Volume 322, number 2, 181-185 FEBS 12424
© 1993 Federation of European Biochemical Societies 00145793/93/86.00

May 1993

Expression of a novel human homeobox-containing gene that maps to
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A homeobox is a DNA sequence of 180 base pairs that encodes a DNA-binding domain known as a homeodomain. The polymerase chain reaction

(PCR) has been used to prepare probes of homeobox-containing genes. We cloned and sequenced the amplified products of PCR that was performed

with human genomic DNA and two primers that correspond to well-conserved regions in homeoboxes. Fifteen kinds of homeobox gene were

identified and 13 of them were assigned to HOX genes that have already been reported. Two others represented novel homeobox genes and one

of them, GBX1, was mapped to chromosome 7q36.1 by fluorescence in situ hybridization. Northern hybridization of mRNA for various kinds
of hematopoietic cell showed that the newly identified GBXT gene is expressed in K562 cells and Daudi cells.

Polymerase chain reaction; Fluorescence in situ hybridization; Hematopoiesis

1. INTRODUCTION

The homoebox was first identified as a common se-
quence in several homeotic and segmental genes of
Drosophila, such as Antp, Ubx and Ftz [1]. More than
30 genes involved in the developmental control of
Drosophila have so far been shown to contain ho-
meobox sequences [2]. The human homologues of most
Drosophila genes have been isolated by cross-hybridiza-
tion with Drosophila probes and ‘chromosome walking’
[3]. Antp-class genes seem to form the largest family of
homeobox genes in the human genome and they are
reportedly located in four major complexes: the HOX A
complex located on chromosome 7 at 7p15-pi4 encodes
11 homeobox genes; the HOXB complex located at
17q21-q22 encodes 9 homeobox genes; the HOXC com-
plex located at 12q13 encodes 9 homeobox genes; and
the HOXD complex located at 2q31-q37 encodes 9 ho-
meobox genes [4-6]. The 4 HOX complexes appear to
have been created by multiplication of a primordial
gene cluster that corresponds to the bithorax complex
and the antennapedia complex in Drosophila [7-9].
Other than those of the Antp class, the homeodomains
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encoded by homeoboxes are found in a large number of
transcription factors, and they form a major set of struc-
tural motifs that can bind to DNA in a sequence-specific
manner [10,11}. In the present study, we attempted to
prepare probes of homeobox genes using the polym-
erase chain reaction (PCR) [12]. Homeodomains dis-
play a helix-turn-helix structure and are best conserved
in the C-terminal third (helix 3 region) of the domains
[2). Several positions in the helix 1 region are also well
conserved [2]. We chose two blocks of amino acid se-
quences: ELEKEF from the 15th to the 20th position;
and WFQNRR from the 48th to the 53rd position as
sources of primers. This strategy has already been used
for the identification of homeobox genes in various or-
ganisms [13-17]. Nucleotide sequence analysis of the
amplified products revealed a novel class of homeobox
genes in human genomic DNA.

2. MATERIALS AND METHODS

Human genomic DNA was prepared from human placenta by the
published procedure [18]. Two kinds of primer were synthesized chem-
ically with a DNA synthesizer (Applied Biosystems): primer I,
GGGGATCCGARYTRGARAARGARTT, where Y denotes T or C
and R denotes G or A (this base sequence corresponds to the BamHI
site, which is underlined, and to the amino acid sequence ELEKEF);
and primer 1I, GGGTCGACYCKYCKRTTYTGRAACCA, where
K denotes G or T (this sequence corresponds to the Sal/l site, which
is underlined, and to the amino acid sequence WFQNRR). PCR was
performed as described elsewhere {12]. In brief, a 100 ul reaction
mixture contained 1 ug of genomic DNA, 2 uM each primer, 200 uM
each dNTP, and 2.5 U DNA polymerase from Thermus aquaticus
(Takara Co.) in 10 mM Tris-HCI (pH 8.4), 50 mM KCl, 2.5 mM
MgCl, and 200 ug/mi gelatin. The mixture was subjected to 33 ampli-
fication cycles in a Perkin-Elmer/Cetus Thermocycler: | min at 94°C,
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2 min at 55°C and 1 min at 74°C. After fractionation by electropho-
resis in a 5% agarose gel, the amplified DNAs of around 130 nucleo-
tides in length were digested with both BamHI and Sall and cloned
into Bluescript vectors (Stratagene). Nucleotide sequences were deter-
mined by the dideoxy chain termination method [19). Southern hybrid-
ization was carried out under non-stringent conditions as described by
McGinnis et al. [3]. A genomic library was constructed by partial
digestion with Sau3A and subsequent ligation with Adash vectors. The
library was screened by the Benton—Davis method [20]. After inserts
had been separated from plasmid DNA by agarose gel electrophoresis,
the probes were labeled by the multi-prime labeling system. The fol-
lowing cells were used for Northern hybridization analysis: K562,
Daudi, MOLT4, MOLT3, CCRF-CEM, NALMS, HL60 and Ly16.
After cells had been grown in RPMI1640 medium supplemented with
5% FCS, RNAs were extracted by the guanidinium thiocyanate
method [20] and poly(A)-containing RNAs were prepared by column
chromatography on oligo(dT) cellulose [21]. Northern blots were pre-
pared by the standard method, as described elsewhere [21]. Fluores-
cence in situ hybridization (FISH) was carried out as described previ-
ously [22,23].

3. RESULTS

3.1. Identification of human homeobox-containing genes
by PCR

Human genomic DNA was subjected to amplification
by PCR with the two primers described in section 2. The
amplified products were separated by electrophoresis
on an agarose gel. One major band of around 130 nucle-
otides was observed. The fragments were eluted from
the gel and cloned in the vector. Nucleotide sequences.
of 28 independent clones were determined. All of them
contained fragments of identical size sandwiched be-
tween the two primers. Fifteen different sequences were
identified and compared with those reported in the liter-
ature. Thirteen of them were assigned to HOX genes
that have already been reported [4-6] (the numbers in
parentheses indicate the number of isolated clones with
each sequence): HOXAI (2); HOXAS5 (4); HOXA6 (2);
HOXA7 (1); HOXB1 (3); HOXB5 (1); HOXB6 (1);
HOXB7 (1); HOXBS (2); HOXBY (1); HOXC4 (2);
HOXCSE (1); and HOXDI1 (1). Although a few discrep-
ancies were observed between the nucleotide sequences
determined in the present study and those reported pre-
viously, all of them were located at the third letter in
each codon and were probably due to polymorphism.
Nucleotide sequences of two other genes, GBXI and
GBX2, are indicated in Fig. 1. Although the nucleotide
sequences of GBX1 and GBX2 were only 84% identical,
the amino acid sequences deduced from them were
100% identical to each other. These sequences did not
correspond to any of the homeobox genes that have
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been identified to date in the human genome, however,
when the amino acid sequence was compared with those
encoded by all the known homeobox genes in various
organisms, it was found to correspond to that encoded
by CHox-7, identified in the chicken [24]. Moreover,
amino acid sequences encoded by MMoxA and
MMoxB, which were identified from among the
mRNAs of the mouse telencephalon by the same PCR
strategy as exploited in this study, were also the same
as those encoded by GBX1 and GBX2 [15]. In the case
of MMoxA and MMoxB, partial sequences from cyste-
ine at the second position to lysine at the 2nd position
from the carboxy-terminal are known [15]. Since the
mouse MMoxB and MMoxA genes have recently been
renamed Gbx! and Gbx2, respectively (Dr. M. Murtha.
personal communication), we refer to our human genes
as GBX! and GBX2. A genomic library was constructed
from human placental DNA and screened with GBXI
DNA as probe. One clone, AGBX1-1, which was posi-
tive for hybridization with the GBXI probe, was iso-
lated and analyzed. Fig. 2 shows the nucleotide se-
quence of the region that includes the GBX! probe-
positive sequence. It clearly contains a homeobox se-
quence. The possible coding region was identified by
comparison of the predicted amino acid sequence with
that encoded by CHox-7{24]. The amino acid sequences
of the homeodomains encoded by GBXI and CHox-7
were 100% identical to each other. Downstream of the
homeodomain, the first 18 amino acid residues of the
two putative proteins are very similar but then the ho-
mology suddenly disappears, however, if one nucleotide
is deleted from the published sequence of CHox-7, the
extent of homology again becomes very high. We re-
peated our sequencing of GBX1 in both directions and
confirmed our sequence. Thus, the differences observed
may be due to an error in sequencing of CHox-7 [24].
Since there is no consensus sequence for splicing before
a stop codon appears at the 44th residue downstream
from the homeodomain, this stop codon should be the
end of the coding region of the GBXI gene. The amino
acid sequences encoded by GBX1 and CHox-7 upstream
of the homeodomain are rather different, however, the
first eight amino acid residues encoded by CHox-7,
namely, GPKGKGKG, are very similar to those en-
coded by GBX1, namely, GPK PKLKG. This similarity
indicates that this region should be included in the cod-
ing exon. Since a stop codon is present, in frame, 39 bp
upstream of the sequence that encodes GPGA, the 5
end of this exon was tentatively identified and is indi-
cated in Fig. 2.

I A H AL K L S E V Q V K I

GBX1 TCATTGCAAGAAATACCTGAGCTTGACAGAGCGCTCTCAGATCGCCCACGCCCTCAAGCTCAGTGAGGTGCAGGTCAAGATC
GBX2 C--C----- A-=G---~~ CTC=~—=m- G G === O Commmmmmmm - G--A--~-

Fig. 1. Nucleotide sequences of the products of PCR. Bars indicate the nucleotides that are the same as those in GBX/. The same amino acid
sequences are encoded by GBX! and GBX2.
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ATTCGCACTAGTCCAGCTGCTCTGAGGTGTATATCATCGCGTACTGCCTGTCTCTAGTCGAGAAGCTGGAGTGTGGTGCGAATGAGATGGGGGTGGTGGGAAGTTGAGGGGATCATTGTC 120
CACACACTTATTGCCTCCCAGAGTTTTCCGTAGTGAAATCTGTGCTGGTTAATACCTTTCTTCCCATTTCTTTGTTTTCCCTAAACCTCTTCCCATTCCATATCCTGGACATACCATCCT 240
TCTGCCTCCTGTCCCTCCCCATCTTCTCCTCTCCATGGCTACTCTTTTTTCCTGCTCTTGTCTCCCAACCCCCCATTTCTGGCATGGTTCCATGGGCCTCCATTGGCTCTCAACTCTCTT 360
TCTGCTCTCCTCCCATCATGCTTCTTGCTCCTCACAGCAGAGGAAGTGTACAGCCATAGATGAGGAGAAGCTGAGGCATCAGCAGAGCCCAGCAGGCAGCGACAGGAGGAGAGGGACTCA 480

G P 6 A L L G P K P K L K G 8 L G T G A E E G A P V
GGCGTGACAGCGGATGACGGTTTCCCTGGACAGTTCTGCAGGGGGCCCAGGGGCTCTTC TGGGACCTAARCCGAAGCTARAGGGAAGCCTGGGGACTGGAGCTGAGGAGGGGGCACCGGT 600

G G K!$S R R R R T A F T S$ E ¢ L L E L E K E F H C K K Y L S8 L T E
GACAGCAGGGGTCACAGCTCCTGGGGGGARANGCCGACGGCGCCGCACAGCATTTACCAGCGAGCAGCTTT TGGANT TGGAGAAGGAAT TTCATTGTAAGAARTACCTGAGCTTGACAGA| 7120

V Q V K I W F Q N R R A K W K R I K|A G N V 5 S R S G E
GCGCTCTCAGATCGCCCACGCCCTCAAGCTCAGTGAGGTGCAGGTCAAGATCTGGTTTCAGAATCGACGGGCCAAGTGGAAGCGCATCAANGCTGGCAATGTGAGCAGCCGTTCTGGGGA 840

R V N R F A VvV R § Q H QO Q@ M E Q G A R P

GCCCGTAAGAAACCCCAAGAT TG TTGTCCCCATACCTGTGCATGTCAACAGGTTTGC TG IGCGGAGCCAGCACCAACAANTGGAGCAGGGGGCCCGGCCCIGANTGGGCACCCAAGARCT 960
TAGGAAGGCGAGGGATCTGTACCTGAGCCTGCTCTGAGACTGTCAGGGTTCTGTGGACCAGAGGGGCTGCAACTGTGATTCTGCCTTGAGAGGGGCTAGTTGGGAATTAACCTAGCCCTG 1080
GGTGTGCTCTTCCCAGACTCATCAAGAACCTGAGATGTGAAGCACTTGGGCCTGAGCCTGTTCCAGAGACCTCAGGACTAGGGCCTCAAGGTTAAAGGGGGCTGGGGTTCTATTGCTGAG 1200
GGAGCTGTTGGGACTGAGGTGGACTCCTGGGGAGGGGGTGGGTTCTAAGATGCCTAAGGGCCTGAAGGTTCTGTGGCAAATGCCCTGGAACCAGCTTCTGATGGGTGGAGGGAACAGGCG 1320
1348

Fig. 2. Nucleotide sequence of AGBX1-1. The homeobox is boxed. The amino acid sequence of a putative exon is also indicated.

3.2. Localization of GBX1 on human chromosome 7 at
7q36.1

The location of the GBXI gene on a human chromo-
some was determined by the FISH method [22,23]. As
shown in Fig. 3, the GBX! gene was mapped to chromo-
some 7q36.1. This result seems to be in good agreement
with that found in the mouse, in which the GbxI gene
has been mapped to chromosome 5 (Dr. M. Murtha,
personal communication) and the mouse homologues
of many genes on human chromosome 7 are encoded on
mouse chromosome 5 [25-27].

3.3. Expression of GBXI in hematopoietic cells
mRNAs were prepared from various kinds of hema-

topoietic cell and subjected to Northern hybridization
analysis with GBX1 and GBXZ as probes. As shown in
Fig. 4A, GBXI was expressed in both K562 cells and
Daudi cells. The size of the transcript was around 2.2
kb. GBX1 and GBX2 seem to form a new class of
homeodomain that has at least three members, as
shown in Fig. 4B. Although the extent of sequence ho-
mology between the GBXI and GBX2 probes was 84%
and both probes detected common bands of different
intensities during Southern hybridization, the GBX2
probe did not hybridize with any bands during North-
ern hybridization (data not shown). Therefore, the ex-
pressed transcript of 2.2 kb in K562 and Daudi cells
should be an authentic transcript of the GBX7 gene.

Fig. 3. Results of fluorescence in situ hybridization with the biotinylated human GBX7 probe and human chromosomes. R-banded metaphases
after in situ hybridization are shown. Arrows indicate signals at 7q36.1.
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Fig. 4. Expression of the GBX1 gene in hematopoietic cells. (A) Northern hybridization of various lines of cells with the GBXI probe. Lanes: 1,

K562; 2, Daudi; 3, Molt4; 4, Molt3; 5, CCRF-CEM; 6, NALMS; 7, HL60; 8, Ly16. Lower panel: a DNA fragment encoding the gene for f-actin

was used as a probe [40). (B) Southern hybridization of human genomic DNA with GBX! and GBX2 probes. Probes: a, GBX2; b, GBX1. Restriction
enzymes: 1, HindIll; 2, EcoRI.

4. DISCUSSION

In this study, we used the PCR method to prepare
probes for homeobox genes in the human genome.
Many mammalian homeobox genes have been isolated
by cross-hybridization with Drosophila probes [3]. De-
generate oligonucleotides corresponding to the highly
conserved sequence in the helix 3 region have also been
utilized as probes for identification of homeobox genes
[28]. Analysis of genes in the vicinity of break points
associated with chromosome translocation in leukemic
cells has resulted in the identification of novel ho-
meobox genes [29]. The advantage of the PCR method,
as adopted in the present study, is that it allows the
direct acquisition of sequence information in a short
time. We were able to judge whether identified genes
were novel or already known. In fact, the GBX! and
GBX2 genes identified in the present study are novel
homeobox genes in the human genome. Regions of 27
amino acids encoded by the amplified fragments of
GBXI and GBX2 are identical to each other. Murtha et
al. [15] have already identified the mouse homologues
of these two genes. This class of the homeodomain may
have one more meniber, as shown in Fig. 4B. The amino
acid sequence of the homeodomain encoded by GBXI
is 100% identical to that encoded by CHox-7 and iden-
tified in chicken. A high degree of conservation of se-
quence is also found in the surrounding regions. Thus,
this class of homeobox gene appears to have been effec-
tively conserved during evolution.

The GBXI gene is located at chromosome 7q36.1.
Another homeobox gene, EN-2, has been mapped to
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this region [30,31]. The mouse En-2 gene was also
mapped to mouse chromosome 5 [30,31]. Although the
sequence of GBX2 is very similar to that of GBX1, this
similarity does not necessarily indicate that the location
of GBX2 is close to that of GBX1. The EN-1 gene, which
is homologous to EN-2, was mapped to chromosome 2
in human [30] and to chromosome 1 in the mouse
[32,33]. Moreover, PBX-1, PBX-2 and PBX-3, which
have structures very similar to one another, are located
at different chromosomat loci [34]. The same is true for
the msh-like genes, HOX7.1 and HOXS.1 [35].

GBXI was expressed in two kinds of hematopoietic
cell, K562 cells and Daudi cells. It has been well estab-
lished that the homeobox genes play pivotal roles in
determining the anterior—posterior body axis of the em-
bryo and in specifying different cell types during animal
development [36]. The hematopoietic system is organ-
ized in a developmental hierarchy in which stem cells in
bone marrow can mature into any of the cells of the
hematopoietic lineage. The homeobox genes seem to be
strong candidates for genes that determine the lineage
commitment within the hematopoietic system. Kong-
suwan et al. [37] and Shen et al. [38] analyzed the expres-
sion of several HOX genes in various cell lines that
represented erythroid, myeloid and lymphocyte line-
ages. Magli et al. [39] systematically examined the ex-
pression of all the genes encoded at four HOX loci in
various cell lines, which included erythroleukemic, pro-
myelocytic and monocytic cells. There are some discrep-
ancies among the reported results. For example, HoxA7
is expressed in all hematopoietic cells according to Kon-
suwan et al. [37], but not according to Magli et al. [39].
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We repeated similar experiments using HOXAI,
HOXA7, HOXBI, HOXB4, HOXB7, HOXBS and
HOXB9 probes. None of the cells tested (the lines are
listed in the legend to Fig. 4A) expressed these tran-
scripts, as indicated by Northern hybridization analysis
(data not shown). Further experiments are required to
establish the possible involvement of homeobox genes
in hematopoiesis.
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