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Holt-Oram syndrome (HOS) is an autosomal dominant heart-
hand syndrome characterized by congenital heart disease (CHD)
and upper limb deformity, and caused by mutations in the TBX5
gene. To date, the sensitivity of TBX5 genetic testing for HOS
has been unclear. We now report mutational analyses of a
nongenetically selected population of 54 unrelated individuals
who were consecutively referred to our center with a clinical
diagnosis of HOS. TBX5 mutational analyses were performed in
all individuals, and clinical histories and findings were reviewed
for each patient without reference to the genotypes. Twenty-six
percent of the complete cohort was shown to have mutations of
the TBX5 gene. However, among those subjects for whom clin-
ical review demonstrated that their presentations met strict diag-
nostic criteria for HOS, TBX5 mutations were identified in 74%.
No mutations were identified in those subjects who did not meet
these criteria. Thus, these studies validate our clinical diagnostic

criteria for HOS including an absolute requirement for preaxial
radial ray upper limb malformation. Accordingly, TBX5 geno-
typing has high sensitivity and specificity for HOS if stringent
diagnostic criteria are used in assigning the clinical diagnosis.
(Pediatr Res 58: 981–986, 2005)

Abbreviations
ASD, atrial septal defects
CHD, congenital heart disease
dHPLC, denaturing HPLC
HOS, Holt-Oram syndrome
FHx, family history
TBX, T-box
VACTERL, vertebral anomalies, anal atresia, cardiac
malformations, tracheoesophageal fistula, renal anomalies,
limb anomalies
VSD, ventricular septal defects

HOS is the most common of the heart-hand syndromes. It
segregates in an autosomal dominant fashion and is estimated

to occur in at least 1/100,000 live births (1). HOS is charac-
terized by upper limb anomalies involving the preaxial radial
ray and CHD (2,3). Upper limb deformity may be bilateral but
asymmetric or even unilateral. The most common forms of
CHD associated with HOS are ASD, usually of the ostium
secundum variety, and VSD, usually occurring in the muscular
trabeculated septum. Cardiac conduction disease may also
occur, regardless of the presence or absence of structural
cardiac disease (3). Lower limb, postaxial upper limb, cranio-
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facial, pulmonary, genitourinary, and gastrointestinal malfor-
mations and intellectual and sensory deficits are not features of
HOS (2–5)
Previously, we and others (6,7) showed that mutations in the

TBX5 gene cause HOS. TBX5 is a member of the evolutionarily
conserved T-box family of transcription factor genes (6). Other
members of the T-box family have also been implicated in
human disease, including TBX3 in ulnar-mammary syndrome
(UMS) (8), TBX4 in “small nail patella” syndrome (9), TBX22
in X-linked cleft palate with ankyloglossia (10), and TBX1 in
CHD associated with DiGeorge/velocardiofacial syndrome
(11).
Despite application of TBX5 mutational analyses to patients

with HOS in several studies (6,7,12,13), the sensitivity of
TBX5 genetic testing for HOS has remained unclear. Three
studies (12–14) reported surprisingly low sensitivities ranging
from 22 to 35%. Mutational analyses of the coding regions for
genes that cause other monogenic disorders exhibit higher
sensitivities, e.g. 85% for sequence analysis of LMX1B in
individuals with “nail patella” syndrome (15).
Potential explanations for the low mutation detection rates in

HOS have included technical limitations of typical mutational
analysis protocols that would prevent detection of large dele-
tions (16) and/or genetic heterogeneity of the disorder. Genetic
heterogeneity of HOS has been controversial (17–19). Al-
though linkage to the TBX5 chromosome 12q24.1 locus has
been the rule, genetic heterogeneity has been proposed in three
families (17–19). However, of these families, one exhibited
polydactyly, which is not considered a feature of HOS, one had
insufficient power to determine statistically significant linkage,
and diagnoses in two had the unusual requirement of bilateral
limb deformity.
We now report mutational analyses of a consecutive series

of 54 unrelated individuals with a clinical diagnosis of HOS
referred to our center for genetic testing. We show that al-
though TBX5 mutational analyses may initially appear to be
relatively insensitive, as previously suggested, the sensitivity is
markedly increased when coupled with rigorous adherence to
diagnostic criteria. Thus, genetic testing combined with careful
clinical evaluation provides effective diagnosis of HOS in the
majority of cases.

METHODS

Clinical evaluations. All subjects provided informed consent for these
studies in accordance with the institutional review board of the Weill Medical
College of Cornell University. For each individual, medical records were
reviewed for the subject and first-degree family members to determine history
and findings suggesting congenital anomalies. Records included results from
upper limb radiographs, echocardiograms, electrocardiograms, karyotypes, and
physical examinations (Tables 1 and 2).

Molecular genetic analyses. Genomic DNA was extracted from peripheral
lymphocytes and amplified by PCR as previously described (20). dHPLC
(WAVE, Transgenomic Inc., Omaha, NE) analysis was performed for exons
2–9 of TBX5. These exons include the complete coding region of the TBX5
gene. Any samples with abnormal dHPLC tracings were subjected to auto-
mated bidirectional sequence analysis on an ABI 3100 (Applied Biosystems,
Foster City, CA) with Big Dye terminators to determine the specific TBX5
sequence variant. Primer sequences and dHPLC conditions are summarized in
Table 3. At least 200 normal chromosomes were screened by dHPLC and/or
automated sequencing for any TBX5 variant identified. TBX5 variants were
defined as mutations if they altered the protein structure and were not seen in
�200 normal chromosomes.

RESULTS

Mutational analyses. Fifty-four consecutive individuals
with clinical diagnoses of HOS referred to our center were
subjected to TBX5 mutational analysis. TBX5 mutations were
observed in 14/54 (26%) of these individuals (Tables 1 and 2).
One individual had two mutations (H170L; IVS5 � 1G�T),
and two individuals shared the same mutation (Y136ter). Mu-
tations included 6 nonsense, 1 deletion/frameshift, 5 splice site,
and 3 missense mutations. Of these mutations, 11 had not been
previously reported; 3 mutations (Y136ter, S196ter, and
T223M) (12,14, 21) had been previously documented in pa-
tients with HOS. Six of the identified TBX5 mutations disrupt
the T-box DNA binding domain, whereas the remainder occur
downstream of the T-box and modify exons 7 and 8. No
mutations of the alternatively spliced (22) exon 9 were
observed.
Genotype-phenotype correlations. Retrospective review of

clinical records of all probands revealed features not consistent
with a diagnosis of HOS in 35 of the 54 probands that had been
referred for genetic testing. We had previously (3) defined
clinical phenotypes diagnostic of HOS as the presence of
preaxial radial ray malformation of at least one upper limb
along with a personal or family history of septation defects
(ASD, VSD) and/or atrioventricular conduction disease. In
these 35 probands, atypical features include renal, lower limb,
craniofacial, axillary and tracheal anomalies, deafness, poly-
dactyly and isolated postaxial limb deformity. These are shown
in Fig. 1 and are detailed in Table 1. Vertebral anomalies such
as hemivertebrae were also observed in some of these individ-
uals. Among these 35 individuals with clinical features incon-
sistent with HOS, no TBX5 mutations were found.
Nineteen of 54 patients had typical features of HOS (per-

sonal and/or family history of cardiac septation and/or conduc-
tion defects in the setting of preaxial radial ray deformity.) All
19 of these individuals had typical preaxial radial ray deformity
without isolated postaxial upper limb or any lower limb mal-
formation. Vertebral anomalies such as vertebral stenosis and
vertebral fusions were also observed in three of these individ-
uals, and given the report by Brassington et al. (12) of a TBX5
mutation in one HOS patient with typical limb and cardiac
malformation as well as cervical vertebral fusions, such find-
ings were not considered to exclude a diagnosis of HOS. TBX5
mutations were identified in 14/19 (74%) of these individuals
with HOS. Family members with clinical presentations com-
patible with HOS, when available for testing, shared these
mutations.

DISCUSSION

In this study, we observed TBX5 mutations in 26% of a
cohort of individuals referred for HOS genetic testing. How-
ever, when this cohort was prescreened for individuals who
strictly adhere to established HOS diagnostic criteria (personal
and/or family history of cardiac septation and/or conduction
defects in the setting of preaxial radial ray deformity), we
found that our TBX5 dHPLC/sequencing based mutational
analysis strategy, in fact, had a sensitivity of 74% in this
population. No mutations were detected in individuals who had
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clinical features at variance with these HOS diagnostic criteria.
Thus, we demonstrate that the addition of adherence to strict
HOS diagnostic criteria to TBX5 mutational analysis provided
markedly increased sensitivity in genetic testing for HOS.
Moreover, given the absence of TBX5 mutations in a high-risk
population of individuals but who had clinical features distinc-

tive from HOS, we conclude that TBX5 mutational analysis is
also 100% specific for HOS.
Individuals who did not meet HOS diagnostic criteria and

who did not have identifiable TBX5 mutations often had clin-
ical features that overlapped with HOS, e.g. hand malforma-
tions, cardiac septation defects, and/or atrioventricular conduc-

Table 1. Clinical features of individuals not meeting strict criteria for HOS (n � 35)

Subject
#

Radial
ray Heart

Ulnar
ray Renal

Lower
limbs Vertebral Deafness Craniofacial Other

1 � � � � � � � � Duane anomaly
2 � � � � � � � � Pilonidal sinus; colon polyps; thalidomide exposure
4 � � � � � � � � Tracheal stenosis; hemivertebrae
5 � � � � � � � � Unilateral hand anomaly: 3 rudimentary syndactylic

digits, radius and ulna wnl; peripheral pulmonic
stenosis and PFO; FHx. Cornelia de Lange

6 � � � � � � � � Developmental delay
8 � � � � � � � � Spinal syrinx, hemivertebrae; nipple hypoplasia
9 � � � � � � � � Cognitive delay
15 � � � � � � � �
16 � � � � � � � � Axillary hypoplasia
17 � � � � � � � �
18 � � � � � � � � TOF, DORV, hemivertebrae, multisegmental

atelectasis
19 � � � � � � � �
20 � � � � � � � � Submucous cleft palate; pectus excavatum
23 � � � � � � � � Unilateral hand anomaly: 3 syndactylic digits,

radius normal; sacral dimple; abnormal helices;
hemangioma

24 � � � � � � � � Polydactyly (preaxial); congenital hernia; teratogen
exposure (valproate)

25 � � � � � � � � Axillary hypoplasia
26 � � � � � � � �
30 � � � � � � � � Structurally normal thumb with displaced insertion;

Possible amniotic band
31 � � � � � � � � Polydactyly; congenital hernia; learning delay
32 � � � � � � � � Blindness; mental retardation; short stature
34 � � � � � � � � Hypoplastic distal phalanges and fingernails;

phalangeal nonossification (digits 2–5)
35 � � � � � � � � Hypoplastic fingernails; bilateral syndactyly; FHx.

Treacher Collins and CHD
37 � � � � � � � �
40 � � � � � � � � Abnormal pigmentation findings
41 � � � � � � � � Cognitive delay; undescended left testicle;

preauricular ear tag; short ribs; winged scapula;
sacral dimple

42 � � � � � � � � Distal bifurcation of humerus
43 � � � � � � � � Hearing impairment; partial soft cleft palate
44 � � � � � � � � Absent right hand with single forearm bone and

single digit; left hand with thumb and 2 digits,
normal radius and ulna

46 � � � � � � � � Cutaneous and osseous syndactyly; rhizomelic
shortening

47 � � � � � � � � Syndactyly; FHx. PDA
49 � � � � � � � � Anal lesion; hydrocele; mother with VACTERL

features
50 � � � � � � � � Preauricular left ear tag, TOF, right sided aortic

arch, PDA, PFO, persistent left superior vena
cava

51 � � � � � � � � Language delay
53 � � � � � � � � Minimal asymmetry of gluteal musculature
54 � � � � � � � � Hypoplastic right hand with webbing; missing right

pectoralis major muscle, aortic aneurysm

CHD: congenital heart defect; DORV: double outlet right ventricle; FHx: family history; PDA: patent ductus arteriosus, PFO: patent foramen ovale; TOF:
Tetralogy of Fallot
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tion abnormalities. These features undoubtedly prompted the
initial diagnosis of HOS. However, these individuals all had
other notable clinical manifestations that were not typical of
HOS. For instance, ulnar or lower limb involvement, renal
anomalies, syndactyly involving digits other than the thumb,
polydactyly, or craniofacial findings. Thus, observations of
such features in individuals with upper limb deformity and/or
cardiac septation defects should cast doubts upon any provi-
sional diagnosis of HOS.
Importantly, a wide variety of heart-hand syndromes have

been described (23,24) and although they may be familial as
well, it is essential to recognize that they can be distinct from
HOS. One subject (#16) with a personal and family history of
ulnar ray abnormalities along with cardiac and renal malfor-
mations was subsequently shown to have a TBX3 mutation
(Fig. 1) consistent with a diagnosis of UMS. Furthermore,
several individuals in our series (e.g. subjects #4, #8, #18, #41,
and #49) may have been more appropriately classified among
the genetically heterogeneous category of VACTERL associ-
ation, which is not necessarily inherited in a simple monogenic
fashion. Thus, establishment of the correct clinical diagnosis
can obviate the need for TBX5 mutational analysis or prompt

other types of genetic testing and can have a significant impact
on the genetic counseling of probands and their families.
Despite the high mutation detection rate achieved here

among individuals who do meet clinical criteria for HOS, a
TBX5 mutation was not identified in five such individuals. We
were unable to test linkage to the TBX5 chromosome 12q24.1
locus in those cases meeting clinical criteria with no identifi-
able TBX5 mutation. This was either because the affected
individual represented a sporadic case or the size of the indi-
vidual’s family was insufficient to provide statistically signif-
icant results. Although it is rare to detect mutations in all
affected individuals with any monogenic disease, several fac-
tors may explain the less than 100% sensitivity observed in this
series.
It is possible that the mutation detection methods used here

would be unable to detect large TBX5 deletions that delete a
complete exon. Because our analyses were limited to TBX5
coding regions (exons 2–9) and associated intron/exon bound-
aries, we would not detect mutations in the noncoding and/or
regulatory regions of TBX5. These regions include at least
three alternatively spliced versions of exon 1 that comprise a 5'

Table 2. Individuals meeting strict clinical criteria for HOS (n � 19)

Subject
# TBX5 mutation

Predicted
TBX5

alteration

Cardiac manifestations
Preaxial
radial ray OtherASD VSD Conduction

3 IVS7�2T�G Splice � � � �
7 414A�C Y136ter � � � � FHx. TOF
10 None detected � � � � � TGA; Intrapartum infection and radiation exposure
11 674C�T T233M � � � �
12 414A�C Y136ter � � � �
13 None detected � � � � � “Accessory” carpal bones; narrowing of the cerebral spinal segment
14 IVS3�1G�A Splice � � � �
21 IVS4�1G�T Splice � � � � FHx upper limb deformity
22 751C�T Q315ter � � � �
27 None detected � � � � � Intraatrial septal aneurysm; FHx. dilated cardiomyopathy; no FHx. CHD
28 None detected � � � � �
29 509A�T;

IVS5�1G�T
H170L;
Splice

� � � � Aortic coarctation

33 813–814delCA H271ter � � � � LQT syndrome
36 593A�C S196ter � � � � TOF; defects of anterior vertebral bodies
38 342C�A Y114ter � � � �
39 None detected � � � � � Cervical and sacral vertebral anomalies; fusion of cervical vertebrae
45 IVS7-1G�A Splice � � � �
48 751C�T Q251ter � � � �
52 316A�G I106V � � � �

ASD: atrial septal defect; CHD: congenital heart defect; FHx: family history; LQT: Long QT syndrome; Splice: alteration of a consensus splice site predicted
to lead to exon skipping and frameshift; TGA: transposition of the great arteries; TOF: Tetralogy of Fallot; VSD: ventricular septal defect

Table 3. Oligonucleotide primers and denaturation temperatures for TBX5 dHPLC mutational analysis

Exon Primer 1 Primer 2 Temperature (°C)

2 GCTTCTTGTCCTCAGAGCAGAACCT CAAGAGAAGCCGAGCAGGAAAGCCA 66.5°
3 TTCTCCTCGTCCCTCTCTCTACACA AGTTTGGGGAAGGAATGCCCACTAC 59.2°
4 AACGGGGCTAGTTTCCGTTCCACG CTTTTTGGGAGAAGGTTCCACTTTT 59.9°, 60.9°
5 CTTGGTGCGTGAACTGAAGCACGC GAGGGAGACAAGGCTGGGGAATCCAG 64.3°, 65.3°
6 CCGATATAACAAGGCGAATTTAGA ATTCAGAGGAGCAAAGTTCCAG 56.4°, 57.4°
7 ATTAGCTCATGTCCTGAGGTGGTCT GTGGGGAGGAGAAAGTTGAGGAATC 58.8°, 59.8°
8 GGGTAGGAACATGTCAAGGGAACT CTTTTCTGGTGGATTCTCTCACACC 58.3°, 59.3°
9* TACTTTGGCCAAATAACTGTCTCC CGACCTTGAGTGCAGATGTGAAC 58.1°, 59.1°, 62.6°
9� AGGTCTGGTGCTGGAACATTC GCCCATGGACAGGCTACCCTACC

*used for dHPLC but not for sequencing reaction; �used for sequence analysis only
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untranslated region that we have previously shown is critical
for normal TBX5 expression (22).
Beyond the technical aspects of the mutational analyses

performed, individuals without TBX5 mutations may also rep-
resent genetically distinct phenocopies of HOS, and four of the
five HOS patients without TBX5 mutations had phenotypes and
histories that would be unusual, albeit not impossible, for HOS
patients. For instance, subject #10, who had preaxial radial ray
anomalies as well as a VSD, also exhibited transposition of the
great arteries and had a history of intrapartum infection and
radiation exposure after having been conceived near Chernobyl
in Russia. Subject #27, who also had preaxial radial ray
anomalies, had a personal history of congenital structural heart
malformation, an interatrial septal aneurysm, and a family
history of idiopathic dilated cardiomyopathy. Neither isolated
interatrial septal aneurysm nor idiopathic dilated cardiomyop-
athy has been associated with HOS, and both have been
associated with genes and/or chromosomal loci distinct from
TBX5 and chromosome 12q24.1 (25,26).
Notably, unique features of other syndromes that have par-

tial overlap with HOS may exhibit incomplete and age-related
penetrance. Thus, salient physical exam findings that ought to
suggest a diagnosis other than HOS may not yet have been
present at the time of examination of the patients in this series.
For instance, poikiloderma and cataracts in the autosomal
recessive radial ray malformation disorder Rothmund-
Thomson syndrome (RTS) can present at advanced ages (27).
Duane anomaly in Okihiro syndrome (also characterized by
radial ray defects and congenital heart disease but caused by
mutations in the SALL4 gene) exhibits incomplete penetrance

and can be difficult to detect without focused ophthalmologic
examination (28).
Along with several individuals who did not meet HOS

diagnostic criteria for other reasons, three individuals (subjects
#13, #36, and #39) who did meet those criteria also exhibited
vertebral malformations suggestive of VACTERL association.
A TBX5 mutation was identified in only one of these individ-
uals (subject #36). Brassington et al. (12) also reported TBX5
mutations in one patient with HOS as well as vertebral anom-
alies, but the specific association with HOS remains unclear
and TBX5 is not known to contribute to vertebral morphogen-
esis in the vertebrate embryo.
Some lessons can be gleaned from the TBX5 mutations that

were identified in this cohort. Only two of the mutations
(T233M and I106V) were missense; the remainder are pre-
dicted to produce TBX5 haploinsufficiency. These findings are
consistent with the supposition that TBX5 haploinsufficient
mutations are the most significant cause of HOS. Interestingly,
despite suggestions from our previous population-based studies
(22) that missense mutations at the 5' end of the T-box more
significantly affect the heart whereas those at the 3' end of the
T-box more significantly affect the upper limb, subject #52
with the 5' T-box I106V mutation has upper limb malformation
without evident cardiac disease, and subject #11 with the 3'
T-box T233M mutation has both an ASD and VSD as well as
upper limb malformation. Similar inconsistencies have been
reported by Brassington et al. (12), who also observed a
T233M TBX5 mutation in two probands. Together with the
findings here, these observations highlight the inability to
apply statistical associations between genotypes and pheno-
types seen in large populations to the individual proband.
Furthermore, they emphasize the potential of any TBX5 muta-
tion to affect development of both the heart and the limb in
HOS.
However, our studies do support cautious interpretation of

the pathogenesis of congenital heart defects when seen in
families affected by HOS. The observation that subject #36
with HOS and an S196ter TBX5 mutation has tetralogy of
Fallot (TOF) indicates the potential for HOS to present with
conotruncal malformation. Given the absence of TBX5 protein
in the developing human outflow tract (29), such congenital
heart defects imply a potential secondary effect on the
conotruncus when ventricular septation is impaired. On the
other hand, other independent genetic mechanisms may be
operant in such individuals with conotruncal malformation.
Subjects #7 and #12 with HOS share the same Y136ter TBX5
mutation, and although both have preaxial radial ray malfor-
mation and cardiac conduction disease, only subject #12 and
not #7 has a septation (atrial) defect. Evaluation of the family
history for subject #7 revealed that a nephew without limb
deformity did have TOF. However, when this individual was
genotyped for the Y136ter TBX5 mutation, he was found to
have no mutation. Thus, some other, as yet unidentified, ge-
netic mechanism must exist in this family to produce conotrun-
cal malformation. Similar questions are provoked by the clin-
ical diagnosis of Long QT syndrome in subject #33 with
typical HOS (upper limb deformity, ASD, and third-degree
atrioventricular block) and an H271ter TBX5 mutation. Long

Figure 1. Upper limb malformation in individuals referred for TBX5 muta-
tional analyses. (A) Typical upper limb malformation of HOS is evident in the
left arm of subject #21. Note the absent thumb and malformation of the wrist
causing disarticulation of the carpal bones with the radius bone. These defects
are consistent with preaxial radial ray malformation. TBX5 mutational analyses
of subject #21 genomic DNA revealed an IVS4 � 1G�T mutation. (B) The
left hand of subject #16 is shown. The thumb and radial ray are normal.
However, digits 4 and 5 are absent consistent with a postaxial malformation of
the ulnar ray. TBX5 mutational analyses of subject #16 DNA were normal.
However, the clinical presentation of subject #16 was more suggestive of
ulnar-mammary syndrome than HOS. This diagnosis was confirmed by muta-
tional analysis of TBX3 (performed as previously described (6)). A Val235ter
TBX3 mutation in subject #16 as well as her mother, sister, son, and nephew
all of whom exhibited similar postaxial upper limb deformity.
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QT syndrome has not previously been associated with HOS,
but TBX5 has been now been shown in experimental animal
models to be required for the normal establishment of the
cardiac conduction system (30). To date, genetic testing of
subject #33 has not revealed mutations at LQT1, LQT2, LQT3,
LQT5, and LQT6 (Aftimos, unpublished data).
Although complex congenital heart disease has occasionally

been associated with HOS and documented TBX5 mutations
(12,14,22), this is not a common finding. In our series, several
patients considered to have a diagnosis consistent with the
strict clinical criteria for HOS had congenital heart malforma-
tion in addition to ASD, VSD, and/or conduction disease.
However, TBX5 mutations were rarely detected in this group
(subject #29 with aortic coarctation and subject #36 with TOF).
Thus, it may still be appropriate to consider for TBX5 muta-
tional analyses individuals who meet clinical criteria for HOS
and who have congenital heart disease in addition to (but not
instead of) septation defects and/or conduction disease.
In summary, we have shown that the application of strict

clinical criteria for HOS is highly predictive for the identifi-
cation of a TBX5 disease–causing mutation. The ability to
confirm clinical diagnoses with genetic testing is a valuable
asset in the management of affected individuals and their
families. Informative genetic testing will be useful in identify-
ing at-risk individuals, such as parents and siblings of those
with HOS, and will permit counseling regarding specific re-
currence risks for family members of an individual affected by
HOS. Because of the phenotypic variability of HOS, genetic
testing will also be useful in guiding the clinical management
of mildly affected individuals since even those without struc-
tural heart disease are at risk for cardiac conduction disease (3).
Furthermore, families with an identified TBX5 mutation can be
counseled about reproductive options, including preimplanta-
tion genetic diagnosis, for future pregnancies (30). For indi-
viduals not meeting clinical criteria for HOS, more appropriate
genetic testing should be considered. Other disorders to be
considered in individuals with limb and cardiac malformation
include Okihiro syndrome, UMS, thrombocytopenia absent
radius syndrome, and VACTERL association. Appropriate def-
inition and diagnosis of the clinical features of heart-hand
syndromes like HOS will allow us to better understand the role
of their causative genes in development and ultimately will
foster improved molecularly based therapeutic approaches for
affected individuals.
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