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Mutation analysis of TBX1 in non-deleted
patients with features of DGS/VCFS or isolated
cardiovascular defects
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EDITOR—Microdeletions of chromosomal re-
gion 22q11.2 (del22q11) have been associated
with several genetic disorders, including Di-
George syndrome (DGS), velocardiofacial syn-
drome (VCFS), and conotruncal anomaly face
syndrome (CTAFS).1 The major clinical fea-
tures associated with del22q11 are conotruncal
heart defects, hypoplastic or aplastic thymus
and parathyroid glands, facial dysmorphism,
and learning diYculties. Many of the structures
aVected in the del22q11 syndrome are deriva-
tives of the branchial apparatus, which is popu-
lated by the rostral neural crest cells. This has
led to the hypothesis that haploinsuYciency of
a gene(s) within the deleted region disrupts the
development of these structures. The majority
of patients carry a common ∼3 Mb deletion2 3

and over 20 genes have been mapped to the
deleted region. The phenotypic features seen in
association with the 22q11.2 deletion are
highly variable, even among family members
with the same sized deletion.4 5 Monozygotic
twins with discordant phenotypes have also
been reported.6 Thus, additional factors, such
as genetic background and environment, can
modify the eVect of haploinsuYciency of genes
within 22q11.2.

Recent studies have shown that mice hetero-
zygously deleted (Df1/+) for part of the region
of mouse chromosome 16 homologous to the
DGS/VCFS region of 22q11.2 have heart
defects similar to those found in DGS/VCFS
patients.7 On a diVerent genetic background
these mice have been found also to have thymic
defects.8 Several genes are located within the
Df1 deleted region, including Tbx1. TBX1 is a
member of the T box gene family of DNA
binding transcription factors. T box genes have
been shown to play an important role in the
regulation of developmental processes.9 10 Hap-
loinsuYciency of two T box genes, TBX3 and
TBX5, are associated with the human genetic
diseases ulnar-mammary syndrome and Holt-
Oram syndrome, respectively.11–13

A targeted deletion of Tbx1 has been made
and heterozygous mice were found to have aor-
tic arch defects similar to those seen in the
Df1/+ mice.14–16 Mice homozygously deleted

for Tbx1 die before or at birth with all the hall-
mark features seen in DGS/VCFS, including
outflow tract defects of the heart, hypoplasia of
the thymus and parathyroid glands, cleft palate,
and facial abnormalities.14 These data strongly
suggest human TBX1 as a candidate gene for
many of the key features of DGS/VCFS. Muta-
tion analysis of TBX1 in patients who have
DGS/VCFS phenotypes but no detectable
deletion of 22q11 will provide insight into the
role of TBX1 in the aetiology of these
disorders.

Methods
We screened 105 patients, who did not have
deletions of 22q11.2, for mutations in TBX1.
Samples were collected from two groups of
patients: 40 had clinical features consistent
with the diagnosis of DGS/VCFS and 65 had
isolated cardiac lesions frequently seen in
DGS/VCFS (11 with interrupted aortic arch
(IAA) type B, one IAA unspecified, 18 with
truncus arteriosus (TA), and 35 with aortic
arch anomalies (AAA)). The diagnostic criteria
for DGS/VCFS required that a patient have
two or more of the major features associated
with these disorders: congenital heart defects,
immune defects (that is, absent thymus,
immunodeficiency, or a history of frequent
infections), palatal abnormalities and/or speech
diYculties, facial dysmorphism, and a history
of learning disabilities. Patients with the
conotruncal cardiac defects (TA and IAA) and
AAA were included in this study because
22q11 deletions have been found in 50% of
patients with IAA, 35% with TA,17 and 22%
with AAA.18 Further, conotruncal heart defects
are the most common heart lesions seen in
DGS/VCFS patients. These are also the type of
heart defects seen in the mouse models of
DGS/VCFS. None of the patients in this study
was found to have a 22q11.2 deletion when
tested by FISH using the marker N25
(D22S75). Additional FISH analysis to ex-
clude the possibility of a smaller deletion was
performed on 23 of the 40 DGS/VCFS
patients and 15 of 18 patients with TA. This
analysis did not detect any smaller deletions in
the patients tested. Further, Southern blot
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analysis using a mixture of probes from the
TBX1 gene was performed on 100 of the 105
patients to exclude deletions, insertions, and
rearrangements that might not be detected by
PCR analysis or FISH. No rearrangements or
deletions were detected. Linkage analysis to

ascertain 22q11.2 involvement was not possi-
ble owing to the paucity of families with multi-
ple aVected members.

The genomic structure of TBX1 has been
previously reported.19 Two alternatively spliced
transcripts, TBX1A and TBX1B (AF012130
and AF012131, respectively), were found that
diVered in their terminal exons. However,
when the mouse genomic sequence became
available, comparison of the human and mouse
genomic sequences showed that exon 9A of
TBX1A and exons 9B and 10 of TBX1B are
not conserved (fig 1A). Instead, a 1 kb region,
400 bp downstream of exon 8 of TBX1, was
found that has 67% identity to the correspond-
ing mouse sequence (fig 1A). Analysis of the
sequence with GenScan (genes.mit.edu/
GENSCAN.html) predicted this conserved
region to be an excellent candidate exon. A
probe, 9C, was generated from this conserved
region and hybridised on a multiple tissue
northern blot (16 adult and 4 fetal tissues from
Clontech). The expression pattern seen with
9C (data not shown) was identical to that pre-
viously published for similar northern blots
using a probe from the TBX1 T box region.19 A
search of the human EST database using the
exon 9A, exons 9B and 10, or exon 9C
sequences showed over 12 EST matches for
exon 9C, but none for the previously character-
ised terminal exons. RT-PCR with primers
designed from exon 9C and RNA from human
adult skeletal muscle, adult testis, and fetal
lung, tissues that were previously shown to
express TBX1,19 confirm the presence of this
additional alternatively spliced TBX1C tran-
script (AF373867). The comparison of levels
of RT-PCR products using primers from the
3'UTR of TBX1A, TBX1B, and TBX1C show
that TBX1C is the major transcript.

Primers for mutation analysis were designed
using the TBX1C sequence. Primers for all
nine exons, including exon-intron junction
regions, were selected (primer sequences avail-
able upon request). For exon 9C, the acceptor
splice site, the coding region, plus an additional
30 bp 3' of the stop codon (TAA) were
analysed. PCR was performed with genomic
DNA from all 105 patients and normal
controls. Single stranded conformational poly-
morphism (SSCP) and/or conformation sensi-
tive gel electrophoresis (CSGE) were used to
screen for mutations.20–22 Changes seen by
SSCP or CSGE were confirmed by sequence
analysis.

Results
As shown in table 1, we identified eight
common polymorphisms and 10 rare variants.
Only one of the common polymorphisms
results in an amino acid change (1189C→A,
His397Asn). In the mouse, this amino acid
residue is a histidine. Of the remaining seven
polymorphisms, one is a C→T transversion in
the 5'UTR, the second is a base pair substitu-
tion in intron 7, and the last five polymor-
phisms are all single base pair changes in the
coding region that do not alter the amino acid
sequence. These common SNPs may be useful

Figure 1 (A) Schematic representation of the gene organisation of the alternatively
processed transcripts, TBX1A, TBX1B, and TBX1C. All three transcripts have the same
sequence organisation from exon 1 to exon 8 and these regions are highly conserved in
mouse (indicated by solid boxes). The nucleotide identity between the human and mouse
sequences from exons 1-8 ranges from 80% to 91%. However, exon 9A of TBX1A and
exons 9B and 10 of TBX1B are not conserved in mice (represented by unfilled boxes). For
TBX1C, the first 478 nucleotides of exon 9C, representing the coding region, show 80%
identity with the corresponding mouse sequence. In the 3'UTR region of exon 9C,
immediately after the stop codon, the identity of a block of 250 bp drops to 19.6% compared
to the mouse, shown as shaded boxes. The last 215 nucleotides of exon 9C are highly
conserved between mouse and human with 88% identity. (B) Diagram showing
distribution of the rare variants relative to the TBX1 gene structure. The T box domain is
represented as the black boxes and the coding region outside the T box domain is shown as
striped boxes. The positions of the rare variants are indicated by arrows (the numbers refer
to the nucleotide sequence). (C) The conserved non-coding regions (CNSs) between the
human and mouse. Comparative sequence alignment was performed using PipMaker
(http://bio.cse.psu.edu). Six CNSs with 75% or higher identity over at least 100 bp were
identified in the intron regions, indicated by arrows.
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for association studies. Among the rare vari-
ants, we identified three deletions, one inser-
tion, one duplication, and five single nucleotide
substitutions (table 1, fig 1B). To determine if
these variants were low frequency polymor-
phisms, we screened over 100 normal controls
(>200 chromosomes). Only one of the infre-
quent changes, the C→A transversion at
nucleotide 886, was identified in one of the
control samples, giving a frequency of ∼0.5%.
Interestingly, two control samples had dele-
tions similar to the del(9 bp) at nucleotides
1404-1412. All three 9 bp deletions occurred
in a tract of 15 alanines. However, when the
sequences were aligned, it was possible to show
that each 9 bp deletion occurred in a slightly
diVerent region of the alanine repeats. Thus,
although the nucleotide sequence in these vari-
ants is not identical, the resulting change in the
protein sequence is unlikely to be associated
with alteration in the protein function. None of
the remaining eight rare variants were found in
the control samples.

For the rare variants, only two of the five sin-
gle base pair substitutions are predicted to
cause a change in the encoded amino acid. The
1049 G→A changes the Gly at 350 to Asp
(G350D) in a patient with AAA. However, the
sequence of the mouse at this position is not
conserved (the mouse has a single Gly whereas
the human has two). The second missense
mutation is a C→T transition at nucleotide
1187, resulting in Pro→Leu at amino acid resi-
due 396 (P396L) in a patient with AAA. A
proline is found at this position in the mouse.
Unfortunately, DNA from the parents of these
two patients is not available to clarify whether
the changes are de novo. Of the three remaining
single base pair substitutions, one is the C→A
transversion at position 886 discussed above,
one is a silent change (576C→T, R192R), and
the last is a C→T transition 39 bp 5' of the pre-
sumed start codon. The patient with the
–39C→T (p23 in table 1) also has a 15 bp
deletion (1334-1348del) that results in an in
frame deletion of five amino acids (GYHPH)

starting at codon 445. The five amino acids are
highly conserved with 100% identity to mouse
and 40% to Drosophila TBX1 sequence
(CAA76529). Analysis of samples from this
patient’s parents and his unaVected brother
showed that he had inherited the 15 bp
deletion from his father. The −39C→T change
was found in his unaVected mother. Sequence
analysis shows that his normal brother has the
same two changes, the −39C→T and the
del(15 bp). Patient 23 had clinical findings that
are consistent with DGS, including absent thy-
mus with partial T cell insuYciency, low
parathyroid levels, minor ear anomalies and
complex conotruncal heart defect (double out-
let right ventricle with pulmonary atresia, VSD,
and ASD).

One of the remaining three variants was the
result of a small insertion within exon 9C in a
patient (p22 in table 1) with a phenotype sug-
gestive of VCFS (cleft palate, dysmorphic
facial features, autism with moderate-severe
mental retardation, and developmental delay).
The patient has a 3 bp insertion (1371-
1372insCAC), resulting in an additional histi-
dine within a run of five. The mouse has five
histidines in this region but the sequence
immediately flanking the histidines is some-
what variable. Family analysis indicated that
the 1371-1372insCAC was transmitted to the
patient from her unaVected mother. This vari-
ant was not found in 139 control samples. In a
second patient (p46), we identified a 30 bp in
frame duplication (1399-1427dup30), result-
ing in a tract of 25 alanines instead of the 15
normally seen in this position. The compara-
tive region of the mouse sequence has 10
alanines. DNA from the patient’s family is not
available and so we are not able to determine
whether this duplication is de novo. Analysis of
139 controls did not detect this change in any
samples. Finally, we found an 8 bp deletion in
a patient with the diagnosis of DGS. The dele-
tion occurs between nucleotides 1274-1281
and is predicted to cause a frameshift at amino
acid 425, resulting in the replacement of the

Table 1 Mutation screening of TBX1 in 105 patients

Position Nucleotide change* Amino acid change No of patients† No of controls† Patient Diagnosis Parents

(A) Rare variants
Exon 2 39nt 5' to ATG C→T No 1/105 0/101 p23 DGS Mother is carrier
Exon 5 576 C→T 192(Arg/Arg) 1/105 0/101 p60 TA Not available
Exon 7 886 C→A 296(Arg/Arg) 1/105 1/101 p59 IAA typeB Not available
Exon 9 1049 G→A 350(Gly/Asp) 1/105 0/101 Ap22 AAA Not available

1187 C→T 396(Pro/Leu) 1/105 0/100 Ap18 AAA Not available
1274-1281delACTATCTC frameshift 1/105 0/139 p13 DGS Mother is carrier
1334-1348del15bp‡ 445-449delGYHPH 1/105 0/139 p23 DGS Father is carrier
1371-1372insCAC 457-458insHis 1/105 0/139 p22 VCFS Mother is carrier
1399-1427dup30bp§ 466-476dup10Ala 1/105 0/139 p46 IAA Not available
1404-1412delCGCTGCCGC 468-471del3Ala 1/105 0/139¶ p65 DGS/VCFS Mother is carrier

(B) Common polymorphisms
Exon 2 75nt 5'to ATG G→C No 38/105 35/101
Exon 3 297 G→A 99(Ala/Ala) 11/105 1/11
Exon 4 420 T→C 140(Phe/Phe) 4/105 2/24
Exon 5 664 C→T 222(Leu→Leu) 37/105 5/10
Intron 7 46nt to splice acceptor No 15/105 1/10
Exon 8 933 A→G 311(Ala/Ala) 37/105 4/10
Exon 9 1059 A→G 353(Ala/Ala) 15/105 11/101

1189 C→A 397(His/Asn) 37/105 39/100

*nt1 refers to the first nucleotide of the initiation codon ATG.
†The numbers of patients or controls with polymorphisms or variants are reported for heterozygotes. Complete genotyping was not performed in this study.
‡Deletion of GCTACCACCCGCACG.
§Duplication of GCCGCCGCTGCCGCAGCTGCCGCGGCCGCC.
¶Two normal subjects were found, each with a diVerent 9 bp deletion in the same region.
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terminal 71 amino acid residues from TBX1
with 187 amino acids of novel sequence. This
patient has the hallmark features of DGS,
including facial dysmorphism, IAA with a
VSD, hypocalcaemia as a result of hypopara-
thyroidism, absent thymus with virtually no T
cells, and developmental delay. The same 8 bp
deletion was also observed in the patient’s
unaVected mother but not in 139 normal con-
trols.

Discussion
Mutation analysis of our cohort of non-deleted
patients did not detect any cases with unam-
biguous loss of TBX1 function. Considering
the strong experimental evidence for a major
role of TBX1 in the 22q11 deletion syndrome
from the deletion studies in the mouse,14–16 our
findings are somewhat surprising. In contrast
to our results, the majority of mutations in
TBX5 in association with Holt-Oram syn-
drome are predicted to produce haploinsuY-
ciency by nonsense or frameshift mutations
within the T box region.12 13 23 Similarly, five of
the 10 published mutations in TBX3, found in
patients with ulnar-mammary syndrome, are
predicted to disrupt the DNA binding do-
main.24 It is likely that the aetiology of
non-deleted DGS/VCFS patients is hetero-
geneous. Malformations similar to those seen
in the 22q11 deletion syndrome have been
associated with prenatal exposure to retinoic
acids and ethanol, maternal diabetes, and dele-
tions of the short arm of chromosome 10.
Therefore, it is possible that mutations showing
clear loss of function were not found in TBX1
because they are very rare. Similarly, if loss of
function of more than one gene within the
22q11 deletion region were necessary to mimic
the 22q11 phenotype, then the chance of such
an infrequent event occurring would be quite
small.

Alternatively, it is possible that the rare vari-
ants that are characterised in this report are
responsible for the patients’ phenotypes. In
particular, the 8 bp deletion that results in a
frameshift in the terminal exon, the
del(GYHPH), and the 30 bp duplication that
causes the expansion of the alanine tract, are
good candidates for altering TBX1 function.
The unaVected parents of four of the patients
were available for analysis and in all cases the
variant was present in one of the parents, indi-
cating that the changes are not de novo (table
1). These results would appear to rule against a
role for the variant in the patient’s phenotype.
However, studies in mice show that haploinsuf-
ficiency for Tbx1 does not result in cardiovas-
cular defects in all animals. Rather there is
reduced penetrance, ranging from 19 to
50%.7 14 16 Further, the percentage of mice with
cardiovascular anomalies appears to vary de-
pending on the genetic background.8 14 Thus, it
is possible that the mutations in human TBX1
might also show variable penetrance.

Seven of the 10 rare variants occur in the last
exon of TBX1, outside the DNA binding
domain (fig 1B). Based on results of T protein,
TBX2 and TBX3, the three proteins that have

been examined, the C-terminal domains ap-
pear to be necessary for repression and/or
transactivation of transcription.25–27 Mutations
in the C-terminus distal to the DNA binding
domain of TBX3, TBX5, and TPIT have been
associated with ulnar-mammary syndrome,
Holt-Oram syndrome, and isolated ACTH
deficiency, respectively. In these instances, the
terminal mutations resulted in phenotypes
similar to patients with mutations within the
DNA binding domain.13 24 28 The expansion of
alanine tracts in nuclear proteins, similar to
that seen in patient 46, have been associated
with four human genetic disorders:
synpolydactyly/HOXD13,29 30 cleidocranial
dysplasia/CBFA1,31 oculopharyngeal muscular
dystrophy/PABP2,32 and holoprosencephaly/
ZIC2.33 The parents of patient 46 were not
available for DNA testing and thus we were not
able to determine if this change is de novo.
Lastly, as has been seen for other genetic disor-
ders,34 it is possible that the single base change
variants aVect the correct processing of the
TBX1 transcript. Since TBX1 has restricted
expression and is not detectable by RT-PCR in
lymphoblastoid cell lines, it will be necessary to
develop in vitro assays to determine the eVect
the rare variants have on the RNA processing
and protein function.

x Molecular studies have shown that the
majority of patients with DiGeorge
syndrome/velocardiofacial syndrome
(DGS/VCFS) have a common pathogen-
esis, deletion of chromosomal region
22q11.2. Recent studies using mouse
models suggest that TBX1, a gene local-
ised in the common deleted region, is a
strong candidate for many of the key fea-
tures of 22q11 deletion syndromes.

x To investigate the role of TBX1 in
DGS/VCFS further, we performed muta-
tion analysis of this gene in 105 patients,
who did not have deletions or rearrange-
ments of 22q11.2 by FISH and Southern
blot analysis, but had clinical features
consistent with DGS/VCFS or had
cardiovascular defects associated with
deletion of 22q11.

x We identified eight common polymor-
phisms and 10 rare variants. Among the
rare variants, three are deletions, one is an
insertion, one is a duplication, and five are
single nucleotide substitutions. One of
the rare variants results in a frameshift. In
several cases, samples from the parents
were available for study and analysis
suggests that most rare variants are trans-
mitted to the patient from an unaVected
parent.

x Although the experiments in the mouse
suggest that TBX1 may be the key gene
for the majority of features of DGS/
VCFS, our results indicate that isolated
loss of TBX1 function is unlikely to be a
common cause of DGS/VCFS or the
associated cardiovascular defects.
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In this study, only the exons and splice junc-
tions of TBX1 were screened. Thus, mutations
in the regulatory regions would be missed. In
addition to the promoter, there are at least six
blocks of sequence greater than 130 bp in the
intronic regions of TBX1 that share 75-93% of
similarity to the corresponding mouse se-
quence (fig 1C). These highly conserved
regions may harbour regulatory elements.
Mutation screening of these control regions
will provide more complete analysis. Finally,
although TBX1 may be a critical gene for the
aetiology of DGS/VCFS, the possibility that
haploinsuYciency of more than one gene in
22q11.2 is necessary for the expression of the
DGS/VCFS phenotype cannot be excluded at
present.
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