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Abstract. The T-box motif is present in a family of genes whose
structural features and expression patterns support their involve-
ment in developmental gene regulation. Previously, sequence com-
parisons among the T-box domains of ten vertebrate and inverte-
brate T-box (Thx) genes established a phylogenetic tree with three
major branches. The Tbx2-related branch includes mouse Mm-
Tbx2 and Mm-Tbx3, Drosophila optomotor-blind (Dm-Omb), and
Caenorhabditis elegans Ce-Tbx2 and Ce-Tbx7 genes. From the
localization of Mm-Tbx2 to Chromosome (Chr) 11, we focused our
search for the human homolog, Hs-TBX2, within a region of syn-
teny conservation on Chr 17q. We used Dm-Omb polymerase
chain reaction (PCR) primers to amplify a 137-basepair (bp) prod-
uct from human genomic, Chr 17 monochromosome hybrid, and
fetal kidney ¢cDNA templates. The human PCR product showed
89% DNA sequence identity and 100% peptide sequence identity
to the corresponding T-box segment of Mm-Thx2. The putative
Hs-TBX2 locus was isolated within a YAC contig that included
three anonymous markers, D175792, D175794, and D175948, lo-
cated at Chr 17q21-22. Hybridization- and PCR-based screening of
a 15-week fetal kidney cDNA library yielded several TBX2
clones. Sequence analysis of clone AcTBX2-1 confirmed homol-
ogy to Mm-Thx2—90% DNA sequence identity over 283 nt, and
96% peptide sequence identity over 94 amino acids. Similar anal-
ysis of Hs-TBX2 cosmid 154F11 confirmed the ¢cDNA coding
sequence and also identified a 1.7-kb intron located at the same
relative position as in Mm-Thx2. Phylogenetic analyses of the
T-box domain sequences found in several vertebrate and inverte-
brate species further suggested that the putative human TBX2 and
mouse Tbx2 are true homologs. Northern blot analysis identified
two major TBX2 transcripts of 3.5 and 2.8 kb, with high levels of
TBX2 expression in fetal kidney and lung; and in adult kidney,
lung, ovary, prostate, spleen, and testis. Reduced expression levels
were seen in heart, white blood cells, small intestine, and thymus.
These results suggest that Hs-TBX2 could play important roles in
both developmental and postnatal gene regulation.

Introduction

The T-box gene family is characterized by the presence of a highly
conserved, unique protein motif, the T-box domain, originally
identified as a defined region of amino acid sequence homology
between the mouse 7 locus (Brachyury; Mm-T) and the Drosophila
optomotor-blind (Dm-Omb) genes (Pflugfelder et al. 1992a; Bollag
et al. 1994). T-box (Thx) genes have been identified across the
animal kingdom, from nematodes to mammals (Agulnik et al.
1995). Phylogenetic analysis of T-box genes in C. elegans, Droso-
phila, Xenopus, zebrafish, and mouse supports the existence of at
least three separate T-box gene lineages that arose in an ancestor
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common to invertebrates and vertebrates (Bollag et al. 1994; Agul-
nik et al. 1995). These studies also showed that sequence homol-
ogy is confined to the T-box domain (ranging in size from 166 to
203 amino acids), suggesting that locus-specific functions are en-
coded within the non-conserved regions. Dm-Omb (Pflugfleder et
al. 1992b) and Mm-T (Kispert and Hermann 1993) T-box domains
are associated with DNA-binding activity, suggesting that T-box
genes may act as transcriptional regulators. The T-box gene family
is most thoroughly characterized in the mouse, where, apart from
the T locus, there are at least six additional T-box genes, Tbxl to
Tbx6, each showing unique temporal and spatial expression pat-
terns during embryonic development and in certain adult tissues
(Bollag et al. 1994; Agulnik et al. 1995; unpublished data). Ex-
pression patterns, potential DNA-binding activities, and wide-
spread occurrence among invertebrate and vertebrate species sug-
gest that T-box genes play essential roles in developmental gene
regulation.

Three mouse T-box genes have been mapped with a C57B1/6]
X SPRET/Ei backcross. Thxi, Thx2, and Tbx3 reside on Chr 5, 11,
and 16 respectively (Bollag et al. 1994). The T locus is a classical
gene mapped in many studies to mouse Chr 17. Mm-Tbx2 is lo-
cated near homeobox 2 (Hox2) and myeloperoxidase (Mpo), in a
region of conserved synteny with human Chr 17q21-23 (Copeland
et al. 1993; Lossie et al. 1994). We therefore confined our search
for the human TBX2 homolog to Chr 17q, using a strategy based
on T-box domain sequence conservation. In the current study, we
describe genomic and cDNA cloning, localization to Chr 17q21-
22, phylogenetic analysis, and RNA expression patterns of the
human TBX2 gene.

Materials and methods

PCR primers and conditions. PCR primer pairs were designed from the
T-box domains of the Drosophila Omb ¢cDNA (Pflugfelder et al., 1992a;
GenBank # 81796) and mouse Thx2 cDNA (Bollag et al. 1994; GenBank
# U15566) with the program PRIMER (Lincoln et al. 1991). Primer pairs
were: OMBI1-F (5'-TCCTGAACTCGATGCACAAG-3") with OMBI1-R
(5"-ATTTTGATATGCTGTGACGGC-3"); and Thx2-S (5'-
ACAACATTTCTGACAAGCATGG-3") with Tbx2-AS (5'-
GTAGGCAGTGACAGCGATGA-3"). Human TBX2 primers (F: 5'-
ATCCACCCAGACAGCCCA-3 and R: 5-GTCTCCGGGAACACG-
TAGGT-3") were designed by use of the sequences reported here. Primers
also were designed for D175948 (EMBL # 724102) and D175794 (EMBL
# 716761) because the original Généthon primers (Gyapay et al. 1994)
derived from these loci were not robust. The primer pairs were: D17S948-F
(5'-ACTGGATGGAGTGTACACATTTG-3") with D17S948-R (5'-
AACTCCCTAAGGACAGAGACCC-3") and D17S8794-F (5'-
AAAATAGCATAAATCGAGAATGGC-3") with D178794-R (5'-
TGGGGGACAGAAGAAGTCC-3"). PCR cycling conditions were 35 cy-
cles of 94°C, 30 s; 55°C, 30 s; and 72°C, 30 s, with Boehringer Mannheim
Tag DNA polymerase and buffer. The PCR additive TaqExtender™ (Strat-
agene, LaJolla, California) improved primer specificity for many primer
pairs. Templates consisted of 200 ng of genomic DNA, 1 ng of single-
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stranded cDNAs (Clontech), or an aliquot of the fetal kidney cDNA library
containing 5 x 10° pfu. The human monochromosome 17 hybrid DNA,
NA10498, is contained in the NIGMS somatic cell hybrid mapping panel
#2 (Coriell Research Institute, Camden, N.J.).

Yeast artificial yeast chromosome (YAC) and Chr 17 cosmid
library screening and clone characterization. The Centre d’Etude du
Polymorphisme Humain (CEPH; Albertsen et al. 1990) and Généthon (Bel-
lanné-Chantelot et al. 1992) human YAC libraries, maintained as gridded
arrays (Bentley et al., 1992), were screened by PCR analysis of DNA
matrix pools (Green and Olson 1990; Kwiatowski et al., 1990). YAC clone
sizes were estimated by contour-clamped homogeneous electric field
(CHEF) electrophoresis (Vollrath and Davis 1987), and clones were as-
sayed for chimerism using single-color fluorescence in situ hybridization
(FISH) as previously described (Flejter et al. 1993). Additional YAC clone
information, including size, chimerism, marker content, cross-
hybridization and fingerprint data, was obtained from the CEPH/Genethon
database (Cohen et al. 1993). The human Chr 17 cosmid library (Deaven
1990) was screened by hybridization to high-density filter replicates of
gridded colony arrays, with random-primed (Feinberg and Vogelstein,
1984) Mm-Tbx2 cDNA fragments. The Mm-Tbx2 S/AS primers were used
to amplify a fragment from a mouse 7hx2 cDNA clone (Bollag et al., 1994)
to avoid cross-hybridization with vector sequences.

Human fetal kidney cDNA library. A 15-week fetal kidney cDNA
library was generously provided by Andrew Feinberg of Johns Hopkins
University. The library contains both oligo(dT)- and random-primed re-
verse transcripts, and was prepared by Stratagene (LaJolla, CA) with RNA
provided by Feinberg’s laboratory. The vector is AZAP II (Short et al.
1988), the complexity is 7 x 10°, and average insert size is >0.4 kb.

Northern blot analysis. Human fetal and adult multiple tissue Northern
blots were obtained from Clontech (Palo Alto, CA) and hybridized accord-
ing to the manufacturer’s recommendations. Semi-quantitative estimates of
TBX2 were based on band intensity after normalization with an actin probe
to correct for unequal sample loading.

DNA sequencing. PCR products were isolated on agarose gels (NuSieve,
FMC Bioproducts) and purified with B-agarase (New England Biolabs,
Beverly, Massachusetts). Cosmid and cDNA clones were purified by use of
the Qiagen (Chatsworth, CA) plasmid DNA chromatography system. Dou-
ble-stranded sequencing was performed with the automated cycle sequenc-
ing protocol previously described (Kaiser et al. 1993) or the Sequenase 2.0
system (U.S. Biochemical/Amersham, Cleveland, Ohio). For cosmid tem-
plates, sequencing primers were used at a 10-fold higher concentration than
is specified for plasmid templates.

Sequence comparisons and phylogenetic analyses. The human
T-box DNA sequences and deduced polypeptide sequences were compared
initially by use of the BLAST program (Altschul et al. 1990; NCBI BLAST
network) and the FASTA (Pearson and Lipman 1988) and PILEUP (Feng
and Doolittle 1987) programs of the Wisconsin Genetic Computer Group
(GCQG) package, as previously described (Bollag et al. 1994; Agulnik et al.
1995). A more robust phylogenetic analysis was performed by data boot-
steapping with maximum likelihood and maximum parsimony algorithms
(Felsenstein 1991; Maddison and Maddison 1992). Sequences were ob-
tained from the following GenBank files: Mm-Thx2-U15566; Mm-Thx3—
U15567;, Dm-Omb-M81796; Ce-Thx2-U11279; Mm-T-X51683.

Results

Drosophila Omb T-box domain primers amplify human Chr 17
DNA seguences. In an effort to isolate a human TBX2 homolog,
we designed PCR primers within the highly conserved T-box do-
mains of two members of the T-box 2 gene family, the prototypical
mouse Thx2 and the Drosophila Omb genes (Bollag et al. 1994;
Aguinik et al. 1995; Pflugfelder et al. 1992a). The Mm-Tbx2 prim-
ers encompass 161 nucleotides (nt), and the Dm-Omb primers
encompass 137 nt of their respective T-box coding domains. Each
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primer pair amplified sequences in human genomic, Chr 17 so-
matic cell hybrid and fetal kidney cDNA templates (data not
shown), suggesting that a 7bx2-related gene is located on Chr 17
and is expressed in fetal kidney. To better define the chromosomal
location and structure of the putative human TBX?2 gene, we used
the Omb and Thx2 sequences to screen human genomic and fetal
kidney ¢cDNA libraries.

Isolation of genomic and cDNA clones encompassing the TBX2
locus at 17q22. The Tbx2 and Omb PCR primers were used to
screen matrix pools of the CEPH and Généthon human YAC li-
braries and to perform sequence-tagged site (STS)-content analysis
of overlapping clones. The YAC clone contig, shown in Fig. 1,
spans at least 0.9 Mb and links TBX2 to three Genethon micro-
satellite markers. YAC clone 961F1 (890 kb) establishes direct
physical linkage between TBX2 and markers D175794 and
D175948, located at 17q21-22 (Gyapay et al. 1994; Rigault and
Pollier 1994). Four cosmid clones were isolated from a human Chr
17-specific cosmid library (Deaven 1990) by hybridization with a
161-bp Mm-Tbx2 cDNA fragment. STS-content analysis with Hs-
TBX2 primers showed that the cosmids overlap with each other
and with the TBX2 YAC clones. The mouse Thx2 probe also was
used to screen a 15-week fetal kidney cDNA library, yielding
clone AcTBX2-1. The 1.5-kb EcoRI insert of AcTBX2-1 was hy-
bridized to EcoRI-digested human genomic as well as TBX2 YAC
and cosmid DNAs. Fragments of 6.7, 11.5, and 12.6 kb were
identified in all DNA sources, confirming locus specificity and
suggesting that at least two introns interrupt the 1.5-kb cDNA
fragment. To confirm the identity of Hs-TBX2, we compared its
DNA and deduced peptide sequences to those of other T-box
genes.

DNA sequencing reveals a high degree of homology between Hs-
TBX2 and Mm-Tbx2. Cosmid clone 154F11 and c¢cDNA clone
AcTBX2-1 were sequenced using TBX2 and vector primers. A
283-bp, T-box encoding segment and its deduced polypeptide se-
quence are shown in Fig. 2. The human TBX2 segment shares 90%
DNA sequence identity and 96% peptide sequence identity with
the corresponding regions of Mm-Thx2. Genomic sequence and
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[ 961F1 (890N) ]
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Fig. 1. Genomic and cDNA cloning of the human TBX2 gene, Hs-TBX2.
Panel A shows a YAC clone contig encompassing TBX?2 and anonymous
markers DI78792, D175794, and D175948 (Gyapay et al. 1994). Clones
were isolated from the CEPH and Généthon libraries. Numbers in paren-
theses indicate clone size estimates; N = nonchimeric; C = chimeric; no
suffix = not determined. Map is not to scale since extent of Chr 17 content
is not known for most clones. Panel B shows TBX2 cosmids (solid),
isolated from a Chr 17-specific library (Deaven 1990), and a cDNA clone
(open) isolated from a 15-week fetal kidney ¢cDNA library. Sequence con-
firmation of cosmid 154F11 and AcTBX2-1 is described below.

936E5 (1500C)
782B12 (1300C)
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PCR analysis indicate that a 1.7-kb intron is located between
codons 60 and 61 of the human sequence. This corresponds to a
conserved intron site between residues 211 and 212 in the mouse
gene. Consensus splice acceptor and donor sequences are present
in the human intron.

Phylogenetic comparisons of TBX2 to other members of the T-box
Jfamily. A phylogenetic analysis was performed on the complete
T-box domain in all previously characterized genes of the TBX2
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subfamily, four representative T locus genes, and other T-box
genes characterized in the nematode C. elegans. This analysis was
accomplished by data bootstrapping with maximum likelihood and
maximum parsimony algorithms (Felsenstein 1991; Maddison and
Maddison 1992). The consensus phylogenetic tree obtained
through this analysis is shown in Fig. 3.

The most important results obtained for the purposes of this
study are the phylogenetic association of the mouse 7hx2 gene and
the putative human TBX2 gene in 100% of all bootstrap runs. This

a) Comparison of Human and Mouse TBX2 T-box Sequences.
1 D C R DK VF HN S RWMU VT DI KT D P E 20
Hsa~-TBX2: 1 GATTGCCGCGATAAGTTCCACAACTCACGCTGGATGGTGACGGACAAGACCGACCCTGAG 60
N O B R I e B B I R
Mmu-Tbx2: 512 GACTGCCGCTATAAGTTTCACAACTCCCECTGGATGGTGGCAGGCAAAGCCGACCCCGAG 571
152 D ¢ R Y K F H N S R W M V A G K A D P E 171
202 M P K R M Y I H P DS P A T G E Q W M A 40
Hsa-TBX2: 61 ATGCCCAAACGCATGTACATCCACCCAGACAGCCCAGCCACGGGGGAGCAGTGGATGGCT 120
PR rrrre et st e ety errrr treib et
Mmu-Tbx2: 572 ATGCCTAAACGCATGTACATCCACCCGGACAGTCCGGCCACAGGGGAACAGTGGATGGCC 631
172 M P K R M Y I H P D S P A T G E Q W M A 191
41 K P V A F H K L K L T N N I § D K H G F 60
Hsa-TBX2: 121 AAGCCTGTGGCCTTCCACAAGCTGAAGCTSACCAACARCATCTCTGACAAGCACGGCTTC 180
PLEEEErrEd ety terrrreeer ettty eyt rersl il
Mmu-Tbx2: 632 ARGCCTGTGGCCTTCCACARACTGAAGCTSACCAACAACATTTCTGACAAGCATGGCTTT 691
192 K P V A F H K L K L T N N I § D K H G F 211
61 T I L N S M H K Y ¢ P R F H I V R A N D 80
Hsa-TBX2: 181 ACCATCCTAAACTCCATGCACAAGTACCACCGCGCTTCCACATAGTGCGAGCCAACGAC 240
PEETEEEE A bbbt i et e bbby b el brre bbb bl
Mmu-Tbhx2: 692 ACCATCCTGAACTCCATGCACAAGTACCASCCGCGATTCCACATCGTGCGAGCCAATGAC 751
212 T I L N S M H XK Y ¢ P R F H I V R A N D 231
1 I L K L P Y § T F R T Y V F 94
Hsa~TBX2: 241 ATCCTGAAGCTGCCTTACAGCACCTTCCGIACCTACGTCTTCC 283
PEL AT EEETE 1t bty rrrrtnl
Mmu-Tbx2: 752 ATCTTGAAGCTCCCATACAGCACCTTCCGACCTATGTCTTCC 794
23 I L K L P Y S T F R T Y V F 245
DNA Sequence Identities = 254/283 (90%)
Peptide Sequence Identities = 90/5%4 (96%}

INTRON SEQUENCES FLANKING CODONS 60/61:

(60) GTGAGTGTTG GGGCAGGGTG// ~1.7KB //GACCCCCACC CTCCCCGCAG (61)

B) Sequence similarity of Hs-TBX2 to other Tbx2 branch genes

Hs-TBX2 Identity / Interval length:
compazred to: DNA (%/nt) Bepkide (%/aa)
Mm~Tbhx2 90 / 283 96 / 94
Dm-0mb 76 / 281 89 / 94
Mm-Tbx3 81 / 208 94 / 69
Ce-Tbx2 66 / 103 73 / 92

Fig. 2. Comparison of human and mouse TBX2 DNA and polypeptide
sequences. (A) Two-pass DNA sequence of cDNA clone ¢cTBX2-1 and its
deduced polypeptide sequence are compared with the corresponding T-box
encoding segment of mouse 7hx2. Coding sequence was confirmed, and an
intron, between codons 60 and 61, was identified by sequence analysis of
cosmid 154F11. Consensus splice donor and acceptor sites are underlined.

DNA sequence identity is indicated by vertical lines; unique human peptide
residues are underlined. Mouse 7bx2 sequences and residue numbers ac-
cording to GenBank U15566. (B) Sequence comparisons of Hs-TBX2 and
other Tbx2 subfamily T-box segments. Data obtained by BLAST analysis
(Altschut et al. 1990).
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Fig. 3. Phylogenetic tree of the T-box genes. Phylogenetic analysis was
performed on the T-box domain of the genes shown with two different
approaches—maximum likelihood analysis and maximum parsimony anal-
ysis. Both analyses produced the same consensus tree with a confidence
level of greater than 95% for all branches except those leading to C.
elegans-tbx-7 and the tbx-8/tbx-9 gene pair. The relative order and location
of these two ancient branchpoints cannot be resolved with the available
data; one possible configuration is shown here. The numbers shown along
each branch represent the most likely number of nucleotide changes as
determined by the MacClade program (Maddison and Maddison 1992).

phylogenetic result, together with the observed conservation of
synteny in the mouse and human genomes, provides strong evi-
dence in support of our contention that mouse 7hx2 and human
TBX2 are true homologs.

TBX?2 expression in fetal and adult tissues. Hs-TBX2 RNA ex-
pression was assayed by hybridizing multiple tissue Northern blots
with the labeled Hs-TBX2 PCR product. As shown in Fig. 4A,
major transcripts of 3.5 and 2.8 kb are abundantly expressed in
fetal kidney and lung, with low levels of expression in fetal liver.
These transcripts are similar in size to the 3.2~ and 2.7-kb Tbx2
transcripts in the mouse (Bollag et al. 1994). Semi-quantitative
analysis of TBX2 expression in several adult tissues is summarized
in panel B. Moderate expression levels are observed in kidney,
lung, ovary, placenta, prostate, spleen, and testis; with lower levels
detected in heart, polymorphonucleocytes, small intestine, and thy-
mus. The human TBX2 expression pattern shows general similar-
ity to the mouse Thx2 pattern (Bollag et al. 1994), where direct
comparison is possible. Two exceptions are spleen and testis, tis-
sues that show no expression in the mouse.

Discussion

A comparative genetic approach was used to identify the human
TBX2 gene, the first human member of the 7hx2 subfamily (Agul-
nik et al. 1995). Close physical linkage to anonymous markers
D178792, D175494, and D175948 localized Hs-TBX2 to 17g21-
22, as predicted by conserved synteny with distal mouse Chr 11,
site of the mouse Thx2 locus. Structural and functional analyses
confirmed the high degree of relatedness between mouse and hu-
man TBX2 loci. T-box encoding segments shared 90% DNA and
96% amino acid sequence identity within the regions compared.
The relative position of an intron was also conserved within the
two mammalian genes. Transcript sizes and expression patterns in
fetal and adult tissues were also very similar for the two genes. The
expression levels of the two major human transcripts were always
comparable within a given tissue type. Whether the two products
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HuMAaN TBX2 EXPRESSION

A) FETAL TISSUES B) ADULT TISSUES
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=il LUNG 3+
285> “i ' <22 OVARY 2+
<27 PANCREAS -
185 > PLACENTA 2+
PMN +/-
PROSTATE 2+
SKEL. MusC. -
SML. INTEST. +
SPLEEN 2+
TESTIS 2+
THYMUS +-

Fig. 4. Hs-TBX2 expression in fetal and adult tissues. Northern blot anal-
ysis of Hs-TBX2 expression in a variety of fetal (A) and adult (B) tissues.
Hybridization with the labeled human TBX2-F/R PCR product showed
major transcripts of 3.5 and 2.8 kb (arrows on right). Abundant expression
is seen in fetal lung and kidney. Correction for unequal loading, as deter-
mined by hybridization with an actin probe (data not shown), suggests that
expression in the two tissues is comparable since the fetal lung lane con-
tains more RNA. Faint expression in fetal liver also was apparent on the
original autoradiogram. Semi-quantitative analysis of TBX2 expression
(actin-normalized) in several adult tissues is summarized in panel B.

are derived from a single TBX2 locus or multiple TBX2-related
loci, their levels appear to be coordinately regulated.

The inclusion of human TBX2 in a phylogenetic analysis of
T-box sequences provides further evidence for the existence of at
least two separate subfamilies of T-box genes named according to
the first gene uncovered in each subfamily—the T locus subfamily
and the TBX?2 subfamily. The presence of both mammalian and
invertebrate sequences within both subfamilies strongly suggests
that the primordial ancestor to all metazoan organisms had at least
two T-box genes—one representative of each subfamily—in its
genome.

Members of the mouse T-box gene family, including Thx2, are
expressed with unique spatial and temporal patterns in a variety of
embryonic and adult tissues (Bollag et al. 1994), supporting their
specific involvement in developmental signaling and gene regula-
tion. By extrapolation, Hs-TBX2 becomes a candidate for regulat-
ing developmental gene expression and could be involved in cer-
tain developmental and adult-onset diseases. The TBX2 locus is
near the site of an interstitial deletion, del (17) (q21.3-q23), that is
associated with multiple congenital abnormalities, including
brachycephaly, club feet, and developmental and growth delays
(Park et al., 1992). TBX2 is also within a region of minimal
interstitial chromosomal loss observed in a fraction of sporadic and
familial ovarian tumors (Godwin et al., 1994), and ovarian tissue
is one of the sites of Hs-TBX2 expression. Gain-of-function mu-
tations in members of the PAX (Maulbecker and Gruss 1993a) and
HOX (Maulbecker and Gruss 1993b) gene families can confer
oncogenic potential, establishing a role for developmental gene
mutations in oncogenesis. TBX2 also is localized within the can-
didate region (17q21-22) for Disinhibition-Dementia-
Parkinsonism-Amyotrophy Complex (DDPAC; Wilhelmsen et al.,
1994), an adult-onset, progressive neurological disease with a pri-
mary characteristic of frontal lobe dementia. Further analysis of
TBX2 structure and function will help to elucidate its role in
mediating gene expression in normal and pathological states.
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Note Added in Proof

During the review of this manuscript, an independent description
of the human TBX2 gene was reported (Campbell et al., 1995).
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