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Mutations in TBX1 genocopy the 22q11.2 deletion
and duplication syndromes: a new susceptibility
factor for mental retardation

Laura Torres-Juan1, Jordi Rosell1, Montse Morla2, Catalina Vidal-Pou1, Fernando Garcı́a-
Algas3, Maria-Angeles de la Fuente3, Miguel Juan4, Albert Tubau4, Daniel Bachiller2, Marta
Bernues1, Angeles Perez-Granero1, Nancy Govea1, Xavier Busquets2, Damian Heine-Suñer1
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A screen for TBX1 gene mutations identified two mutations in patients with some features compatible with
the 22q11.2-deletion syndrome but with no deletions. One is a de novo missense mutation and the other is
a 50 untranslated region (50UTR) C4T change that affects a nucleotide with a remarkable trans-species
conservation. Computer modelling shows that the 50UTR change is likely to affect the mRNA structure and
in vitro translation experiments demonstrate that it produces a twofold increase in translation efficiency.
Recently, duplications in the 22q11.2 region were reported in patients referred for fragile-X determination
because of cognitive and behavioural problems. Because the 50UTR nucleotide change may be a functional
equivalent of a duplication of the TBX1 gene, we decided to screen 200 patients who had been referred for
fragile-X determination and 400 healthy control individuals. As a result, we found the 50UTR mutation to be
present in three patients with mental retardation or behavioural problems and absent in control
individuals of the same ethnic background. This observation suggests that it may be reasonable to screen
for such mutation among patients with unspecific cognitive deficits and we provide an easy and quick way
to do it with an amplification refractory mutation system (ARMS) approach. To our knowledge, this is the
first human mutation showing that TBX1 is a candidate causing mental retardation associated with the
22q11.2 duplication syndrome.
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Introduction
The 22q11.2-deletion syndrome associated with DiGeorge

or velocardiofacial syndromes (DGS/VCFS; MIM188400) is

the most frequent microdeletional syndrome with an

incidence of 1/4000 births. Although most patients carry

the same 3Mb hemizygous deletion they display a very

variable phenotype that ranges from normality to isolated

heart defects, to multiple defects that include, dysmorphic

facial features, cardiac outflow abnormalities, absence or

hypoplasia of the thymus and parathyroid gland, mental

retardation, psychiatric problems and velopharyngeal in-

sufficiency.1 In addition, the reverse genomic defect,

22q11.2 duplications, have been recently described to also

cause very diverse phenotypes that range from normality
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to isolated mental retardation, to multiple defects similar

to those found in the 22q11.2-deletion syndrome.2–7

Over 30 genes map within the commonly deleted/

duplicated 3Mb region; however, several studies indicate

that haploinsufficiency of TBX1 is responsible for many of

the phenotypic traits of the 22q11.2-deletion syndrome.8–10

TBX1 codes a transcription factor that belongs to the

T-box family and is expressed in early embryonic structures

from which the affected organs originate. Mice nullyzygous

for Tbx1 present similar features to those of DiGeorge

patients, whereas mice that are heterozygous reproduce

similar cardiac outflow abnormalities. In addition, TBX1

may also be responsible for the phenotypic traits associated

with the 22q11.2 duplication, as mice carrying extra copies

of TBX1 have been found to display the full spectrum of

malformations of the 22q11.2-deletion syndrome.11

Up to now, only four families have been found to

harbour heterozygous mutations in the TBX1 gene in

individuals with features of DGS/VCFS syndrome lacking

the deletion.12,13 In the first study, Yagi et al13 detected

three mutations that segregated with DGS or VCFS

phenotypes, but none of the patients displayed mental

retardation. In the second study by Paylor et al,12 a

mutation was found in a family affected by VCFS and a

member with an autistic spectrum disorder, Asperger

syndrome. Other studies have found rare variants with

uncertain clinical significance, as they are not present in

the normal population but do not segregate with the

phenotypic features of the syndrome within the family, or

functional information is unavailable.14–16

To gain further insight on the role of TBX1 in human

disease, we have screened 38 non-deleted patients who

have some of the clinical features compatible with the

22q11.2-deletion syndrome.

Materials and methods
Patients

Patients were divided into three groups attending their

phenotypic traits. Group 1: 23 patients with cardiac

outflow tract abnormalities as the only clinical feature;

group 2: five patients with other phenotypic features of the

22q11.2-deletion syndrome without heart involvement

and group 3: 10 patients who had heart abnormalities

together with at least another of the clinical features of

the 22q11.2 syndrome. Blood samples were obtained from

patients and parents after written informed consent.

Typical and atypical deletions and duplications in the

22q11.2 region were ruled out in patients using a

combination of different techniques: Fluorescent in situ

hybridisation (FISH), multiple ligation probe assay (MLPA)

and microsatellite typing.

Two hundred patients who had been referred because of

unspecific mental retardation and/or hyperactive beha-

viour, which tested negative for the fragile-X syndrome,

were screened for a specific 50UTR TBX1 mutation. All of

these patients had normal karyotypes and some of had

been tested for other diseases, Prader–Willi or Angelman

syndromes by methylation-specific polymerase chain reac-

tion (PCR), subtelomeric deletions by MLPA or FISH and

Rett syndrome by sequencing the MECP2 gene.

Blood samples were also obtained from 400 healthy

blood donors of the same ethnic background as control

individuals from the general population.

Screening of mutations in the TBX1 and CRKL genes

We screened for mutations in all exons of the three

alternative spliced forms of the gene, TBX1A, TBX1B and

TBX1C. We used direct sequencing for mutation scanning.

For this purpose, we designed primers that amplify exons

and flanking intronic sequences. These primers were

designed using the Oligos 9.6 software that can be found

at www.biocenter.helsinki.fi/bi/DNA/links.htm). Primer

sequences are available on request.

We developed a time- and cost-efficient strategy for the

screening of the �39 C-T mutation. This strategy is based

on the amplification refractory mutation system (ARMS)

technique that uses two reactions, one with primers

specific for the normal DNA sequence that cannot amplify

mutant DNA and the other with primers specific for the

mutant DNA that cannot amplify normal DNA.17 Both

reactions contain the same common PCR primer and also a

pair of internal control primers that co-amplify a different

region of the genome. For this purpose, we used as the

common reverse primer 50-AGTGTAGACACGGCCTGGAG,

the wild-type-specific primer: 50-GCCCACCAGGGCT

CAGGGTCCTCCGAAC and the mutant-specific primer

50-GCCCACCAGGGCTCAGGGTCCTCCGAAT (mismatches

to the normal sequence shown in bold). As internal

control, we used primers that amplify a fragment of

exon 9C of TBX1. PCR conditions were the following:

100–150ng of DNA, 0,2mM deoxyribonucleotide triphos-

phates, 20 pmol of each primer, 2mM of MgCl2, 10% of

dimethylsulphoxide and 1U of AmpliTaq Gold (Applied

Biosystems). Cycling conditions were 30 951C, 35 cycles 300 0

941C, 10 631C, 450 0 721C. PCR products were run on a 2%

agarose gel.

In vitro translation and luciferase assay

In vitro translation experiments were performed using the

TNT quick-coupled transcription/translation system from

Promega, which uses rabbit reticulocyte lysates. The wild-

type and mutant TBX1 50UT regions (129bp encompassing

exon 1 and 2 up to the ATG initiation site with and

without the �39 C-T change) were cloned into the

HindIII–NotI sites of the TNT luciferase-T7 plasmid pro-

vided with the kit. These constructions resulted in the

TBX1 50UTR downstream from the T7 promoter and

immediately upstream of the luciferase initiation site.

Transcription and translation experiments were performed
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following manufacturer instructions. Six independent in

vitro transcription and translation experiments for the

control plasmid (the luciferase gene without the TBX1

50UTR) and the wild-type and mutant 50UTR constructs

were carried out. An assay without the plasmid was used as

negative control. Results are expressed as relative light

units (RLUs).

Results
Mutation screening of the TBX1 gene in patients with
22q11.2-deletion syndrome features

A mutational screen for TBX1 mutations was performed

on DNA samples of 38 patients who had congenital heart

defect or other clinical features compatible with the

22q11.2-deletion syndrome but with no deletion.

As a result, we found eight previously described common

polymorphisms and two rare variants, one of them, which

had not been described previously. One of the rare variants

is a novel mutation that was localised in exon 9C

(1232T4C; L411P) in heterozygosis (Figure 1). The patient

is a male child born from a non-consanguineous marriage

with a heart outflow abnormality (Tetralogy of Fallot). He

has no dysmorphic features, shows a slight T-cell immuno-

deficiency and a moderate delay in the acquisition of

language skills (group 3). The parents were found to be

non-carriers and thus it is a de novo mutation. The

1232T4C nucleotide change is nine nucleotides down-

stream of a previously described frameshift mutation

(1223delC) that eliminates a nuclear localisation signal

and a transactivation domain essential for the TBX1

function.18 The L411P change is not situated within the

identified nuclear localisation signal but affects a residue

conserved in all vertebrate species and that consequently

seems to be essential for the correct TBX1 function.

The other rare variant that was found was a �39 C-T

nucleotide change in exon 2 within the 50UTR (Figure 1).

This change was found in two brothers who have Tetralogy

of Fallot, one of them suffering from repeated infections

and immunodeficiency (group 1 and 3 patients). The �39

C-T mutation within the 50UTR region had been

previously described as a rare variant.15 The authors found

this change in a patient with a del22q11.2 syndrome

phenotype (absent thymus and a complex conotruncal

heart defect) who also carried a 15bp deletion in exon 9C.

Although the �39 C-T change could not be detected in

101 control individuals, it was classified as a rare variant

because a healthy brother was also the carrier of both the

familial mutations and because the healthy parents carried

each one of these mutations. In a similar manner, in the

case presented here, we found that the mother of the two

children with Tetralogy of Fallot manifests no heart

problems or dysmorphic features although she is a carrier.

In an attempt to extend our observations, we screened 400

healthy control individuals for the �39 C-T change and

found no carriers. This screening was performed using an

ARMS methodology. For this purpose, we designed primers

that amplify only the �39 C-T mutated allele and primers

that amplify only the normal allele. Taking together our

data and data reported by Gong et al,15 a total of 2/143

cases with phenotypes encompassing at least one of the

del22q11.2 syndrome features have been found to carry

the mutation as opposed to 0/501 control individuals

(Po0.049; Fischer exact test).

Figure 1 Exon– intron structure of the TBX1 gene (transcript C) with the two mutations described in this paper in black. The trans-species
conservation of the cytosine mutated to a thymine in the 50UTR is shown in a grey box and that of the leucine residue mutated to proline is shown in a
yellow box. Dark blue squares indicate exons encoding the T-box domain, light blue squares exons coding for other TBX1 domains and white squares
non-coding regions of the gene.
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Functional analysis of the �39 C-T mutation

The �39 C-T change affects a cytosine that shows a

remarkable trans-species conservation for a non-translated

base. Such conservation indicates that this 50UTR cytosine

may be critical for the binding of a conserved protein

involved in transcription, translation or some other

process. Alternatively, this change may affect the second-

ary structure of the mRNA. A stable secondary structure of

the 50UTR has been shown to inhibit ribosome scanning

and initiation of translation. Furthermore, these structures

are often found in genes coding for transcription factors,

growth factors and proto-oncogenes and deregulation of

translation of these RNAs can be associated with disease.19

The 129bp 50UTR of the TBX1 gene is GC rich (76% GC)

and is predicted to fold into a stable secondary structure

by computer modelling using the mfold package

(DG¼�58.51) (Figure 2).20 The same computer modelling

shows that the presence of a T instead of a C at position

�39 decreases the stability of the secondary structure

(DG¼�56.61) and results in an optimal folding that is

different from that of the wild type.

To test if the detected �39 C-T 50UT mutation could

affect translation efficiency, we performed in vitro transla-

tion experiments. These experiments showed that the

insertion of the wild-type 50UT of TBX1 immediately

upstream of the luciferase initiation site greatly decreases

luciferase activity (441�106 RLU in the control plasmid

versus 247� 105 RLU for the wild-type 50UT plasmid).

However, when we tested the �39 C-T change we

observed an increase of luciferase protein levels signifi-

cantly above the wild-type 50UT construct (Figure 2) (wild-

type 247�10572059 RLU; mutated 527�10573638 RLU;

Po0.0001). These results suggest that the mutation

described above can potentially increase the production

of TBX1 protein at least twofold. As the wild-type and

mutant mRNAs were transcribed from the same T7

promoter, the observed luciferase activity increase in the

mutant 50UT is most probably because of a post-transcrip-

tional effect. Furthermore, the reduction in luciferase

activity resulting from the insertion of the TBX1 50UTR is

in agreement with reports that a free energy of �50 kcal/

mole is sufficient to block ribosome scanning.21 Alto-

gether, these observations suggest that TBX1 protein

synthesis is tightly regulated through post-transcriptional

mechanisms and that the detected single base change

disrupts in some way such regulation.

Exon2 mutation screening of the TBX1 gene in
patients referred for fragile-X testing

Patients with 22q11.2. duplication have been described

to present mental retardation as one of the phenotypic

manifestations.7 Furthermore, recently patients referred

for fragile-X determination, because of cognitive and

behavioural problems, were found to be carriers of

duplications in the 22q11.2 region (2/275 patients).7

Because we found the 50UT �39 C-T mutation to increase

twofold translation efficiency, which could be considered

as functionally equivalent to a duplication of the TBX1

gene, we screened a group of patients who had been

previously found negative for the FMR1 fragile-X expan-

sion and referred because of cognitive or behavioural

disorders. This screen detected 3/200 carriers (Po0.022).

The first patient in this group is a 7-year-old boy who

shows severe mental and motor retardation, develop-

mental delays (language), hypotonia limbs, obesity, ponto-

cerebellar atrophy, multifocal refractory epilepsy (family

background) and dysmorphic features (brachycephaly,

Figure 2 (a). Computer (mfold) predictions of optimal mRNA
structures for the wild-type and mutated (�39 C-T) 50UTR of the
TBX1 gene. (b). Experimental results of in vitro translation experiments
performed as described in the text, showing that the mutated 50UTR
results in increased luciferase production (double) (RLU).
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micrognathia, hypotelorism, upslanting palpebral fissures,

epicanthus, double palpebral folds, small low-set ears). The

second patient is an 8-year-old girl with mental and motor

retardation, developmental delays, polymicrogyria, asym-

metry of lower limbs and dysmorphic features (hypotelo-

rism, upslanting palpebral fissures, down-turned corners of

the mouth, broad and depressed nasal root). Both patients

suffered frequent infections. The third patient, who is a 15-

year-old boy, shows the mildest phenotype of the three and

was found to manifest mild mental retardation, aggressive

behaviour, advanced puberty, cryptorchidism and anoma-

lies in the hypophysis. The mothers of the first two patients

are apparently healthy carriers of the mutation, whereas

the parents of the third patient were not available. Thus,

we have found that three of 200 patients with cognitive

delays carry the �39 C-T change as opposed to 0 of 400

control individuals (501 if we take into account the study

by Gong et al15). This carrier frequency is similar to that

found in the study by Yobb et al7 for 22q11.2 duplication

carriers in fragile X syndrome-testing patients.

Discussion
In the study presented here, we have found two changes in

the TBX1 gene that associate with several features of the

22q11. 2 deletion and duplication syndromes. The first

mutation, L411P, not previously described and result of a

de novo event, was found in a patient with no dysmorphic

features, an outflow tract heart defect, T-cell immunodefi-

ciency and mild delay. This mutation affects a conserved

amino acid within a putative transactivation domain and

is likely to affect the protein’s functionality. The second

change that we have found is more atypical because it is

within the 50UTR and displays a variable penetrance within

the same family. However, we show that it affects

translation efficiency in vitro and thus it is likely to have

the same effect in vivo altering the TBX1 dosage by

increasing it in key steps of development. The �39 C-T

50UT change in the TBX1 gene can be considered in this

sense a functional equivalent to 22q11.2 duplications in

the measure that it increases TBX1 protein dosage, an

expected outcome for the duplication. The presence of

phenotypically normal carrier parents is similar to observa-

tions made for the 22q11.2 deletion and duplication

syndromes and other TBX1 mutations.2,7,15,22,23 For ex-

ample, in a recent study, a phenotypically normal father

carrying a 3Mb 22q11.2 duplication conceived a foetus

with the duplication and a complex congenital heart defect

and later conceived a normal child also carrying the

duplication.2 In addition, phenotypic manifestations

caused by already described mutations of the TBX1 gene

that inactivate the protein vary widely among affected

members of the same families.12,13 Thus, incomplete

penetrance and variable expressivity seems to be a trait of

hypomorphic and hypermorphic TBX1 mutations, as well

as of 22q11.2 deletions and duplications and indicates that

modifying genetic and/or environmental factors are at

play.

Recently, it has been described that the products of the

TBX1 and CRKL genes, both mapping within the 3Mb

commonly deleted 22q11.2 region, interact in a dose-

dependent manner during development.24 The authors

show that compound heterozygous mice for null alleles of

the TBX1 and CRKL gene show an increase in penetrance

and expressivity of del22q11.2 related traits. Previously, it

had already been shown that mice homozygous for null

alleles of the CRKL gene genocopy multiple aspects of the

del22q11.2 syndrome.25 Thus, CRKL is a good candidate

to be a modifying gene that affects the expressivity or

penetrance of TBX1 mutations. A plausible hypothesis

could be that patients affected with the �39 C-T

mutation could have inherited the TBX1 gene mutation

from one healthy parent and a polymorphism or mutation

in the CRKL gene from the other that would exacerbate

the clinical manifestations. However, we have sequenced

all exons of the CRKL gene in all individuals (healthy

parents and affected children) carrying a TBX1 mutation

and could not find any mutation or polymorphism (data

not shown). Moreover, we searched for significant poly-

morphisms or mutations in other exons of the TBX1 gene,

also without success (data not shown).

There are many other genes that are good candidates to

act as modifying genes, for example VEGF, FGF8 or

Chordin.26–29 In this context, �39 C-T mutation carrying

individuals should be a good model to search for such

modifying factors as we have normal and affected carriers.

Moreover, environmental factors may also be important

modifiers of the expressivity of TBX1 mutations. For

example, TBX1 is inhibited by retinoic acid30,31 and thus

low levels of retinoic acid during development could

exacerbate the effects of TBX1 mutations that increase

protein levels. Therefore, any environmental factor that

interferes with vitamin A metabolism (e.g., alcohol intake)

could also potentially affect TBX1 expression during

development.32 It is tempting to propose that some of

the above mentioned mechanisms could provide explana-

tions for the observation of the incomplete penetrance of

the �39 C-T mutation.

In conclusion, we have found two mutations in the

TBX1 gene. One of them, L411P, is de novo and associates

in a patient with some features of the 22q11.2-deletion

syndrome. The other change, �39 C-T, increases TBX1

dosage in vitro and seems to constitute a potential risk for

cognitive deficits and heart defects. To our knowledge, this

change is the first human mutation showing that TBX1 is a

candidate to cause mental retardation associated with the

22q11.2-deletion and -duplication syndromes. In addition,

we have determined that three out of 200 patients referred

for fragile-X-syndrome screening are carriers of such
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mutation, which is absent in control individuals. These

observations are similar to those made for 22q11.2

duplications, which can be found in patients referred for

fragile-X testing and with mental retardation as their sole

phenotypic feature. It is probably not coincidental that a

22q11.2 duplication possibly increases TBX1 dosage. This

observation suggests that it may be reasonable to screen for

the �39 C-T mutation among patients with unspecific

cognitive deficits and we provide an easy and quick way to

do it with the ARMS approach.
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