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Comprehensive Expression Profiling

of Highly Homologous 39 Hox Genes

in 26 Different Human Adult Tissues

by the Modified Systematic Multiplex
RT-PCR Method Reveals Tissue-Specific

Expression Pattern That Suggests
an Important Role of Chromosomal
Structure in the Regulation of Hox Gene
Expression in Adult Tissues
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Homeobox genes play a crucial role as molecular address labels in early embryogenesis by conferring cell fate
and establishing regional identity in tissues. Homeobox gene expression is not restricted to the early develop-
ment, but it is also observed in the differentiated cells in adult tissues. To have a better understanding of the
functionality of homeobox gene expression in adult tissues in physiological and pathological phenomena, it is
important to determine the expression profiles of Hox genes. We established a system to study the expression
of 39 human Hox genes by the modified Systematic Multiplex RT-PCR method. Using this system, we have
systematically examined their expression in 26 different adult tissues. The results showed tissue-specific differen-
tial expression. They also revealed that the posterior tissues generally express more Hox genes than the anterior
tissues and that the genes located centrally in the Hox Gene Complexes are expressed in more tissues than the
genes located at the 5" or 3’ end of the complexes. Instead of similar expression patterns among paralogous
genes, we found that several neighboring Hox genes on the same chromosomes exhibited similar tissue-specific
expression pattern, which may suggest that the regulation of Hox gene expression may be more dependent on
chromosomal structure in adult tissues.
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HOMEOTIC mutations, originally discovered in Dro-
sophila, were found to transform parts of the body
into structures normally appropriate to other posi-
tions (23,27). A whole set of homeotic selector
genes encodes a system that determines the head-
to-tail patterns of the fly segments in Drosophila.
Many mutations in these genes exhibit a recessive le-
thal phenotype and the affected embryos usually fail
to survive beyond hatching, which led to the conclu-
sion that these genes are critical in embryonic devel-
opment. They possess a highly conserved 183-bp
homeobox in the coding regions, and encode pro-
teins that specifically bind to DNA and act as tran-
scriptional modulators. The helix—turn—helix second-
ary structure of the homeobox-encoded homeodo-
main seems to be responsible for this binding action
(6,18). Homologous genes have also been identified
in mammalian genomes. Many of them are highly
related to the Antennapedia gene, and are called
Hox genes. In humans, 39 functional Hox genes are
clustered in four complexes (HOX A-D Gene
Complexes) (1,2,17,22). Besides laying down the
anteroposterior character of embryos, the Hox
gene family has also been shown to play an important
role in the creation of multiple germ layers that
give rise to all of a creature’s tissues and organs
(12). These include genitourinary organs (13,26,
36), skin (28), gut (5), hindbrain (29), and sphinc-
ter (34). Hox genes were suggested to be a link be-
tween patterning and the segmentation clock
(16,30,35).

Novel isolated and divergent homeobox genes
have continuously been identified. The human ge-
nome sequence published in February 2001 revealed
that there are at least 178 homeobox sequences in the
genome, 160 of which may be translated into homeo-
domains in functional proteins (31). In spite of
this large number, most studies have focused on
only one to several homeobox genes, possibly due to
the absence of a simple and reliable method to exam-
ine the expression of multiple homeobox genes.
Detection of homeobox gene expression by the
hybridization of DNA microarrays with probes pre-
pared from total RNA may not be an easy task
because of the relatively low abundance of homeo-
box gene transcripts and significant sequence homol-
ogy among genes. By modifying the Systematic
Multiplex RT-PCR (SM RT-PCR) (33), we estab-
lished a system to systemically analyze the expres-
sion of 39 human Hox genes. Using this system, we
have examined their expression in 26 differential
adult tissues. The moderately high-throughput data
obtained have then been subjected to statistical anal-
ysis.
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MATERIALS AND METHODS

Individual PCR, Confirmation of Band Identities,
and Optimization of Multiplex PCR Conditions

Individual PCR reactions were performed using re-
spective common region sequence primer (CRP) and
unique region sequence primer (URP) pairs and ge-
nomic DNA. AccuPrime SuperMix II (Invitrogen)
was used with 5 pmol each of primers and 100 ng of
genomic DNA in 10-ul reactions. The following PCR
reaction protocol was used: 94°C 2 min followed by
32 cycles of 94°C 30 s, 60°C 30 s, and 68°C 1 min
30 s, followed by 68°C 10-min incubation. Small ali-
quots of the PCR reaction products were added with
loading dye and electrophoresed through an 8% poly-
acrylamide gel. The gel was then stained with ethid-
ium bromide and gel pictures were taken. Once the
amplification of unique bands of expected sizes was
confirmed, we separated amplified DNA fragments
in the remaining aliquots from unincorporated prim-
ers and substrates through affinity chromatography
using QIAquick PCR Purification Kit (QIAGEN).
Eluted DNA was then used to directly determine the
nucleotide sequences of the amplified DNA frag-
ments by cycle sequencing dideoxy termination method
using BigDye Terminator Sequencing Kit (PE Ap-
plied Biosystem). The CRP primers used for respec-
tive PCR amplification was used as sequencing
primer. Multiplex PCR was performed using genomic
DNA as a template. Initially 5 pmol each of primers
was mixed and aliquots were used for PCR. The same
PCR cycle protocol employed for the individual PCR
was first examined for multiplex PCR. The concen-
trations of primers were later adjusted to unify the
band intensities. Those primers that did not produce
unique bands in multiplex PCR were replaced with
new primers until a set of primers that amplify all the
bands of expected sizes was obtained. The nucleotide
sequences and concentrations of the respective prim-
ers determined from optimization are listed in Table
1. The annealing temperature for the amplification of
Hox C gene fragments was raised to 62°C. Multiplex
PCR reactions was also performed, using primers that
lacked one pair each to examine the authenticity of
amplified bands. To determine the yields of individ-
ual DNA fragments during PCR, multiplex PCR was
performed with variable numbers of amplification cy-
cles and variable amounts of genomic DNA templates,
and the yields were measured.

Systematic Multiplex RT-PCR

Total RNA from human adult tissues was pur-
chased from Clontech, Stratagene, and Invitrogen.
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We examined the expression of 39 Hox genes by the
modified SM RT-PCR method. Total RNA was re-
verse transcribed into cDNA using oligo dT as primer
and Advantage RT-for-PCR Kit (Clontech). The
quality and quantity of cDNA were examined by
PCR using control primers for G3PDH. All the cDNAs
prepared gave satisfactory amplifications and were
therefore used for the successive SM RT-PCR experi-
ments. The same PCR protocol optimized for geno-
mic DNA was used except the amplification cycles
were reduced to 28 cycles. Twenty nanograms of
cDNA was used in the experiments.

Hierarchical Clustering Algorithm

After electrophoresis, the polyacrylamide gels were
stained with ethidium bromide, and the banding pat-
terns were visualized. The intensities of the bands
generated from 100 ng of genomic DNA templates
were rated as 7 in the 1-10 scale, allowing more sub-
division of weak bands. The intensities of the corre-
sponding bands from the SM RT-PCR using cDNA
templates were rated from 1 (minimum) to 10 (maxi-
mum). An Excel file was created that contained the
information on gene names, tissue names, and band
intensities. The dataset was then imported into the
GeneSpring software to examine the relationships
among the tissues and the genes, using a hierarchical
clustering algorithm. An experiment tree was con-
structed by measuring the distance in similarity with
the standard settings having a separation ratio of 0.5
and minimum distance of 0.001.

RESULTS

Modified SM RT-PCR Strategy to Analyze
Hox Gene Expression

To systematically analyze Hox gene expression,
we modified the SM RT-PCR method (33). We
planned a strategy to simultaneously amplify DNA
fragments from Hox genes in the individual Hox
Gene Complexes. We designed two primers per gene,
which would amplify DNA fragments of different
sizes in single exons; one conserved region sequence
primer (CRP) and the other unique region sequence
primer (URP), in place of two unique region primers
used in the original SM RT-PCR method. The strat-
egy is schematically shown in Figure 1 with the
genes in Hox B Gene Complex as examples. SM RT-
PCR is performed under the conditions where control
genomic DNA template produces a ladder of Hox
gene DNA fragments of similar intensity. The PCR
reactions are then subjected to polyacrylamide gel

electrophoresis and the banding patterns are visual-
ized. Relative, rather than absolute, quantity is semi-
quantitatively determined by comparing the band in-
tensities of corresponding bands among different
cDNA reactions and also with control genomic DNA
reactions. The SM RT-PCR of 39 Hox genes consists
of four reactions representing four Hox Gene Com-
plexes.

Establishment of SM RT-PCR System of 39
Human Hox Genes

We first designed the respective CRP and URP
combinations that would produce specific amplifica-
tion in the individual PCR reactions. Genomic DNA
was used as template. When PCR resulted in the am-
plification of additional band(s), the URP was re-
placed with a new URP to a different unique se-
quence while maintaining distinct fragment size. The
nucleotide sequences of the CRPs and URPs that
gave specific amplifications and were used in the SM
RT-PCR studies are listed in Table 1, together with
the expected sizes of DNA fragments amplified with
the respective primer pairs. Results of the individual
PCR reactions using those pairs of primers are shown
in Figure 2a. We determined the nucleotide sequences
of the amplified DNA fragments and confirmed their
identity. We then optimized the conditions of the SM
RT-PCR by elaborating primer concentrations until
genomic DNA, which contained equal numbers of
those genes, produced bands of similar intensities.
The optimal concentrations of CRPs and URPs deter-
mined are also listed in Table 1. The PCR reaction
products were electrophoresed in parallel with the in-
dividual PCR reactions, and the results are also shown
in Figure 2a. These results clearly demonstrated that
simultaneous amplification of 9—11 Hox gene frag-
ments in a single tube multiplex PCR reaction was
feasible. The same results also showed the reproduc-
ibility of the technique because the two independent
multiplex PCR reactions with two different genomic
DNA (lanes G1 and G2) gave almost identical band-
ing patterns. To confirm the identities of bands pro-
duced from multiplex PCR, we also performed multi-
plex PCR experiments using a mixture of CRPs and
URPs that lacked a single pair of primers in all the
combinations. PCR products were electrophoresed
and the results are shown in Figure 2b. The multiplex
PCR reaction containing all the primers was used as
control (lane ALL). In the fragment size range shown
in the figure, three weak unwanted background bands
were observed in the Hox C reaction: one close to
the Hox C13 band and one between the C4 and 8
bands and the other between the C5 and C10 bands.
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Figure 1. Modified Systematic Multiplex RT-PCR strategy. (a) Designing of primers. The modified SM RT-PCR scheme is presented with
Hox B genes as examples. Two primers are designed for the individual members; one conserved region primer (CRP) and the other unique
region primer (URP). The locations of the URPs are designed to produce DNA fragments of different sizes. The intron sequences are
avoided so that the same size fragments are amplified from genomic DNA and cDNA. (b) Polyacrylamide gel electrophoresis. After PCR,
the cDNA reaction products are analyzed by parallel polyacrylamide gel electrophoresis together with the genomic DNA reaction product(s).

Therefore, care should be taken when interpreting the
results of C13 gene expression when using the pres-
ent system. All the other bands produced from geno-
mic DNA template were demonstrated to be unique
and have derived from the respective Hox genes. We
then determined the yields of DNA fragments after
different numbers of amplification cycles in combina-
tion with different amounts of genomic DNA tem-
plate as shown in Figure 2c. Based on the results, the
cycle number for SM RT-PCR was set to 28 cycles
so that the amplification would not reach the point of
saturation for individual fragments amplified from con-
trol reactions using 100 ng of template genomic DNA.

SM RT-PCR Expression Profiling of Hox Genes
in Adult Tissues

We examined the expression of 39 Hox genes, us-
ing RNA from 26 different human adult tissues. Ge-
nomic DNA was used as control. Human tissue RNA
was reverse transcribed and the resultant cDNA was
subjected to PCR under the conditions optimized us-
ing genomic DNA. Results are shown in Figure 3.

Two independent control PCR reactions of genomic
DNA once again gave almost identical banding pat-
terns. The banding patterns of the SM RT-PCR reac-
tions of different tissue RNA were not the same. Sev-
eral tissues showed similar expression patterns, whereas
several others showed unique patterns. For example,
Hox B13 was found abundantly transcribed in the
prostate tissue. We investigated the correlation be-
tween tissues and gene expression using our modestly
high-throughput gene expression data of 39 Hox
genes in 26 human tissues. We first assigned a num-
ber between 1 (minimum) and 10 (maximum) to the
intensities of bands produced from cDNA templates.
Number 7 was used to represent the intensities of the
corresponding bands from universal control genomic
DNA templates, and the number was either increased
or decreased based on band intensity. We next sorted
the tissues based on the total sum of the numbers.
The 39 Hox genes were categorized into paralogous
gene groups. Results are shown in Figure 4. The ex-
amination of the data panel showed the tendency of
the tissues located posteriorly to express wider vari-
ety of Hox genes in higher quantity. The panel also
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TABLE 1
PRIMERS USED FOR THE SM RT-PCR OF HOX GENES
Fragment Final
Gene Size Concentration
Name (bp) 5" CRP Primer Sequence 3’ URP Primer Sequence (nM)
Hox A
Al 112 GAGACCCAAGTGAAGATCTGGTT CCTTCTCGTCGTTTCCTGGCG 45
A2 182 GAGAGACAAGTGAAAGTGTGGTT AGAAGGGCCCCAGAGACGCTAAG 91
A3 101 GAGCGCCAGATCAAGATCTGGTT CTTGGAGACTGGCCCCCCGAT 45
A4 124 GAGCGCCAGGTCAAGATCTGGTT CTTTCCCTGGTGGGCCGGCAGAGGC 45
A5 173 TTGCCTCTCCGAGAGACAAATTAAAATCTGGTT ACTGACACTACGCGGGATCCGCTAATA 159
A6 240 GAGCGCCAGATCAAGATCTGGTT CTCCCCTGAAGCTGCGGAAGCCCC 45
A7 200 GAGCGCCAGATTAAGATCTGGTT GGCCCCGGATCGGCCCCTCATTC 227
A9 217 GAGAGGCAGGTCAAGATCTGGTT GAGGTTTAGAGCCGCTTTGTGCG 45
A10 141 ACGGACAGACAAGTGAAAATCTGGTT GGAAGTGAAAAAACCGCGTCGCCTGG 45
All 90 GATCGTCAAGTCAAAATCTGGTT TGGATTTGCTGAGTAGTACTGTAAACG 159
Al3 128 GAGCGGCAGGTCACAATCTGGTT TTCTGAAGCGTTTCTTCAAGTTGCCTTCTTGC 45
Hox B
B1 205 GAAACACAGGTCAAGATTTGGTT GGAAGCCCCATTGGTGGCTAGGT 50
B2 121 GAAAGGCAGGTCAAAGTCTGGTT GGTCGCAGATGTCCTCCAGGG 250
B3 241 GAGCGGCAGATCAAGATCTGGTT GGTAGTTGGAGGGCAGCGCGTAG 75
B4 142 GAGCGCCAGATCAAGATCTGGTT CGCGGGGGCCTCCATTGGGC 100
B5 220 GAGCGCCAGATCAAGATCTGGTT GCAGGCTTGTGGGAACCGGTC 50
B6 125 GAGAGGCAGATCAAGATATGGTT CCAGCACCTTACTCGGCCTGTTTTTCTTCC 50
B7 180 GAAAGACAGATCAAGATTTGGTT CTGGGCTTCTCTTCGTCTCCCTTTCTCATG 175
B8 168 GAGAGACAGGTCAAAATCTGGTT CTTGTCGCCCTTCTGCGCGTC 250
B9 156 GAGAGACAAGTCAAAATCTGGTT GCACTGGCTTTGCAGTCGTCACAT 50
B13 134 GAGCGCCAGATTACCATCTGGTT CCAGGACACCCCCACTTTCGC 50
Hox C
C4 150 GAGAGGCAGATCAAAATCTGGTT GTGGTCTTCAGAAGTACCCGGGGTA 83
C5 95 GAGAGACAGATCAAGATCTGGTT CCCCGCTGCCTCTAAAGAGCCT 194
Cc6 195 GAGCGACAGATCAAAATCTGGTT GGGAGAGAGGGGTGGCAGGGAC 111
C8 180 GAGAGACAAGTGAAGATCTGGTT GGGGTCTTTCTTTTTTGCTTAGTCCTTGTT 194
Cc9 126 GAGCGGCAGGTCAAAATCTGGTT TTTCCCTTGGCTGTGCTGAGG 56
C10 110 GACAGACAAGTCAAAATCTGGTT CGCTCTCAGGTGAAATTAAAATTGGAGGT 278
Cl11 118 GACCGACAAGTGAAAATTTGGTT AAAGGGCCCGGTCTGCAG 556
C12 142 GACCAGCAGGTCAAGATCTGGTT TTTGCTCTCTGCCAGGGACAGG 111
C13 215 GAGCGCCAGGTAACCATCTGGTT GCGCGGTTCTTCTCTTTCCTTAACA 56
Hox D
DI 106 GACACGCAAGTCAAAATCTGGTT GAAGTTGGAGGGGAGCCACAG 111
D3 94 GAACGCCAGATCAAGATCTGGTT ACTGGCTAGCCGGCGAGTGCAGGATG 278
D4 201 GAGCGCCAGATCAAGATCTGGTT CCAGGGTCCCCACTTCTATAAGGTCG 83
D8 140 GAGAGACAGGTAAAAATCTGGTT CTGTCTTCCTCCAGCTCTTGGGC 278
D9 185 GAGAGACAGGTCAAAATCTGGTT CTGGAGAGTTTCTGGAAATCAAGCACCAAACA 278
D10 122 GACAGGCAGGTCAAGATTTGGTT TCAGACCGGCCTCAGACCTAAGA 111
D11 162 GACCGGCAAGTCAAAATCTGGTT GAGCAGGCTGGTGGGAAGG 194
D12 98 GACCAGCAAGTCAAAATCTGGTT CACGCGCGCGGCTAGTAG 194
D13 130 GAGAGACAAGTGACCATTTGGTT GACAACCGAATGGCTTCTAAGCTGTC 111

showed that the Hox genes centrally located in the
Hox Gene Complexes are more expressed than those
located at the 5" or 3’ end. We further analyzed the
dataset, by using a hierarchical clustering algorithm.
Results are shown in Figure 5. The dendrogram at
the top lists the 26 human tissues studied and indi-
cates the degrees of relatedness among tissues in
terms of Hox gene expression. Functionally and ana-
tomically related tissues demonstrated weak degrees

of relationship in their expression patterns. Figure 5
also shows the degrees of relatedness among Hox
genes in regard to gene expression. We anticipated that
the paralogous Hox genes would be clustered by this
statistical analysis. However, only weak correlation
was observed. In contrast to this, several genes in the
same Gene Complexes, such as Hox A3 and A4 genes,
Hox B3 and B4 genes, and separately Hox D4, DS,
and D9 genes, showed similar expression patterns.
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Figure 2. Three steps of establishment of the SM RT-PCR system for the 39 Hox genes. (a) Individual and multiplex PCR reaction products.
Genomic DNA was used as template, and the PCR reaction products were analyzed by polyacrylamide gel electrophoresis. The names of
the Hox genes whose fragments were amplified are listed on the top and the left sides of the gels. The lanes G1 and G2 show the results
of multiplex PCR using two different preparations of genomic DNA. M denotes the 100-bp-ladder molecular size marker. (b) PCR of
genomic DNA using primers lacking one pair. PCR was performed using primers that lacked one pair in all the combinations. The names
of the genes whose primer pairs were absent in the reactions are listed on the top of the gel. The reaction with complete set of primers is
shown in lane ALL. (c) Relationship between the cycle numbers of PCR and the yields of individual DNA fragments. PCR was performed
using 10, 100, and 500 ng of genomic DNA as template. The reactions were stopped after 16, 20, 24, 28, 32, and 36 cycles of amplification
followed by incubation for 10 min at 68°C.

DISCUSSION

Hundreds of papers have been published reporting
expression analyses of homeobox genes. Most of those
studies, however, analyzed only one to several genes.
In the remaining limited number of studies that ana-
lyzed more genes, two methods were primarily used:
the Northern hybridization method (8—10) and the
RT-PCR Survey method (7,11,24,32). By modifying
the SM RT-PCR method (33), we have developed a
system to examine the expression of 39 Hox genes in
four SM RT-PCR reactions. As opposed to the North-
ern hybridization method, which requires microgram
quantity of RNA, the SM RT-PCR needs much less

RNA. Therefore, it can be applied to the expression
analyses of experimental and clinical specimens
where RNA amount is limited. Another advantage of
SM RT-PCR over the Northern hybridization method
is that it does not require homeobox gene-specific
probes. Compared with the RT-PCR Survey method
that consists of PCR using two degenerate primers,
and cloning and sequencing of the resultant amplified
DNA fragments (7), the SM RT-PCR method is time-
and cost-efficient and suitable for the simultaneous
analysis of multiple samples as demonstrated in this
analysis of 26 human tissues.

We initially attempted to modify the RT-PCR Sur-
vey method to quantify the Hox gene messages using
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the DNA microarray technology. We amplified Hox
gene transcript cDNA using two degenerate primers
and then fluorescently labeled the RT-PCR products
with CY5 or CY3, using Klenow enzyme and CY5-
dCTP or CY3-dCTP. After the labeling reactions are
stopped, both probes were mixed, and unincorporated
dNTP were removed. The probes were then hybrid-
ized with DNA microarray of 76-mer oligodeoxy-
nucleotides corresponding to the internal sequences
of the amplified fragments from respective Hox genes
that were spotted on glass slide by the comparative
genomic hybridization (CGH) method (3,20,25). Flu-
orescence signal hybridized to each target spot was
measured using a fluorescence scanner. We tried
avoiding homologous sequences as much as possible

while designing the 76-mer oligo panel, but were not
successful. The pilot experiment, using predefined
mixtures of Hox gene fragments as PCR templates,
still resulted in the cross-hybridization of several
other Hox gene sequences in the microarray (data not
shown). Therefore, we switched to a gel electropho-
resis-based size separation approach of SM RT-PCR,
which may be advantageous in discriminating homol-
ogous sequences as it provides information on not
only band intensities but also on the sizes of DNA
fragments. Different from the original SM RT-PCR
method where two URPs were used for PCR, we uti-
lized conserved region sequences close to the 3" end
of homeobox to design the CRPs for the SM RT-
PCR method. The other URPs were chosen for the

M G1 SKSMBNBCBMSP TH TRPASGST COREG2 G1TGAG KI BLPE PRTEVU CEUTOV PLBR G2 M

Lol
s
)
 d
b
S

f HEH it

Figure 3. Differential Hox gene expression in human adult tissues. The SM RT-PCR was performed using RNA from 26 different human
tissues. Reaction products were analyzed by polyacrylamide gel electrophoresis. Genomic DNA from two individuals was used as control
templates and the results are shown in lanes G1 and G2. The symbols used are AG (adrenal gland), BC (brain cerebellum), BL (bladder),
BM (bone marrow), BN (brain cerebrum), BR (breast), CE (cervix), CO (colon), KI (kidney), OV (ovary), PA (parotid gland), PE (penis),
PL (placenta), PR (prostate), RE (rectum), SG (salivary gland), SK (skin), SM (skeletal muscle), SP (spleen), ST (stomach), TE (testis), TG
(thyroid gland), TH (thymus), TR (trachea), UT (uterus), and VU (vulva). M denotes the size marker. The expected locations of the DNA

fragments from the Hox genes are also shown.
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3’ downstream unique sequences around termination
codons. With this strategy, the 5" ends of the ampli-
fied DNA fragments are fixed, which may greatly de-
crease the chance of producing artificial recombi-
nants during PCR.

In the regular RT-PCR method, PCR is designed
to amplify DNA fragments containing intron sequence(s)
to differentiate the amplification from cDNA and the
amplification from contaminating genomic DNA. In
the SM RT-PCR method, we intentionally use prim-
ers to amplify DNA fragments of the same sizes from
genomic DNA and cDNA. Accordingly, genomic
DNA that contains equal number of genes can be
used as a universal control template to standardize
PCR efficiency, and the relative abundance of mes-
sages from the genes in different complexes may be
evaluated by normalizing the band intensities using
individual bands from the control genomic DNA re-
actions. The contaminating genomic DNA produces
bands of similar intensity as shown in Figure 2c.
Therefore, unless the genes are amplified or deleted
due to some pathological conditions, a small degree
of genomic DNA contamination in RNA preparation
may not be a major problem. Even if contamination
does occur, it will be easily diagnosed from the band-
ing patterns and solved by treating RNA with RNAse-
free DNAse I before cDNA synthesis. The SM RT-
PCR of DNA fragments from the genes belonging to
different complexes may also be achieved by design-
ing appropriate primer combinations to amplify those
genes of interest. In spite of these advantages, the SM
RT-PCR method is not free from being defective.
The results obtainable are not exactly quantitative be-
cause of the competition among different genes for
limited amounts of DNA polymerase and substrates
during PCR. Nonetheless, semiquantitative data can
be obtainable. Once the gene(s) that exhibit differ-
ences or alterations in expression are identified by the
SM RT-PCR method, other methods, such as real-
time RT-PCR (19), may then be used to quantify the
expression more accurately. In situ hybridization and
immunohistochemistry may be useful in identifying
the exact locations of cells that express those specific
homeobox genes.

We examined the expression of Hox genes in RNA
from a variety of human adult tissues and observed
differences in Hox gene expression among different
tissues. The results of the SM RT-PCR experiments
shown in Figure 3 present the information on the ex-
pression of Hox genes in tissues at a total of 1014
data points (39 X 26). Among them, some coincided
well with previously published data (8,10). Many of
the other data are novel and have never been reported.
By this moderately high-throughput study, we ob-
served that the tissues posteriorly located tend to ex-
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press a wider variety of Hox genes in higher quantity.
We also found that the Hox genes located at the 5 or
3’ end are expressed in a rather limited number of
tissues. Although we observed a correlation in tissue
expression among paralogous genes as shown in Fig-
ure 4, the degree of relation was not as strong as we
anticipated. The hierarchical clustering algorithm
analysis failed to verify this correlation among para-
logous genes. This may be due to the small number
(one) of RNA samples per tissue analyzed in the
present study as some variations may exist in profiles
among different individuals and different tissue spec-
imens due to polymorphism and varied constituency
of cell populations. However, we think it unlikely be-
cause several tissues, including kidney and colon,
showed the identical banding patterns using multiple
numbers of different RNA preparations (data not
shown). Instead of similar expression patterns among
paralogous genes, we found that several neighboring
Hox genes on the same chromosomes exhibited simi-
lar tissue-specific expression pattern. The meaning of
this observation is unclear. However, considering that
early phase of establishment and later phase of main-
tenance of gene expression are regulated differently
(21), these results may suggest that the regulation of
Hox gene expression may be more dependent on
chromosomal structure in adult tissues.

In addition to the comprehensive expression profil-
ing of human adult tissues, the SM RT-PCR system
of Hox genes may also be applied for other studies
of both physiological and pathological phenomena.
Those may include studies of early development,
stem cell differentiation, aging, and aging-associated
diseases. The research on Hox gene expression in the
aging process may be especially beneficial because
aging may be a continuation of development and this
process may also be controlled by Hox gene function.
We have developed a system to efficiently study the
expression of 39 human Hox genes. In addition to the
Hox gene family, other homeobox gene families also
exist (4,14,15). These genes are also deeply involved
in organogenesis during embryo development and,
therefore, may be incorporated into the present sys-
tem. Similar systems may also be produced for mice
and other organisms.
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