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TBX5 intragenic duplication: a family with an atypical
Holt-Oram syndrome phenotype

Chirag Patel*!, Lee Silcock?, Dominic McMullan?, Louise Brueton! and Helen Cox!

Holt—-Oram syndrome (HOS) is a rare autosomal dominant heart-hand syndrome due to mutations in the TBX5 transcription
factor. Affected individuals can have structural cardiac defects and/or conduction abnormalities, and exclusively upper limb
defects (typically bilateral, asymmetrical radial ray defects). TBX5 mutations reported include nonsense, missense, splicing
mutations and exon deletions. Most result in a null allele and haploinsufficiency, but some impair nuclear localisation of

TBX5 protein or disrupt its interaction with co-factors and downstream targets. We present a five generation family of nine
affected individuals with an atypical HOS phenotype, consisting of ulnar ray defects (ulnar hypoplasia, short fifth fingers

with clinodactyly) and very mild radial ray defects (short thumbs, bowing of the radius and dislocation of the radial head).

The cardiac defects seen are those more rarely reported in HOS (atrioventricular septal defect, hypoplastic left heart syndrome,
mitral valve disease and pulmonary stenosis). Conduction abnormalities include atrial fibrillation, atrial flutter and sick sinus
syndrome. TBX5 mutation screening (exons 3-10) identified no mutations. Array comparative genomic hybridisation (CGH)
revealed a 48 kb duplication at 12q24.21, encompassing exons 2-9 of the TBX5 gene, with breakpoints within introns 1-2 and
9-10. The duplication segregates with the phenotype in the family, and is likely to be pathogenic. This is the first known report
of an intragenic duplication of TBX5 and its clinical effects; an atypical HOS phenotype. Further functional studies are needed

to establish the effects of the duplication and pathogenic mechanism. All typical/atypical HOS cases should be screened

for TBX5 exon duplications.
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INTRODUCTION

Holt-Oram syndrome (HOS; MIM 142900) affects ~1 in 100000
livebirths and is one of many hand-heart syndromes. It was first
described as a syndrome of upper limb abnormalities and congenital
heart defects by Holt and Oram.! It is inherited in an autosomal
dominant manner with high penetrance and variable expression
(ranging from only subclinical skeletal findings to phocomelia, and
from conduction defects to severe congenital heart defects). The
typical combination is thought to be triphalangeal thumbs and a
secundum atrial septal defect (ASD), but there is a range in severity
of limb and heart defects. These individuals do not have problems
with growth or development.? There is no specific facial profile that
discriminates it from other hand—heart syndromes.?

Upper limb abnormalities are always present and most commonly
bilateral and asymmetrical (left side more than right).#> They involve
structures derived from the radial ray (radius, carpal and thenar
bones), which can show aplasia, hypoplasia, fusion or anomalous
development. This results in features ranging from limitation in
movement, triphalangeal or absent thumbs, foreshortened forearms,
to phocomelia.’* The thumbs are the most commonly affected
structure (84%), with radial aplasia/hypoplasia in 64%. Ulnar ray
defects have been shown to occur only when the radial ray is involved,
and to a lesser degree of severity.? Smith et al* showed that the radius
was affected in 22/39 cases, but the ulna was only involved in 15/39.

The humerus was hypoplastic in 50% cases, and the clavicle was
sometimes abnormal. Many show a characteristic appearance of
narrow, sloping shoulders, because of a combination of short clavicles,
hypoplasia of head of humerus and decreased musculature. Poznanski
et al® demonstrated that carpal abnormalities are more specific
to HOS than changes to the thumbs, particularly the scaphoid
bone. The lower limbs are usually normal.

Heart defects typically are septal defect, more commonly ASDs or
rarely ventricular septal defects (VSDs), but other more severe heart
defects have been described (eg, tetralogy of Fallot, truncus arteriosus
and hypoplastic left heart syndrome (HLHS)).>’ In familial cases of
HOS, 95% affected individuals have been shown to have a heart
defect. Cardiac conduction abnormalities are commonly found on an
electrocardiogram (ECG), and include atrioventricular block, brady-
cardia and atrial fibrillation (AF). They are more likely to occur in
those with a structural heart defect, but 40% cases have conduction
abnormalities alone without heart defects.

There is not thought to be any association between the severity of
limb and heart defects. Penetrance is thought to be close to 100%
(if investigated by a wrist X-ray and ECG/ECHO). Around 60-70% of
patients have an affected parent, whereas 30—40% cases are de novo.?
Basson et al’ and Terrett et al'® showed linkage of the disease to 12q2
via familial genetic analysis. The candidate gene was identified as
TBX5 (MIM 601620), a member of the Brachyury(T) gene family,
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which acts as a transcription factor and the conserved T-box domain
serves as a DNA-binding domain. Molecular analysis of HOS familial
and sporadic cases demonstrated mutations within this gene.!l!?
Most of the mutations result in a null allele and haploinsufficiency,
but some have been shown to impair the nuclear localisation of TBX5
protein or disrupt TBX5 interaction with co-factors and downstream
target genes.!>!

We describe a five generation family with an atypical HOS pheno-
type, where nine affected individuals have combinations of (a) mild
limb defects affecting mainly the ulnar ray, (b) non-ASD/VSD heart
defects and/or (c) rhythm anomalies. We identified a novel 48kb
intragenic duplication in TBX5, which co-segregates with the disease
phenotype. This is the first report of a duplication within TBX5 as the
mutation type causing HOS, and is likely to result in the atypical
HOS phenotype in this family.

CLINICAL REPORT

Consultand

The consultand (IV:3) (23-year-old female) is the first child of non-
consanguineous White British parents, who was referred to the
Clinical Genetics department for an assessment to identify a possible
diagnosis. She was born with an atrioventricular septal defect (AVSD)
and pulmonary stenosis (PS), which had been repaired surgically, and
reported to have congenital bilateral upper limb defects. She subse-
quently developed atrial flutter in her teens, which was pharmaco-
logically controlled. There were no other significant details from
her perinatal or developmental history. On clinical examination, the
findings were short fifth fingers bilaterally (particularly the terminal
phalanx), 2/3 syndactly, mild deformity of right index finger, thenar
hypoplasia, and bilateral short, broad thumbs (Figure la). She had
short forearms with difficulty in forearm supination and pronation,
and a prominence on both of her elbows representing subluxation of

the radial heads. She had no facial dysmorphism and no other upper
or lower limb defects. X-rays of her hands confirmed the above clinical
findings, but also identified bilateral distal ulnar hypoplasia (leading to
bowing of the radii and dislocation of the radial heads) and bilateral
abnormal trochlear notches at the proximal ulna (leading to abnormal
humero-ulnar joints) (Figures 2a and b). The carpal bones were
reported as being entirely normal. Previously, routine cytogenetic
analysis revealed a normal female karyotype, and bidirectional sequen-
cing of coding exons 3-10 of the TBX5 gene did not identify any
mutations or variants.

Family members

The pedigree shows 9/12 individuals (including the consultand) over
five generations within the family, with features suggestive of HOS and
a clear autosomal dominant inheritance pattern (Figure 3). Clinical
examination was not possible in four deceased individuals (thought to
be affected) but clinical details were obtained. After the consultand, all
remaining family members (7/11) were assessed clinically (7/11) and
radiologically (1/11), and the findings are summarised in Table 1. The
consistent limb defects in affected individuals include: short fifth
fingers (6/9), fifth finger clinodactyly (3/9), short thumbs (4/9), thenar
hypoplasia (5/9) and difficulty in forearm supination and pronation
(4/9) (Figures 1b—d). X-rays of one other affected individual (III:3)
were reported as normal. There were no individuals identified/
reported with severe radial ray defects (absent/triphalangeal thumbs
or radial aplasia/hypoplasia). Cardiac defects present in 5/9 affected
individuals include: AVSD with PS (1/5), HLHS (1/5), mixed mitral
valve disease (2/5) and a septal defect (1/5). AF (2/5), atrial flutter
(1/5), sick sinus syndrome (1/5) and unknown rhythm disturbance
(1/5) were the conduction abnormalities identified/reported in the
family (5/9), mainly in the absence of a cardiac defect (3/5), however,
3/4 remaining individuals with normal ECG parameters had cardiac
defects.

Figure 1 Photographs of both hands of affected family members. (a) 1V:3 (Consultand) — short fifth fingers especially terminal phalanx, short thumbs, 2/3
syndactyly, and mild deformity of the right index finger. (b) IV:5 (Sister of consultand) — short fifth fingers and short thumbs. (c) I11:5 (Mother of consultand)
— short fifth fingers, fifth finger clinodactyly, and short thumbs. (d) 111:3 (Maternal aunt of consultand) — short fifth fingers, fifth finger clinodactyly, and
slightly abnormal thumbs. All four individuals above also had thenar hypoplasia (not shown in figure images).
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Figure 2 X-rays of consultand. (a) Hands showing dysplastic terminal
phalanx of both fifth fingers, normal carpal bones and distal ulnar
hypoplasia. (b) Forearms showing distal ulnar hypoplasia, abnormal trochlear
notches, secondary radial bowing and posterior dislocation of radial heads.

MATERIALS AND METHODS

Array studies

Genomic DNA was extracted from peripheral blood using the AutoPure
extraction system (Qiagen, Crawley, UK) following the manufacturer’s instruc-
tions. DNA concentration and purity (Ayg_z80~ 1.8-2.0) was determined
using a NanoDrop spectrophotometer (Labtech International, Ringmer, UK).
Samples were labelled with Cy3 and Cy5 using the BlueGnome Fluorescent
Labelling System (dUTP/oligo; BlueGnome, Cambridge, UK) according to
manufacturer’s instructions. In all, 500 ng genomic DNAs were hybridised to
BlueGnome 8x60k International Standard Cytogenomic Array design oligo-
nucleotide microarray and arrays washed post-hybridisation according to the
manufacturer’s instructions. Arrays were scanned using an Agilent C scanner
(G2939A) and analysed in BlueFuse Multi v2.2 (BlueGnome). This platform
should detect the majority of copy number imbalances > 15kb in 500 disease
gene/telomeric regions and >180kb in the genomic backbone and may detect
smaller imbalances in some instances. Oligonucleotides were mapped to
genome build NCBI36. Genomic locations were later converted to NCBI
genome build GRCh37 using NCBI’s remapping tool.

Multiplex ligation-dependent probe amplification

Multiplex ligation-dependent probe amplification (MLPA) analysis of the
TBX5 gene was carried out using the MRC-Holland P180-B1 kit (MRC
Holland, Amsterdam, The Netherlands) according to the manufacturer’s
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Figure 3 Pedigree of the family with atypical HOS.

instructions and using a Tetrad PCR machine (BioRad, Hercules, CA, USA).
Capillary electrophoresis was carried out on an ABI 3130 (Applied Biosystems,
Durmstadt, Germany) and analysed using the Soft Genetics Gene Marker v1.70
program (Softgenetics LLC, State College, PA, USA). This technique will detect
copy number changes in all 10 exons of TBX5 (NCBI GRCh37) (Genebank
accession number NM_000192.3, exon 2 is only present in transcript
NM_181486.1).

RESULTS

Identification of duplication on chromosome 12 using
array-comparative genomic hybridisation (CGH)

Array analysis showed an approximately 48kb duplication at
12q24.21. The duplicated region contained 17 oligonucleotide probes,
genomic co-ordinates 12:114795705-114844082 (NCBI GRCh37)
(Figure 4). The breakpoints of the duplication occur within introns
9-10 (proximally) and introns 1-2 (distally) of the TBX5 gene,
implying exons 2-9 are duplicated and exons 1 and 10 are intact.
Two other affected family members (III:3 and V:1) analysed using
array-CGH were identified to have the same duplication.

Comparison of the copy number imbalance within TBX5 using
bioinformatic tools

Comparison of the duplicated region in this case to other copy
number imbalances involving the TBX5 gene was carried out using
publicly available web-based bioinformatic tools (DECIPHER, Data-
base of Genomic Variants (DGV), Ensembl, HGNC, OMIM and
Pubmed). There is no recorded benign copy number variation in
the DGV and to our knowledge no reports of a duplication within
TBXS5 in the literature to date.

Confirmation of duplication of the TBX5 gene by MLPA

Analysis of the TBX5 gene using MLPA in other family members
(7/11) showed a heterozygous duplication of exons 2-9 of TBX5
segregating with clinically affected family members only, thereby
confirming the array results (Table 2).

DISCUSSION

This is a novel intragenic duplication in TBX5 present in a large family
with an atypical form of HOS, where cardiac defects (structural and/or
conduction) predominate, and the limb defects are mild. The five
generation family with nine known/suspected individuals with HOS
shows marked intrafamilial variability with cardiac involvement in 8/9
(89%), varying from isolated conduction abnormalities like AF to
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Table 1 Clinical features of the atypical HOS Family
Upper limb defect
Family Age Cardiac Rhythm defect Short Thenar Short fifth Fifth finger Difficulty in
member (years) defect (age of onset - years) thumbs hypoplasia fingers clinodactyly ~ pronation/supination X-ray findings
1:2 d.76 (=) (+) Unk Unk Unk Unk Unk Unk
1:1 d.75 MVD (=) Unk Unk Unk Unk Unk Unk
11:2 d.72 - SSS (34) (+) (+) (+) (+) (+) Unk
111:3 80 - - - - - - - ND
I:1 d.3 days SD Unk Unk Unk Unk Unk Unk Unk
11:3 53 — AF (25) - + + N
111:5 52 MVD AF (32) + + + ND
IV:1 25 — — - ND
IV:2 24 — - - - - — - ND
IV:3 23 AVSD PS AFI (13) + + + + + Ulnar hypoplasia,
bowed radius, radial
head dislocation
IV:5 19 — — + + + — - ND
Vi1 d.6 months HLHS - - - + — - ND
Total= 5/9 5/9 4/9 5/9 6/9 4/9 4/9

Abbreviations: AF, atrial fibrillation; AFI, atrial flutter; AVSD, atrioventricular septal defect; d, died; HLHS, hypoplastic left heart syndrome; MVD, mitral valve disease; N, normal; ND, not done;
PS, pulmonary stenosis; SD, septal defect; SSS, sick sinus syndrome; Unk, unknown; +, present; —, absent; (+), anamnestically present; (—), anamnestically absent.

12:114,795,705 - 12:114,844,082

Figure 4 Chromosome 12 log 2 ratio displayed in BlueFuse Multi v2.2
(BlueGnome) showing 48 kb duplication. Zoomed 12q24.1 region showing
breakpoints at 114795705 and 114844082 Mbp (NCBI GRCh37) within
TBX5. Duplication includes exons 2-9 from transcript TBX5-005 and exons
3-9 from transcript TBX-001.

more complex heart defects like HLHS. Non-septal cardiac defects
predominate in this family (all of which have been reported in
previous cases of HOS, but not commonly).S’7 The classical conduc-
tion abnormalities of heart block and bradycardia were not present in
the family, but AF was present instead. Only 2/9 (22%) individuals
had both structural heart defects and conduction abnormalities;
structural cardiac defects in absence of conduction abnormalities
were present in 3/9 (33%); and conduction abnormalities in absence
of structural cardiac defects were present in 3/9 (33%). The commonly
observed findings of absent/triphalangeal thumbs (62%) and/or
aplastic/hypoplastic radii (64%) were not seen in any of the affected
individuals in our family. One may usually expect ulnar ray anomalies
to only occur alongside radial ray ones. Our family showed ulnar ray
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Table 2 MLPA findings of the atypical HOS Family

Family member  11:3 1.3 15 1V:1 w:2 I3 IV:5 Vi1

EXON
01 0.907 0.895 0.816 0.903 0.9 * 0.88 0.847
02 0.978 1391 1321 0.968 0.994 * 1.374 1.352
03 1.113 1.604 1.444 108 1.113 ~* 1.443 1.501
04 1.023 1.379 1.321 1.009 1.018 * 136 1.352
05 0.997 1415 1341 1.001 1.019 * 1.383 1.403
06 1.1 1.622 1514 1.101 1.118 * 1.508 1.521
07 1.049 1.5 1.362 0.985 1.063 * 1.386 1.409
08 1.036 1.389 1.306 0.94 0.992 * 1.376 1.364
08 0965 139 136 0941 0.963 * 1.333 1.324
09 1.058 1.563 1.442 1.048 1.121 ~* 1.465 1.5
09 1.061 1.548 1.4 1.045 1.027 * 1.438 1.422
10 1.021 0.999 0.945 0.977 1.042 * 0.973 1.002
10 0.979 0924 0.867 0.929 096 * 0.9 0.936

*Detected on array-CGH; loss <0.75 <equivalent <1.25 < gain. Grey shading highlight
duplicated exons in clinically affected family members.

anomalies, sometimes in the absence of any radial ray ones (III:3). The
consistent limb findings within the family were short fifth fingers
(66%), fifth finger clinodactyly (44%), short thumbs (44%), thenar
hypoplasia (56%) and limitations in forearm supination/pronation
(44%). These features were reported to occur in 43%, 64%, 39%,
70% and 61% of cases, respectively, in a large-scale clinical study of
HOS cases.”

Several families have been reported to show anticipation in succes-
sive generations with no obvious genetic mechanism and explana-
tion,>!>17 and this phenomenon could be observed in the cardiac
features in our family. Generations I-III had predominantly conduc-
tion abnormalities, and there is the occurrence of increasing severity
of congenital heart defects in generations III-V (III:1-septal defect;
1V:3-AVSD/PS; V:1-HLHS), but this could, however, be ascertainment
bias. A maternal effect has been described with greater severity seen in



offspring of affected females,> and although there are not many males
in our family, the offspring of some females have a more severe
phenotype implying a possible maternal effect (mother (III:3) with AF
compared with her daughter (IV:3) with AVSD/PS and atrial flutter;
mother (IV:5) with no cardiac defects compared with her daughter
(V:1) with HLHS).

Suspected cases of HOS (and both their parents) should have a
thorough examination to detect abnormalities either in shape/size/
function of the thumb. The forearms should be assessed for ability to
pronate and supinate. Radiology is likely to help in clinically mildly
affected individuals. Cross et al'®> showed only 30% of cases with a
clinical diagnosis of HOS had a TBX5 mutation, but this low detection
rate can be markedly improved when coupled with adherence to strict
diagnostic criteria (ie, personal and/or /family history of cardiac
septation and/or conduction defects in the setting of preaxial radial
ray deformity).'® Those who have a suspected diagnosis of HOS (but
do not meet the diagnostic criteria) and do not have a TBX5 mutation
often have clinical features that overlap with HOS but also have other
notable atypical clinical manifestations (eg, ulnar or lower limb
involvement, syndactyly of digits other than the thumb, polydactyly
or craniofacial findings). Ulnar-mammary syndrome (due to TBX3
gene mutations) is one of the differential diagnoses to be considered as
it involves cardiac defects similar to HOS and ulnar ray defects.

The diagnosis of HOS has always been suspected in our family as
they meet the diagnostic criteria, despite milder limb defects mainly
affecting the ulnar side. Therefore, genetic counselling in this family
has been difficult over the years as no mutations were identified in
TBX5. Sletten et al’ highlighted the fact that severe heart defects in
patients with HOS have been underestimated and should be consid-
ered in counselling families with HOS. The cardiac phenotype seems
to predominate in this family with the unfortunate recent death of a
child with HLHS (V:1). This makes it essential that the family are
counselled on the variability of this condition, as there may be a risk of
complex heart defects in future offspring/generations. The family
could also be at risk of more severe limb defects despite affected
individuals having a milder limb phenotype, and no individuals with
radial aplasia/hypoplasia. The identification of a TBX5 duplication,
which segregates with the phenotype in the family is likely to explain
the HOS features in this family. The family can now be offered
prenatal testing to clarify risks to a pregnancy, and genetic testing to
clinically unaffected individuals for clarification of their status. This
was performed via MLPA in three clinically unaffected individuals in
the family (III:3, IV:1 and IV:2), which also helped to clarify segrega-
tion of the duplication with the disease phenotype.

The T-box gene family consists of a large family of transcription
factors that have diverse roles in embryonic development and a
number of human disorders have been linked to mutations in
these genes (TBX5/HOS; TBX3/ulnar-mammary syndrome; and
TBX1/DiGeorge syndrome).!® The coding region of TBX5 is exons
3-10 and exons 1 and 2 are untranslated but have been shown to be
critical for normal TBX5 expression.’®?! TBX5 expression is docu-
mented in the early development of the heart in mice, chicks and
humans and of the forelimb.!1%:22

Most TBX5 mutations are nonsense mutations resulting in a
truncated TBX5 protein and haploinsufficiency (via nonsense-
mediated mRNA degradation).?>?*2* Deletions of the whole gene or
exons are thought to cause abnormalities equivalent to those muta-
tions causing a truncated protein, because of reduced TBX5
dosage.?>*® A contiguous deletion of 2.19-2.27Mb encompassing
the TBX5 and TBX3 genes was identified in one family with clinical
features of HOS and ulnar-mammary syndrome.?’
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The pathogenetic mechanism by which protein producing muta-
tions (missense mutations and in frame deletions) would cause
haploinsufficiency is not well understood as they would not alter
TBX5 dosage. The normal cellular localisation of the TBX5 protein is
in the nucleus in cardiomyocytes.”® Fan et al*>* analysed various
missense mutations and in frame deletions and described their
possible pathogenetic mechanisms as either: (a) abnormal cellular
localisation of mutant TBX5 protein or (b) altered interactions with
cardiac or limb specific co-factors (eg, NKX2.5, GATA4, Cx40 and
SALL4). They showed increased concentrations within the cytoplasm
of TBX5 mutant proteins from various missense mutations and one
in-frame deletion, providing evidence of altered nuclear localisation.
They also showed the Gly80Arg, Arg237GIn and Arg237Trp mutations
dramatically reduce the DNA-binding ability of TBX5, and result in
reduced transcriptional activation of TBX5-dependent genes and loss
of synergistic transcriptional activation with NKX2.5. TBX5 is known
to associate with NKX2.5 and synergistically promote cardiomyocyte
differentiation.®! Other specific missense mutations in TBX5 have
been shown to disrupt the interaction between TBX5 and GATA4
(a gene known to cause non-syndromic congenital heart disease,
particularly septal defects). Therefore, mutations in GATA4 are likely
to cause septal defects through its interaction with TBX5.>2 Mouse
models of HOS (TBX5%*heterozygote) show dramatic reduced
expression of Cx40 (connexion 40), a gene important for the con-
duction of electrical impulses throughout the heart, and therefore
accounting for the conduction defects seen in HOS.>> Bohm et alP*
described a deletion mutation, which resulted in an elongated TBX5
protein that showed normal cellular localisation but reduced activa-
tion of a downstream target — atrial natriuretic factor. Mutations in
SALL4 (associated with Duane-radial ray syndrome) cause similar
upper limb and heart defects as mutations in TBX5. Koshiba-Takeuchi
et aP® showed Tbx5 and Sall4 interact both positively and negatively
to finely regulate patterning and morphogenesis of the anterior
forelimb and heart in mice, providing a mechanism for these hand—
heart syndromes.

Genotype—phenotype correlations have been proposed by some
groups. Mutations creating null alleles cause more severe abnormal-
ities in both limb and heart development.?! Some missense mutations
in TBX5 can also produce distinct phenotypes, such that those at the
5" end of the gene (eg, Gly80Arg) more significantly lead to cardiac
defects and only minor limb defects, whereas those at the 3’ end
(eg, Arg237Gln and Arg237Trp) more significantly cause limb defects
and only minor cardiac defects.?! A broader study by Brassington
et aP® found no evidence to support the notion that the type or
location of mutation was predictive of severity of clinical features.
These studies do not confirm or rule out the possibility of these
genotype—phenotype relationships, as they all involve small numbers
of cases, inadequate for any statistical analyses.

Interestingly some studies have shown that the cellular biological
consequences of both diminished and augmented Tbx5 expression are
similar, particularly in relation to cardiac development.’”~40 Patients
with whole or partial chromosome 12q duplications (including the
12q24.21 region and TBX5 gene) have been described to have some
of the cardiac features of HOS (mainly septal defects), other con-
genital anomalies and dysmorphism, but hardly any of the skeletal
features.*!° This partially conforms to the prominent cardiac defects
and milder limb defects seen in this family with the TBX5 duplication,
therefore it seems expression of TBX5 must be finely regulated for
normal cardiac and limb development. Postma et al’® described a
HOS family with predominantly cardiac defects and mild limb defects,
with a novel gain-of-function missense mutation (Glyl25Arg) in
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TBX5. The TBX5 mutant protein showed a normal NKX2.5 interac-
tion, normal nuclear localisation, but had significantly enhanced
DNA-binding properties and increased expression of many down-
stream target genes (Cx40, Tbx3, Nppa and Kcnj2). McDermott et aP!
commented that HOS patients can exhibit paroxysmal AF on ambu-
latory ECG recordings and this can be in the absence of congenital
structural heart defects. They stress that clinicians should not predict
classes of mutations based on the clinical phenotype because of
marked intra- and interfamilial variability.

It is likely that the duplication identified in our family is in tandem,
but this is difficult to prove as localisation studies with FISH are not
possible due to the small size of the duplication. TBX5 is not expressed
in lymphocytes so further analysis on cardiomyocytes will help to clarify
the exact pathogenetic mechanism. The Tbx2, Tbx3, Tbx4 and Tbx5
genes arose by duplication events of an ancestral Tbx2/34/5 locus. It is
suggested essential cis-regulatory elements (located in flaking or intra-
genic regions) are likely to be found in close vicinity to these loci.*?
Minguillon et al®® showed that changes at the regulatory level of Thx4
and Tbx5 expression were necessary for the development of paired
appendages during vertebrate evolution, rather than the generation of
novel protein function. We speculate that the atypical HOS phenotype
seen in this family could be due to a number of possible underlying
pathogenetic mechanisms. The intragenic duplication could be in frame
and cause its effects via: (a) an elongated protein leading to a gain-of-
function, (b) an elongated protein with abnormal cellular localisation
mimicking functional haploinsufficiency or (c) increased TBX5 expres-
sion (possibly via an intragenic cis-regulating element). However, we are
unable to rule out an out of frame duplication causing its effects via a
truncated protein, which undergoes nonsense-mediated mRNA degra-
dation. As seen in the 12q duplication cases reported previously, the
duplication in this family may explain the prominent cardiac defects
and milder limb defects.

CONCLUSION

This family is the first reported case of an intragenic duplication in
TBX5, which is associated with atypical HOS clinical features, and
extends our molecular knowledge of TBX5 gene mutations. Further
studies are required to determine the exact pathogenetic mechanism
resulting from the duplication. This case highlights the value of array
CGH in patients with an abnormal phenotype, and it is proposed that
comprehensive testing for atypical and typical HOS should include
analysis and reporting for copy number changes of TBX5 (including
exon deletions and duplications).
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