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ABSTRACT A human craniofacial cDNA library was
screened with a degenerate oligonucleotide probe based on the
conserved third helix of homeobox genes. From this screening,
we identified a homeobox gene, H6, which shared only 57-65%
amino acid identity to previously reported honeodomains. H6
was physically mapped to the 4p16.l region by using somatic
cell hybrids containing specific deletions of human chromo-
some 4. Linkage data from a single-stranded conformational
polymorphism derived from the 3' untranslated gion of the
H6 cDNA placed this homeobox gene more than 20 centimor-
gans proximal of the previously mapped HOX7 gene on chro-
mosome 4. Identity comparisons of the H6 homeodomain with
previously reported homeodomains reveal the highest identities
to be with the Nk class of homeobox genes in Drosophila
melanogaster.

The homeobox was originally identified as a 180-base-pair
(bp) region of DNA in the Drosophila melanogaster anten-
napedia (Antp) gene, where mutations in Antp resulted in
transformation of antenna to leg-like body parts (1-4). DNA
sequence analysis of other Drosophila developmental genes
revealed that many of these genes, such as sex combs
reduced (5), deformed (6), labial (7), and caudal (8), also
contain a homeobox region and illustrates the importance of
homeobox-containing genes in regulating Drosophila devel-
opment. Similarly, homeobox genes are also present in other
metazoans including Caenorhabditis elegans (9, 10), Xeno-
pus laevis (11, 12), Mus musculus (13, 14), and Homo sapiens
(15, 16).
A role for homeobox genes in mammalian development has

been suggested by the association of several aberrant mouse
and human phenotypes with mutations in Pax genes, which
contain two DNA binding motifs, a paired box and a ho-
meobox. These phenotypes include small eye (17) and
splotch (18) for the mouse as well as Waardenburgs syndrome
in humans (19). Additional evidence for the developmental
importance of homeobox genes comes from their targeted
disruption in mouse embryo-derived stem cells and subse-
quent use in creating transgenic mice homozygous for the
mutant form of the homeobox gene (20). By this method, the
developmental functions of Hox-1.5 and -1.6 have been
determined (21, 22). In both cases, offspring homozygous for
the mutant form of the gene demonstrated the loss of specific
tissues and structures including thymus, parathyroid, and
thyroid for Hoxi.5 and loss of outer, inner, and middle ear
structures for HoxJ.6.

Proteins encoded by homeobox genes have been shown to
function as transcription factors (23) capable ofbindingDNA
(24). Structural analysis ofhomeodomains indicate that these
proteins form a helix-turn-helix motif (25-27), with the third
helix serving as a DNA binding recognition helix (27).

Studies of the recognition helix revealed a highly con-
served eight-amino acid region specific to many homeobox
genes (28). This suggests that DNA probes based on the
conserved region of the third helix would serve as powerful
tools to screen for homeobox genes. Recently, researchers
using a degenerate oligonucleotide probe based on the con-
served region of the third helix identified several additional
homeobox genes in C. elegans (9) and M. musculus (29).
Recognizing the developmental importance of homeobox-

containing genes and the efficacy by which third-helix probes
detect them, we used a similar approach to identify ho-
meobox genes that are expressed in the developing human
craniofacial region. Probing acDNA library constructed from
human embryonic craniofacial tissue, we identified a ho-
meobox gene that maps to the 4pl6.1 region of human
chromosome 4.§

MATERIALS AND METHODS
Oligonucleotide Probe. An oligonucleotide probe derived

from previously reported third-helix probes (9, 28) was used
in all library screenings. The sequence of the probe was
AARATXTGGTTYCARAAYMGXMGX, where X is A, C,
T, or G; R is A or G; Y is C or T; and M is A or C.

Hybridization. The oligonucleotide was end-labeled with
[y-32P]dATP (7000 Ci/mmol; 1 Ci = 37 GBq) (ICN) as
described (30). Plaques were fixed to nitrocellulose filters as
described (31) and hybridized overnight at 420C. Filters were
washed with tetramethylammonium chloride at 540C to select
for full-length hybridization of the oligonucleotide probe and
were placed against film as described (32).
cDNA Library. A cDNA library was constructed from

mRNA derived from the craniofacial region of human em-
bryos ranging from 42 to 53 days ofgestation. Approximately
1 ,ug of poly(A)+ RNA was used as template to produce
cDNA using a cDNA synthesis kit and protocols described
by the manufacturer (Pharmacia). EcoRI/Not I linkers (Phar-
macia) were ligated to the double-stranded cDNA product,
which was in turn ligated to Lambda ZAP II vector arms
(Stratagene). The average insert size of the library was 1.8
kilobases (kb). Approximately 1 x 106 plaques were detected
before amplification. Nonrecombinant plaques were esti-
mated at 5% as determined by blue/white color selection.
Clone Isolation and Sequencing. Plasmids from positive

plaques were rescued from the LambdaZAP II host by in vivo
excision with R408 helper phage as described by the manu-
facturer (Stratagene). Bluescript plasmids containing the
cDNA inserts were sequenced by the Sanger dideoxynucle-
otide method (33) using sequence-specific primers and the
Sequenase version 2.0 kit (United States Biochemical). Re-
gions of high secondary DNA structure were sequenced by

Abbreviation: SSCP, single-stranded conformational polymorphism.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M99587).
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using either single-stranded templates or terminal transferase
as described by the manufacturer (United States Biochemi-
cal). DNA sequence analysis was done using a Vax main-
frame and the Genetics Computer Group (GCG) software
package (34). Programs used in DNA sequence analysis
included SEQED, MAP, and TRANSLATE, whereas identity
comparisons between H6 and related homeobox genes were
done with the programs FASTA, PILEUP, LINEUP, and PRETTY.
All nucleotide and protein data base searches used the most
recent versions of the GenBank and Swiss-Prot data bases
provided by the GCG software package.
PCR Conditons. A 250-bp fragment was amplified from

human genomic DNA by PCR with primers derived from the
3' untranslated region of the H6 gene. The primer sequences
were 5'-CAGCGCAACAAAGGAAAACT-3' for the forward
primer and the reverse complement of a primer from the 3'
untranslated region, 5'-GTATGGAATAAAAAGGGACA-
3'. Amplifications were done with S ng of genomic DNA and

CCOATca cGcCGcGcccGTCCCGOCCCGGCCCGCCC OC GMAcc

Proc. Nad. Acad. Sci. USA 89 (1992)

0.5 unit of Taq DNA polymerase as recommended by the
manufacturer (Stratagene). PCR conditions were 40 cycles of
94°C for 55 sec, 54°C for 45 sec, and 72°C for 55 sec.
SinleStr ed Conforniatonal Po (SSCP)

Contis. The 250-bp fragment amplified from genomic
DNA demonstrated a SSCP when electrophoresed at 20 W
for 3 hr in0.5x TBE (1x TBE = 90 mM Tris/64.6mM boric
acid/2.5 mM EDTA, pH 8.3). DNA samples were denatured
at 85°C for 5 min in a loading buffer containing 95% forma-
mide, 0.1% bromophenol blue, and 0.1% xylene cyanol and
immediately placed on ice before loading. The gels consisted
of 1o acrylamide (acrylamide/bisacrylamide, 49:1), 5%
(vol/vol) glycerol, and 0.5x TBE. Gel temperatures were
maintained during the 3-hr run by constantly cooling the glass
plates with a small commercial house fan. Nucleotide se-
quencing for each allele was achieved by double-stranded
sequencing of the cloned amplification product derived from
homozygotes.

3;CCGCCTGCCCTGCGGGCGCCGACGCCAGCGGTCCGGGTAGCAGCTCCQQCCGGCCc 121

GCGCGTGCOCCGACCrACGCCCACCATCCCCAGWGGACCGAGCAGCCCGGCCOACCCCGAGCACCCGCGGCCGCGATGCCTGACGAGCTGACGGAGCCCGGGCGCGCCACGCCGOCC
M P D I L T E P G R A T P A

CCCGCCTCCTCCTTCCTCATCG CCATCCTGGCGCG¢~AGGCC CCa GCGACCCAGGG¢CGACGGCAGCCGGGAGGACGGGAGGG CGACGACCiCCCCGAGCGA
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FiG. 1. Complete nucleotide and translated amino acid sequence of H6. Nucleotide positions 932-955 represent the exact match of the
40%-fold degenerate oligonucleotide probe. Bracketed regions represent sites for forward and reverse primers used in the SSCP and mapping
analysis. Nucleotides superscripted by an asterisk represent the two transitions causing the SSCP. Homeobox region and polyadenylylation
signal are underlined.
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55 Identity

H6
HOX7
Mus Hox7.1
HTR-A2
NK3
NK1
Hm4 0
Gallus Hox7
Consensus

R¶IVFSRSQVF
RTPFTTAQLL
RTPFTTAQLL
RTAYSRSQLF
RAAFSHAQVF
RTAFTYEQLV
RTAFTYEQLV
RTAFTSEQLL
RT-F---QL-

Helix 1

QLESTFDLKR YLSTAERAGL
ALERKFRQKQ YLSIAERAEF
ALERKFRQKQ YLSIAERAEF
ELEKEFHFDK YISRPRRVEL
ELERRFAQQR YLSGPERSEM
SLENKFKTTR YLSVCERLNL
ALENKFKTTR YLSVCERLNL
ELEKEFHCKK YLSLTERSQI
-LE--F---- YLS--ER---

Helix 2

AASLQLTETQ VKIWFQNRRN
SSSLSLTETQ VKIWFQNRRN
SSSLSLTETQ VKIWFQNRRA
ASSLNLTERH IKIWFQNRRM
AKSLRLTETQ VKIWFQNRRY
ALSLSLTETQ VKIFQNRRTK
ALSLSLTETQ VKIWFQNRRT
AHALKLSEVQ VKIWFQNRRA
--SL-LTE-Q VKIWFQNRR-

Helix 3

FIG. 2. Comparison of translated amino acid sequences for H6 and most closely related homeodomains. Identity scoring is based only on
the homeodomain region and is relative to the H6 homeodomain. Dashes within consensus sequence represent >1 amino acid substitution at
the respective position. Data are from the following sources: H6, this work; HOX7, ref. 16; Mus Hox7.1, ref. 14; HTR-A2, ref. 45; NK3 and
NK1, ref. 46; Hm4O, ref. 47; Gallus Hox7, ref. 48.

Human Chromosomal nt. Initial assignment ofH6
to human chromosome 4 was achieved by hybridization of
radiolabeled H6 DNA to Southern blots containing DNA
derived from a mouse-human somatic cell hybrid (HA4)
containing only human chromosome 4 (35).
Mapping. H6 was assigned to the region 4p16.1 using the

PCR conditions and primers described earlier to amplify the
250-bp fragment from a DNA panel of hamster-human so-
matic cell hybrids containing differential deletions of human
chromosome 4 (36). Confirmation of this initial assignment
was achieved by detecting linkage between a collection of
markers on chromosome 4 and the 250-bp amplification
product from H6, which demonstrates a SSCP when elec-
trophoresed on a nondenaturing acrylamide gel as described
(37, 38). The SSCP was typed against 50 three-generation
pedigrees with large sibships (average size, 7.6) made avail-
able by the Centre d'Etude du Polymorphisme Humain as
described (39). Pairwise linkage analysis was performed
using the logarithm ofodds (lod) score method ofMorton (40)
and the linkage program MLINK (41). Allele frequencies were
determined by gene counting from the parents. Significance
of the observed results was determined using theZ (0) -3 to
accept linkage and Z (6) < -2 to reject linkage (40). Unkage
was evaluated by using a group of loci on chromosome 4
known to be on 4p (42).

Restriction fragment length polymorphisms for H6 were
also screened for using DNA from seven unrelated individ-
uals. No restriction fragment length polymorphisms were
detected with the following restriction enzymes: Alu I,
BamHI, Bgl I, Bgl II, BstEI, BstEII, Dru I, EcoO109, EcoRI,
Hae III, HincII, HindIII, Mbo II, Msp I, Pst I, Pvu I, Pvu II,
Rsa I, Sac I, Sac II, and Taq I.

RESULTS
Islation and Cha iz of H6. The degenerate oli-

gonucleotide was used to screen -2 x 105 cDNA plaques.

Table 1. Physical mapping of H6 to 4p16.1
Somatic cell Portion of chromosome H6-specific

line 4 contained amplification
HA4 Entire chromosome +
HHW 416 Entire chromosome +
HHW 986 4q35.1-35.2 -

HHW 582 4q25-4q35.2 -

HHW 848 4q21.1-q35.2 -

HHW 886 4pl5.33-4q35.2 -

HHW 892 4p16.2-q35.2 +
HHW 842 4p16.3, 4pl4-q35.2 -
HHW 693 4p16.3-p15.1 +
Physical mapping ofH6 using primers specific for the human form

ofH6 and genomic DNA derived from somatic cell hybrids contain-
ing differential deletions of human chromosome 4.

Twenty clones were isolated and insert DNA was fixed to
Zetabind filters (AMF-Cuno) and reprobed with the degen-
erate oligonucleotide. Seventeen clones did not hybridize
with the oligonucleotide, whereas the remaining three clones
hybridized strongly. Restriction mapping and DNA sequence
analysis of the positive clones indicated that the clones
contained the same 1.8-kb cDNA insert and were assigned
the name H6. The sequence of H6 is shown in Fig. 1.
Sequence analysis of the 5' end of H6 cDNA revealed a

high G+C content (82% for bases 1-240) and several rare-
cutting restriction enzyme sites including Not I, BssHII, and
Sma I. Similarly, the 5' region also contained numerous Hpa
II restriction sites common to CpG islands, which have been
found to reside near the transcription sites of vertebrate
genes (43).
A single initiation codon was found in the 5' region at

position 200. This codon agrees favorably with Kozak's rules
(44) and represents the only in-fiame ATG in the 5' region.
Furthermore, the presence of CpG islands upstream of this
ATG is consistent with its role as an initiation codon. Further
analysis of the 3' region revealed a polyadenylylation signal
at positions 1851-1856; however, no poly(A) tail was found.
Therefore, it is likely that some of the 3' region of the H6
cDNA was lost after oligo(dT) selection.
Anaysis of the TransdatedH6cDNA. Translation ofH6 (Fig.

2) indicates that thecDNAencodes a complete homeodomain
with conservation of the 9 invariant homeodomain-specific
amino acids: Arg-5, Gln-12, Leu-16, Tyr-25, Leu40, Trp-48,
Phe49, Asn-51, and Arg-53 (4). Amino acid comparisons of
the H6 homeodomain with the Swiss-Prot data base indicate
that the highest identities are shared with several invertebrate
homeobox genes including D. melanogaster Nk-3 and Nk-1
(46), Helobdella triserialis HTR-A2 (45), and Apis mellifera

FIG. 3. The 250-bp PCR product electrophoresed on a 3%
agarose gel. Lanes: G, total human genomic DNA; P, plasmid
containing H6 cDNA; NT, no template; 886, 693, 842, 892, 848, 582,
986, HA4, and 416, somatic cell hybrids containing specific portions
of human chromosome 4 described in Table 1. S, pIBI31 digested
with Msp I as a size marker.
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H6 .L

FIG. 4. H6 SSCP demonstrated in a 10-person family. Horizontal
bars indicate upper and lower bands in this two-allele system.

H40 (47) (Fig. 2). HOX7 (16) represents the highest human
and vertebrate homeodomain identity with H6 at 60%. In-
terestingly, the H6 homeodomain also demonstrates the rare

substitution of threonine for arginine at position 43 as seen in
HTR-A2 (45), D. melanogaster labial (7), M. musculus
Hox7.1 (14), and HOX7 (16).
Mapping and Chromosomal Loalization. Somatic cell hy-

brid analysis and results of PCR on DNA samples from
hamster-human somatic cell hybrids containing differential
deletions of human chromosome 4 are shown in Table 1 and
Fig. 3. Amplification products in the HA4 and HHW 416 cell
lines confirm the assignment ofH6 to human chromosome 4.
Products in the hybrid lines HHW 693 and HHW 892 localize
the gene to the region 4p15.1-4p16.2, whereas the lack of an
amplification product in either HHW 886 or HHW 842
narrows localization of H6 to 4p16.1. A separate PCR anal-
ysis of hamster genomic DNA showed no amplification
products with the primer pair used in this analysis (data not
shown). DNA sequence analysis of the amplified products
confirmed the amplification of the correct 250-bp region
within the H6 gene (data not shown).
Linkage to Markers on 4p. A SSCP was detected for the

250-bp PCR product derived from the 3' untranslated region
of H6 (Fig. 4). This polymorphism consisted of two alleles,
which followed Mendelian inheritance and Hardy-Weinberg
distributions. Heterozygosity for the SSCP was 0.29. Link-
age was detected between H6 and both RAFIPI and HOX7
(Table 2). These results confirm the initial physical localiza-
tion of H6 as both RAFIPI and HOX7 have been mapped to
the 4p16.1 region (16,49). DNA sequence analysis ofthe PCR
product from individuals homozygous for either allele iden-
tified two differences in nucleotide sequence: a T -- C

transition at nucleotide 1798 and an A -* G transition at

nucleotide 1831. Both transitions were present in one ho-
mozygous individual, whereas all other individuals homozy-
gous for the same allele contained only the A -* G transition

at base 1831. This suggests that the A -* G transition at base

1831 is the predominant cause of the SSCP, whereas the
transition at base 1798 had no further effect on band migration
under the conditions described. No linkage disequilibrium
was detected between the H6 SSCP and eitheraRAFIPI Bgl
I restriction fragment length polymorphism (49) or a HOX7
dinucleotide CA repeat polymorphism (50).

Multipoint analysis of H6 within the sex-averaged human
chromosome 4 index map reveals its most likely localization
to be between HOX7 and RAFIPI (odds of 257:1); however,
localization should also be expanded to encompass the region
between HOX7 and D4S14S as exclusion from this broader
domain could not be done at odds of 1000:1 (Fig. 5).

D4S12 6

D 4 S 1 0

H 0 X 7

2cMs

3cMs

17cMs
RAF 1P 1

17cMs

D 4 S 1 4 5

17cMs

D4S23 0

18cMs
D 4 S 1 7 4

FIG. 5. Localization of H6 within distal p arm of human chro-
mosome 4. Crossbar indicates the most likely placement ofH6 within
the sex-averaged map. Longitudinal line indicates the range of
localization that could not be excluded with odds >1000:1. Distances
shown are centimorgans (cMs) using Kosambi interference.

DISCUSSION
The use of oligonucleotide probes based on the conserved
third helix ofthe homeobox represents a powerful method by
which diverse classes of homeobox genes may be identified.
Previous strategies for identifying vertebrate homeobox-
containing genes used reduced stringency hybridizations
with'a particular Drosophila homolog. While this strategy is
effective for identifying gene homologs and family members,
its capacity to identify additional classes ofhomeobox genes
is limited by its own nucleotide sequence and would not
prove as efficacious in the identification of newly discovered
homeobox genes.

Estimates ofthe number ofhomeobox genes in a particular
species have been as high as 1% of the total number of genes
(9). This suggests that many homeobox genes and their
developmental roles remain uncharacterized. Consequently,
the screening of tissue-specific cDNA libraries with a ho-
meobox-specific probe can identify homeobox genes in-
volved in development or regulation of that tissue. In this
report, we used a homeobox-specific probe to screen a
human craniofacial cDNA library and identified an additional
homiobox gene.

Genetic mapping and DNA sequence analysis of the H6
cDNA identified similarities to members of the Msh and Nk
classes of homeobox genes. For the Msh class, H6 was most
closely related to HOX7, including 60% amino acid identity
within the homeodomain, a G+C-rich 5' region (51), and the
rare substitution of threonine at position 43 of the homeo-
domain. However, the lack of significant amino acid identity
between H6 and HOX7 genes outside the homeodomain, as
well as previous reports of5' G+C-rich regions (52), suggests
that the similarities between these two genes may be circum-
stantial.

Furthermore, while both H6 and HOX7 map to the 4p16.1
region, it is unlikely that these genes are members of a
homeobox cluster. Support for this point is provided by the
linkage data that places H6 >10 centimorgans (+1 lod)
proximal to the HOX7 locus. This would correspond to 410

Table 2. Pairwise linkage analysis for H6 with RAFIPI and HOX7
Comparison 0 0.001 0.05 0.10 0.20 0.30 0.40 Zmax 0
H6-RAFIPI -00 7.81 10.66 10.0 7.8 5.07 2.10 10.55 0.05
H6-HOX7 -00 -29.1 1.35 5.11 6.59 5.25 2.60 6.62 0.19
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megabases ofDNA based on an average estimate for physical
and genetic distances in this region and correlates well with
previous reports (51) that detected no homeobox genes within
20 kb proximal or distal to the HOX7 locus. Similarity to
members of the Drosophila Nk class include a 65% amino
acid identity with the Nk-3 homeodomain and a 62% identity
with the Nk-1 homeodomain. However, as in the case of
HOX7, little amino acid identity was detected outside the
homeodomain. This suggests that H6 is an unusual homeobox
gene that exhibits characteristics common to both the Msh
and Nk homeobox gene families. Recently, the homeobox
gene Gsh-3 (26) was localized to a corresponding region on
mouse chromosome 5. A comparison of the homeodomains
for Gsh-3, H6, and HOX7 reveals them to be distinct classes
of homeobox genes; however, their chromosomal location
suggests the possibility that a number of divergent homeobox
genes may reside in the 4p region. Further identification of
homeobox genes in this region or in the syntenic region on
mouse chromosome 5 could give insight into which class of
homeobox genes H6 belongs.
The localization ofH6 to the 4p16.1 region also places it in

the area associated with Wolf-Hirschorn syndrome (WHCR)
(16, 53). However, the current map position ofH6 does not
place it in the region most strongly associated with WHCR.
Therefore, while it is unlikely that H6 may determine the
WHCR phenotype, it is still possible that mutations in H6
may influence its etiology. Future genetic analysis including
linkage studies with the mouse homolog of H6 with previ-
ously mapped aberrant mouse phenotypes, as well as studies
to determine the spatial and temporal expression patterns of
this gene, should elucidate its potential role in development.
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