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EDITOR—Although point mutations are responsible for many genetic disorders, it is
increasingly being appreciated that many disorders can be caused by deletion or duplication
of DNA sequences. Alterations in DNA copy
number are responsible for several categories of
disorders and can range in scale from a
chromosome or chromosomal region to just
one exon of a single gene. For instance, duplication and deletion of a 1.5 Mb DNA fragment
on chromosome 17p11.2 containing the gene
PMP22 is the common mechanism for
Charcot-Marie-Tooth type 1A (CMT1A) and
hereditary neuropathy with liability to pressure
palsies (HNPP), respectively.1 At the level of
individual exons, deletion of exon 172 or duplication of exon 133 of the BRCA1 gene can predispose to breast and ovarian cancer.
Cytogenetic studies (including CGH and
array based CGH) can screen the whole
genome for copy number changes. However,
for most cytogenetic methods, the main disadvantage is low resolution, as they can detect
deletions and amplifications only when several
megabases of DNA are involved.4 Array based
CGH may detect more localised changes,5 6 but
at present is technically challenging and
expensive to implement.
Gene dosage assessment at specific genetic
loci is possible by using multiplex amplifiable
probe hybridisation (MAPH),7 a simple, inexpensive, and non-microscopic approach to
determining locus copy number in a complex
genome. In this method, specific short probes
flanked by the same primer pair are hybridised
with a test genomic DNA sample. After
stringent washing, these probes can be recovered and amplified quantitatively by PCR, and
products resolved by polyacrylamide gel electrophoresis. The main advantages of this
approach are high resolution (down to a few
hundred base pairs) and the parallel processing
of many DNA samples in a single experiment.
We have applied this method to genomic
DNA from Holt-Oram syndrome (HOS, MIM
142900) patients in which the mutation at
TBX5 was unknown. This syndrome8 9 is a rare
developmental disorder (prevalence of about 1
in 100 000) with autosomal dominant inheritance, characterised by congenital heart malformations and upper limb defects. Mapped to
12q24.1, TBX5 is a member of the T box gene
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family, of which the protein products act as
transcription factors via a conserved DNA
binding domain (the “T domain”). Gene dosage alteration or target DNA binding derangement via TBX5 mutations result in aberrant
cardiogenesis.10 An overall mutation detection
rate of 30% was reported by using SSCP (single stranded conformation polymorphism).
More than 19 diVerent non-translocation
mutations in TBX5 have been shown to cause
HOS.11 These consist of nonsense mutations,
small deletions, rearrangements, insertions,
and missense mutations. Some of these mutations introduce premature stop codons that are
predicted to encode truncated polypeptides;
these mutations appear to result in haploinsufficiency.9 Nevertheless, in many HOS pedigrees in which the disorder is linked to TBX5,
a mutation has not been found. We therefore
applied MAPH to look for large scale deletions
or duplications at TBX5.
Methods
The TBX5 MAPH probe mixture consisted of
three probes from the promoter region, 13
probes from the nine exons of the gene (exon 1,
two probes; exon 5, two probes; exon 9, three
probes; and other exons one probe each), and
two probes 5 kb and 10 kb downstream of exon
9 (shown as “5K” and “10K”). As controls,
there were six probes from other autosomes,
one from the X chromosome, one from the Y
chromosome, and also a non-human DNA
probe. The aim of adding other autosomal
chromosome probes was to allow the detection
of whole TBX5 gene deletions or duplications.
The non-human DNA probe was a control for
specificity of hybridisation.
Probe preparation began with primer design
to produce amplicons (diVering by about 5-10
bp in size) between 140 and 600 bp; blunt
ended amplicons were ligated into the EcoRV
site of pZErO™-2 (InVitrogen) and then were
transformed into E coli TOP10 (InVitrogen) by
electroporation. Using flanking vector primers
PZA (AGT AAC GGC CGC CAG TGT
GCT G) and PZB (CGA GCG GCC GCC
AGT GTG ATG), probes were amplified from
plasmid DNA.
After denaturation by 1 µl 1 mol/l NaOH,
human genomic DNA (1 µg) was immobilised
on small pieces of nylon filter and then cross
linked to the filters by UV irradiation (50 mJ).
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Figure 1 Pedigree of the family studied in this report.
DNA was analysed from the proband (35207), his aVected
father (24506), his mother (35198), and his paternal
grandparents.

All filters were prehybridised with 1 ml prehybridisation solution (0.5 mol/l sodium phosphate, pH 7.2, 7% SDS, 1 mmol/l EDTA, and
100 µg/ml alkali denatured herring sperm
DNA) at 65°C for more than two hours. Then,
the prehybridised solution was replaced with
200 µl solution (from 300 µl prehybridisation
solution plus 3 µl human Cot-1 DNA (Gibco
BRL) boiled for two minutes) and incubated at
65°C for 30 minutes. Probe mixture (0.5 µl)
was mixed with 1 µl (1 µg) human Cot-1 DNA,
2 µl (7 µg) E coli DNA digested with HaeIII, 2
µl (0.5 µg) ÖX174/HaeIII, and 2 µl “blocker
mix” (20 µmol/l each PZAX (AGT AAC GGC
CGC CAG TGT GCT GGA ATT CTG CAG
AT)/PZBX (CGA GCG GCC GCC AGT
GTG ATG GAT) primers). This mixture was
denatured with 2 µl 1 mol/l NaOH and subsequently neutralised with 3 µl 1 mol/l NaH2PO4.
The mixture was added to hybridisation
solution and incubated at 65°C overnight.
After hybridisation, the hybridisation solution
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Figure 2 Mean of normalised ratio (error bar: 1 SD above and below the mean) of probes
from the deleted region (exon 3-5K) in the proband and his parents and paternal
grandparents, compared with the mean of four unrelated unaVected controls.
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Results
Analysis of TBX5 exonic copy number in
genomic DNA from unaVected controls using
MAPH shows reproducible results approximating to a normal distribution (data not
shown). In the analysis of genomic DNA from
20 unrelated HOS patients (both sporadic and
familial cases) with no known mutation in
TBX5, we found one patient (fig 1) with a large
deletion encompassing exons 3-9 (figs 2 and
3). This deletion was shared by the proband’s
father, but not detected in the proband’s
mother or his paternal grandparents. The normalised ratios of all probe signals in the deleted
region were less than 0.75, and at least 3 SD
below the normal mean (except H3, the third
probe of exon 9) in the proband and his father.
This was not seen in 21 out of 24 observations
of promoter, exon 1, and autosomal control
probes. For the probe from exon 2, intermediate values were observed (normalised ratios
0.76 and 0.63, 2.60, and 3.96 SD below the
mean), suggesting the possibility that exon 2 is
partially involved in the deletion. This deletion
was not confirmed by other methods, but was
reproducibly detected in replicate assays of
DNA from the proband and his father.
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35198

was replaced with 1 ml prehybridisation
solution, mixed, and removed. The filters were
washed at 65°C for one hour sequentially with
500 ml 1 × SSC, 1% SDS (first 20 minutes)
and 500 ml 0.1 × SSC, 0.1% SDS. Each filter
was transferred to a 50 µl amplification
reaction and the bound DNA amplified for five
cycles (95°C for one minute/60°C for one
minute/70°C for one minute) using primers
PZA and PZB (stage 1 PCR). By using 32P 5'
end labelled primer PZA as one of the primers
and 1 µl of (stage 1) PCR product as input,
bound DNA was amplified (20 cycles, under
the same conditions, followed by incubation at
72°C for 20 minutes to drive terminal dA
addition to completion). Products were run on
a denaturing 6% polyacrylamide/50% urea gel.
Data captured by a storage phosphorimager
screen (Molecular Dynamics) were quantitatively analysed with ImageQuant software.
Phosphorimager data were used to produce
estimates of intensity for each band. The
normalised ratio reflects the band intensity of a
probe relative to its neighbours, which should
be approximately constant for that probe
across all the samples. To produce normalised
ratios, each peak area (intensity of each band
reported by IQ software) was divided by the
sum of the two nearest autosomal control
bands from the same sample. Then, the mean
value of this ratio for each band was calculated
across all samples (except that the Y chromosome probe intensity was divided by the
number of male samples, and for X chromosome probes males were weighted as half of
females). Finally, each ratio was normalised to
the mean value, to give a simple numerical
value (the “normalised ratio”) in which a value
of 1.0 corresponds to diploid dosage for X
linked and autosomal loci and to haploid dosage for Y linked probes.
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Figure 3 Normalised ratio of probe from the TBX5 set in the proband and his father compared with the mean of four
unrelated unaVected controls (error bar: 1 SD above and below the mean). The ratio of probes between exon 3-9 and 5K is
about 0.5.

To confirm that the deletion in the proband’s
father was the result of de novo mutation, the
identity of the DNA samples for the parents of
24506 (proband’s father) was checked using
hypervariable locus specific minisatellite
probes MS205 (mapped to 16p13.3), MS620
(15q), and MS621 (5p). There was no
evidence of any anomaly in the inheritance of
alleles at these loci by individual 24506. Using
conservative values (that is, upper estimates)
for mean allele frequencies at MS205, MS620,
and MS621 of about 3%,12 9%,13 and 2%,14
respectively, the combined probability of
24506’s father having correctly sized alleles at
all these three minisatellite loci purely by
chance was estimated as approximately 4 ×
10-4.
Using a series of primers at 1 kb intervals
flanking the putative deletion end points
(between exons 1 and 3 at the 5' end and
between probes 5K and 10K at the 3' end), we
attempted to amplify a fragment corresponding
to the new junction at the deletion, but without
success. This may indicate that the deletion
event is complex, perhaps retaining some
intronic material between the end points identified here.
This deletion could have been found using
more standard quantitative PCR methods, but,
in general, by screening all the exons of a gene
in a single assay, MAPH has the advantage of
complete screening of all exons for changes in
copy number. Similarly, since the microsatellite
AFMb023yd5 (D12S1646) maps to intron 7
of TBX5, it would have been possible in principle to detect this deletion as anomalous segregation at this marker, though since this is the
only intragenic microsatellite characterised at
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TBX5, events involving other parts of the gene
would go undetected by such a screening strategy.
Overall, this was the only large deletion discovered in 20 unrelated HOS families examined; although the discovery of a deletion
encompassing most of the gene strongly
supports a haploinsuYciency mechanism in
this kindred, it is clear that the majority of previously undiscovered mutations in TBX5
cannot be accounted for by large rearrangements. Consequently, our failure to find any
exonic copy number change implies that some
other explanation, such as promoter mutations,
must be found for those families with HOS
linked to 12q in which a TBX5 mutation has
not been found.
The proband (35207) had multiple small
apical ventricular septal defects (VSDs), which
resolved spontaneously without treatment, and
small thumbs, which he does not oppose very
easily. The proband’s father (24506) has bilateral thenar hypoplasia with poor extension of
the thumbs. His heart is clinically normal now
but he may have had a VSD that subsequently
closed, since he was followed up for a heart
murmur as a child. Unfortunately, further
clinical details are not available. The paternal
grandparents have normal hearts and limbs by
history but have not been examined because
they are not in the country.
Conclusions
In summary, Holt-Oram syndrome (HOS) is
an autosomal dominant disorder, characterised
by congenital heart and upper limb malformations. Although genetically heterogeneous,
HOS is frequently linked to the gene TBX5, in

J Med Genet: first published as 10.1136/jmg.38.12.e44 on 1 December 2001. Downloaded from http://jmg.bmj.com/ on January 25, 2022 by guest. Protected by copyright.

2

4 of 4

Electronic letter

We appreciate the help of Dr Zeinali (Iran Pasteur Institute), Dr
Bernadette Farren, and Stephen Cross in this study. We thank
the Islamic Republic of Iran Health Ministry, the Wellcome
Trust, and the British Heart Foundation for their support.
1 Nelis E, Timmerman V, De Jonghe P, Van Broeckhoven C,
Rautenstrauss B. Molecular genetics and biology of inherited peripheral neuropathies: a fast-moving field. Neurogenetics 1999;2:137-48.
2 Puget N, Torchard D, Serova-Sinilnikova OM, Lynch HT,
Feunteun J, Lenoir GM, Mazoyer S. A 1-kb Alu-mediated
germ-line deletion removing BRCA1 exon 17. Cancer Res
1997;57:828-31.
3 Puget N, Sinilnikova OM, Stoppa-Lyonnet D, Audoynaud
C, Pages S, Lynch HT, Goldgar D, Lenoir GM, Mazoyer S.
An Alu-mediated 6kb duplication in the BRCA1 gene: a
new founder mutation? Am J Hum Genet 1999;64:300-2.
4 Weiss MM, Hermsen MAJA, Meijer GA, Grieken NCT,
Baak JPA, Kuipers EJ, Diest PJ. Comparative genomic
hybridisation. J Clin Pathol Mol Pathol 1999;52:243-51.

www.jmedgenet.com

5 Pinkel D, Segraves R, Sudar D, Clark S, Poole I, Kowbel D,
Collins C, Kuo WL, Chen C, Zhai Y, Dairkee SH, Ljung B,
Gray JW, Albertson DG. High resolution analysis of DNA
copy number variation using comparative genomic hybridization to microarrays. Nat Genet 1998;20:207-11.
6 Pollack JR, Perou CM, Alizadeh AA, Eisen MB, Pergamenschikov A, Williams CF, JeVrey SS, Botstein D, Brown PO.
Genome-wide analysis of DNA copy-number changes
using cDNA microarrays. Nat Genet 1999;23:41-6.
7 Armour JAL, Sismani C, Patsalis PC, Cross G. Measurement of locus copy number by hybridization with amplifiable probes. Nucleic Acids Res 2000;28:605-9.
8 Newbury-Ecob RA, Leanage R, Raeburn JA, Young ID.
Holt-Oram syndrome: a clinical genetic study. J Med Genet
1996;33:300-7.
9 Basson CT, Huang T, Lin RC, Bachinsky DR, Weremowicz
S, Vaglio A, Bruzzone R, Quadrelli R, Lerone M, Romeo
G, Silengo M, Pereira A, Krieger J, Mesquita SF, Kamisago
M, Morton CC, Pierpont MEM, Muller CW, Seidman JG.
DiVerent TBX5 interactions in heart and limb defined by
Holt-Oram syndrome mutations. Proc Natl Acad Sci USA
1999;96:2919-24.
10 Hatcher CJ, Goldstein MM, Mah CS, Delia CS, Basson
CT. Identification and localization of TBX5 transcription
factor human cardiac morphogenesis. Develop Dynam
2000;219:90-5.
11 Cross SJ, Ching Y, Li QY, Armstrong-Buisseret L, Lyonnet
S, Bonnet D, Jonveaux P, Leheup B, Morteir G,
Ravenswaaij CV, Brook JD, Newbury-Ecob R. The
mutation spectrum in Holt-Oram syndrome. J Med Genet
2000;37:785-7.
12 Armour JAL, Harris PC, JeVreys AJ. Allelic diversity at
minisatellite MS205 (D16S309): evidence for polarized
variability. Hum Mol Genet 1993;2:1137-45.
13 Armour JAL, Povey S, Jeremiah S, JeVreys AJ. Systematic
cloning of human minisatellites from ordered array charomid libraries. Genomics 1990;8:501-12.
14 Armour JAL, Crosier M, JeVreys AJ. Distribution of tandem
polymorphism within minisatellite MS621 (D5S110). Ann
Hum Genet 1996;60:11-20.

J Med Genet: first published as 10.1136/jmg.38.12.e44 on 1 December 2001. Downloaded from http://jmg.bmj.com/ on January 25, 2022 by guest. Protected by copyright.

which mutations have been detected in aVected
subjects. In many patients with HOS, however,
conventional methods have failed to show a
mutation in TBX5, suggesting that some of the
“missing” mutations may be due to exonic
deletions. We applied multiplex amplifiable
probe hybridisation (MAPH) to genomic DNA
from patients in which the mutation at TBX5
was unknown. We report a large deletion
encompassing exons 3-9 in two related patients. Although the causative mutation is still
unknown in many HOS patients, this observation supports a haploinsuYciency mechanism
for HOS.

