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The Rubinstein–Taybi syndrome (RTS) is a rare autosomal-dominant disease associated with 10–15% of
cases with 16p13.3 microdeletions involving the CREB-binding protein gene (CREBBP). We used array-
comparative genomic hybridization and Quantitative multiplex fluorescent-PCR (QMF-PCR) to search for
dosage anomalies in the 16p13.3 region and the CREBBP gene. We first constructed a microarray covering
2Mb that carries seven BAC and 34 cosmid clones, as well as 26 low-molecular-weight probes (1000–
1500bp) that are spread along the CREBBP gene. To increase further the resolution inside the CREBBP gene,
we used QMF-PCR assays providing a 7kb resolution. The deletions characterized in this work extended
between as little as 3.3 kb and 6.5Mb. Some deletions were restricted to just a few exons of CREBBP, some
deleted either the 50 or the 30 end of the gene plus adjacent genomic segments, others deleted the whole
gene away. We also identified a duplication of exon 16. We showed that CREBBP dosage anomalies constitute
a common cause of RTS. CREBBP high-resolution gene dosage search is therefore highly recommended
for RTS diagnosis. No correlation was found between the type of deletion and the patients’ phenotype.
All patients had typical RTS, and there was no particular severity associated with certain alterations.
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Introduction
The Rubinstein–Taybi syndrome (RTS, [MIM 180849]) is

an autosomal-dominant disease that occurs in 1/125 000

births and is characterized by growth retardation and

psychomotor development delay, broad and duplicated

distal phalanges of thumbs and halluces, a typical facial

dysmorphism and an increased tumoral risk. 1 RTS is due to

mutations in the CREB-binding protein gene (CREBBP

commonly referred to by its shorter acronym CBP).2 – 4

Microdeletions including the CREBBP gene are known

to account for about 10–15% of RTS cases.2,5 – 7 Our latter

study7 clearly showed that CREBBP deletions are hetero-

geneous in size as well as in position in the gene, since

some delete the whole of the CREBBP gene as well as

flanking regions away, while others are restricted to

intragenic segments.

To perform a comprehensive search for both large and

small deletions in patients with the RTS, we have now used

two complementary techniques: comparative genomic

hybridization on microarrays (array-CGH)8 and quantitative
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multiplex fluorescent-PCR (QMF-PCR).9 Our data show

that gene dosage anomalies of the CREBBP gene span

between 3.3 kb and 6.5 Mb, and constitute a more common

cause of RTS than was initially thought.

Materials and methods
Rubinstein–Taybi syndrome patients

Patients expressed a typical RTS phenotype, assessed by a

detailed clinical questionnaire, photographs, X-rays, and

medical records. This study followed ethical guidelines

and was authorized by the Comité pour la Protection des

Personnes (CPP) of Bordeaux.

Array comparative genomic hybridization
High-molecular-weight clones A set of seven BACs and

34 cosmids covering 2 Mb in the 16p13.3 region was

assembled on the basis of publicly available maps (NCBI

build 35 http://www.ncbi.nlm.nih.gov/mapview/ and

http://genome.ucsc.edu/cgi-bin/hgGateway) and of our

previous work.3 This set of clones compares to two

published contigs10,11 as follows. Our contig extends from

AC004493 starting at 2723 Mb from 16pter to AC020663

ending at 4851 Mb from 16pter. The contigs described in

Giles et al10 and Bartsch et al11 extend from RT193 (starting

at about 3459) to PAC43I6 (ending at about 4575), and

from AC93525 (start: 2425) to AC007223 (end: 6616),

respectively.

Details about 11q14.3 clones12 and controls from other

chromosomal regions (T1, T2, T3, T4, T5, T6, T7) are

available from the authors.

Low-molecular-weight clones Twenty-eight repeat-free

targets named aCBPx ranging in size from 1000 to

1500 pb were selected after masking the repeated sequences

using the repeat masker software (http://www.repeatmasker.

org/cgi-bin/WEBRepeatMasker/) (see Supplementary Table 1

for targets’ characteristics). Targets located centromeric to

AC020663 are presented in Supplementary Table 2. Seven-

teen control targets (C1–C17) were selected in various

genomic regions (details available from the authors).

Microarray manufacturing and analysis was described by

Stef et al13 for low-molecular-weight (LMW) targets;

procedures for high-molecular-weight (HMW) targets are

available from the authors. Each target was represented at

least eight times on the array. Microarrays were scanned

with a G2565B scanner (Agilent Technologies). Normal-

ization of values obtained was done using controls T1–T7

for the HMW clones and using controls C1–C17 for the

LMW clones.

Quantitative multiplex fluorescent PCR

Twenty-nine PCR assays were designed within a 203 kb

interval that includes the CREBBP gene (Supplementary

Table 3) and assembled into four sets (Supplementary Table

4). Two control loci were DSCR1 exon 4 (chromosome 21)

and coagulation Factor IX (F9) exon 5 (chromosome X).

Quantitative multiplex fluorescent PCR was performed as

in Niel et al;9 experimental details are available from the

authors. Each patient was analysed in triplicate.

Results
Characterization of large deletions in patients with
RTS

We have constructed a microarray that covers 2 Mb centred

on the CREBBP gene. This microarray harbours 34 cosmids

and 7 BAC clones (HMW) and 28 LMW (1–1.5 kb long)

repeat-free fragments spread over the CREBBP gene and

immediately adjacent sequences (Supplementary Figure 1

and Supplementary Table 1).

Array-comparative genomic hybridization (array-CGH)

was used to characterize further large deletions that had

previously been observed (patients p4, p9, p31, p34, p59,

p73, p197)3,7 and to identify new ones (patients p218,

p219). DNA of RTS patients was hybridized against DNA

from a patient (CG) harbouring an 11q14.3 deletion12 as an

internal deletion control. Results obtained are shown in

Table 1 (HMW targets), and in Supplementary Table 5

(LMW targets). See Supplementary Figure 2 for representa-

tive examples of microarray results.

Deletions were very heterogeneous in size and position.

We were able to determine the extent of most of them.

Deletions removing entirely the CREBBP gene plus flanking

segments were observed in patients p219 (about 590 kb)

and p59 (about 860 kb).

The farthest centromeric BAC clone (AC020663) was

deleted in patients p4 and p218. We therefore designed

additional LMW targets at increasing distances from

AC020663 towards the centromere (Supplementary mate-

rials Table 2). In patient p218, the deletion breakpoint

was between LMW 6.42 and LMW 7.45 (Supplementary

materials Table 6), that is in an interval located between

2560 and 3550 kb away from exon 1 of the CREBBP gene.

The deletion therefore encompassed between 2.4 and

3.9 Mb. In patient p4, the deletion breakpoint laid between

LMW 10.1 and 10.2 (Supplementary materials Table 6).

This deletion therefore encompassed about 6.5 Mb.

These data were confirmed by quantitative multiplex

fragment-PCR9 assays derived inside the LMW targets (data

not shown).

Identification of small intragenic rearrangements

The microarray clearly showed the existence of deletions

limited to one or two cosmids in some patients. This

suggested that even smaller rearrangements might be

identified. Indeed a deletion of a single target, aCBP10,

was found in patient p7 (Supplementary Table 5). We

therefore turned to quantitative multiplex PCR, a less
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expensive approach than array-CGH, to search for small

rearrangements. Twenty-nine PCR assays (named qCBP2 to

qCBP21; see Supplementary Figure 1e) were designed over

a 203 kb genomic segment including the CREBBP gene,

allowing us to reach a 7 kb resolution inside the gene.

The assays were grouped into four multiplex PCR sets

(Supplementary Table 4).

Twenty patients with characteristic features of RTS in

whom no point mutation had been identified in spite of a

comprehensive investigation were then analysed. Dele-

tions were identified in patients p15, p20, p115, p246, and

a duplication in patient p62 (Table 2). These data were

confirmed by array-CGH analysis (see Supplementary

Figure 3 for patients p15, p20, p62). All of the deletions

observed were small, and took between one and three

exons away. The duplication in patient p62 contains exon

16. RT-PCR analysis, followed by both restriction and

sequence analysis, indicated that exon 16 is duplicated in

tandem in the CREBBP RNA (r.3259–3448dup) (data not

shown). This duplication introduces a frameshift in the

translation, with the appearance of a stop codon at the

13th codon into the second copy of exon 16 (P.Ile1084Asn

Table 2 Characterization of CREBBP gene dosage anomalies by QMF-PCR

qCBP17 qCBP16 qCBP2 qCBP3 qCBP4 qCBP5 qCBP6 qCBP7a qCBP7b qCBP7c

p7 0.88 0.82 0.86 0.88 0.86 0.83 0.88 0.82 0.91 0.84
p15 1.15 1.00 1.05 1.00 0.93 1.01 0.95 0.98 0.99 0.97
p20 1.05 1.49 1.47 1.10 1.03 1.03 0.98 1.00 1.01 0.52
p62 1.07 1.23 1.10 1.03 0.95 1.03 0.93 0.97 0.94 0.98
p115 0.83 1.01 0.89 0.95 1.02 1.00 0.91 1.06 0.95 1.03
p246 0.97 1.55 2.69 1.23 1.14 0.87 1.14 1.06 1.10 0.97

qCBP8a qCBP8d qCBP9a qCBP10 qCBP11a qCBP11b qCBP11c qCBP12 qCBP13 qCBP13a
p7 0.98 0.81 0.85 0.46 0.84 0.84 0.84 0.81 0.87 0.88
p15 1.01 0.91 0.99 1.06 0.98 0.97 0.96 0.97 0.97 1.00
p20 0.54 0.49 0.53 0.54 0.52 0.98 0.98 0.98 1.02 1.02
p62 0.96 0.77 0.99 0.99 0.97 0.93 0.95 1.38 0.88 1.01
p115 1.00 1.02 1.01 0.99 1.09 1.10 1.00 1.03 1.08 1.02
p246 0.91 1.13 1.04 1.10 1.03 0.50 1.02 0.99 1.10 0.99

qCBP14 qCBP14a qCBP15b qCBP15a qCBP15 qCBP18 qCBP19 qCBP20 qCBP21
p7 0.85 0.81 0.85 0.81 0.82 0.83 0.84 0.80 0.71
p15 0.53 0.74 0.95 0.99 0.86 1.03 0.77 1.04 0.87
p20 1.04 1.01 1.15 1.09 1.18 1.47 1.61 1.02 0.98
p62 0.93 0.99 1.04 1.04 1.14 1.13 1.07 1.07 1.01
p115 0.98 1.05 1.02 1.02 0.41 0.58 1.04 0.96 1.22
p246 0.84 1.03 1.15 1.17 0.89 1.19 1.65 1.17 0.44

Abbreviations: CREBBP, CREB-binding protein gene; QMF-PCR, quantitative multiplex fluorescent-PCR.
Fluorescence ratios are calculated as indicated in the Materials and methods section. Gene dosage anomalies are in grey.
Values are the mean of triplicate experiments.

Table 1 Array-CGH results obtained with high-molecular-weight targets
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fsX13). This duplication hence leads to a truncated CREBBP

protein that lacks the second half of the protein.

Discussion
We have used array-CGH and QMF-PCR to find gene

dosage anomalies of the CREBBP gene and the surrounding

16p13. 3 region in patients with RTS. Our results show that

deletion sizes extend from just a few kilobase pairs (3.3 kb

in patient p7; data not shown) to 2400–3900 kb in patient

p218 and about 6.5 Mb in patient p4. A small deleterious

duplication was identified in one patient. Deletions are

very heterogeneous in size and in position with respect to

the CREBBP gene. These data are summarized in Figure 1.

Out of the 21 patients analysed (without a previously

identified CREBBP mutation), six were found to have an

interstitial gene dosage anomaly (ie 28.6%). Among a total

of 83 patients with typical features of RTS analysed in our

laboratory, the proportion of patients with a deletion was

now estimated to be 20.5% (17/83). The CREBBP rearrange-

ments must therefore be searched for by any kind of cost-

effective technique such as QMF-PCR, or others (eg the

ligation-based MLPA14 or QMPSF15) before a lengthy search

for other mutations of CREBBP or of its homologue P30016

is undertaken.

We did not find a phenotypic difference between patients

with small or large deletions, and with deletions extending

either towards centromeric or telomeric regions with respect

to CREBBP. The only noticeable event is that patient p4 who

had the largest deletion (6.5 Mb removing the CREBBP gene

plus a large centromeric segment) had a very severe form

of the disease with choanal atresia, bilateral dilated ureters,

hemivertebrae (T9, T11) and hypoplastic vertebrae (T10,

T12), and deceased at 34 days of life.
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Figure 1 Summary of deletion results. (a) Large deletions. A schematic representation of the 2Mb tiling path contig including 34 cosmid (plain
lines) and seven BAC (dotted lines) clones is shown at the top. In the middle is shown a physical map including the CREBBP gene. Positions are given in
Megabasepairs from the 16p telomere. The patients’ deletions are represented underneath. Patient numbers are indicated on the right. Not deleted
regions are indicated by black lines, deleted regions by white lines. (b) Small intragenic gene dosage anomalies. The upper line depicts the CREBBP
gene structure (31 exons). The aCBP line indicates the position of the low-molecular-weight targets used in array-CGH with respect to the CREBBP
exons. The qCBP line indicates the position of the QMF-PCR assays with respect to the CREBBP exons. The patients’ deletions are represented
underneath. Patient numbers are indicated on the right. Not deleted regions are indicated by black lines, deleted regions by white lines; the duplicated
area in patient p62 is represented by a hatched box.
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Particular attention was paid to the phenotype of

patients p59 and p218 with a deletion including the

DNAseI gene located 62 kb on the telomeric side of CREBBP,

since Bartsch et al11 described a particularly severe

phenotype with a proneness to repeated infections in

patients with a deletion of this gene. Both patients have a

rather severe, yet typical, form of RTS (facial dysmorphism,

abnormalities of the extremities, mental retardation).

Patient p59 is a 39-year-old adult with a small size

(132 cm), renal agenesis, radial dislocation, and predisposi-

tion to tumours (Hodgkins lymphoma, ovarians cysts,

numerous spontaneaous and surgical cheloids, pilo-

matrixoma). Patient p218 has cardiac (atrial septal defect,

patent ductus arteriosus), renal (vesical ureteral reflux)

and skeletal (pectus excavatum) malformations. All these

features, however, have been described in other RTS

patients, including patients with CREBBP point mutations.

These patients did not have a particularly severe mental

retardation, nor were they particularly prone to infections.

It is noteworthy that patient p59 did not develop

infections after chemotherapy of her Hodgkins lymphoma.

The presentation of these two patients therefore does not

confirm the phenotype described by Bartsch et al.11
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