
Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 2919–2924, March 1999
Genetics

Different TBX5 interactions in heart and limb defined by
Holt–Oram syndrome mutations

CRAIG T. BASSON*, TAOSHENG HUANG†, ROBERT C. LIN†, DAVID R. BACHINSKY†, STANISLAWA WEREMOWICZ‡,
ALICIA VAGLIO§, RINA BRUZZONE§, ROBERTO QUADRELLI§, MARGHERITA LERONE¶, GIOVANNI ROMEO¶,
MARGHERITA SILENGO¶, ALEXANDRE PEREIRAi, JOSE KRIEGERi, SONIA F. MESQUITAi, MITSUHIRO KAMISAGO§§,
CYNTHIA C. MORTON‡**, MARY ELLA M. PIERPONT††, CHISTOPH W. MÜLLER‡‡, J. G. SEIDMAN†,
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ABSTRACT To better understand the role of TBX5, a
T-box containing transcription factor in forelimb and heart
development, we have studied the clinical features of Holt–
Oram syndrome caused by 10 different TBX5 mutations.
Defects predicted to create null alleles caused substantial
abnormalities both in limb and heart. In contrast, missense
mutations produced distinct phenotypes: Gly80Arg caused
significant cardiac malformations but only minor skeletal
abnormalities; and Arg237Gln and Arg237Trp caused exten-
sive upper limb malformations but less significant cardiac
abnormalities. Amino acids altered by missense mutations
were located on the three-dimensional structure of a related
T-box transcription factor, Xbra, bound to DNA. Residue 80 is
highly conserved within T-box sequences that interact with the
major groove of target DNA; residue 237 is located in the T-box
domain that selectively binds to the minor groove of DNA.
These structural data, taken together with the predominant
cardiac or skeletal phenotype produced by each missense
mutation, suggest that organ-specific gene activation by TBX5
is predicated on biophysical interactions with different target
DNA sequences.

T-box genes encode transcription factors that contain a highly
conserved DNA binding motif (T-box or T-domain) composed
of '180 amino acid residues (1, 2). Members of this gene
family have been found in vertebrates (e.g., Xbra and Eome-
sodermin in Xenopus laevis) and invertebrates (e.g., optomotor
blind (omb) in Drosophila melanogaster). The mouse and
human genomes each contain at least seven T-box gene family
members including T, TBr, TBX2, TBX3, TBX4, TBX5, and
TBX6 (1–4). The three-dimensional structure of the T-box–
DNA complex has recently been elucidated by analyses of the
Xbra T-box bound to a 24-nt palindrome duplex (5). These
studies demonstrated that Xbra, and presumably other T-box
transcription factors, bind to their target DNAs as homodimers
which interact with both major and minor grooves of their
DNA targets (5).

Analyses of the phenotypes produced by T-box gene muta-
tions have elucidated some of the functions of these proteins
(6, 7). Studies of murine Brachyury mutations (insertions or
deletions in T) implicate a critical role for the T-protein in
tissue specification, morphogenesis and organogenesis (7, 8).

D. melanogaster omb phenotypes have shown that T-box pro-
teins participate in axis formation, particularly during devel-
opment of distal wing structures (9). Mutations in two human
T-box genes have also recently been demonstrated to cause
disease (10–12). TBX3 defects cause the autosomal dominant
condition ulnar-mammary syndrome (OMIM 181450; http:yy
www.ncbi.nlm.nih.govyomimy; ref. 13), a disorder character-
ized by abnormalities in posterior upper limb structures,
apocrineymammary glands, teeth, and genital–urinary tract,
thereby identifying this T-box protein as a participant in
ectoderm–mesoderm inductive processes (12). Mutations in
TBX5 cause autosomal dominant Holt–Oram syndrome
(OMIM 142900; ref. 13), a rare condition (1y100,000 live
births) characterized by anterior pre-axial limb and cardiac
malformations (10, 11). Although Holt–Oram syndrome is a
highly penetrant disorder, clinical manifestations vary sub-
stantially (13–24). All affected individuals exhibit upper limb
radial ray malformations that range from subtle carpal bone
abnormalities to overt proximal defects such as phocomelia;
many also have congenital heart disease. Cardiac defects can
be isolated ostium secundum atrial septal defects (ASD) or
muscular ventricular septal defects (VSD), or multiple and
complex malformations. The mechanism by which mutations
in a single T-box gene can affect these disparate organ systems
remains uncertain.

To further understand the role of TBX5 in human morpho-
genesis, we have identified mutations that cause Holt–Oram
syndrome and have defined the clinical phenotypes produced
by these mutations. Some of the mutations are predicted to
function as null alleles, whereas others are missense mutations
that appear to encode active, mutant protein. We demonstrate
a correlation between the locations of the missense mutations
and associated clinical phenotypes. An amino acid alteration
near the amino-terminal end of the T-box, which should affect
interactions with the major groove of the target DNA se-
quence, produces very significant cardiac malformations. In
contrast, amino acid changes at the carboxyl end of the T-box,
which should affect interactions between TBX5 and the minor
groove of the DNA target sequence, produce severe limb
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abnormalities. These findings imply that structurally distinct
TBX5–target DNA interactions have different functional con-
sequences in the developmental pathways of limb and heart
morphogenesis.

MATERIALS AND METHODS

Clinical Evaluations. Informed consent was obtained from
all participants in accordance with the Brigham and Women’s
Hospital Human Research Committee. Clinical evaluations
were obtained without prior knowledge of genotype status.
Holt–Oram syndrome probands and first-degree family mem-
bers were evaluated by history and physical examination,
radiographic studies of hands, electrocardiography, and trans-
thoracic echocardiography with color-f low Doppler. Individ-
uals with evidence of radial ray skeletal abnormalities were
considered affected by Holt–Oram syndrome if they or at least
one family member also had congenital cardiac defects or
conduction disease. Clinical evaluations of families A, B, and
F have been reported previously (15, 25).

Clinical data from all available individuals with a TBX5
mutation were compared between families and analyzed by
using the x2 test. ‘‘Severe’’ skeletal malformation was defined
as phocomelia or marked ectromelia involving both the radius
and humerus as described (15). ‘‘Composite’’ cardiac malfor-
mations indicate multiple septation defects, a single septation
defect in the setting of other cardiovascular anomalies, or
complex congenital heart disease. Clinical data on individuals
with the Arg279ter and the InsSer387FSter mutations, ex-
pected to cause carboxyl-terminal truncation of TBX5 (11),
were not available.

DNA Isolation. Five to 30 ml of peripheral blood was
obtained from each family member. DNA was isolated from
peripheral lymphocytes or lymphoblastoid cell lines (15) by
digestion with Proteinase K and phenol-chloroform purifica-
tion as described (15).

TBX5 Gene Sequence Analysis and Mutation Identification.
To identify TBX5 mutations, all exons (exons 2–9) encoding

the polypeptide were sequenced in samples from Holt–Oram
syndrome probands. Exons 2–8 were amplified by the PCR by
using previously described primers (10). Exon 9 was amplified
with primers 9GF, 59-TACTTTGGACAATATACT-
GTCTCC-39 and 9GR, 59-CGACCTTGAGTGCAGAATGT-
GAAC-39. PCR conditions used were 94°C for 20 s, 60°C for
30 s, and 72°C for 45 s for 35 cycles. PCR products were then
purified by using QIAquick columns per the manufacturer’s
protocol (Qiagen, Chatsworth, CA). Templates were subjected
to cycle sequencing by using 32P end-labeled forward and
reverse primers, as described (10), or were sequenced by using
fluoresceinated dideoxynucleotides and analyzed on an Ap-
plied Biosystems 377 automated DNA sequencer.

Each nucleotide sequence alteration detected by DNA
sequence analysis was confirmed by an alternate procedure.
The Glu69ter mutation was confirmed by digestion of PCR
amplified DNA with DdeI as described (10). The Gly80Arg
(family A), InsMet83FSter (family IIq) and DAsp140FSter
(family IId) mutations were independently confirmed by re-
striction enzyme digestion analyses, as follows: (i) Gly80Arg,
exon 3 was amplified by PCR from DNA derived from family
members or unrelated individuals by using primers 3GF and
3GR (10); PCR products were digested with BfaI; (ii)
InsMet83FSter, exon 4 was PCR amplified from an affected
individual’s DNA and then digested with AciI; digested prod-
ucts were analyzed on a 3% NuSievey1% agarose nondena-
turing gel; (iii) DAsp140FSter, exon 4 was PCR amplified from
an individual’s DNA (10) and then digested with BglI; digested
products were analyzed on a 3% NuSievey1% agarose non-
denaturing gel.

Five mutations (Ser196ter, family IIb; DGlu243FSter, family
E; Arg237Trp, family V; Int2ASC-2A, family IIj; Int2ASG11C,
family IIl) were independently confirmed by using allele-
specific oligonucleotide hybridization as described (26). To
detect mutations Int2ASG11C, Int2ASC22A, Ser196ter,
DGlu243FSter, and Arg237Trp, exons 3, 6 and 7 were PCR-
amplified from DNA derived from family members and un-
related individuals with primer pairs 3GFy3GR, 6GFy6GR, or

FIG. 1. Fourteen mutations in TBX5 that cause Holt–Oram syndrome. (A) TBX5 genomic structure (our unpublished data and refs. 10 and 11)
is shown with approximate intron sizes. Exons 1–9 are shown with vertical bars. Exons 1a, 1b, or 1c are alternatively spliced as the first exon of
the TBX5 cDNA. Alternative splicing of the 39 region of the gene accounts for the variable addition of exon 9. Arrows indicate the translocation
t(5;12)(q15;q24) found in the family IIa proband [designated t(5;12)], which disrupts TBX5 in intron 1a and the location of intron 2 acceptor site
(AS) mutations Int2ASC22A and Int2ASG11C. Acceptor site residues were numbered from the splice site with the conserved G residue designated
as 11. (B) Schematic representation of TBX5 cDNA (GenBank accession nos. U80987 and U89353) illustrating the largest of the alternatively
spliced transcripts. Untranslated sequence (dark shading), exons 1–9 (numbered boxes), and locations of amino acids 1 and 517 are indicated. Codons
(gray shading) that encode the T-box DNA binding domain [residues 56–238 (exons 3–7)] were defined by homology to other T-box gene family
members. TBX5 mutations that are predicted to truncate TBX5 are shown above; missense mutations are indicated below (bold, italics). Mutations
are designated by the name and number of the first substituted amino acid residue: D, deletion; Ins, insertion. FSter indicates frameshift mutations
with resultant premature stop codons; ter indicates nonsense mutation. Mutations Glu69ter, Arg237Gln, InsAsn198FSter, Arg279ter, and
InsSer387FSter have been described (10, 11). Mutation Ser196ter, reported here, was also previously observed in an unrelated family (11).
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7GFy7GR, respectively (10). PCR products were purified over
QIAquick columns, and 10 ng of product was applied to
GenescreenPlus (New England Nuclear) nylon membranes by
using a slot-blot apparatus. Membranes were hybridized to 32P
end-labeled oligonucleotides representing normal or mutant
(italicized) sequences as follows: Ser196ter, normal, 59-ATT-
TGGCTCAAAAAATA-39 and mutant, 59-ATTTGGCTAA-
AAAAATA-39; DGlu243FSter, normal, 59-ATGACATGGA-
GCTGCAC-39 and mutant, 59-ATGACATGAGCTGCAC-39;
Arg237Trp, normal, 59-AGGATTTCGGGGCAGTG-39 and
mutant, 59-AGGATTTTGGGGCAGTG-39; Int2ASG11C,
normal, 59-TTCTTGCAGGGCATGGA-39 and mutant, 59-
TTCTTGCACGGCATGGA-39; Int2ASC22A, normal, 59-
CCTTCTTGCAGGGCATG-39 and mutant, 59-CCTTCTTG-
AAGGGCATG-39. Membranes were then washed, and the
radioactive signal was quantitated as described (10, 26).

Mutation Arg237Gln (family IIg) was confirmed by ampli-
fication refractive mutation specific (ARMS) PCR as de-
scribed (27) by using oligonucleotide primers CCATGTCAT-
CACTGCCCT and 7GF (10). The Arg237Gln mutation in
members of family B was confirmed by allele specific hybrid-
ization as described (10).

Fluorescence in Situ Hybridization Analysis (FISH). Meta-
phase chromosomes were prepared from lymphoblastoid cell
lines derived from the affected individual in family IIa and
studied by FISH analysis by using a TBX5 cDNA probe
(TBX5.4; ref. 10) and a TBX5 genomic clone (JE98). Probes
were labeled as described (28) with digoxigenin-11-dUTP and
hybridized to metaphase chromosome preparations. Digoxi-
genin-labeled probe was detected with rhodamine-labeled
antidigoxigenin Ab, and metaphase chromosomes were coun-
terstained with 4,6-diamidino-2-phenylindoledihydrochloride
(DAPI). More than 20 metaphase preparations were examined
for fluorescent signal for each probe.

RESULTS

Genetic Studies. TBX5 sequences of exons 2–9 and flanking
splice signals were ascertained (see Materials and Methods) in
unrelated probands with Holt–Oram syndrome. Ten sequence
variants (Fig. 1) were identified in 11 probands that are
predicted to alter the encoded protein [Table 1; mutations in
families B and F have been previously reported (10)]. Al-
though TBX5 sequences encoding protein were normal in the
affected individual (Fig. 2) from family IIa, a metaphase
karyotype revealed a translocation with a breakpoint at chro-
mosome 12q24 [46,XX, t(5;12)(q15;q24)]. Southern blot anal-
yses excluded rearrangements between exons 1b and 8. To

determine whether the translocation disrupted 59 alternatively
spliced exons (Fig. 1) or 39 regions, FISH analyses of meta-
phase chromosomes were performed by using a 59 probe (clone
JE98, containing exon 1a and flanking intron sequences) and
a 39 probe (cDNA clone TBX5.4). Probe TBX5.4 hybridized to
both the normal and derivative chromosome 12 (Fig. 2C),
whereas probe JE98 (Fig. 2D) hybridized to the normal
chromosome 12 and the derivative chromosome 5. The trans-
location thus disrupts the TBX5 gene in the intron following
exon 1a, thereby separating protein-encoding exons 2–9 from
promoter elements and 59 untranslated sequences.

These TBX5 sequence variants (Table 1) were considered
mutations based on their cosegregation with disease status in
study families, their absence in more than 100 chromosomes
derived from unrelated normal subjects, and the significant
change each was predicted to cause in TBX5 structure or

FIG. 2. A chromosome 5;12 translocation causes severe skeletal
and composite cardiac malformations. (A) The affected child in family
IIa has left arm phocomelia, right radial hypoplasia, and right thumb
aplasia. (B) Cardiac angiography demonstrated a common atrium and
a complete atrioventricular canal defect. Contrast dye injected from a
catheter passed across the atrioventricular septal defect from the right
to left ventricle reveals a marked deformity (arrowheads, characteristic
of this malformation. (C and D) FISH analysis of metaphase chro-
mosomes from the affected child in family IIa demonstrates a break-
point in the intron following exon 1a of TBX5. Pink signal indicates
hybridization of TBX5.4 cDNA (encoding protein sequence) to a
normal and derivative chromosome 12 in C. Hybridization of a
genomic clone (JE98) containing exon 1a (D) produced pink signal in
a normal chromosome 12 and the derivative chromosome 5.

Table 1. TBX5 mutations detected in individuals affected by Holt–Oram syndrome

Family Designation*

Nucleotide change

Class of Mutation Ref.Mutation Residue no.

A Gly80Arg G 3 A 238 Missense See text
B Arg237Gln G 3 A 710 Missense 10
IIg Arg237Gln G 3 A 710 Missense
V Arg237Trp C 3 T 709 Missense See text
E DGlu243FSter G deletion 727 Frameshift; truncated at codon 263 See text
F Glu69ter G 3 T 205 Nonsense; truncated at codon 69 10
IIa t(5;12)(q15;q24) Intron 1A disruption; translocation See text
IIb Ser196ter C 3 A 587 Nonsense; truncated at codon 196 See text; 11
IId DAsp140FSter 13-bp deletion 420–432 Frameshift; truncated at codon 145 See text
IIj Int2ASC22A C22 3 A in Intron 2

acceptor site
Intron 2 splice acceptor site mutation;

truncation
See text

II1 Int2ASG11C G11 3 C in intron 2
acceptor site

Intron 2 splice acceptor site mutation;
truncation

See text

IIq InsMet83FSter G 3 AA 246 Frameshift; truncated at codon 94 See text

*The location of mutations in the TBX5 gene is indicated in Fig. 1. Amino acid residues are numbered as described (10). IIj and II1 are splice acceptor
site (AS) mutations; the nucleotides are numbered as described (10).
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levels. Two families shared an Arg237Gln missense mutation;
haplotype analyses indicated this defect arose independently in
each (data not shown). Moreover, five de novo mutations arose
in Holt–Oram probands (E, IIa, IIb, IIl, or IId); parents of
these individuals had neither clinical evidence of Holt–Oram
syndrome nor the disease-causing mutation. Family IIb dem-
onstrated this de novo mutation to be a germ-line defect, which
was transmitted to affected offspring.

Seven mutations (Glu69ter, InsMet83FSter, Ser196ter,
DAsp140FSter, Int2ASC22A, Int2ASG11C, and DGlu243FSter)
should encode markedly truncated TBX5 derivatives that lack
T-box sequences involved in DNA binding (29, 30) and presum-
ably cannot activate transcription. These defects and the
t(5;12)(q15;q24) translocation therefore appear to function as
null alleles.

Three missense mutations, Gly80Arg, Arg237Trp, and
Arg237Gln, that alter a single amino acid in T-box sequences
were identified in four families. As a first step toward predict-
ing the consequences of these mutations, each was mapped
onto the three-dimensional structure of the Xbra T-box, bound
with target DNA (5). Amino acids encoded in the T-box
domain of human TBX5 and X. laevis Xbra are 54% identical
and 74% homologous (Fig. 3 and ref. 5), suggesting that the
three-dimensional structures of these DNA binding domains
are likely to be similar.

Crystallographic structure data indicate that the T-box
interacts with both the major and minor groove of target DNA

(5). The Gly80Arg mutation occurs near the amino-terminal
end of the T-box, designated the ab-loop (5), and follows an
a-helix. An adjacent arginine residue (human residue 81; X.
laevis residue 67; Fig. 3) forms two hydrogen bonds with target
DNA (guanine residue 5) and contacts the phosphate back-
bone in the major groove (5). Replacement of glycine residue
80 by arginine should therefore alter the ab-loop structure and
potentially impair interactions with the major groove of target
DNA.

Arginine residue 237, located at the carboxyl end of human
T-box sequences, is highly conserved in many T-box genes. The
comparable Xbra residue (amino acid 216) is leucine, which
abuts the hydrophobic portion of lysine residue 207 (5).
Folding of human TBX5 would position arginine residue 237
near glutamate residue 228 and favor formation of a salt
bridge. Substitution of either glutamine (a polar residue) or
tryptophan (hydrophobic) for arginine at residue 237 would
probably break this salt bridge and restructure the terminal
T-box helix. Because this carboxyl helix interacts with the
minor groove of target DNA, we expect that the Arg237Trp
and Arg237Gln mutations specifically alter TBX5 interaction
with target DNA.

Clinical Manifestations of TBX5 Mutations. The clinical
features of Holt–Oram syndrome in all probands and their
affected relatives (Table 2) confirmed previous descriptions
(13–24) of this syndrome: all had upper limb malformations
and 76% also had congenital cardiac malformations. However

FIG. 3. (Upper) Three-dimensional structure of the X. laevis Xbra T-box bound to a 24-nt DNA duplex indicating the location of residues Gly-80
(red) and Arg-237 (yellow) mutated in the missense mutations Gly80Arg, Arg237Gln, and Arg237Trp. Note that the T-box binds its target DNA
(teal and blue) as a homodimer. (Lower) Human TBX5 and X. laevis Xbra T-box sequences are aligned. The Gly80Arg (R) and Arg237Gln (Q)
missense mutations are located in the T-box sequence. A vertical line indicates identical sequences in Xbra and TBX5, two dots indicate functionally
related residues, and one dot denotes nonconserved residues.
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significant differences were observed in the expression of limb
or cardiac phenotype (see Materials and Methods) resulting
from distinct TBX5 defects (Table 2). We assumed that the
mutations creating truncated forms of TBX5 encoded ‘‘null
alleles’’ and therefore these individuals were treated as a single
class. Sixty-five percent of individuals with TBX5 haploinsuf-
ficiency (resulting from a TBX5 truncation mutation or null
allele) had severe skeletal malformations, and 57% of these
individuals had composite cardiac malformations.

The incidence and severity of Holt–Oram limb and heart
malformations caused by TBX5 missense mutations depended
on the specific amino acid residue altered (Table 2). The
incidence of composite cardiac malformation caused by the
Gly80Arg mutation was 21%, not significantly different from
the incidence of composite cardiac malformation caused by
TBX5 haploinsufficiency. In contrast, individuals with the
Gly80Arg mutation had only mild carpal bone and thumb
deformities, but a significantly lower incidence of severe
skeletal malformation than that caused by TBX5 haploinsuf-
ficiency (P , 0.0001). Missense mutations Arg237Gln or
Arg237Trp caused severe skeletal malformations in 35% of
affected individuals, comparable to the incidence of severe
skeletal malformations caused by haploinsufficiency. How-
ever, significantly more severe skeletal malformations were
observed in individuals with the Arg237Gln and Arg237Trp
missense mutations than in individuals with the Gly80Arg
missense mutation (P 5 0.004). Composite cardiac malforma-
tions (4%) occurred less frequently in individuals with an
Arg-237 missense mutation than mutations producing TBX5
haploinsufficiency (P , 0.0001) or the Gly80Arg missense
mutation.

DISCUSSION

Genetic data indicate that the limb and cardiac malformations
that characterize Holt–Oram syndrome can be produced by
nonsense mutations, deletions, rearrangements, and missense
mutations in the TBX5 gene. Insertions in the TBX5 gene have
also been reported (11). Studies of families IIl, IIb, IId, E, and
IIa and a previous report (11) indicate de novo mutations are
prevalent in Holt–Oram syndrome. Given this observation and
the low incidence of the disease (1y100,000 live births), it was
surprising that three TBX5 residues are mutated in multiple
families [Ser-196 (families IIb and ref. 11)], Arg-279 (11), and
Arg-237 (families IIg, B, V)]. These findings may indicate
greater susceptibility of particular TBX5 nucleotides to muta-
tion. Alternatively, mutation of certain residues may produce
a more pronounced and easily recognized phenotype.

The majority of TBX5 mutations introduce premature stop
codons (Table 1) that are predicted to encode markedly
truncated polypeptides. Even if mutant species were stable in
the cell, foreshortened TBX5 molecules are unlikely to main-
tain full integrity of the T-box. Analyses of T-box function in
the related T (Brachyury) gene have demonstrated that even
minimal truncation of this domain eliminates DNA binding
capacity (29). Hence, truncation mutations in the T-box and
gene disruption (i.e., chromosome 5;12 translocation) proba-
bly cause haploinsufficiency of T-box activity. The carboxyl

region of the murine T-box gene, T, has recently been dem-
onstrated to regulate transcriptional activity (30); a compara-
ble domain in TBX5 should be perturbed by truncation mu-
tations. The marked similarities in clinical phenotype (severe
skeletal and composite cardiac malformations) of Holt–Oram
syndrome caused by multiple, different truncation defects or a
null allele indicate that precise regulation of TBX5 concen-
tration is required for the physiologic expression of critical
genes during the development of these structures.

Analyses of the consequences of rare TBX5 missense mu-
tations (Gly80Arg, Arg237Gln, and Arg237Trp) are perhaps
more instructive of the roles that this transcription factor plays
during embryogenesis. Because these mutations encode only a
single amino acid substitution, they are less likely to cause
transcript or peptide instability. We propose that these gene
defects function through a dominant-negative mechanism
rather than through haploinsufficiency. This hypothesis is
supported and extended by considerations of the probable
biophysical consequences of missense mutations, based on
recent crystallographic structure of X. laevis Xbra bound to its
DNA target (5) and analyses of the distinct clinical phenotypes
associated with human TBX5 mutations. The T-box binds
DNA as a homodimer; hence heterozygote alleles in affected
individuals could produce three possible TBX5–target DNA
interactions (wild type, mutantywild type, mutant). We sus-
pect that diversity in dimer formation contributes to pheno-
typic variability in individuals with the same mutation. Phe-
notypic variability also appears to be influenced by the location
of a mutation within TBX5. Before the identification of TBX5
as the disease gene, clinical studies recognized a disparity in
the Holt–Oram phenotype in two large kindreds (predomi-
nance of composite cardiac defects in family A versus severe
skeletal malformations in family B [15]). Surprisingly, these
two families have TBX5 missense mutations that are predicted
to alter residues with distinct target DNA interactions. The
missense mutation in family A (Gly80Arg) should perturb
TBX5 binding to the major groove of the target DNA, whereas
the defect in family B (Arg237Gln) should perturb TBX5
interactions with the minor groove of target DNA (Fig. 3).
Clinical findings comparable to those in family B were found
in affected individuals from two other, unrelated families (IIg,
V), whose mutations also alter TBX5 residue 237. Although
other models are possible, collectively these data suggest the
hypothesis that critical TBX5 interactions with target DNA are
different in developing heart and limb.

TBX5, and its associated transcriptional cofactors, might
activate identical genes in the developmental pathways of heart
and limb; however, a simple explanation of the data presented
here is that TBX5, directly or indirectly, alters the transcription
of different genes in heart and limb. Presumably, unknown
TBX5-interacting proteins expressed in these tissues influ-
ences TBX5 binding to target DNA sequences. Further anal-
yses of structure-function relationship of TBX5 and the iden-
tification of genes activated by this transcription factor should
help to elucidate the signals that delineate development of
these organs.

Table 2. Incidence of congenital cardiovascular and skeletal malformations in individuals with Holt–Oram syndrome
causing TBX5 mutations

Class of
mutation

Amino acid
residues Families

No. of
Individuals

All cardiac
malform.

All skeletal
malform.

Composite
cardiac

malform.

Severe
skeletal

malform.

Truncation E, F, IIa, IIb,
IId, IIj, II1, IIq

26 21 26 16 18

Missense 80 A 19 19 19 4 0
Missense 237 B, IIg, V 26 14 26 1 9

Malform., malformations.
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