence of clone Hox-+4.3 P24 differs from
that of Hox-4.3 (14) by only 1 of the 73 residues in the central
region between the (+)- and (—)-oligonucleotide homeobox
primers, which suggests that clone Hox-4.3 P24 corresponds
to the Hox4.3 gene. The nucleotide sequence of clone
Hox-4.2 P167 differs from the sequence reported for Hox-<4.2
(15) by only 1 nucleotide residue.

Of the 85 homeobox clones obtained, 69 were found to be
only 78 nucleotide residues long because of the presence of
a Sac I site within the homeobox. Sequence analysis of 9 of
the 69 clones revealed one kind of DNA insert with Sac I sites
at both the 5’ and 3’ termini. The nucleotide sequence of a
representative clone, Hox-2.9 P31, shown in Fig. 2, is iden-
tical to the sequence of the Hox-2.9 gene reported by Rubock
et al. (16) and Frohman et al. (17) and differs by only 2
nucleotide residues from the Hox-2.9 sequence reported by
Murphy and Hill (18).

The amino acid sequences deduced from the nucleotide
sequences of PCR-amplified and cloned DNA are shown in
Fig. 3 and are compared with the most closely related mouse
homeodomain amino acid sequences. The amino acid se-
quence of clone Hox-1.11 P8B is the same as that of the
Hox-2.8 gene, but the nucleotide sequences differ markedly
(71% homology). Clone Hox-4.9 P125 is a labial class ho-
meobox gene with an amino acid sequence identical to the
sequence recently reported for the Hox-4.9 gene (11). Hox-
4.9 P125 differs from the other labial class homeobox genes,
Hox-1.6 and Hox-2.9, in both nucleotide and amino acid
sequences. The amino acid sequence of the homeodomain of
clone Hox-4.3 P24 (residues 24-47) differs from that of the
Hox-4.3 gene by 1 amino acid residue. Since the correspond-
ing nucleotide sequences differ by only 1 residue, Hox-4.3

\
-89 GACCCTTCCACCTTCARCTGTATGTGTGTCTCTTGTTGGTTTCCCTTTCTGCAGAR -3¢

-1 -1 p1

Hox 1.11433 S L E | A D 6 S 6 6 68 R AR L RTAY N T QL 13
Hox 1.11 A33 TCCCTGGARRTAGCTGATGGCAGCGGCGGGGGATCCRGGCGTCTGAGARCCGCGTACACCARCACTCAGETT [ 39
Hox 2.8 66--CC-6-T-6C-A--AT=-6-----A-C--0---C-CA-A---C-C--G--C--==oc-ccuG--A--G
Hox 2.8 6 P6LPECGSG -65-F - - - - - - - - - - -

L ELEKTETFHTFAHNIKYLTCRPRIR RUE
Hox 1.11 A33 |TTGGAGCTGGARRAGGARTTTCATTTCARCARGTACCTTTGCAGRCCCCGCAGGGTGGARATCGCCGCGCTG | 111

Fi1G. 4. The nucleotide sequence and de-
duced amino acid sequence of the Hox-1.11

A A L 37

Hox 2.8 c 6 6--C--C----- T -6---C-6--6--TC-C--C--G-----T--CT-- (clone A33) homeobox and flanking regions
- - - - - - - - - - s s s s T are shown and are compared with the se-
LDLTERG QUK UUTFG QMNRRNEKTHEKE RE OT 61 quences of the most closely related mouse

Hox 1.11 A33 |CTGGATTTGACCGAGAGACARGTGRRAGTGTGGTTTCAGARCCGGAGRATGARGCATARGAGGCARACCLAG 183  homeobox gene, Hox 2.8 (16). Dashes in the

Hox 2.8 |-=--- CC-Cunmnnl A--6-~6--C-—--- (oS Comemmman AC-C-----R--C---C----G--G6-- nucleotide sequence or amino acid sequence

- - represent a Hox-2.8 nucleotide or amino acid

C KENOQNSETGKTFI KN NLETDSUDTIKUETETSDE 85
Hox 1.11 A33 TGCRAGGAGARCCARARCAGCGARGGGRRATTTARRARCCTGGRGGACTCGGACARAGTGGAGGARGACGAG 255

EE K S L F E QR
Hox 1.11 A33 GRAGRGARGTCACTCTTTGAGCARGCC

residue that is identical to the corresponding
nucleotide or residue shown for Hox-1.11.
The homeobox sequence is enclosed within
9¢ abox. The arrowhead represents an intron—
282 exon junction.
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-10 -1
Hox 4.9 A41 -St

K LSEVYGATSPPSA

I R T N 7

Hox 4.9 A41 CCTTGTCTTTATGTTGCAGGCRRACTGTCCGARTATGGAGCCACARGCCCTCCCAGT6CCATCCGCACARAT | 21

Hox 4.9

F S TKOQLTE 3 EFHFNKY
Hox 4.

Hox 4.

I E 1 ANCLOQLNDTU QUK I UTF
Hox

9
Hox 4.9 I E I RN CLOQLNDTOQ QUK I HTF

P S A

Q NRRUMNK S5
.9 A41 | ATCGAGATAGCCARCTGTTTACAGCTGARTGACACCCAGGTCRRARTCTGGTTCCAGARCCGTAGGATGARG |165
Q NRRUHNK

I R T N

L TRARR 31
Al TTCRGCHCCHRGCRRETGRCRGRGCTHGRGRRRGRGTTTCHTTTCHHTRRGTRCCTRGCTRGRGCCCBRCGC 93
FSTKOQQLTETLTEIKETFHTFNEKYLTHRARIR

FiG. 5. The nucleotide sequence and de-
duced amino acid sequence of the homeobox
region of the Hox-4.9 gene (clone A41) are

Q K K R E JR EG6GLLATARASUVASI KLPRS 79

shown. The amino acid sequence of Hox-4.9

Ad1 is compared to the recently reported (11)

::: :: A4l gﬂsznsans:sszn GRGRGGGGCTTCTGECCACAGCTGCCTCTGTGECCTCGATTARGCTTECCEEETCA 237 L Z"glo e P id sequence. The dashes
represent Hox-4.9 amino acid residues that

E TSP I KSGRNLSGSTPSEOQARZ QETPS = 100 are identical to those of Hox-4.9 A41. The

Hox 4.9 A4l GARARCARGTCCCATCARRTCTGGCCGGAATCTAGGARGCCCTTCTCAGGCTCARGAGCCTTCCTGA 303 homeobox region is enclosed within a box.

P24 DNA probably corresponds to the Hox-4.3 gene. Simi-
larly, the nucleotide and deduced amino acid sequences of
clone Hox-+4.2 P167 differ from those of the Hox-4.2 gene by
only 1 nucleotide residue and 1 amino acid residue, which
suggests that clone Hox-4.2 P167 corresponds to Hox-4.2.
The nucleotide and amino acid sequences of clone Hox-2.9
P31 are the same as those of the Hox-2.9 gene (16, 17).

Clones of PCR-amplified DNA also were obtained and
sequenced that correspond to Hox-1.1, Hox-1.2, Hox-1.3,
Hox-1.6, Hox-2.1, Hox-3.4, and Hox-4.4 (data not shown).

Homeobox Genomic DNA Clones in AGEM-11. A mouse
genomic DNA library in AGEM-11 with 15-kilobase (kb)
DNA inserts (average size) that were not amplified prior to
cloning was screened for homeobox genes with a mixture of
32p_labeled RNA probes synthesized from PCR-amplified,
cloned DNA that correspond to Hox-1.11, Hox+4.9, Hox4.3,
Hox4.2, Hox-3.4, Hox-2.9, Hox-1.2, and Hox-1.1. Two
million recombinants were screened, and 29 clones of ho-
meobox genomic DNA were obtained. Restriction site anal-
ysis revealed seven kinds of DNA inserts that were shown by
nucleotide sequence analysis to correspond to seven ho-
meobox genes (Hox-1.11, Hox-4.9, Hox-4.4, Hox4.3, Hox-
4.2, Hox-3.4, and Hox-1.1).

Hox-1.11. Two genomic DNA clones, A16 and A33, were
found that correspond to Hox-1.11. The nucleotide sequence
and deduced amino acid sequence of the Hox-1.11 A33
homeobox and flanking regions are shown in Fig. 4 and are
compared with homeobox sequences of the most closely
related homeobox gene, Hox-2.8. The nucleotide sequence of
Hox-1.11 A33 DNA, which was not amplified prior to cloning,
was identical to that found with Hox-1.11 P8B cloned from
PCR-amplified mouse genomic DNA (nucleotide residues
69-141) shown in Fig. 2. Although only 74% of the Hox-1.11
A33 and Hox-2.8 homeobox nucleotide residues are the same,
the amino acid sequences of the homeodomains of Hox-1.11
and Hox-2.8 are identical. However, 9 of the 11 Hox-1.11 A33
deduced amino acid residues that precede the homeodomain
and 1 amino acid residue after the homeodomain differ from
those of Hox-2.8. These results show that Hox-1.1/ and

Hox-2.8 are separate genes. The intron—exon junction shown
in Fig. 4 at nucleotide residue —36 was identified by com-
paring the nucleotide sequences of Hox-1.11 genomic DNA
and cDNA, which will be described elsewhere (D. Tan, J.
Ferrante, A.N., C. Kozak, V. Guo, and M.N., unpublished
data); elsewhere we also show that the Hox-1.11 gene resides
in mouse chromosome 6, which suggests that the Hox-1.11
gene is a member of the Hox-1 cluster of genes.

The amino acid sequences of the Hox-1.11 and Hox-2.8
homeodomains are identical, which suggests that both spe-
cies of homeobox proteins may bind to the same or similar
nucleotide sequences in DNA. Another pair of homeobox
proteins, Hox-1.3 (19, 20) and Hox-2.1 (21-23) also have
identical homeodomains.

Hox-4.9 AM1. The nucleotide sequence and deduced amino
acid sequence of the homeobox and flanking regions of clone
Hox-4.9 A41 mouse genomic DNA are shown in Fig. 5. The
nucleotide sequence of Hox-4.9 has not been reported pre-
viously; however, the deduced amino acid sequence (A41) is
the same as the recently reported Hox-4.9 homeodomain
amino acid sequence (11), which suggests that A41 DNA is a
Hox-4.9 genomic DNA clone. The nucleotide sequence of
Hox-4.9 A41 mouse genomic DNA (cloned from DNA that
was not amplified) is identical to that found with PCR-
amplified mouse genomic DNA (clone Hox+4.9 P125 ho-
meobox nucleotide residues 69-141 shown in Fig. 2).

Hox-4.3 A40. The nucleotide sequence and deduced amino
acid sequence of the homeobox and surrounding regions of
Hox-4.3 A40 DNA are shown in Fig. 6 and are compared with
the nucleotide and amino acid sequences of the most closely
related homeobox gene, Hox-4.3 (14). The nucleotide se-
quence of the A40 mouse genomic DNA fragment, cloned
from DNA that was not amplified, was found to be identical
to that of Hox-4.3 P24, derived from PCR-amplified mouse
genomic DNA shown in Fig. 2 (homeobox nucleotide resi-
dues 69-141). Only 4 of the 209 A40 nucleotide residues
compared differ from those reported for Hox-4.3 (14); how-
ever, three of the homeodomain amino acid residues differ
from those reported for Hox-4.3. The high nucleotide se-

)
Hox 4.3 140 -27 TGTTGTTTTTAATCAGCA -10 FiG. 6. The nucleotide sequence and de-
Hox 4.3 o == duced amino acid sequence of the homeobox
Mox 43440 A P G R R AR G R QT VSRFOQFULELECKEFL |2 andsurrounding regions of Hox-4.3 A40
Hox 4.3 A40 GCTCCTGGTRGACGGAGAGGRRGACARACCTACAGTCGCTTCCAARCCCTAGAGTTGGARARGGARTTCCTT [ 63 ~ MOUSE genomic DNA are shown q,nd are
Hox 4.3 666 compared with the Hox-4.3 nucleotide and
Hox 4.3 e m ------- amino acid sequences reported (14). Only

FNPY LTRIKAR RRIEUSHI AL T EAROQUV 15
Hox 4.3 A40 | TTTRRCCCTTATCTGACCAGGARGAGGAGRATCGAGGTCTCCCATRCTLTGGCCCTCACGGAGAGACAGGTA | 135
Hox 4.3 G

nucleotide and amino acid residues of Hox
4.3 that differ from those of clone A40 are
shown; residues that are the same are indi-

cated by dashes. The homeobox region is

K I WF QNRRDNIKUWEKTIEKTENRENTIKTEDTKTFP 66

enclosed within a large box. Nucleotide and
amino acid residues that differ are enclosed

Hox 4.3 A40 | RRRATCTGGTTCCRGARCAGGAGARTGAAAT
Hox ¢.3

ACARCAARGACAAGTTTCCT 198

within small boxes. The arrowhead repre-

sents an intron—exon junction reported for
Hox-4.3 (14).
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PERCENT
HOMOLOGY

1 10 20 30 10 50 60 AR BASE
Hox 1.11 33 SRRLRTRVTNTOLLELEKEFHFNKVLCHPRRUE|RHLLDL1ERDUKUHFdNRRHKHKRDf 100 100
Hox 2.8 100 74
HOX 1K HUMAN 100 90
Hox 4.9 A41 PSRIRTNFSTKOLTELEKE&HFHKVLTRR#RIEIRNELOiNDTOUKIUFbNRRﬂKOKKRé 100 100
Hox 4.9 100

HOX 4G HUMAN S H 97

Hox 1.6 N-U. T U---RS E 88 77
Hox X P30 ELEKEFHFNRVLCRPRRUEHRNLLNLSEROIKIHFbNRRH 100 100
Hox 2.7 100 92

Hox 4.3 A0  RRRGRQTYSRFQTLELEKEFLFNPYLTRKRRIEUSHTLALTERQUKILFQNRRMKNKKEN 100 100
Hox 4.3 AU s 95 98

Hox 4.2 A6 PKRSRTRYTRQQULELEKEFHFNRYLTRRRRIE | AHTLCLSERQI K IUFQNRRMKUKKDR 100 100
Hox 4.2 --- - 98 99

Fi1G.7. The amino acid sequences of the homeodomains encoded
by five mouse homeobox genes deduced from the nucleotide se-
quences of cloned DN A are shown and are compared with the amino
acid sequences of the most closely related mouse or human homeo-
domains. The percent homology between the amino acid sequences
of related homeodomains and between the corresponding homeobox
nucleotide sequences also are shown. Only differences in amino acid
sequence are shown. Dashes represent identical amino acid residues.

quence homology between A40 and Hox-4.3 suggests that
clone A40 DNA corresponds to the Hox-4.3 gene. However,
the possibility that clone A40 DNA corresponds to a novel
homeobox gene, Hox-1.12, the eighth gene in the Hox-1
cluster of homeobox genes shown in Fig. 1, is not ruled out.

A summary of results is shown in Fig. 7. Homeodomain
amino acid sequences deduced from the nucleotide se-
quences of cloned mouse genomic DNA are shown and are
compared with the most closely related sequences reported
for mouse or human homeobox proteins. The amino acid and
nucleotide sequence homologies also are shown. The amino
acid sequence of the Hox-1.11 homeodomain is identical to
that of Hox-2.8; however, 9 of the 11 amino acid residues
before the homeodomain and 1 amino acid residue after the
homeodomain differ from those of Hox-2.8. Many differ-
ences also were observed in the nucleotide sequences of the
Hox-1.11 and Hox-2.8 homeobox regions. The mouse Hox-
1.11 homeodomain is the equivalent of the recently reported
human HOX-1K homeodomain (6).

The amino acid sequence of the Hox-4.9 A41 homeodomain
is identical to the recently reported Hox-4.9 homeodomain
amino acid sequence (11). The mouse Hox-4.9 homeodomain
is the equivalent of the human HOX-4G homeodomain (13).

Six of the 73 Hox-X P30 nucleotide residues differ from the
corresponding sequence of the most closely related ho-
meobox gene, Hox-2.7; however, the deduced amino acid
sequence of Hox-X P30 is the same as that of Hox-2.7. The
cumulative error due to misincorporation of bases during
DNA amplification was estimated by comparing the DNA
sequences of 10 clones of mouse genomic DNA subjected to
35 cycles of DNA amplification (730 nucleotide residues
compared) with mouse genomic DNA sequences that were
not amplified prior to cloning, which correspond to Hox-1.11,
4.9, -1.1, -34, 4.2, 4.3, and 4.4. No DNA amplification
errors were detected. Comparison of the nucleotide se-
quences of 13 additional clones of PCR-amplified DNA that
correspond to Hox-1.2, -1.3, -1.6, -2.1, and -2.9 with pub-
lished nucleotide sequences revealed only 2 residues that
differ (906 nucleotide residues compared). Hence, no more
than 2 misincorporated nucleotide residues were found per
1636 residues sequenced in DNA molecules that were cloned
after 35 cycles of DNA amplification; that is, the error due to
PCR amplification of DNA is no more than 1 residue per 818
nucleotide residues of cloned DNA. Thus, we think it more

Proc. Natl. Acad. Sci. USA 89 (1992) 2887

likely that Hox-X P30 DNA corresponds to a homeobox gene
that has not been reported previously, such as the third gene
of the Hox-3 cluster of homeobox genes shown in Fig. 1,
rather than a DNA clone with an erroneous sequence due to
misincorporation of 6 nucleotide residues during DNA am-
plification. However, the nucleotide sequence of a Hox-X
mouse genomic DNA clone that was not amplified prior to
cloning is needed to confirm the nucleotide sequence of
Hox-X P30.

Also, as shown in Fig. 7, the deduced amino acid se-
quences of the Hox-4.3 A40 and Hox-4.2 A6 homeodomains
were found to differ from the reported sequences (14, 15) by
3 and 1 amino acid residues, respectively.
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