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1. Introduction

Cyclic AMP Response Element Binding (CREB) protein is a member of the CREB/ATF
(Activating Transcription Factor) family of transcription factors playing an important role in
the nuclear responses to a variety of external signals that lead to proliferation, differentiation,
apoptosis and survival. Other authors’ evidences have highlighted a critical role of CREB in
the regulation of normal haematopoiesis and leukemogenesis due to the interaction with target
genes crucially involved in the cell cycle machinery. Recent findings of our research group
have demonstrated that CREB and ATF-1 phosphorylation levels are related to a different
sensitivity of T leukaemia cell clones to the cytotoxic action of TNF-related apoptosis inducing
ligand (TRAIL) and that low dose radiation treatment of erythroleukaemia cells (K562) can
trigger CREB activation and deliver a survival signal. Since one fundamental problem of most
malignancies, including those of haematological origin, is the development of multiple
mechanisms of resistance, which progressively reduce or suppress the therapeutic efficacy of
anticancer treatment, the early identification of biological markers of responsiveness/unre‐
sponsiveness and the follow-up of individual response are highly desirable to adjust thera‐
peutic treatments. In light of all these considerations and of the complex molecular interactions
involving CREB/ATF family members, the present chapter is aimed at revising literature
focusing, in particular, on the involvement of CREB/ATF family members in leukemogenesis
and lymphomagenesis, in order to gain more insight into this matter that could result useful
to the treatment of leukaemia and lymphoma diseases.

2. CREB family members

The CREB or CREB/ATF multigenic family is composed by several nuclear transcription
factors. The prototype of this family is CREB, a 43 kDa – basic-region leucine zipper (bZIP)
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transcription factor that elicits responses to a variety of extracellular signals, including stress
and growth factors, and that is involved in several cellular processes such as glucose homeo‐
stasis, proliferation, ageing and differentiation, survival and apoptosis, memory and learning
[1]. The CREB/ATF family of transcription factors includes three homologous genes: cAMP
response element binding (CREB), cAMP response element modulator (CREM), and activating
transcription factor-1 (ATF-1), whose structure domains are illustrated in a recent review [2].
These genes generate a group of highly homologous proteins that have been named after their
prototypes: CREB, CREM, and ATF-1, respectively [3].

CREB/ATF proteins were initially identified for their binding to the cyclic AMP response
element (CRE) in various gene promoters that contain the octanucleotide consensus sequence
TGACGTCA [4]. Over the years, cDNA clones encoding identical or homologous proteins have
been isolated. Up to now, at least 20 different mammalian proteins with the prefix CREB or
ATF have been characterized and grouped into subgroups on the basis of their amino acid
similarity [5, 6]. CREB/ATF family members include CREB-1 (also known as CREB), CREB-2
(recently named ATF-4), CREB-3, CREB-5, CREM, ATF-1 (also known as TREB36), ATF-2 (also
known as CRE-BP1), ATF-3, ATF-4 (previously named CREB-2), ATF-5 (also known as ATFX),
ATF-6, ATF-7 and B-ATF subgroups [7, 8]. Proteins belonging to this class represent a large
group of bZIP transcription factors containing highly divergent N-terminal domains, but
sharing a C-terminal leucine zipper domain. The basic region in the bZIP domain is rich in
basic amino acids and is responsible for specific DNA binding, while the leucine zipper region
contains leucine residues and is responsible for dimerization of the proteins by resembling a
zipper. Based on the sequence of each bZip domain, these proteins form homodimers or
heterodimers both with other members of the family and with other bZIP containing proteins
like the activator protein-1 (AP-1), C/EBP, Fos, Jun or Maf family proteins [8]. That implies the
expansion of the repertoire and different opportunities of target gene regulation that are
further increased by the alternative splice products of CREB and CREM genes that show
repressor or activator properties [5, 7]. Whereas CREB, CREM, and ATF-1 are relatively well
characterized and known to regulate gene transcription via binding to CRE sites, ATF-2, ATF-3,
and ATF-4 are structurally more distant and their functional properties remain poorly
understood. Rather than being activated by the cAMP cascade, ATF-2 is activated by c-Jun N-
terminal kinase (JNK) and can dimerize with members of the AP-1 family such as c-Jun to bind
to CRE or AP-1 sites [9, 10]. Additionally, ATF-2 homodimers and ATF-2/c-Jun heterodimers
can bind to certain CRE-like sites that are insensitive to CREB [11]. ATF-3 and ATF-4 also
dimerize with various Jun species and can shift c-Jun DNA binding site preferences from AP-1
to CRE, thereby promoting crosstalk among AP-1 and CREB protein families [9]. In addition,
ATF-4 is able to dimerize with Nrf1 (NF-E2 related factor 1) and Nrf2 (NF-E2 related factor 2)
and then interact with the antioxidant responsive element (ARE) present in the promoters of
many antioxidant genes [12]. ATF-2, ATF-3, and ATF-4 have been considered as cellular stress
response proteins [5, 13, 14] but recently they have been also involved in non-stress adapta‐
tions. In fact, extensive studies have demonstrated that ATF-3 is an adaptive response gene
that is activated by a wide variety of signals including those initiated by cytokines, genotoxic
agents or physiological stresses [15]. Interestingly, unlike other ATF family members, emerg‐
ing evidences have implicated ATF-3 in the host defence against invading pathogens and
cancer. These processes are controlled by the efficient coordination of cell responses and
genetic regulatory networks which allow this key transcription factor to modulate the
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expression of a diverse set of target genes, depending on the cell type and/or the nature of the
stimuli [16, 17].

While both CREBs and ATF-1 are ubiquitously expressed, CREMs are mainly present in
spermatids [6] and in the neuroendocrine system [18]. Interestingly, a recently published paper
on the effects of traumatic brain injury demonstrated the nuclear co-localization of CREM-1
and active caspase-3 in the ispilateral cortex of adult rats, suggesting a possible role for CREM-1
in neuronal apoptosis [19]. In a recent report of our research group on Jurkat leukaemia cells
[20], we observed a different cell compartmentalization of CREB protein in dependence of the
TRAIL dose employed and induced cytotoxicity. Indeed, both under normal or low serum
culture conditions an evident nuclear translocation of phospho-CREB was detected after 1 h
treatment only with the lower dose of TRAIL (100 ng/mL) and prevented in the presence of
PI3K/Akt and p38 mitogen-activated protein kinase (MAPK) specific inhibitors [20]. In another
model under investigation in our laboratories and represented by K562 erythroleukaemia cells
induced to differentiation [21], the nuclear localization of the active form of CREB was clearly
evident after only 1 h treatment with haemin. Interestingly, CREB positive nuclei resembled
the features of apoptotic nuclei, suggesting that CREB phosphorylation is possibly required
to determine the nuclear structural changes occurring during erythroblast maturation [21,
22]. Concerning other family members, it has been recently shown that ATF-2 is a nucleocy‐
toplasmic shuttling protein and that its subcellular localization is regulated by AP-1 dimeri‐
zation [23]. ATF-3 is ubiquitously expressed and localized in the nucleus but maintained at
low levels in the absence of cellular stresses. Instead, it is rapidly transcriptionally induced
under different conditions, among which hypoxia, DNA damage (induced by UV radiation,
ionizing radiation, etoposide), heat or cold shock, serum starvation or stimulation [13, 15].
ATF-4 is of particular interest since it has been demonstrated to translocate from the cytoplas‐
mic membrane to the nucleus in neuronal cells upon γ aminobutyric acid (GABA) receptor
activation, to be likely involved in neuronal plasticity by coupling receptor activity to gene
expression [24]. Finally, a number of immunofluorescent and cell fractionation experiments
indicate that ATF-6 is linked to the endoplasmic reticulum (ER) chaperone Bip/Crp78 and
localizes in the precursor form on the ER membrane [25]. Upon ER stress induced by prolonged
nutrient deprivation, it translocates to the Golgi where it is cleaved by resident proteases to
liberate its active N-terminal domain. In this active form it translocates to the nucleus where
it up-regulates a number of target genes involved in energy homeostasis [25].

3. CREB binding proteins

The human CREB-binding protein (CBP) and its paralogue, p300, are highly related proteins
that are well conserved amongst mammals. Due to their high degree of sequence similarity,
these two proteins are most often functionally interchangeable although they also possess
unique functions [26, 27]. CBP was initially recognized as an interaction partner for CREB
nuclear transcription factor [28], whereas p300 cDNA was cloned encoding the 300 kDa protein
known to be associated with the adenoviral protein E1A [29]. Though encoded by different
genes, CBP/p300 share several conserved regions that constitute most of their known func‐
tional domains [for details see 27]. Both CBP and p300 have originally been described as
transcriptional co-activators that bridge DNA-binding transcription factors to components of
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the basal transcriptional machinery, including the TATA-box-binding protein (TBP) [30], TFIIB
[31] and, via RNA helicase A, also RNA polymerase II [32]. Due to the huge size of over 2400
amino acids, CBP/p300 can also behave as a scaffold, bridging together a variety of cofactor
proteins at the same time and leading to the assembly of multi-competent co-activator
complexes [26, 27]. In addition, CBP/p300 interact with protein kinases such as the MAPKs
and the cyclin E-Cdk2 complex, thus mediating the phosphorylation of CBP/p300-interacting
transcription factors such as ER81 and E2F family members. Both CBP and p300 have been
found originally to possess histone acetyltransferase (HAT) activity [33]. This acetyltransferase
function has profound consequences for nucleosomal structure and the activity of transcription
factors, and thereby affects gene activity in multiple ways. In fact, it is well known that
acetylation of multiple sites in the histone tails has been directly associated with transcriptional
up-regulation, whereas de-acetylation correlates with transcriptional repression. Mechanisti‐
cally, histone acetylation promotes the accessibility of DNA to transcription protein complexes,
by facilitating the “unwiring” of the chromatin structure. During the last years, both CBP and
p300 have been regarded as protein acetyltransferases rather than only HAT since they have
shown the capacity to acetylate a number of non-histone nuclear proteins, including the
tumour suppressor protein p53, dTCF, EKLF (erythroid Kruppel-like factor), GATA-1, NF-Y
and other basal transcription factors [34, 35]. Thus, in light of the number of proteins interacting
with CBP/p300, it is not surprising to find that many physiological processes, including cell
growth, cell division, cell differentiation, cell transformation, embryogenesis and apoptosis,
are dependent on CBP/p300 function [27, 28, 34]. Moreover, the importance of CBP/p300 is
underscored by the fact that genetic alterations as well as their functional dysregulation are
strongly linked to human diseases [36, 37].

Previous studies have shown that CBP and p300 play distinct roles in haematopoiesis and
act non-redundantly in microenvironment-mediated haematopoietic regulation in spite of
their  high homology [38-40].  It  has been widely documented that  both proteins interact
with crucial transcriptional regulators in virtually all haematopoietic lineages. Intriguing‐
ly,  CBP/p300 can promote,  on one hand, normal differentiation and cell  cycle arrest  (by
cooperating with GATA-1) and, on the other hand, cell cycle progression and transforma‐
tion by cooperating with c-Myb and PU.1, an Ets family transcription factor. It is conceiv‐
able that an overexpressed oncoprotein might compete with differentiation-inducing factors
for  CBP/p300  function.  Furthermore,  during  normal  development,  CBP/p300  could
differentially  partition  among  transcriptional  regulators  with  opposing  functions,  thus
controlling the balance between proliferation and differentiation. As an example, the down-
modulation of the proto-oncoproteins PU.1 and c-Myb during the erythroleukaemia MEL
cell  line maturation might increase availability of CBP/p300 for differentiation-associated
factors such as GATA-1,  NF-E2 and EKLF. Moreover,  besides the involvement in eryth‐
roid cell lineage differentiation, CBP and, very likely, p300 target a broad range of myeloid
and lymphoid expressed transcription factors [38-40].

Because of its central role in transcription, it is not surprising that aberrations in CREBBP can
affect many tissues [17]. In humans, chromosomal translocations involving the CREBBP gene
have been observed in leukaemia and myelodysplastic syndrome [38]. Mutations of CREBBP
in the germline have been associated to the Rubinstein-Taybi syndrome (RTS), an autosomal
dominant disease characterized by mental retardation, skeletal abnormalities and a high
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propensity to develop cancer, including leukaemia [36]. Similarly, CREBBP(+/-) mice show
abnormalities in bone, haematopoietic tissues and neural tissues and an increased tendency
to develop haematological malignancies with age [41]. In earlier studies, in CREBBP(+/-) HSCs
(haematopoietic stem cells) a number of cell-intrinsic defects have been described, including
diminished HSC self-renewal and excessive myeloid differentiation [42]. The combination of
skeletal and haematopoietic defects in CREBBP(+/-) mice suggests the involvement of the bone
marrow (BM) microenvironment in the haematopoietic phenotype of these mice. One of the
genes whose transcription is directly regulated by CBP is matrix metalloproteinase 9 (MMP9)
that was reported to be a microenvironmental regulator of haematopoiesis [43]. Interestingly,
CREBBP heterozygosity in the BM microenvironment results in reduced levels of MMP9 and
soluble kit ligand (KITL) and increased expression of endothelial cell adhesion molecule 1
(ESAM1) and cadherin 5 (CDH5) on a subset of endothelial cells. In addition, it has been
reported that the loss of a single CREBBP allele is deleterious for the BM microenvironment,
leading to defective haematopoiesis. In fact, the CREBBP(+/-) microenvironment poorly
supports HSCs, promotes excessive myelopoiesis and reduces lymphopoiesis. Furthermore,
it has been reported that CREBBP(+/-) mice have reduced bone volume due to increased
osteoclastogenesis. A concomitant reduction in CFU-fibroblasts (CFU-Fs) and osteoblasts per
tissue area was also identified and likely contributes to fewer HSC niches [41]. Thus, all these
findings reveal the importance of CBP in the development and function of the BM microen‐
vironment and underscore the multiple levels at which this protein acts to regulate haemato‐
poiesis. Indeed, half of the normal complement of CREBBP, but not of EP300, in the BM
microenvironment has a deleterious effect on haematopoiesis via multiple mechanisms,
leading to the development of excessive myelopoiesis, disrupting the proper architecture of
the BM and resulting in poor maintenance of HSC number and quality.

4. CREB physiological roles and signalling pathways

CREB is a multi-functional transcriptional activator that is involved in many signalling
pathways under normal and pathologic conditions. CREB mediates its transcriptional
responses following phosphorylation at Ser133 [7] and the consequent association with the 256
kDa co-activator CBP [28] or related family members like p300 [29]. Both Ser133 phosphory‐
lation and CBP association play an essential role for gene transactivation mediated by an
octanucleotide CRE consensus sequence placed in the promoters of many cellular genes [29].
In more detail, CREB transactivation domain, that is the site able to interact with other nuclear
factors, contains a constitutive glutamine rich domain termed Q2 and an inducible domain,
termed the kinase-inducible domain (KID), regulated by cellular kinases [2]. The Q2 domain
interacts with a TATA binding protein-associated factor and is constitutively active; instead,
the KID region promotes isomerization by recruiting the co-activator factors CBP and p300 to
the gene promoters and is active only when it is phosphorylated at Ser133 by a variety of
cellular kinases. Recent studies using a genome-wide analysis showed that the number of
putative target genes for CREB is about 5000, among which immediate-early genes, including
c-FOS, AP-1/JunB and early growth response protein 1 (EGR-1) [44], as well as genes crucially
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involved in the cell cycle machinery, namely Cyclin A1 and D1 [7]. In this respect, it has been
found that Cyclin A is up-regulated in cell lines, transgenic mice and patient bone marrow that
show increased CREB levels [44]. It is still to unravel whether this occurs through a direct or
indirect mechanism. To address this issue or, in other words, to determine whether CREB
overexpression results in target gene activation through increased occupancy of binding sites
or by altering levels of Ser133 phosphorylation, several authors proposed to use chromatin
immunoprecipitation assays. Moreover, microarray analysis of potential CREB target genes
will help in understanding the downstream pathways through which CREB contributes to
normal and aberrant haematopoiesis. By interacting with its huge number of target genes
CREB plays a critical role in the regulation of various biological processes including haema‐
topoiesis, liver gluconeogenesis, pituitary gland physiology, circadian rhythm, spermatogen‐
esis, learning and memory [1, 45, 46]. Concerning haematopoiesis, CREB is a downstream
target of haematopoietic growth factor signalling activated by granulocyte-macrophage–
colony stimulating factor (GM-CSF) and interleukin-3 (IL-3), thus resulting a crucial factor for
normal myelopoiesis [44]. In addition, it appears to play a role in primary erythroblast
differentiation [47] as well as in megacaryocyte differentiation where it is activated in a MAPK-
dependent manner [48]. More recently, it has also been involved in HSC and uncommitted
progenitor proliferation and survival through its effects on cell cycle control [45, 46]. A growing
body of evidences is unravelling the role of CREB in the regulation of the immune system [49].
Indeed, several immune-related genes contain a cAMP responsive element, as in the case of
IL-2, IL-6, IL-10 and TNF-α. In monocytes and macrophages CREB exerts anti-apoptotic
survival effects. Moreover, CREB promotes normal B and T cell survival and proliferation
when it is phosphorylated in response to signalling by the B-cell receptor or different kinases
[49]. Particularly well characterized is the regulatory role that CREB plays in the nervous
system. Actually, numerous papers have demonstrated CREB involvement in promoting
neuronal survival, precursor proliferation, neurite outgrowth and neuronal differentiation in
certain neuronal populations [50], highlighting the importance of CREB signalling in learning
and memory processes in several organisms [2, 51].

In the late 1980s, it was discovered that cAMP mediates the hormonal stimulation of several
cellular processes by regulating the phosphorylation of critical proteins among which CREB
transcription factor [52]. Although it was initially identified as a target of the cAMP signalling
pathway, studies on activation of immediate-early genes revealed that CREB is a substrate for
kinases other than cAMP-dependent protein kinase A (PKA) and that various signalling routes
converge on CREB and CREM, controlling their function by modulating their phosphorylation
states [52, 53]. As above mentioned, almost all the signalling pathways that activate CREB lead
to the phosphorylation of Ser133, which is required for CREB-induced gene transcription, but
additional sites on CREB or on linked proteins can be phosphorylated exerting a modulation
of CREB activity [35]. For example, Ser133 phosphorylation primes CREB for phosphorylation
by Glycogen synthase kinase 3 (GSK-3) at Ser129. However, unlike Ser133 phosphorylation,
the physiologic consequences of Ser129 phosphorylation are not well defined, although
evidence suggests that it is also linked to CREB activation [54]. In different systems a number
of different kinases have been shown to stimulate CREB phosphorylation and several CREB
kinase candidates have been identified so far. PKA, which is activated by cAMP, is the major
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kinase that targets Ser133 in many processes [1, 3]. Other signalling molecules responsible for
CREB Ser133 phosphorylation include mitogen- and stress-activated kinase 1 (MSK-1),
extracellular signal-regulated kinase (ERK), calcium/calmodulin-dependent kinases (CaMKs),
p90 ribosomal S6 kinase (RSK), MAPKs and Akt/protein kinase B (PKB) [1, 3, 7, 55, 56]. Both
MAPK and Akt have been shown to enhance the survival of cultured cells by stimulating
CREB-dependent target gene expression [56]. CREB activity is also regulated by a family of
cytoplasmic co-activators known as transducers of regulated CREB activity (TORCs) and
including TORC1, TORC2 and TORC3. TORCs are activated by extracellular stimuli repre‐
sented by nutrients (glucose) and hormones. Once activated, they translocate into the nucleus
where they bind to the bZIP domain of CREB exerting its activation through a phospho-Ser133-
independent mechanism. All TORCs are regarded as strong activators of CREB-dependent
transcription [57].

In Fig. 1 the main factors and signalling molecules leading to CREB activation in haemato‐
poietic cells are schematically represented.

Figure 1. Schematic representation of the main factors and signalling molecules leading to CREB activation in haema‐
topoietic cells. A various array of extracellular stimuli promote CREB activation through phosphorylation or through
interaction with CREB co-activators to enhance the expression of CREB responsive genes. CREB target genes, including
Cyclin A1, are able to mediate effects on cellular proliferation, apoptosis, survival and differentiation. PLC: phospholi‐
pase-C; DAG: 1,2-diacylglycerol; PKC-ε: protein kinase C-ε.
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5. CREB family members and leukemogenesis

Recent data suggest that CREB acts as a proto-oncogene in haematopoietic cells and contributes
to the leukaemia phenotype [37, 38, 45, 46]. It has been shown anyway that CREB is able to
promote tumour formation only when other oncogenes are also activated. In fact, its overex‐
pression is not sufficient to induce acute leukaemia in vivo. This is consistent with similar
observations obtained with translocations, such as AML1-ETO (Acute Myeloid Leukaemia
Eight-Twenty-One), a chimeric protein that requires additional mutations to develop leukae‐
mia in mouse models [58]. In previous works different strategies have been delineated to
identify the oncogenes cooperating with CREB to drive leukemogenesis: one way is repre‐
sented by crossing different transgenic mice of known oncogenes such as K-RAS, MEIS 1, PML/
RARα etc. to CREB transgenic mice; another approach consists in infecting CREB transgenics
with a retrovirus such as the Molony murine leukaemia virus to insertionally activate coop‐
erating oncogenes. The latter approach has also the potential to identify novel collaborators of
CREB besides the already known CBP and p300. Identifying novel oncogenic alterations that
cause leukaemia and discovering the signalling pathways involved will be of great value to
gain a better knowledge of the disease and to lead to novel and more efficient therapeutic
measures.

Several CREB family members have been implicated in different malignant conditions. The
first malignancy to be discovered was the clear cell sarcoma of the soft tissue (CSST). In
this  solid  tumour,  the  cells  are  induced to  proliferation by an Ewing’s  Sarcoma (EWS)-
ATF-1 fusion oncoprotein derived by a  chromosomal  translocation that  fuses  the  DNA-
binding and bZip domain of ATF-1 to the EWS gene. In haematological malignancies, CREB
has been implicated in the pathogenesis of human T lymphotropic virus I (HTLV-I) related
T-cell leukaemia [59] and also associated with the genesis of follicular lymphoma, where
CREB binds to the CRE site in the promoter of translocated Bcl-2 [46]. Other leukaemia-
associated chromosomal translocations involving the CBP and p300 genes were also linked
to haematological  malignancies.  These  translocations  generally  result  in  fusion products
that  preserve  most  of  the  CBP and p300  molecules,  suggesting  that  the  disease  mecha‐
nism does not simply involve loss of function of CBP, as is the case in Rubinstein-Taybi
syndrome, but often implies an altered cofactor function (dominant positive or dominant
negative) through fusion to another molecule. The most frequent chromosomal transloca‐
tions targeting CREBBP  and EP300  have been described in specific  subtypes of  myeloid
leukaemia  and  are  represented  by  Mixed-Lineage  Leukaemia  1  (MLL)-EP300,  MLL-
CREBBP,  MOZ-CREBBP  and  MOZ-EP300  [37,  60].  Interestingly,  most  translocations
involving  CREB-related  genes  result  in  leukaemia  of  the  myeloid/monocytic  lineage,
highlighting the importance of CREB and CREB-interacting proteins in the regulation of
haematopoietic  cell  differentiation  and  proliferation  [45,  46].  Actually,  previous  work
demonstrated  that  bone  marrow  cells  from  patients  with  acute  myeloid  or  lymphoid
leukaemia expressed higher levels of CREB compared to patients not affected by leukae‐
mia  or  with  normal  bone  marrow  [60].  Moreover,  it  appears  that  an  elevated  CREB
expression is associated with an increased risk of relapse or persistent disease and decreased
event-free survival  [45].  This is  consistent with the observation that  leukaemia cell  lines
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expressing  CREB at  elevated levels  show an increased growth/proliferation  rate  in  nor‐
mal conditions and an increased survival when exposed to stress like serum starvation [61].
On the contrary, down-regulation of endogenous CREB in leukaemia cell lines by siRNA
resulted in  reduced cell  viability  [20,  45],  indicating that  CREB is  a  critical  regulator  of
growth  and  survival  in  both  myeloid  and  lymphoid  leukaemia  cells.  Unfortunately,
chromosomal  translocations  have  also  been  involved  in  drug-induced  leukaemia.  For
instance,  the  involvement  of  11q23-balanced  translocations  in  acute  leukaemia  after
treatment with drugs that inhibit the function of DNA topoisomerase II (topo II) is being
recognized with increasing frequency. It has been shown that the gene at 11q23, involved
in all of these treatment-related leukaemias, is MLL (also called ALL1, Htrx, and HRX). In
general, the translocations occurring in these leukaemias are the same as those occurring
in de novo leukaemia [eg. t(9;11), t(11;19), and t(4;11)]. Interestingly, the t(11;16)(q23;p13.3)
has  been  cloned  and  has  been  shown  to  involve  both  MLL  and  CREBBP  [62].  Besides
chromosomal  translocations,  another  way  for  CREB  to  contribute  to  tumorigenesis  is
through the  suppression  of  cellular  genes  either  by  competing  with  or  binding  to  sites
occupied by other transcription factors or by confiscating the transcriptional machinery [63].

5.1. Acute myeloid leukaemia

Acute leukaemia derives from the clonal expansion of haematopoietic stem/progenitor cells
that have lost their ability to undergo terminal differentiation. Since transcription factors
control HSC production and differentiation, it is conceivable that disorders of the haemato‐
poietic system often involve alterations of the regulatory network of transcription factors. In
haematological malignancies transcription factors can be overexpressed, involved in chromo‐
somal translocations or become targets of somatic mutations that disrupt their normal function
[37, 60-63]. Previous studies have demonstrated that CREB is a proto-oncogene whose
overexpression promotes cellular proliferation in haematopoietic cells [1, 3]. The abnormal
proliferation and survival of myeloid cells in vitro and in vivo appears to be due to the up-
regulation of CREB target genes such as Cyclin A1 [60, 63]. Transgenic mice that overexpress
CREB in myeloid cells develop a myeloproliferative disease with splenomegaly and aberrant
myelopoiesis. However, CREB overexpressing mice do not spontaneously develop acute
myeloid leukaemia (AML) [61]. To identify genes that accelerate leukaemia in CREB transgenic
mice retroviral insertional mutagenesis has been used. The mutagenesis screen identified
several integration sites, including oncogenes Gfi1, Myb, and Ras. Among transcription factors,
Sox4 was identified with the screen as a gene that cooperates with CREB in myeloid leukemo‐
genesis by contributing to increased proliferation of haematopoietic progenitor cells [64].
Moreover, chromatin immunoprecipitation assays have demonstrated that CREB is a direct
target of Sox4. In fact, it has been shown that the transduction of CREB transgenic mouse bone
marrow cells with a Sox4 retrovirus increases survival and self-renewal of cells in vitro and
results in increased expression of CREB target genes. Consistently, leukaemia blasts from the
majority of AML patients have higher levels of CREB, phospho-CREB, and Sox4 protein
expression in the bone marrow [64]. The increase in both CREB protein and mRNA levels in
primary AML cells is possibly due to CREB gene amplification in the blast cells. Furthermore,
a higher level of CREB has been found to correlate with a less favourable prognosis and an
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increased risk of relapse and decreased event-free survival in a small cohort of AML patients
[45, 61]. Generally, AML in adults has a 20% five-year disease free survival despite treatment
with aggressive cytotoxic chemotherapy and two thirds of AML patients do not experience
significant periods of remission. Therefore, in light of its important role in the pathogenesis of
leukaemia, CREB has been indicated as a potential prognostic marker of disease progression
in AML and a molecular target for future treatment of leukaemia.

Clinical and experimental findings underline that AML is induced by numerous functionally
cooperating genetic alterations, including chromosomal translocations that lead to the
expression of fusion proteins often behaving as aberrant transcription factors. Several AML-
associated lesions target chromatin regulators like histone methyltransferases or histone
acetyltransferases, including MLL1 or CBP/p300 [65]. As already mentioned, CBP is an adapter
protein that is involved in regulating transcription and histone acetylation, through which it
is thought to contribute to an increased level of gene expression. The CBP gene was recently
identified as a partner gene in the t(8;16) that occurs in de novo acute myelomonocytic leukae‐
mia (AML-M4) and rarely in treatment-related AML [66]. The fusion gene could alter the CBP
protein so that it becomes constitutively active or, alternatively, it could modify the chromatin-
association functions of MLL gene [38, 40]. MLL and HOXB4, a member of the homeobox
domain transcription factors, have been identified as regulators of HSC maturation during
early haematopoiesis [67]. HOXB4 belongs to the HOX genes, a family of oncogenes implicated
in the pathogenesis of various human cancers and highly expressed in the majority of AML.
In a recent report Wang et al. [54] demonstrated the association of CREB and its co-activators
TORC and CBP with homeodomain protein MEIS1, a HOX DNA-binding cofactor and critical
downstream mediator of the MLL oncogenic program. This MEIS-CREB nexus is regulated by
GSK-3, a multi-functional serine/threonine kinase that impairs the proliferation and induces
the differentiation of a variety of cancers, including leukaemias, induced by MLL oncogenes.
This kinase mediates CREB activation through phosphorylation at Ser129. In fact, CREB Ser129
mutation antagonizes HOX/MEIS activity and decreases colony-forming abilities of HOX/
MEIS or MLL transformed cells. These and other similar observations provide a molecular
rationale for targeting HOX-associated transcription through GSK-3 inhibition in a subset of
leukaemias.

Myelodysplastic syndromes (MDS) include a heterogeneous group of clonal haematopoietic
stem cell malignancies with significant morbidity and high mortality. The incidence of MDS
increases markedly with age and the disease is most prevalent in individuals who are white
and male. Because of an ageing population and an improving awareness of the disease, the
documented disease burden is expected to worsen in the near future. Due to the poor survival
of individuals with MDS, it is important to identify prognostic factors to better risk-stratify
patients for more effective treatments [68]. Genomic instability is associated with progression
of the disease so that a part of patients develops AML. It has been reported that an increased
incidence of haematological malignancies occurs in CREBBP heterozygous mice and other
authors have shown that CREBBP is one of the genes altered by chromosomal translocations
in patients suffering from therapy-related myelodysplastic syndrome [69]. Moreover, it has
been demonstrated that CREBBP(+/-) mice invariably develop myelodysplastic/myeloproli‐
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ferative neoplasm within 9-12 months of age. They are also hypersensitive to ionizing radiation
and show a marked decrease in poly(ADP-ribose) polymerase-1 activity after irradiation. In
addition, protein levels of XRCC1 (X-ray repair complementing defective repair in Chinese
hamster cells 1) and APEX1 (APEX nuclease), key components of base excision repair machi‐
nery, are reduced in un-irradiated CREBBP(+/-) cells or upon targeted knockdown of CREBBP
levels. These results provide validation of a new myelodysplastic/myeloproliferative neo‐
plasm mouse model and, more importantly, point at a defective repair of DNA damage as a
contributing factor to the pathogenesis of this currently incurable disease [46].

5.2. Acute lymphoblastic leukaemia

Acute lymphoblastic leukaemia (ALL) is a heterogeneous disease characterized by the
predominance of immature haematopoietic cells, in which malignant cells express phenotypes
of either T-cell or B-cell lineages [61]. ALLs account for the 25-30% of all cancer diagnoses in
children. CREB involvement in the molecular events related to in vitro and in vivo lympho‐
blastic proliferation is still little known, whereas a lot of evidences disclose a role of CREB as
a proto-oncogene in haematopoiesis and in AML. CREB can be overexpressed in the 84% of
ALL patients (73/86) at diagnosis but neither in remission nor in non-leukaemia samples [70].
By contrast, the parallel expression of the cAMP early inducible repressor (ICER), which
represses CREB activity by competing for the CRE consensus site, appears down-regulated at
diagnosis but neither in remission nor in control samples [70]. Thus, it is presumable that CREB
overexpression leads to target gene up-regulation and increase in cell proliferation and
survival that are not counteracted by the insufficient level of ICER expression. Besides this
hypothesis, Pigazzi et al. [71] have also demonstrated the co-expression of miR34b in CREB
overexpressing myeloid leukaemia cells providing new information about myeloid transfor‐
mation and therapeutic strategies. Despite the apparently good prognosis, the 15% of high
hyper-diploid (HD) childhood ALL cases relapse [72, 73]. Relapsed ALL is a leading cause of
death due to disease in young people, but the molecular mechanisms of treatment failure are
still to be elucidated. Genome-wide profiling of structural DNA alterations in ALL identified
multiple sub-microscopic somatic mutations targeting key cellular pathways and demonstrat‐
ed evolution in genetic alterations from diagnosis to relapse [74]. Many of the mutations that
have been identified concern the transcriptional co-activators CREBBP and NCOR1, the
transcription factors ERG, SPI1, TCF4 and TCF7L2, components of the Ras signalling pathway,
histone genes, genes involved in histone modification (CREBBP and CTCF) and genes target
of DNA copy number alterations [74]. The parallel analysis of an extended cohort of diagnosis-
relapsed cases and acute leukaemia cases that did not relapse showed that the 18.3% of relapsed
cases had sequence or deletion mutations of CREBBP [72, 74]. CREBBP is expressed in
leukaemia cells and normal B-cell progenitors, and the mutant CREBBP alleles are expressed
in ALL cell lines harbouring mutations. Mutations at diagnosis or acquired at relapse consist
in truncated alleles or deleterious substitutions in conserved residues of the histone acetyl‐
transferase domain, impairing histone acetylation and transcriptional regulation of CREBBP
targets, including glucocorticoid responsive genes. In mice the homozygous deletion of
CREBBP or EP300 is lethal due to developmental abnormalities whereas CREBBP(+/−) mice
show defects in B lymphoid development and an increased incidence of haematopoietic
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tumours [75]. Both CREBBP and EP300 sequence mutations have been reported in solid
tumours and, more recently, also in haematological malignancies, whereas rare EP300
mutations have been detected in an ALL cell lines and myelodysplasia [74, 76]. A lot of detected
mutations at relapse, the same identified at diagnosis in other clones, prove that mutations
confer resistance to therapy. Many identified mutations are target in transcriptional and
epigenetic regulation as a mechanism of resistance in ALL. It is worth outlining that the high
incidence of CREBBP mutations found in relapse-prone HD ALL cases discloses the possibility
of a targeted customized treatment in this genetic subgroup [73].

In our laboratory we have investigated the role of PI3K/Akt pathway and CREB family
members in a number of lymphoid and erythroleukaemia cell lines treated with chemical and
physical agents inducing cell death by apoptosis or necrosis [20, 21, 47, 77-80]. We first detected
with Western Blotting a high constitutive level of CREB phosphorylation at Ser133 in Jurkat T
cells under normal serum culture conditions [20]. Under low serum culture conditions, an early
(within 1 h) and transient increase in CREB phosphorylation was observed in response to
TRAIL treatment and reduced upon pre-treatment with LY294002 or SB253580, demonstrating
the PI3K/Akt- and p38 MAPK-dependency of this effect. Interestingly, both phospho-CREB
and phospho-ATF-1 were down-regulated in response to TRAIL treatment of normal primary
cells derived from haematopoietic precursors (HUVEC, HEMA), whereas both of them were
up-regulated in the neoplastic counterparts (K562 cell line) [20, 21]. The PI3K/Akt pathway
dependency of CREB/ATF-1 phosphorylation induced by TRAIL treatment was demonstrated
both in primary cells and in leukaemia cell lines of different origin and TRAIL sensitivity,
showing that the observed phenomenon is a general feature of TRAIL action in leukaemia [77,
80]. In addition, the observation of CREB cleavage products upon TRAIL/LY294002 combined
treatment of sensitive leukaemia cells was consistent with previous reports on other neoplastic
cell lines [81] and compatible with the TRAIL-mediated activation of the caspase cascade and
cleavage of anti-apoptotic molecules. The parallel analysis with immune fluorescence dem‐
onstrated the nuclear translocation of the phosphorylated form of CREB upon treatment with
100 ng/mL TRAIL, whereas the immune labelling was mainly detectable in the cytoplasm
compartment upon the higher more cytotoxic dose (1000 ng/mL) as shown in Fig. 2. A further
enhancement of apoptotic cell death was obtained with the use of CREB1 siRNA technology
leading us to hypothesize that CREB activation can have an important role in the complex
crosstalk among pro- and anti-apoptotic pathways in Jurkat T cells [20, 80].

5.3. Chronic myelogenous leukaemia

Chronic myelogenous leukaemia (CML) is characterized in the 85-90% of the cases by the
presence of the Philadelphia (Ph) chromosome and the BCR-ABL fusion gene. A further
5-10% of the cases display other translocations, most commonly complex variants, that in‐
volve one or more chromosomal regions in addition to bands 9q34 and 22q11, but also sim‐
ple variants that typically involve 22q11 and a chromosome other than 9q34. However,
genes that cooperate with BCR-ABL leading to acute leukaemia are not well understood nei‐
ther the role played by CREB in CML has been clarified. Preliminary observations of the
group of Kathleen Sakamoto indicate that CREB is highly expressed in blood and bone mar‐
row cells from patients with CML in chronic phase, but not in normal bone marrow cells
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[82]. The same authors previously showed that inhibition of CREB by using RNA interfer‐
ence (RNAi) technology resulted in decreased proliferation and survival of bcr-abl-express‐
ing K562 cells [45, 83], whereas other authors reported that CREB antisense oligonucleotides
were able to induce death of human leukaemia cells and bone marrow cells from patients
affected with both AML and CML [84]. A critical factor for the genesis of acute leukaemia or
acute transformation of CML appears to be the formation of fusion genes between NUP98
and members of the HOX gene family [85]. Interestingly, all the NUP98-HOX-involved fu‐
sion products exhibit dual binding ability to both CREB binding protein, a co-activator, and
histone deacetylase 1, a co-repressor, acting as both trans-activators and trans-repressors
and contributing to the genesis of acute leukaemia or acute transformation of CML [86].

 

Figure 2. a, b: Phospho-CREB localization in Jurkat T cells upon TRAIL treatment. An evident nuclear translocation
of phospho-CREB (green fluorescence) was detected upon 1 h treatment only with the lower dose of TRAIL (panel a),
whereas the labelling was located at cytoplasm level upon the higher more cytotoxic dose (panel b). Nuclei were
counterstained with 6-diamino-2-phenylindole (DAPI) (blue fluorescence). Green and blue fluorescence single emis‐
sions are overlapped in the merge panels. The insets show green fluorescence single emission. Original magnification:
40X. The figure has been adapted from [20].
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5.4. Chronic lymphocytic leukaemia

Chronic lymphocytic leukaemia (CLL) originates from the abnormal accumulation of antigen-
stimulated B cells that escape normal cell death mechanisms and/or undergo increased
proliferation [87]. CLL is the most prevalent adult leukaemia in the Western world, yet no
curative treatment exists. Many studies have explored the use of family-specific cyclic
nucleotide phosphodiesterase (PDE) inhibitors in light of the potent effects of cAMP signalling
on immune system function [88, 89]. Among the 11 currently known families of cyclic
nucleotide PDEs, all but three are capable of catabolizing cAMP and at least 5 PDE families
(PDE1-4, PDE7 and PDE8) are expressed in lymphoid cells and regulated by either mitogens
or agents that induce cAMP-mediated signalling. Previous work has established that inhibition
of PDE4 is sufficient to selectively induce apoptosis in CLL cells by increasing the concentration
of cAMP [88]. In a recent paper Meyers et al. [89] examined how CLL cells differ from normal
haematopoietic cells with regard to their sensitivity to PDE4 inhibitor-mediated cAMP
accumulation, CREB phosphorylation and gene expression. Interestingly, it was discovered
that upon exposure to rolipram, a prototypical PDE4 inhibitor, cAMP intracellular levels
rapidly rose in both CLL and normal B cells, whereas no such increase was detected in T cells.
Likewise, ATF-1/CREB Ser63/133 phosphorylation was induced by rolipram in nearly all CLL
and B cells, whereas normal T cells displayed a lower response. Based on these findings and
on previous observations of a reduced basal cAMP signalling in CLL cells, the authors
suggested the involvement of specific PDE or splice isoforms in the reduced basal apoptotic
index of CLL cells [89]. Looking for etiological agents, other authors have identified a stromal
cell–derived factor-1 (SDF-1)-dependent mechanism as a microenvironmental regulatory
mechanism of CLL cell survival [90]. It is known that SDF-1 is a chemokine that plays an
important role in B-cell development. In fact, high levels of SDF-1 are produced by stromal
cells within the marrow to retain B-cell precursors in close contact with them, within the
supportive haematopoietic microenvironment [91], and to prevent their premature release into
the circulation. Upon in vitro treatment of CLL cells with synthetic SDF-1α, a rapid and
transient activation of p44/42 MAPK (ERK1/2) signalling pathway was observed and related
to CLL cell survival. Downward MAPK activation transcription-dependent and -independent
mechanisms were involved. In fact, MAPK was able to promote cell survival directly by
inactivating the pro-apoptotic BAD protein and indirectly by activating CREB, which, in turn,
is important for the transcriptional up-regulation of the anti-apoptotic BCL-2 gene [92]. Thus,
SDF-1 engages B lineage CLL cells through the stromal cell receptor CXCR4 and affects
components of the cell death machinery, leading to the noted resistance of CLL cells to
apoptosis.

5.5. Human T Lymphotropic Virus 1 (HTLV-1) related T cell leukaemia

Human T-cell leukaemia virus type-I (HTLV-1) is the first discovered human retrovirus [93].
It has been recognized as the etiological agent of an aggressive malignancy known as adult T-
cell leukaemia (ATL) as well as of the neurological syndrome TSP/HAM and of other clinical
disorders. In vitro HTLV-1 is able to infect a number of different cell types, whereas in natural
human infections it generally targets mature CD4+ helper T cells or, less frequently, CD8+ T
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cells. Although the mechanism of HTLV-1 pathogenicity is not fully understood yet, it is widely
believed that a virally encoded trans-activator protein, called Tax, is centrally involved in this
mechanism. In a recent review Azran et al. [94] provide valuable insights into the molecular
mechanisms of HTLV-1 leukemogenesis. In particular, the authors detail the signalling
pathways recruited by Tax to set infected T cells into continuous uncontrolled replication and
to destabilize their genome, enabling, thereby, accumulation of mutations that can contribute
to the leukemogenic process. Tax is able to modulate the expression of many viral genes via
the viral long terminal repeat (LTR) and cellular genes through the CREB/ATF-, AP-1-, serum
responsive factor (SRF)- and NF-κB-associated pathways, employing the CBP/p300 and p/CAF
(p300/CBP-associated factor) co-activators for achieving the full transcriptional activation
competence of each of these pathways. It is worth noting that Tax responsive elements (TxRE)
contain a centered sequence TGACG(T/A)(C/G)(T/A) that is imperfectly homologous to the
consensus cAMP responsive element (CRE; TGACGTCA). Thus, the presence of Tax is
necessary for CREB to form a stable complex with the viral CRE. In fact, by interacting with
the bZIP region of CREB, Tax enhances CREB dimerization and increases, thereby, its affinity
to CRE. In particular, it has been recently shown that CREB is the most prominent factor that
cooperates with Tax in activating HTLV-1 LTR region expression [95]. Moreover, it has been
demonstrated that while, in the absence of Tax, CREB can activate HTLV-1 LTR expression
only if phosphorylated by PKA, another member of the family, namely CREB2, can markedly
activate the viral LTR without phosphorylation and can mediate a much stronger activation
of the viral LTR by Tax than CREB does [94, 96]. Interestingly, mutant models disrupting Tax
activation of the CREB protein resulted in the preferential immortalization of CD8+ lympho‐
cytes, rather than CD4+ lymphocytes, whereas the disruption of Tax interaction with CBP did
not affect lymphocyte immortalization [97].

5.6. Lymphoma

Lymphomas are haematological malignancies of the lymphoid system. Deregulated gene
expression is a hallmark of cancer and is well documented in B-cell lymphomas [98]. B cells
are particularly susceptible to malignant transformation since the mechanisms involved in
antibody diversification can cause chromosomal translocations and oncogenic mutations. B-
cell lymphomas include Hodgkin lymphoma (HL) and non-Hodgkin lymphoma (B-NHL). B-
NHL consists of a heterogeneous group of diseases whose pathogenesis is associated with
multiple genetic lesions affecting oncogenes and tumour-suppressor genes and whose
treatment is related to the different grade of malignancy. The most common type of B-NHL is
represented by the diffuse large B-cell lymphoma (DLBCL), which generally arises as a clinical
evolution of the follicular lymphoma (FL). A number of papers have demonstrated the
involvement of CREB family members in the pathogenesis of lymphoma. It has been previ‐
ously found that CREB acts as a positive regulator of the translocated BCL-2 allele in FLs with
the t(14;18) translocation [60] and that the high constitutive expression of ATF-3 is linked to
the viability of Hodgkin/Reed-Sternberg cells and, thus, considered as a molecular hallmark
of classical HL [99]. More recently, a number of studies have disclosed the implication of the
HAT proteins CBP and p300 as tumour suppressors in B-cell neoplasms [100-102]. Neverthe‐
less, the various mechanisms through which each of these cofactors specifically contributes to
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lymphomagenesis are still to be elucidated. As before mentioned, CBP and p300 function as
co-activators of transcription factors and acetylate proteins relevant to lymphomagenesis such
as p53, NF-κB, Bcl-6 and Hsp90 [100, 103, 104]. In particular, p300 acts as a co-activator of NF-
κB, activates p53 but attenuates Hsp90 chaperone functions and, moreover, transcriptional
repressor BCL-6 is frequently translocated and hyper-mutated in DLBCL where it results
inversely correlated with p300 [100]. Importantly, de-acetylated Hsp90 represses p53 but
maintains BCL-6 expression, which suppresses p300 and its essential cofactor BAT3, which is
necessary for p53 acetylation and activation. Somatic heterozygous mutations or deletions of
the CREBBP locus occur in more than the 50% of DLBCL and the 32% of FL cases, whereas
EP300 mutations occur in the 10% of DLBCLs. All cases seem to have in common the disruption
of the HAT catalytic domain, and the resulting truncated or mutant proteins may have
dominant negative or gain of function properties, or may simply result in a reduced dosage
of histone acetyltransferases. Structural alterations inactivating CREBBP and, less often, EP300
have been recently documented and linked to the pathogenesis of both most common types
of B-NHL [102]. According to Pasqualucci et al. [102] point mutations at the HAT coding
domain of CREBBP and EP300 result in specific defects in acetylation-mediated inactivation
of the Bcl-6 oncoprotein and activation of the p53 tumour-suppressor, representing major
pathogenetic mechanisms shared by the most common forms of B-NHL. Suppression of p300
either through Bcl-6 or inactivating mutations plays a key role in DLBCL. In fact, treatment of
DLBCL cells with Bcl-6 inhibitors leads to p300 protein expression and acetyltransferase
activity with subsequent acetylation of p53 (which induces p53 transcriptional functions) and
Hsp90 (which suppresses Hsp90 chaperone activity) [100]. Moreover, the combination of Bcl-6
and histone deacetylase inhibitors (HDACI) leads to even higher p300 activity and synergistic
killing of lymphoma cells in vitro and in vivo [100]. Interestingly, the direct effect of HDACI on
non-histone proteins as DNA binding transcriptional factors (NF-κB, p53, CREB, GATA, c-
myc, Bcl-6, E2F, IRF) can also affect cell growth and differentiation [101]. Furthermore, in light
of HDACI effects on cell cycle regulatory molecules (Cyclin D1, p21 and p27) there is enough
evidence that indicates these novel pleiotropic drugs as promising compounds for the
treatment of B- and even T-cell malignancies in addition to conventional chemotherapy [105].

5.7. Multiple myeloma

Multiple myeloma (MM), also known as plasma cell myeloma or Kahler's disease, is a B-cell
malignancy characterized by the accumulation in the bone marrow of plasma cells with a low
proliferation index and an extended life span. Most cases of myeloma also feature the pro‐
duction of a paraprotein, an abnormal antibody that can cause kidney problems. MM cell lines
as well as de novo MM cells express multiple anti-apoptotic proteins, often do not encode
functional p53 and frequently contain a dysregulated Akt pathway [104-107]. A number of
factors related to MM cell growth and survival and linked to CREB family members have been
identified [108]. Among these factors, the myeloid cell leukaemia-1 (Mcl-1) protein, an anti-
apoptotic member of the Bcl-2 family, has been considered as a critical regulator of MM cell
survival and proposed as an attractive therapeutic target [108]. Mcl-1 is an immediate early
gene activated in response to GM-CSF and IL-3. It has been previously reported that Mcl-1
activation can occur in dependence of the PI3K/Akt pathway through a transcription factor
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complex containing CREB [109]. Recent reports have demonstrated that Mcl-1 specific down-
regulation or repression is able to initiate apoptosis in MM [110]. To this end, proteasome
inhibitors like bortezomib have been used though with contrasting results. In fact, it has been
shown that accumulated and cleaved Mcl-1 products by proteasome inhibition have either a
pro- or an anti-apoptotic function. In particular, Hu et al. [111] have investigated the role of
endoplasmic reticulum unfolded protein response (UPR) in order to unravel the mechanisms
underlying Mcl-1 accumulation following treatment with proteasome inhibitors, discovering
the enhanced translation of ATF-4, an important effector of UPR, upon proteasome inhibition,
and indicating ATF-4 as responsible for bortezomib resistance of MM [111]. Besides Mcl-1,
novel factors are being identified as important players in the pathogenesis of MM. Recent
studies have suggested that X-box–binding protein 1 (XBP1), a bZIP transcription factor of the
CREB/ATF family, has an important role in the survival of MM cells [112]. XBP1 is required
for B lymphocyte terminal differentiation to plasma cells and is essential for immunoglobulin
secretion. Abundant or deregulated expression of XBP1 has been detected in MM cells [113,
114] and in hepatocellular carcinomas [115]. Due to the production of abundant immunoglo‐
bulins and cytokines, MM cells must be able to survive under conditions of chronic ER stress
involving UPR and including constitutive activation of the ER-located transmembrane kinase/
endoribonuclease (RNase) protein IRE1α-XBP1 pathway. This pathway, implicated in the
proliferation and survival of MM cells, has been considered as a prognostic factor [116] and,
moreover, as a possible target of chemo/immunotherapy [114, 117]. A growing body of
evidence attributes a pathogenetic role to several microRNAs (miRNA) resulting up-regulated
in MM and targeting p/CAF, a positive regulator of p53 [118]. Other authors have indicated a
possible role of CREB family members in IL-6-mediated effects on myeloma cell growth and
survival [119].

6. Concluding remarks

CREB/ATF family is a growing family of transcription factors involved in a number of
physiological and pathological processes. Day by day, new family members are being
identified for their primary role in normal or aberrant haematopoiesis and proposed as
therapeutic targets of anticancer drugs [112]. In fact, by regulating gene expression, transcrip‐
tion factors are often the final mediators of such central processes as proliferation, survival,
self-renewal and invasion. Based on these effects, it is conceivable that inhibition of transcrip‐
tion factors can revert the malignant behaviour of many tumour types and can potentially
achieve a very high therapeutic index [86]. Actually, in light of its important role in the
pathogenesis of leukaemia, CREB has been indicated as a potential prognostic marker of
disease progression in AML and a molecular target for future treatment of leukaemia. In
addition, CREB has also been implicated in many solid tumours including hepatocellular
carcinoma, osteosarcoma, lung adenocarcinoma, melanoma and lymphoma [46]. Indeed, since
CREB overexpression results in a poor prognosis for the patient, the regulation of CREB activity
might represent a useful strategy to treat solid tumours like prostate, breast and lung cancer,
as well as haematological malignancies like AML and lymphoma. However, a key question
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concerns whether the activation of CREB (or other transcription factors) seen in cancer cells is
directly driving the cell malignant phenotype, or whether it is merely a by-product of activation
of one of the upstream pathways or only a partner in a more complex scenario. This is a crucial
point, since CREB would represent a good molecular target only if it were a main player in the
specific tumour biology. Unfortunately, clinical and experimental evidences suggest that
several functionally cooperating genetic alterations, including chromosomal translocations,
lead to the expression of fusion proteins that play a key role in the pathogenesis of the
leukaemia phenotype. CREB itself can promote cellular transformation as a fusion protein or
by cooperating with other oncogenes or transcription factors. Furthermore, due to the
recruitment of chromatin modulating mechanisms in the transforming activity of leukemo‐
genic factors, transcriptional therapies aimed at inhibiting DNA methyltransferases, histone
deacetylases or acetyltransferases, like CBP and p300, are emerging as new frontiers for cancer
treatment. Unlike HDACI, which have been used in several phase I/II clinical trials, HAT
inhibitors have been less extensively investigated for their potential use in cancer therapy.
Indeed, interesting results obtained with clinical treatment of solid tumours [120] suggest that
p300 inhibition may be a promising anticancer approach. To overcome the numerous side
effects and the mostly transient clinical responses exerted by epigenetic compounds used as a
single treatment [121], combinatorial therapy involving epigenetic agents together with
conventional or targeted agents is increasingly seen as a more attractive opportunity. There‐
fore, further preclinical investigations aimed at better dissecting epigenetic mechanisms
driving induction, maintenance and potential reversibility of the leukaemia state are welcome
and functional to select the most potent drugs and combinations and to develop more efficient
and long-lasting targeted therapeutic strategies. We hope to have contributed with this chapter
to make the state of the art on the role of CREB in leukaemia and lymphoma neoplasms in
order to allow further steps moving ahead from bench to bedside.

Acknowledgements

This book chapter was supported by funds of the Italian Ministry of University and Research
(MIUR) granted in 2011 to Prof. Roberta Di Pietro.

Author details

Francesca D’Auria1 and Roberta Di Pietro2*

*Address all correspondence to: r.dipietro@unich.it

1 Department of Cardiac and Vascular Surgery, Campus Bio-Medico University of Rome,
Italy

2 Department of Medicine and Ageing Sciences, G. d’Annunzio University of Chieti-Pes‐
cara, Italy

Cancer Treatment - Conventional and Innovative Approaches572



References

[1] Sassone-Corsi P. Transcription factors responsive to cAMP. Annu Rev Cell Dev Biol.
1995;11: 355-77.

[2] Alberini CM. Transcription factors in long-term memory and synaptic plasticity.
Physiol Rev. 2009;89(1): 121-45.

[3] Montminy M. Transcriptional regulation by cyclic AMP. Annu Rev Biochem.1997;66:
807–22.

[4] Persengiev SP, Green MR. The role of CREB/ATF family members in cell growth, sur‐
vival and apoptosis. Apoptosis. 2003;8(3): 225-28.

[5] Lu D, Wolfgang CD, Hai T. Activating transcription factor 3, a stress-inducible gene,
suppresses Ras-stimulated tumorigenesis. J Biol Chem. 2006;281(15): 10473-81.

[6] Don J, Stelzer G. The expanding family of CREB/CREM transcription factors that are
involved with spermatogenesis. Mol Cell Endocrinol. 2002;187(1-2): 115-24.

[7] Mayr B, Montminy M. Transcriptional regulation by the phosphorylation-dependent
factor CREB. Nat Rev Mol Cell Biol. 2001;2: 599-609.

[8] Salameh A, Galvagni F, Anselmi F, De Clemente C, Orlandini M, Oliviero S. Growth
factor stimulation induces cell survival by c-Jun. ATF2-dependent activation of Bcl-
XL. J Biol Chem. 2010;285(30): 23096-104.

[9] Hai T, Curran T. Cross-family dimerization of transcription factors Fos/Jun and ATF/
CREB alters DNA binding specificity. Proc Natl Acad Sci U S A. 1991;88(9): 3720-24.

[10] De Cesare D, Vallone D, Caracciolo A, Sassone-Corsi P, Nerlov C, Verde P. Heterodi‐
merization of c-Jun with ATF-2 and c-Fos is required for positive and negative regu‐
lation of the human urokinase enhancer. Oncogene. 1995;11(2): 365-76.

[11] Benbrook DM, Jones NC. Different binding specificities and transactivation of var‐
iant CRE's by CREB complexes. Nucleic Acids Res. 1994;22(8): 1463-69.

[12] Hayes, JD, McMahon M. Molecular basis for the contribution of the antioxidant re‐
sponse element to cancer chemoprevention. Cancer Letters. 2001;174(2): 103-13.

[13] Hai T, Wolfgang CD, Marsee DK, Allen AE, Sivaprasad U. ATF3 and stress respons‐
es. Gene Expr. 1999;7(4-6): 321-35.

[14] Wek RC, Anthony TG. EXtENDINg beta cell survival by UPRegulating ATF4 transla‐
tion. Cell Metab. 2006;4(5): 333-34.

[15] Hai T, Wolford CC, Chang YS. ATF3, a hub of the cellular adaptive-response net‐
work, in the pathogenesis of diseases: is modulation of inflammation a unifying com‐
ponent? Gene Expr. 2010;15(1): 1-11.

Role of CREB Protein Family Members in Human Haematological Malignancies
http://dx.doi.org/10.5772/55368

573



[16] Han SI, Yasuda K, Kataoka K. ATF2 interacts with beta-cell-enriched transcription
factors, MafA, Pdx1, and beta2, and activates insulin gene transcription. J Biol Chem.
2011;286(12): 10449-56.

[17] Conkright MD, Canettieri G, Screaton R, Guzman E, Miraglia L, et al. TORCs: trans‐
ducers of regulated CREB activity. Mol Cell. 2003;12: 413-23.

[18] Drozdov I, Svejda B, Gustafsson BI, Mane S, Pfragner R, Kidd M, Modlin IM. Gene
network inference and biochemical assessment delineates GPCR pathways and
CREB targets in small intestinal neuroendocrine neoplasia. PLoS One. 2011;6(8):
e22457.

[19] Wu X, Jin W, Liu X, Fu H, Gong P, et al. Cyclic AMP response element modulator-1
(CREM-1) involves in neuronal apoptosis after traumatic brain injury. J Mol Neuro‐
sci. 2012;47(2): 357-67.

[20] Caravatta L, Sancilio S, di Giacomo V, Rana R, Cataldi A, Di Pietro R. PI3-K/Akt-de‐
pendent activation of cAMP-response element-binding (CREB) protein in Jurkat T
leukemia cells treated with TRAIL. J Cell Physiol. 2008;214(1): 192-200.

[21] Di Pietro R, di Giacomo V, Caravatta L, Sancilio S, Rana RA, Cataldi A. Cyclic nu‐
cleotide response element binding (CREB) protein activation is involved in K562 er‐
ythroleukemia cells differentiation. J Cell Biochem. 2007;100(4): 1070-79.

[22] Migliaccio G, Di Pietro R, di Giacomo V, Di Baldassarre A, Migliaccio AR, et al. In
vitro mass production of human erythroid cells from the blood of normal donors and
of thalassemic patients. Blood Cells Mol Dis. 2002;28(2): 169-80.

[23] Lau E, Ronai ZA. ATF2 - at the crossroad of nuclear and cytosolic functions. J Cell
Sci. 2012;125(Pt 12): 2815-24.

[24] Hai T, Hartman MG. The molecular biology and nomenclature of the activating tran‐
scription factor/cAMP responsive element binding family of transcription factors: ac‐
tivating transcription factor proteins and homeostasis. Gene. 2001;273: 1–11.

[25] Llarena M, Bailey D, Curtis H, O'Hare P. Different mechanisms of recognition and
ER retention by transmembrane transcription factors CREB-H and ATF6. Traffic.
2010;11(1): 48-69.

[26] Chan HM, La Thangue NB. p300/CBP proteins: HATs for transcriptional bridges and
scaffolds. J Cell Sci. 2001;114(Pt 13): 2363-73.

[27] Janknecht R. The versatile functions of the transcriptional coactivators p300 and CBP
and their roles in disease. Histol Histopathol. 2002;17(2): 657-68.

[28] Chrivia JC, Kwok RP, Lamb N, Hagiwara M, Montminy MR, Goodman RH. Phos‐
phorylated CREB binds specifically to the nuclear protein CBP. Nature.
1993;365(6449): 855-59.

Cancer Treatment - Conventional and Innovative Approaches574



[29] Arany Z, Sellers WR, Livingston DM, Eckner R. E1A-associated p300 and CREB-asso‐
ciated CBP belong to a conserved family of coactivators. Cell. 1994;77(6): 799-800.

[30] Yuan W, Condorelli G, Caruso M, Felsani A, Giordano A. Human p300 protein is a
coactivator for the transcription factor MyoD. J Biol Chem. 1996;271: 9009-13.

[31] Kwok RP, Lundblad JR, Chrivia JC, Richards JP, Bächinger HP, et al. Nuclear protein
CBP is a coactivator for the transcription factor CREB. Nature. 1994;370(6486): 223-26.

[32] Nakajima T, Uchida C, Anderson SF, Parvin JD, Montminy M. Analysis of a cAMP-
responsive activator reveals a two-component mechanism for transcriptional induc‐
tion via signal-dependent factors. Genes Dev. 1997;11(6): 738-47.

[33] Ogryzko VV, Schiltz RL, Russanova V, Howard BH, Nakatani Y. The transcriptional
coactivators p300 and CBP are histone acetyltransferases. Cell. 1996;87(5): 953-59.

[34] Kalkhoven E. CBP and p300: HATs for different occasions. Biochem Pharmacol.
2004;68: 1145-55.

[35] Fu M, Wang C, Zhang X, Pestell RG. Acetylation of nuclear receptors in cellular
growth and apoptosis. Biochem Pharmacol. 2004;68: 1199-208.

[36] Petrij F, Dorsman JC, Dauwerse HG, Giles RH, Peeters T, et al. Rubinstein-Taybi syn‐
drome caused by a de novo reciprocal translocation t(2;16)(q36.3; p13.3). Am J Med
Genet. 2000;92: 47-52.

[37] Shima Y, Kitabayashi I. Deregulated transcription factors in leukemia. Int J Hematol.
2011; 94(2): 134-41.

[38] Blobel GA. CREB-binding protein and p300: molecular integrators of hematopoietic
transcription. Blood. 2000; 95(3): 745-55.

[39] Kasper LH, Boussouar F, Ney PA, Jackson CW, Rehg J, et al. A transcription-factor-
binding surface of coactivator p300 is required for haematopoiesis. Nature. 2002;
419(6908): 738-43.

[40] Blobel GA. CBP and p300: versatile coregulators with important roles in hemato‐
poietic gene expression. J Leukoc Biol. 2002; 71(4): 545-56.

[41] Zimmer SN, Zhou Q, Zhou T, Cheng Z, Abboud-Werner SL, et al. Crebbp haploin‐
sufficiency in mice alters the bone marrow microenvironment, leading to loss of stem
cells and excessive myelopoiesis. Blood. 2011;118(1): 69-79.

[42] Rebel VI, Kung AL, Tanner EA, Yang H, Bronson RT, Livingston DM. Distinct roles
for CREB-binding protein and p300 in hematopoietic stem cell self-renewal. Proc
Natl Acad Sci U S A. 2002;99(23): 14789-94.

[43] Heissig B, Hattori K, Dias S, Friedrich M, Ferris B, et al. Recruitment of stem and pro‐
genitor cells from the bone marrow niche requires MMP-9 mediated release of kit li‐
gand. Cell. 2002;109(5): 625-37.

Role of CREB Protein Family Members in Human Haematological Malignancies
http://dx.doi.org/10.5772/55368

575



[44] Kwon EM, Raines MA, Blenis J, Sakamoto KM. Granulocyte-macrophage colony-
stimulating factor stimulation results in phosphorylation of cAMP response element-
binding protein through activation of pp90RSK. Blood. 2000;95: 2552-58.

[45] Cheng JC, Kinjo K, Judelson DR, Chang J, Wu WS, et al. CREB is a critical regulator
of normal hematopoiesis and leukemogenesis. Blood. 2008;111(3): 1182–92.

[46] Sandoval S, Pigazzi M, Sakamoto KM. CREB: A Key Regulator of Normal and Neo‐
plastic Hematopoiesis. Adv Hematol. 2009; 2009: 634292-300.

[47] di Giacomo V, Sancilio S, Caravatta L, Rana RA, Di Pietro R, Cataldi A. Regulation of
CREB activation by p38 MAPKinase during human primary erythroblasts differen‐
tiation. Int J Immunopathol Pharmacol, 2009;22(3): 679-88.

[48] Zauli G, Gibellini D, Vitale M, Secchiero P, Celeghini C, et al. The induction of mega‐
karyocyte differentiation is accompanied by selective Ser133 phosphorylation of the
transcription factor CREB in both HEL cell line and primary CD34 cells. Blood.
1998;92: 472–80.

[49] Wen AY, Sakamoto KM, Miller LS. The role of the transcription factor CREB in im‐
mune function. J Immunol. 2010;185(11): 6413-19.

[50] Mantamadiotis T, Papalexis N, Dworkin S. CREB signalling in neural stem/progeni‐
tor cells: recent developments and the implications for brain tumour biology. Bioes‐
says. 2012;34(4): 293-300.

[51] Hawk JD, Abel T. The role of NR4A transcription factors in memory formation. Brain
Res Bull. 2011;85(1-2): 21-29.

[52] Montminy MR, Gonzalez GA, Yamamoto KK. Characteristics of the cAMP response
unit. Metabolism. 1990;39(9 Suppl 2): 6-12.

[53] Shaywitz AJ, Greenberg ME. CREB: A Stimulus-Induced Transcription Factor Acti‐
vated by A Diverse Array of Extracellular Signals. Annual Rev Biochem. 1999;68:
821-61.

[54] Wang Z, Iwasaki M, Ficara F, Lin C, Matheny C et al. GSK-3 promotes conditional
association of CREB and its co-activators with MEIS1 to facilitate HOX-mediated
transcription and oncogenesis. Cancer Cell. 2010;17(6): 597–608.

[55] Xing J, Kornhauser JM, Xia Z, Thiele EA, Greenberg ME. Nerve growth factor acti‐
vates extracellular signal-regulated kinase and p38 mitogen-activated protein kinase
pathways to stimulate CREB serine 133 phosphorylation. Mol Cell Biol. 1998;18(4):
1946-55.

[56] Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, et al. Akt promotes cell survival by
phosphorylating and inhibiting a Forkhead transcription factor. Cell. 1999;19;96(6):
857-68.

Cancer Treatment - Conventional and Innovative Approaches576



[57] Screaton RA, Conkright MD, Katoh Y, Best JL, Canettieri G, et al. The CREB coactiva‐
tor TORC2 functions as a calcium- and cAMP-sensitive coincidence detector. Cell.
2004;119(1): 61-74.

[58] Wang L, Gural A, Sun XJ, Zhao X, Perna F, et al. The Leukemogenicity of AML1-ETO
Is Dependent on Site-Specific Lysine Acetylation. Science. 2011;333(6043): 765–69.

[59] Chevalier SA, Durand S, Dasqupta A, Radonovic M, Cimarelli A, et al. The Tran‐
scription Profile of Tax-3 Is More Similar to Tax-1 than Tax-2: Insights into HTLV-3
Potential Leukemogenic Properties. PLoS One. 2012;7(7): e41003.

[60] Shankar DB, Cheng JC, Kinjo K, Federman N, Moore TB, et al. The role of CREB as a
proto-oncogene in hematopoiesis and in acute myeloid leukemia. Cancer Cell.
2005;7(4): 351-62.

[61] Cho EC, Mitton B, Sakamoto KM. CREB and Leukemogenesis. Crit Rev Oncog.
2011;16(1-2): 37–46.

[62] Sobulo OM, Borrow J, Tomek R, Reshmi S, Harden A, et al. MLL is fused to CBP, a
histone acetyltransferase, in therapy-related acute myeloid leukemia with at(11;16)
(q23;p13.3). Proc Natl Acad Sci U S A. 1997;94(16): 8732–37.

[63] Kinjo K, Sandoval S, Sakamoto KM, Shankar DB. The role of CREB as a proto-onco‐
gene in hematopoiesis. Cell Cycle. 2005;4(9): 1134-35.

[64] Sandoval S, Kraus C, Cho EC, Cho M, Bies J, et al. Sox4 cooperates with CREB in
myeloid transformation. Blood. 2012;120(1): 155-65.

[65] Peters AH, Schwaller J. Epigenetic mechanisms in acute myeloid leukemia. Prog
Drug Res. 2011;67: 197-219.

[66] Rowley JD, Reshmi S, Sobulo O, Musvee T, Anastasi J, et al. All patients with the
T(11;16)(q23;p13.3) that involves MLL and CBP have treatment-related hematologic
disorders. Blood. 1997;90(2): 535-41.

[67] Ernst P, Mabon M, Davidson AJ, Zon LI, Korsmeyer SJ. An Mll-dependent Hox pro‐
gram drives hematopoietic progenitor expansion. Current Biology. 2004;14(22):
2063-69.

[68] Ma X. Epidemiology of myelodysplastic syndromes. Am J Med. 2012;125(7 Suppl):
S2-5.

[69] Zimmer SN, Lemieux ME, Karia BP, Day C, Zhou T, et al. Mice heterozygous for
CREB binding protein are hypersensitive to γ-radiation and invariably develop mye‐
lodysplastic/myeloproliferative neoplasm. Exp Hematol. 2012;40(4): 295-306.

[70] Pigazzi M, Manara E, Baron E, Basso G. ICER expression inhibits leukemia pheno‐
type and controls tumor progression. Leukemia. 2008;22(12): 2217–25.

Role of CREB Protein Family Members in Human Haematological Malignancies
http://dx.doi.org/10.5772/55368

577



[71] Pigazzi M, Manara E, Baron E, Basso G. miR-34b targets cyclic AMP-responsive ele‐
ment binding protein in acute myeloid leukemia. Cancer Res. 2009;69(6): 2471-78.

[72] Pui CH, Mullighan CG, Evans WE, Relling MV. Pediatric acute lymphoblastic leuke‐
mia: where are we going and how do we get there? Blood. 2012;120(6): 1165-74.

[73] Inthal A, Zeitlhofer P, Zeginigg M, Morak M, Grausenburger R, et al. CREBBP HAT
domain mutations prevail in relapse cases of high hyperdiploid childhood acute lym‐
phoblastic leukemia. Leukemia. 2012;26(8): 1797-803.

[74] Mullighan CG, Zhang J, Kasper LH, Lerach S, Payne-Turner D, et al. CREBBP muta‐
tions in relapsed acute lymphoblastic leukaemia. Nature. 2011;471(7337): 235-39.

[75] Kung AL, Rebel VI, Bronson RT, Ch'ng LE, Sieff CA, et al. Gene dose-dependent con‐
trol of hematopoiesis and hematologic tumor suppression by CBP. Genes Dev.
2000;14(3): 272-77.

[76] Shigeno K, Yoshida H, Pan L, Luo J.M, Fujisawa S, et al. Disease-related potential of
mutations in transcriptional cofactors CREB-binding protein and p300 in leukemias.
Cancer Lett. 2004;213(1): 11-20.

[77] Di Pietro R, Zauli G. Emerging non-apoptotic functions of Tumor necrosis factor-Re‐
lated Apoptosis Inducing Ligand (TRAIL)/Apo2L. J Cell Physiol. 2004;201(3): 331-40.

[78] Sabatini N, Di Pietro R, Rapino M, Sancilio S, Comani S, Cataldi A. PI-3-kinase/NF-
κB mediated response of Jurkat T leukemic cells to two different chemotherapeutic
drugs, Etoposide and TRAIL. J Cell Biochem. 2004;93(2): 301-11.

[79] Zauli G, Sancilio S, Cataldi A, Sabatini N, Bosco D, Di Pietro R. PI-3K/Akt and NF-
κB/IκBα pathways are activated in Jurkat T cells in response to TRAIL treatment. J
Cell Physiol. 2005;202(3): 900-11.

[80] R. Di Pietro. Signalling pathways leading to TRAIL resistance. In Advances in Cancer
Therapy, Book 3, ISBN 979-953-307-209-7, Eds. Hala Gali-Muhtasib, 2011; 201-26.

[81] Milani D, Zauli G, Rimondi E, Celeghini C, Marmiroli S, et al. Tumour necrosis fac‐
tor–related apoptosis-inducing ligand (TRAIL) sequentially activates pro-survival
and pro-apoptotic pathways in SK-N-MC neuronal cells. J Neurochem. 2003;86: 126–
35.

[82] Cheng HC, Sakamoto KM. Report on the workshop "New Technologies in Stem Cell
Research" Society for Pediatric Research, San Francisco, California. Stem Cells.
2007;25: 1070-88.

[83] Pellegrini M, Cheng JC, Voutila J, Judelson D, Taylor J, et al. Expression profile of
CREB knockdown in myeloid leukemia cells. BMC Cancer. 2008;8: 264-76.

[84] Saeki K, Yuo A, Koizumi M, Fujiwara K, Kaneko M, et al. CREB antisense oligonu‐
cleotides induce non-apoptotic cell death in proliferating leukemia cells, but not nor‐

Cancer Treatment - Conventional and Innovative Approaches578



mal hematopoietic cells, by a bizarre non-antisense mechanism. Leukemia. 2001;15:
238-45.

[85] Bai XT, Gu BW, Yin T, Niu C, Xi XD, et al. Trans-repressive effect of NUP98-PMX1
on PMX1-regulated c-FOS gene through recruitment of histone deacetylase 1 by FG
repeats. Cancer Res. 2006;66(9): 4584-90.

[86] Sakamoto KM, Frank DA. CREB in the Pathophysiology of Cancer: Implications for
Targeting Transcription Factors for Cancer Therapy. Clin Cancer Res. 2009;15:
2583-87.

[87] Chiorazzi N, Hatzi K, Albesiano E. B-cell chronic lymphocytic leukemia, a clonal dis‐
ease of B lymphocytes with receptors that vary in specificity for (auto)antigens. Ann
N Y Acad Sci. 2005;1062: 1-12.

[88] Lerner A, Epstein PM. Cyclic nucleotide phosphodiesterases as targets for treatment
of haematological malignancies. Biochem J. 2006;393(Pt 1): 21-41.

[89] Meyers JA, Su DW, Lerner A. Chronic lymphocytic leukemia and B and T cells differ
in their response to cyclic nucleotide phosphodiesterase inhibitors. J Immunol.
2009;182(9): 5400-11.

[90] Burger JA, Tsukada N, Burger M, Zvaifler NJ, Dell'Aquila M, Kipps TJ. Blood-de‐
rived nurse-like cells protect chronic lymphocytic leukemia B cells from spontaneous
apoptosis through stromal cell-derived factor-1. Blood. 2000;96(8): 2655-63.

[91] Ma Q, Jones D, Springer TA. The chemokine receptor CXCR4 is required for the re‐
tention of B lineage and granulocytic precursors within the bone marrow microenvir‐
onment. Immunity. 1999;10: 463-71.

[92] Bonni A, Brunet A, West AE, Datta SR, Takasu MA, Greenberg ME. Cell survival
promoted by the Ras-MAPK signaling pathway by transcription-dependent and -in‐
dependent mechanisms. Science. 1999;286(5443): 1358-62.

[93] Poiesz BJ, Ruscetti FW, Gazdar AF, Bunn PA, Minna JD, Gallo RC. Detection and iso‐
lation of type C retrovirus particles from fresh and cultured lymphocytes of a patient
with cutaneous T-cell lymphoma. Proc Natl Acad Sci USA. 1980;77: 7415–19.

[94] Azran I, Schavinsky-Khrapunsky Y, Aboud M. Role of Tax protein in human T-cell
leukemia virus type-I leukemogenicity. Retrovirology. 2004;1: 20-44.

[95] Ching YP, Chun ACS, Chin KT, Jeang KT, Jin DY. Specific TATAA and bZIP require‐
ments reveal that HTLV-I Tax has transcriptional activity subsequent to the assembly
of an initiation complex. Retrovirology. 2004;1: 18-30.

[96] Gachon F, Thebault S, Peleraux A, Devaux C, Mesnard JM. Molecular interactions in‐
volved in the transactivation of the human T-cell leukemia virus type 1 promoter
mediated by Tax and CREB-2 (ATF-4). Mol Cell Biol. 2000;20: 3470-81.

Role of CREB Protein Family Members in Human Haematological Malignancies
http://dx.doi.org/10.5772/55368

579



[97] Robek MD, Ratner L. Immortalization of T Lymphocytes by Human T-Cell Leukemia
Virus Type 1 Is Independent of the Tax-CBP/p300 Interaction. J Virol. 2000;74(24):
11988-92.

[98] Shaknovich R, Melnick A. Epigenetics and B-cell lymphoma. Curr Opin Hematol.
2011;18(4): 293-99.

[99] Janz M, Hummel M, Truss M, Wollert-Wulf B, Mathas S, et al. Classical Hodgkin
lymphoma is characterized by high constitutive expression of activating transcrip‐
tion factor 3 (ATF3), which promotes viability of Hodgkin/Reed-Sternberg cells.
Blood. 2006;107(6): 2536-39.

[100] [100] Cerchietti LC, Hatzi K, Caldas-Lopes E, Yang SN, Figueroa ME, et al. BCL6 re‐
pression of EP300 in human diffuse large B cell lymphoma cells provides a basis for
rational combinatorial therapy. J Clin Invest. 2010;120(12): 4569–82.

[101] Zain J, O'Connor OA. Targeting histone deacetyalses in the treatment of B- and T-cell
malignancies. Invest New Drugs. 2010;Suppl 1: S58-78.

[102] Pasqualucci L, Trifonov V, Fabbri G, Ma J, Rossi D, et al. Analysis of the coding ge‐
nome of diffuse large B-cell lymphoma. Nat Genet. 2011;43(9): 830-37.

[103] Gu W, Roeder RG. Activation of p53 sequence-specific DNA binding by acetylation
of the p53 c-terminal domain. Cell. 1997;90(4): 595–606.

[104] Rothgiesser KM, Fey M, Hottiger MO. Acetylation of p65 at lysine 314 is important
for late NF-κB-dependent gene expression. BMC Genomics. 2010;11: 22-33.

[105] Zain J. Role of histone deacetylase inhibitors in the treatment of lymphomas and
multiple myeloma. Hematol Oncol Clin North Am. 2012;26(3): 671-704, ix.

[106] Portier M, Moles JP, Mazars GR, Jeanteur P, Bataille R, et al. p53 and RAS gene muta‐
tions in multiple myeloma. Oncogene. 1992;7: 2539-43.

[107] Hyun T, Yam A, Pece S, Xie X, Zhang J, et al. Loss of PTEN expression leading to
high Akt activation in human multiple myelomas. Blood. 2000;96: 3560-68.

[108] Zhang B, Fenton RG. Proliferation of IL-6-independent multiple myeloma does not
require the activity of extracellular signal-regulated kinases (ERK1/2). J Cell Physiol.
2002;193(1): 42-54.

[109] Wang JM, Chao JR, Chen W, Kuo ML, Yen JJ, Yang-Yen HF. The antiapoptotic gene
mcl-1 is up-regulated by the phosphatidylinositol 3-kinase/Akt signaling pathway
through a transcription factor complex containing CREB. Mol Cell Biol. 1999;19:
6195-206.

[110] Gomez-Bougie P, Wuillème-Toumi S, Ménoret E, Trichet V, Robillard N, et al. Noxa
up-regulation and Mcl-1 cleavage are associated to apoptosis induction by bortezo‐
mib in multiple myeloma. Cancer Res. 2007;67(11): 5418-24.

Cancer Treatment - Conventional and Innovative Approaches580



[111] Hu J, Dang N, Menu E, De Bryune E, Xu D, et al. Activation of ATF4 mediates un‐
wanted Mcl-1 accumulation by proteasome inhibition. Blood. 2012;119(3): 826-37.

[112] Ri M, Tashiro E, Oikawa D, Shinjo S, Tokuda M, Yokouchi Y, et al. Identification of
Toyocamycin, an agent cytotoxic for multiple myeloma cells, as a potent inhibitor of
ER stress-induced XBP1 mRNA splicing. Blood Cancer J. 2012;2(7): e79.

[113] Carrasco DR, Sukhdeo K, Protopopova M, Sinha R, Enos M, et al. The differentiation
and stress response factor XBP-1 drives multiple myeloma pathogenesis. Cancer Cell.
2007;11(4): 349-60.

[114] Bae J, Carrasco R, Lee AH, Prabhala R, Tai YT, et al. Identification of novel myeloma-
specific XBP1 peptides able to generate cytotoxic T lymphocytes: a potential thera‐
peutic application in multiple myeloma. Leukemia. 2011;25: 1610-19.

[115] Shuda M, Kondoh N, Imazeki N, Tanaka K, Okada T, et al. Activation of the ATF6,
XBP1 and grp78 genes in human hepatocellular carcinoma: a possible involvement of
the ER stress pathway in hepatocarcinogenesis. J Hepatol. 2003;38(5): 605-14.

[116] Bagratuni T, Wu P, Gonzalez de Castro D, Davenport EL, Dickens NJ, et al. XBP1s
levels are implicated in the biology and outcome of myeloma mediating different
clinical outcomes to thalidomide-based treatments. Blood. 2010;116: 250–53.

[117] Papandreou I, Denko NC, Olson M, Van Melckebeke H, Lust S, et al. Identification of
an Ire1alpha endonuclease specific inhibitor with cytotoxic activity against human
multiple myeloma. Blood 2011;117: 1311–14.

[118] Pichiorri F, Suh SS, Ladetto M, Kuehl M, Palumbo T, et al. MicroRNAs regulate criti‐
cal genes associated with multiple myeloma pathogenesis. Proc Natl Acad Sci U S A.
2008;105(35): 12885-90.

[119] Xiao W, Hodge DR, Wang L, Yang X, Zhang X, Farrar WL. NF-kappaB activates IL-6
expression through cooperation with c-Jun and IL6-AP1 site, but is independent of
its IL6-NFkappaB regulatory site in autocrine human multiple myeloma cells. Cancer
Biol Ther. 2004;3(10): 1007-17.

[120] Santer FR, Höschele PP, Oh SJ, Erb HH, Bouchal J, et al. Inhibition of the acetyltrans‐
ferases p300 and CBP reveals a targetable function for p300 in the survival and inva‐
sion pathways of prostate cancer cell lines. Mol Cancer Ther. 2011;10(9): 1644-55.

[121] Boumber Y, Issa JP. Epigenetics in cancer: what's the future? Oncology (Williston
Park). 2011;25(3): 220-6, 228.

Role of CREB Protein Family Members in Human Haematological Malignancies
http://dx.doi.org/10.5772/55368

581




