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a b s t r a c t
Genomic aberrations in the CREBBP (CREB-binding protein – CREBBP or CBP) gene such as point mutations, small insertions or exonic copy number changes are usually associated with Rubinstein-Taybi syndrome (RTs). In this study, the disruption of the CREBBP gene on chromosome 16p13.3, as revealed by
CGH-array and FISH, suggests immune dysregulation in a patient with the Rubinstein Taybi syndrome
(RTs) phenotype. Further investigation with Western blot techniques demonstrated decreased expression
of CREB, NFjB, c-Jun, c-Fos, BCL2 and cMyc in peripheral blood mononuclear cells, thus indicating that
the CREBBP gene is essential for the normal expression of these proteins and the regulation of immune
responses.
Ó 2013 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights
reserved.

1. Introduction
The CREBBP or CBP gene, which is located on chromosome
16p13.3, codes for a multidomain protein essential in embryonic
development, growth control and homeostasis by coupling chromatin remodeling to transcription factor recognition [33]. The
CREBBP gene was ﬁrst described by Chrivia et al. [12] as a transcriptional coactivator. Its nomenclature is based on the interaction of
the CREB protein with nuclear CREBBP [12]. The CREBBP gene has
31 exons, occupies approximately 159 kb of genomic DNA and encodes a protein of 265 kDa with 2442 amino acids [18]. CREBBP
gene mutations lead to inactivation of one allele in patients with
Rubinstein Taybi syndrome (RTs) [40,41]. The CREBBP gene appears
to be crucial at certain stages of embryonic development, which
could explain all the phenotypic changes that characterize RTs
patients [19,20]. Most of the conserved domains of CREBBP
function to bind a diverse array of proteins, including more than
50 vital T-cell transcriptional regulators [30]. Originally, the
CREBBP gene was found to act as a physical link between
DNA-binding transcription factors.
Furthermore, CREBBP facilitates transcription through intrinsic
histone acetyltransferase (HAT) activity, which opens up condensed DNA and thereby allows greater access to the transcrip⇑ Corresponding author. Address: Department of Pathology, Universidade de São
Paulo, Av. Dr. Enéas de Carvalho Aguiar, 255, CEP 05403-000 São Paulo, SP, Brazil.
Fax: +55 1126619506.
E-mail address: lesliekulik@usp.br (L.D. Kulikowski).

tional machinery. CREBBP has been shown to interact with CREB,
c-Jun, NF-jB and c-Fos. All of these transcription factors play a critical role in regulating the expression of many inﬂammatory and
immune response genes [5,27,17,39,6]. Studies have shown the
involvement of CREBBP in regulating the immune response and cell
differentiation; failure of the gene leads to the formation of benign
and malignant tumors and hematologic malignancies [4,54,11].
RTs usually occurs sporadically, although it can be inherited as
an autosomal dominant disorder (OMIM 180849) [21,22]. The
diagnosis is still essentially clinical and based on characteristic
features [22]. The major items to look for in RTs are a beaked nose,
grimacing smile, broad thumbs and big toes, and mental
retardation [23]. The main clinical problems are failure to thrive,
congenital heart defects, and recurrent respiratory infections
[48]. EP300, a gene located on chromosome 22q13.3, has been
identiﬁed as another gene involved in causing RTs [43,44].
Mutations in the EP300 gene in RTs patients are rare and have only
been found in eight individuals with clinical signs of incomplete or
non-classical syndrome [7,58,9,16,51].
We performed an immunological screening of the major mechanisms of adaptive and innate immune response in a patient with
an apparent balanced translocation involving chromosomes 2 and
l6, previously described by Torres et al. [49,50], and clinical features of RTs. Further investigations using CGH-array, FISH and
Western blot techniques revealed a disruption of the CREBBP gene
that resulted in decreased expression of the CREB, NFjB p65,
c-JUN, c-FOS, BCL2 and c-MYC proteins in peripheral blood mononuclear cells.
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2. Materials and methods
2.1. Clinical report
The patient is the third child of healthy unrelated parents. She
was born pre-term by cesarean section; her birth weight was
1900 g (below the 5th percentile), her length was 47 cm
(5th – 10th percentile), and her head circumference was 36 cm
(75th percentile). Her global development was delayed: she could
sit without support at 13 months, walk unassisted at 2.5 years, had
toilet control at 4 years and she spoke her ﬁrst meaningful words
at 18 years. She had frequent feeding problems during her ﬁrst ﬁve
years of life. Splenomegaly was noted at 21 years of age.
At 23 years of age, the patient’s weight was 61 kg (50th – 75th
percentile), her height was 139.5 cm (below the 3rd percentile)
and her OFC was 49.5 cm (below the 3rd percentile). She was found
to have highly arched eyebrows, down-slanting palpebral ﬁssures,
a beaked nose, a nasal septum that extended below the alae nasi, a
highly arched palate and posteriorly angulated ears. She also had
broad, radially deviated thumbs and broad halluces. She presented
mild leukocytosis (11,000–13,000/mm3) despite the absence of
clinical signs of infection. A high rate of B cell apoptosis and a
40–50% decrease of the total polymorphonuclear leukocyte count
with dysgranulopoietic granulocytes were also observed by
hemogram.
2.2. DNA isolation
Blood samples from the patient and her parents were collected
with vacuum-EDTA after informed consent (approved by the Research Ethics Committee of HC-FMUSP CAPPESQ number 1158/
07). DNA extraction was carried out using the Qiagen QIAampÒ
DNA blood mini kit (Valencia, CA, USA).
2.3. Western blot analysis
Peripheral blood mononuclear cells (PBMCs) were isolated from
one RTs patient and controls. Total protein was extracted using a
PARIS™ Kit (Applied Biosystems, Ambion, USA) and a mixture of
protease inhibitors according to the manufacturer’s protocol. Protein concentration was determined using a Nanovue spectrophotometer (GE Healthcare, Piscataway, NJ, USA).
Protein samples from each subject were individually loaded
(60 lg per lane) onto 10% acrylamide gels, resolved by electrophoresis, and transferred onto nitrocellulose membranes. Membranes
were blocked with 5% milk and subsequently incubated overnight
at 4 °C with the following primary antibodies: anti-CREB (1.0 lg/
mL), anti-cFOS (0.2 lg/mL), anti-cJUN (0.5 lg/mL), anti-NFjB p65
(0.5 lg/mL), anti-BCL2 (1.0 lg/mL) and anti-cMYC (0.5 lg/mL).
All the antibodies used in this study were obtained from Chemicon
(Millipore, USA). Primary antibodies were detected by horseradish
peroxidase (HRP)-conjugated secondary antibodies. Membranes
were developed using Luminol Western Blotting Substrate according to the manufacturer’s instructions (Millipore, USA) and detected by chemiluminescence. The obtained bands were
quantitated and photographed in the LAS 4000 (Fujiﬁlm, SA) using
Image 4000 software (Fujiﬁlm, SA).

the human genome of 6.4 Kb were used for the CGH-array experiments. Human genomic DNA from multiple anonymous male donors was obtained from Promega Corporation (Madison, USA)
and used as a control. A microarray assay was performed using
the Agilent Human Genome CGH 244A microarray according to
the manufacturer’s protocol version 2.0 (August 2005) for Oligonucleotide Array-Based CGH for high-throughput whole genomic
DNA analysis (Agilent Technologies, Inc., Palo Alto, USA). The array
was scanned and analyzed using an Agilent 2565AA DNA microarray scanner (Agilent Technologies, Inc., Palo Alto, USA) and Feature Extraction software, respectively, according to NCBI 36/hg
18 annotations.

3.2. Fluorescence in situ hybridization (FISH)
Blood samples from the patient and her parents were processed
by standard cytogenetic procedures. FISH was performed on metaphase cells using different cosmid probes (RT1, RT100, RT102,
RT191, RT203, and RT166) that cover the entire CREBBP gene except for the 5 kb uncloned area between RT203 and RT166. A
chromosome 16-speciﬁc centromeric probe was co-hybridized
with probe pHUR195 in accordance with [41], with modiﬁcations.
FISH with probes RP11-690I21 from 2q37.1 and RP11-90D1 from
2p16.1 was also used to investigate chromosomal breakpoints
(probes were obtained from Baylor College of Medicine-Medical
Genetics Laboratories, Houston, Texas) [32].

4. Results
4.1. Cytogenetic and molecular ﬁndings
The previous GTG-banding chromosome analyses of the patient
demonstrated a 46,XX,t(2;16) karyotype, suggesting a balanced
translocation. The parents presented normal karyotypes.
Because no apparent deletions in the CREBBP gene that could
explain the RTs phenotype were identiﬁed, CGH-array analysis
was performed to investigate the presence of microdeletions or
other genomic imbalances not detected by standard techniques
such as GTG-banding.
The CGH-array result showed that the patient carried benign
copy number alterations, namely, losses of approximately 400 bp
at 19p13.3 (794,778–795,178) also present in patient’s father,
and losses at 16q23 (76,938,523–76,938,923) that contain no
genes or evidence in the literature associated with any pathogenic
features. The patient’s mother also carried a small deletion of
approximately 232 bp at 16p13.3 (2,638,381–2,638,612) with no
clinical signiﬁcance [14,26]. Quite surprisingly, microdeletions in
the 16p13.3 region were not detected in the patient as expected.
Subsequent FISH analysis showed that the translocation revealed
in classical karyotype analysis in fact involved the short arms of
chromosomes 2 and 16. The corrected karyotype is 46,XX.ish
t(2;16)(p11.2;p13.3) (RT100+,RT166 ;RT100+;RT166). Therefore,
we concluded that the CREBBP gene is disrupted by this genomic
rearrangement (Fig 1).

4.2. Western blot ﬁndings
3. Molecular cytogenetic analysis
3.1. Array-CGH studies
Agilent Human Genome CGH 244A microarrays (Agilent Technologies, Santa Clara, CA, USA) containing unique oligonucleotides
representing 244,000 probes with an average probe spacing across

Western blot analysis showed low amounts of CREB, NFjB p65,
AP-1 (c-Jun and c-Fos), Bcl2 and cMyc in the patient’s peripheral
blood mononuclear cells. Image quantiﬁcation analysis showed
that the expression of these proteins was diminished by 50% in
the patient’s cells when compared to two healthy controls, as depicted in Fig. 2.
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(A)

(B)

(C)

(D)

CNVs: Copy number alterations; VOUS: CNV with Uncertain clinical significance;
likely benign; Benign CNVs: represents a common polymorphism.
Fig. 1. (A) FISH with probes RP11-690I21 (green signal at 2q37.1), RP11-90D1 (red signal at 2p16.1), RT100 and RT166 (red signals at 16p13.3). The arrows indicate the
derivative chromosomes. (B) Ideogram showing the RT100 and RT166 probes positions in CREBBP gene. (C) Images of the derivative chromosomes 2 and 16 in G band showing
probes hybridization positions. (D) Ideogram showing CGH-array results and CNVs interpretation according Miller et al, 2010 [14].

5. Discussion
Most patients with RTs present with recurrent respiratory tract
infections and demonstrate elevated susceptibility to infections
during infancy and childhood. It was thought that these infections
were due to structural abnormalities, microaspiration, and/or gastroesophageal reﬂux ([36]).
In the present study, we demonstrated that the disruption of
one CREBBP allele due to a chromosomal translocation affected a
subset of CREBBP-interacting factors and led to reduced production
of NFjB, c-Jun, c-Fos, Bcl2 and c-MYC in the patient’s mononuclear
cells.
Thus far, the effects of CREBBP gene mutations on the RTs phenotype could only be studied in animal models of RTS. CREBBP and
EP300 knockout mice or mutant heterozygote mice for both genes
die as embryos. In addition, loss of CREBBP and EP300 is highly deleterious to T and B lymphocytes in mice [37,52,31].
The activity of some transcription factors, such as c-JUN, c-FOS,
and c-MYC, is regulated by their interaction with CREBBP transcription coactivators. The NFjB, c-Jun, c-Fos, Bcl2 and c-MYC were
shown to be active in several animal models of inﬂammation and
immunosupression [10,13,24,29,35,42].
Furthermore, in transgenic mice that have a dominant inhibitory form of CREB, the expression of several Activator Protein 1
(AP-1) family members that include cFos and cJun, was speciﬁcally
reduced in thymocytes, suggesting that CREB plays an important

role in regulating the expression of AP-1 by T cells. In human cells,
CREB, ATF-2, and c-Jun are recruited to the proximal promoter of
IFN-c and regulate IFN-c transcription in response to microbial
pathogens. Additionally, ATF-2 controls the expression of CREB
and c-Jun during T cell activation [8,45]. AP-1 is a heterodimer containing Fos and Jun proteins that can regulate the transcription of
multiple lymphokines, chemokines, and cell surface receptor
genes, as well as directly facilitate entry of T cells into the cell cycle
[46,28]. Moreover, the NF-jB transcription factor participates in
the immune response to infection. The incorrect regulation of
NF-jB has been linked to cancer, inﬂammatory and autoimmune
diseases, septic shock, viral infection, and defects in immune
development ([19,20,55]). NF-jB p65 and CREBBP can form two
distinct interactions: a phosphorylation-independent interaction
that involves the C-terminal region of p65 and the N-terminal region of CREBBP and a phosphorylation-dependent interaction that
requires phosphorylation of serine 276 of p65 and the KIX region
of CREBBP [38,57]. Baeuerle et al. showed that IKKb/NFjB is an
essential mediator of the immune response and the inﬂammatory
process [3]. NFjB is major transcription factor in immune cells
and is responsible for the production of proinﬂammatory cytokines and other important factors to the inﬂammatory response
[3].
Some investigators have suggested that recruitment of CREBBP
to p65-containing NF-jB complexes is essential for transcriptional
activity and that this interaction between p65 and CREBBP is an
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(A)

Patient RTS (P)

Control (C)

CREB
(43 Kda)
NF Bp65
(65 kDA)
c-FOS
(55 kDA)
c-JUN
(42 kDA)
c-MYC
(49 kDA)
BCL2
(26 kDA)

(B)

Fig. 2. Protein expression of CREB, NFjBp6, c-FOS, c-JUN, BCL2 and c-MYC in PBMC by Western Blot: (A) Images of protein bands onto nitrocellulose membranes from RTS
patient (P) and healthy control (C); (B) Percentage of the protein expression performed by ImageQuant TL software.

important requirement for efﬁcient transcription by NF-jB
[38,57,45].
Wilson et al. [56] have demonstrated that CREB is an important
transcription factor of the BCL-2 gene in B cells and that CREB
interacts with the BCL-2 promoter after activation of these cells,
enabling the expression of BCL-2, which culminates in the protection of the cells from apoptosis. Thus, BCL-2 has an important role
in not only saving the cells from apoptosis but also inhibiting cell
proliferation by regulating the expression of another gene called
c-MYC [1]. Vaux et al. [53] ﬁrst demonstrated that c-Myc causes
cell death when growth factors are deprived, that Bcl-2 can
enhance the survival of c-myc expressing cells and that Bcl-2
collaborates with c-Myc to immortalize pre-B cells. The Bcl-2 protein can inhibit apoptosis and cell proliferation by regulating the
expression of c-MYC. Arcinas et al. [1] showed that decreased cellular BCL-2 levels led to increased expression of c-MYC. Therefore,
the relationship between the effects of the BCL-2 and c-MYC genes
on lymphomas was attributed to the ability of Bcl-2 to prevent the
apoptosis and cell proliferation induced by c-MYC [15]. The MYC
transcription factor is one of the most important somatically mutated oncogenes in human cancer [2,34,47].
Given that the patient represents a natural knockout human
model for inactivation of the CREBBP gene, we suggest that this
gene is essential for normal co-expression of the CREB, NFjB
p65, c-JUN, c-FOS, BCL2 and c-MYC transcription factors in peripheral blood mononuclear cells.
The known haploinsufﬁcient genes show higher levels of
expression during early development and tissue speciﬁcity.

Regarding functional interaction, the human CREBBP gene most
likely has more interaction partners and complex network proximity to other known haploinsufﬁcient genes. This study indicates
that CREBBP haploinsufﬁciency disrupts this interaction mechanism, thereby most likely causing the immune dysregulation observed in RTS [25].
Furthermore, the presence of structural genomic alterations in
CREBBP, as well as gene dosage imbalance, may affect not only
locus but also gene regulation in RTS patients.
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