
CREB and Leukemogenesis

Er-Chieh Cho, Ph.D.1, Bryan Mitton, M.D., PhD.1, and Kathleen M. Sakamoto, M.D., Ph.D.1,*

Er-Chieh Cho: echo@mednet.ucla.edu; Bryan Mitton: bmitton@mednet.ucla.edu
1Division of Hematology/Oncology, Department of Pediatrics, David Geffen School of Medicine at
UCLA, Los Angeles CA 90095

Abstract
Acute myeloid leukemia (AML) is one of the most common leukemias with a 20% 5-year event-
free survival in adults and 50% overall survival in children, despite aggressive chemotherapy
treatment and bone marrow transplantation. The incidence and mortality rates for acute leukemia
have only slightly decreased over the last 20 years and therefore greater understanding of the
molecular mechanisms associated with leukemic progression is needed. To this end, a number of
transcription factors which appear to play a central role in leukemogenesis are being investigated;
among them is the cAMP response element binding protein (CREB). CREB is a transcription
factor that can regulate downstream targets involving in various cellular functions including cell
proliferation, survival, and differentiation. In several studies, the majority of bone marrow samples
from patients with acute lymphoid and myeloid leukemia demonstrate CREB overexpression.
Moreover, CREB overexpression is associated with a poor outcome in AML patients. This review
summarizes the role of CREB in leukemogenesis.
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I. ACUTE LEUKEMIA
Leukemia develops when a malfunction in the normal regulatory mechanisms of mitosis
occurs and allows bone marrow progenitor blood cells to expand in an uncontrolled fashion.
The immature blasts proliferate more than normal cells and fail to differentiate normally.
Although leukemia affects approximately 10 times more adults than children, it is the most
common cancer among children. The most common type of leukemia in adults is Acute
Myeloid Leukemia (AML), while Acute Lymphoblastic Leukemia (ALL) accounts for
nearly 70% of childhood leukemia.1, 2

Leukemia is the sixth most common cause of cancer deaths in men and seventh most
common cause of death among women in the U.S. The treatment for ALL and AML has
improved with the use of chemotherapy based on stratified risk, molecular markers for
prognosis prediction, and supportive care. Generally, the event-free survival rate is lower
and the relapse rate is higher in adults than children. The response to treatment for leukemia
is variable and associated with the age of the patient, as well as a number of other factors on
presentation. The 5-year event-free survival is 70%–85% in some of the successful clinical
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trials in children with ALL and 30%–60% in children diagnosed with AML.1–3 According to
the SEER Cancer Statistic Review, for ALL patients, the five-year relative survival rate for
adults under 45 years old is about 75%, and for patients over 45 years old it is less than
20%; for AML patients, the five-year relative survival rate is over 50% for adults under 45
years old and it is less than 40% for patients over 45 years old.

II. MOLECULAR MECHANISMS OF LEUKEMIA
Acute leukemia had previously been classified by morphology, cytogenetics, and cell
surface markers; more recently, it has become clear that molecular characterization of
genetic mutations in ALL and AML may relate more strongly to clinical prognosis, and can
provide information for potential targeted therapies. The advantage of characterizing the
phenotype of human leukemia stems from the observation that it is a heterogeneous disease
consisting of a variety of accumulated DNA alterations in progenitor blood cells. Primary
genetic defects have been detected by molecular analyses, and these somatic mutations often
alter crucial functions of the progenitor cells such as self-renewal and differentiation.

Similar to other cancers, it appears that leukemia arises from the accumulation and synergy
of more than one genetic alteration. Many genetic alterations in AML are loss of function
mutations in transcription factors critical for normal hematopoiesis.1,4 Data suggest that
mutations which alter proliferation and survival functions of the progenitor cells cooperate
with the mutations of the transcription factors and result in acute leukemia.4,5 Examples of
genes that are found mutated in AML include biallelic mutations in CCAAT/enhancer
binding protein alpha gene (CEBPA), inactivating mutations in Wilms’ tumor gene (WT1),
activating mutations in fms-like tyrosine kinase 3 gene (FLT3), and mutation of
nucleophosmin (NPM1), which produces mislocalized protein product in cells.5–9 In recent
studies, apart from alterations of genes, differential microRNA expression is also involved
in leukemia progression. 10

Acute leukemias are hypothesized to be the consequence of cooperation between mutations
that alter proliferation and survival functions of hematopoietic cells and mutations that result
from defective differentiation and loss of apoptosis in cells. These mutations may be found
at many levels of cellular processes, such as growth factor receptors, kinase phosphorylation
cascades, or cellular transcription programs. Central to all processes, however, are
transcription factors, which integrate extranuclear signals and directly influence DNA
transcription. Thus, understanding the function of transcription factors in blood
malignancies can provide a wealth of information for treatment modalities. CREB, the
cAMP-Response Element Binding Protein, has become of particular interest in leukemias, as
it is known to play a broad range of roles in many critical cellular processes, and the
majority of tissue samples from patients with ALL and AML overexpress the CREB in the
bone marrow. CREB overexpression is associated with poor outcome in AML patients and
increased survival and growth of myeloid cells.11,12 Transgenic mice expressing CREB in
myeloid cells develop aberrant monocytosis and, after a prolonged latency,
myeloproliferative disease. Thus, there is both clinical and laboratory data which implicates
CREB as a potential critical regulator of leukemogenesis.

III. CREB
CREB is a 43-kDa leucine zipper transcription factor that belongs to the CREB/ATF family
and regulates proliferation, differentiation, and survival in a variety of cell types, including
neuronal and hematopoietic cells.13,14

CREB is a modular protein that contains a kinase-inducible domain (KID), two Glutamine-
rich domains, and a basic Leucine zipper (bZIP) domain. The KID and Glutamine-rich
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domains are critical for transactivation and phosphorylation of CREB. 13,14 A serine 133
(Ser-133) residue within the KID domain is phosphorylated by various kinases and this
phosphorylation promotes the interaction of CREB with a number of transcription
coactivators, especially the histone acetyltransferases CREB-binding protein (CBP) or
p300.15,16 CREB can be phosphorylated and thus activated in response to various stimuli
such as growth factors, neurotransmitters, stress signals that increase intracellular cAMP or
calcium levels. CREB is also activated by phosphorylation at Ser-133 through nuclear
translocation of transducer of regulated CREB activity (TORC) coactivators, which occurs
through a Ser-133 phosphorylation independent mechanism.17,18

CREB family member proteins, when activated, bind to the cAMP response elements, and
promote the recruitment of coactivators such as CBP/p300, thereby initiating the
transcriptional machinery and inducing CREB target genes.19

IV. PHOSPHORYLATION AND ACTIVATION OF CREB
Phosphorylation is one of the most important post-translational modifications that can
modulate the charge, activity, stability, cellular localization, and even downstream signal
transduction of its target proteins, or have impact on proteins through crosstalk with other
post-translational modifications.20 CREB was one of the first transcription factors shown to
be regulated by phosphorylation and act as an intracellular signaling second messenger in
cells.21–23 In late 1980s, CREB was found to be phosphorylated by the cAMP-dependent
protein kinase (PKA) in vitro, and then phosphorylated by forskolin in cells.23 CREB is
phosphorylated at Ser-133, and various kinases including ribosomal protein S6 kinase
(pp90RSK), protein kinase C (PKC), protein kinase B/AKT, and mitogen- and stress-
activated protein kinase (MSK-1) can all phosphorylate CREB at Ser-133.13,24 Numerous
stimuli, including stress signals that increase intracellular cAMP or calcium levels, such as
neurotransmitters and growth factors, were found to activate CREB in cells. Different
growth factors such as mast/stem cell growth factor, basic fibroblast growth factor, and
Granulocyte-macrophage colony-stimulating factor (GM-CSF), can all induce
phosphorylation of CREB.25,26 CREB, when activated, dimerizes and binds to the promoter
regions of its target gene that contains cAMP response element (CRE site), TGACGTCA, or
CRE half sites CGTCA/TGACG, and promotes the recruitment of its transcriptional
coactivators, CBP/p300, for CREB-mediated transcription. Therefore, CREB can regulate
various cellular mechanisms through modulating its target genes (Figure 1).

V. CREB TARGET GENES
Genome-wide analysis revealed that CREB can occupy approximately 4,000 promoter sites
in vivo, emphasizing the broad array of functions CREB may exert; it is important in
controlling well-known cell cycle regulators such as Ras, 14-3-3, cyclins and heat-shock
proteins.27,28 Consistent with that, CREB is involved in a variety of cellular functions,
including cell proliferation, survival, apoptosis, differentiation, metabolism, glucose
homeostasis, hematopoiesis, immune response, and neuronal activities such as memory and
learning.29,30

A. Transcription Factors, Metabolic, and Immune Response Regulators
Phosphorylation of CREB at Ser-133 is linked to regulation of transcription factors
including c-fos and MEIS1, which contain CREB binding motif on their promoters and can
be modulated by CREB.31–33 CRE binding sites are critical for c-fos transcription and it was
suggested that CREB is a general mediator of stimulus-dependent transcription of c-fos.31

MEIS1 was upregulated in a microarray analysis in CREB overexpressing cells, and CREB
can induce MEIS1 expression in normal and malignant hematopoietic cells.32 The
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importance of CREB in metabolism was also suggested as numerous CRE-containing genes
were found to function in metabolic regulation. 34 Moreover, genes regulating immune
response including IL-2 and IL-6, also possess consensus sites for CREB binding and can be
modulated by CREB.13,35,36

B. Cell Cycle and Proliferation Regulators
CREB is capable of binding to and regulating the promoter regions of cell cycle genes such
as cyclin A, D1, and D2, and thus impacts cell proliferation.37–39 For example, both PI3K
and CREB can regulate cyclin D2 promoter activity. 38 Phosphorylation of CREB at Ser-133
is critical for IL-2 induced cyclin D2 transactivation, and the CREB-binding site on cyclin
D2 is also important for cyclin D2 promoter activity.38 PKA inhibitors reduce lymphocyte
proliferation and CREB phosphorylation, and thereby CREB and PKA regulate lymphocyte
proliferation.38 Cyclin A1 is also upregulated in leukemia cells that overexpress CREB,
while mRNA levels of both cyclin A and D were decreased in CREB shRNA transduced
leukemia cells, suggesting that CREB can promote proliferation of leukemic cells through
its downstream targets.11,12

C. Growth Factors and Signaling Modulators
Both GM-CSF and interleukin 3 (IL-3) stimulate the proliferation and maturation of myeloid
progenitor cells, and each of them can activate signaling pathways involving a CREB-
binding site of the early growth response-1 gene (egr-1) promoter.40 Also, CREB is
phosphorylated on Ser-133 in response to GM-CSF or IL-3 stimulation, and that
phosphorylation of CREB on Ser-133 substantially contributes to egr-1 transcriptional
activation in response to GM-CSF. In addition, GM-CSF induces pp90RSK activation and
phosphorylation of CREB in the human myeloid cell line, TF-1.11 In TF-1 cells, GM-CSF
induces CREB phosphorylation and egr-1 transcription by activating pp90RSK through an
MEK-dependent signaling pathway.11 These studies suggest that phosphorylation of CREB
impacts on signal transduction in myeloid cells.

D. Cell Survival Regulation
The role of CREB in cell survival has also been described in a number of tissues.
Neurotrophins such as nerve growth factor (NGF) induces phosphorylation of CREB at
Ser-133, and it was proposed that Ser-133 phosphorylated CREB induces genes that confer
specificity to neurotrophin signals and promote the survival and differentiation of neurons.41

In addition, CREB-mediated gene expression is necessary for NGF-dependent survival and
crucial to promote survival of sympathetic neurons.42 Moreover, Bcl-2 is activated by NGF
and other neurotrophins in a CREB-dependent fashion, and overexpression of Bcl-2 reduces
the death-promoting effects of CREB inhibition.42 Therefore, it appears that activation of
CREB promotes survival of neuron cells through activating downstream transcriptional
target genes that encode pro-survival factors.

VI. CREB IN HEMATOPOIESIS AND LEUKEMOGENESIS
A. GM-CSF Signaling and CREB Activation

Genetic alterations are involved in leukemogenesis, and it can lead to dysregulated cytokine/
growth factor dependent signal-transduction pathways in leukemic cells.43–45 Growth
factors are produced by myeloid leukemic cells as well as stromal cells and bind their own
receptors in an autocrine fashion to activate signaling pathways that promote cell growth and
survival. Both GM-CSF and IL-3 stimulation result in the proliferation and maturation of
early bone marrow progenitor cells. CREB is phosphorylated at Ser-133 in response to GM-
CSF or IL-3 stimulation although with different kinetics, and this phosphorylation
substantially contributes to transcriptional activation of egr-1 in response to GM-CSF but
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not IL-3.40,46 Moreover, egr-1 induced expression by GM-CSF is a PKA-independent
event.47 In TF-1 cells, GM-CSF can induce CREB phosphorylation and egr-1 transcription
by activating pp90RSK through an MEK-dependent mechanism.26 Furthermore, CREB-
binding sites have been identified in the promoter of genes regulating proliferation and
survival such as Bcl-2 and egr-1, which suggests multiple layers of CREB regulation in
leukemic cells. Overall, the role of CREB activation in regulating hematopoietic growth
factor signaling in myeloid cells is clearly demonstrated.

B. CREB is A Proto-Oncogene in Hematopoiesis and AML
Our laboratory showed that the majority of bone marrow samples from patients with acute
lymphoid and myeloid leukemia overexpress CREB protein and mRNA.48 In addition,
CREB overexpression is associated with poor outcome of clinical disease in AML
patients.11,48 To understand the role of CREB in leukemogenesis and the biological
consequences of CREB overexpression in primary human leukemia cells, leukemia cell lines
and transgenic mice were investigated.11 Overexpression of CREB promotes growth and
survival in leukemia cells, while its downregulation leads to suppression of myeloid cell
proliferation and survival. Furthermore, CREB transgenic mice developed
myeloproliferative disease after one year, but not leukemia, suggesting that CREB
contributes to leukemic phenotype, but is not sufficient for complete transformation to
leukemia.11 CREB promotes abnormal proliferation and survival of myeloid cells in vitro
and in vivo through upregulation of specific downstream target genes such as cyclin A1.11,49

It appears that CREB acts as a proto-oncogene to regulate hematopoiesis and contributes to
the leukemia phenotype, and therefore the results also suggest that CREB-dependent
pathways may be targets for directed therapies for leukemia in the future.

C. CREB as a Critical Regulator of Normal Hematopoiesis and Leukemogenesis
CREB appears to be most highly expressed in lineage negative hematopoietic stem cells
(HSCs). CREB RNA interference (RNAi) and shRNA techniques were used to knockdown
CREB to elucidate its role in hematopoietic progenitors and leukemia cells. Transduction of
primary HSCs or myeloid leukemia cells with lentiviral CREB shRNAs resulted in
decreased proliferation of stem cells, cell cycle abnormalities, and inhibition of CREB
transcription.12 Transplantation of bone marrow transduced with CREB shRNA in irradiated
mice had decreased committed progenitors compared to scrambled control shRNA.
However, there was no effect on long-term engraftment, suggesting that CREB insufficiency
is not required for HSC activity. Therefore CREB is critical for normal myelopoiesis and
leukemia cell proliferation, but not essential for normal function of HSCs.12

Compared to patients with leukemia remission or without leukemia, CREB was expressed
more highly in bone marrow cells from patients with acute lymphoid or myeloid leukemia.48

Therefore CREB expression is a potential marker of malignant disease. In an effort to define
the target genes of CREB in leukemias, genome-wide analyses were performed and CREB
target genes were described; numerous candidate genes have been identified such as
transcription regulators and histones, though these await in vivo validation.27,28,50 To
identify potential downstream target genes, a microarray analysis with RNA from leukemia
K562 cells overexpressing CREB was performed.51 Approximately 896 genes were
differentially expressed in the CREB overexpressing cells compared to control parental
cells. Among these, 702 genes were upregulated and they included members from the
MEIS1 and the PBX1 family, which have both been reported to be critical for hematopoietic
stem cell self-renewal and leukemogenesis.51–53

Cho et al. Page 5

Crit Rev Oncog. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



VII. MICRORNAS AND ONCOGENESIS
Although CREB is overexpressed in leukemia cells, the underlying mechanisms of how
CREB regulates leukemogenesis remain largely unknown. Small regulatory non-coding
RNA molecules, known as microRNAs, are single-stranded 20–24 nucleotide length RNA
molecules that can regulate gene expression in many cellular mechanisms. These
microRNAs can modulate gene function at the post-transcriptional level, as they typically
reduce the stability of mRNAs that mediate various cellular processes including cell cycle
regulation, proliferation, differentiation, and apoptosis and thus have an impact on
oncogenesis.54,55

Specifically, differential expression of microRNAs in AML appears to have functional
relevance in leukemogenesis.10 MiR-193a, which binds to c-kit proto-oncogene mRNA, was
repressed by promoter hypermethylation in AML cell lines and primary AML blasts, but not
in normal bone marrow cells.56 MiR-193a levels were inversely correlated with c-kit levels.
Moreover, restoring miR-193a expression in AML cells containing mutated or
overexpressed c-kit resulted in reduction in c-kit expression as well as inhibition of cell
growth. The growth inhibition activity of miR-193a was suggested to be associated with
apoptosis and granulocytic differentiation.56 CREB pathways are regulated by microRNAs
in different cellular backgrounds.57–59 In myeloid cells that have higher CREB expression
levels, miR-34b was expressed less, while overexpression of miR-34b resulted in a
reduction of the CREB protein levels.57 Moreover, miR-34b expression caused abnormal
cell cycle progression, reduced cell growth, and altered expression of CREB targets such as
Bcl-2, cyclins, protein kinases, and cell survival signaling pathways.57 The miR-34b
promoter is also methylated, which then regulates miR-34b expression level in the leukemia
cell lines. The study therefore provides a possible mechanism for CREB overexpression. In
another study, miR-301 was found to indirectly regulate ERK/CREB pathway, thereby
controlling the transcription and function of its host gene, ska2, a CREB target, in lung
cancer cells.59 Furthermore, inhibition of miR-301 or ska2 leads to an increase of the mitotic
index and a decrease in colony formation, which could contribute to lung cancer
transformation.59

VIII. CREB AS A POTENTIAL TARGET FOR THERAPY
As described, several lines of evidence support the notion that elevated CREB expression is
associated with pathologic growth and survival of hematopoietic cells in primary human
leukemic cells, human leukemia cell lines and transgenic mice and that CREB and pathways
downstream of CREB may represent novel therapeutic targets. CREB levels were found to
be elevated at diagnosis, and intriguingly, were also high in patients with relapsed AML.
Patients in remission have similar CREB levels to unaffected controls. Recent evidence also
implicates CBP as another important determinant in ALL disease relapse and prognosis. In
pediatric patients with relapsed ALL, some 18% demonstrated a focal deletion or gene
sequence alteration in the CBP gene.60

These alterations were rare in children with ALL who did not relapse, suggesting that the
presence of CBP mutations may influence treatment responsiveness. These data demonstrate
that CREB and its binding partners influence treatment responsiveness, and suggest that
CREB signaling pathways may represent a novel therapeutic target. To this end, small
molecules that inhibit binding of CREB and CBP have already been identified; since this
interaction is critical in CREB signaling, and interruption at this step is postulated to reduce
CREB activity. Studies on the compound 2-napthol-AS-E-phosphate (KG-501) showed that
this molecule specifically inhibits the interaction between the KID of CREB and the helical
‘KIX’ domain of CBP in a dose-dependent and reversible manner.61 This molecule does not
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inhibit forskolin-stimulated phosphorylation of CREB at Ser-133. Furthermore, cAMP-
dependent CREB target gene expression was inhibited in the presence of micromolar
amounts of this drug, without off-target inhibition of transcriptional machinery. Thus, CREB
appears to be a druggable target, and small molecules that inhibit CREB signaling may
useful in the clinical setting.30

IX. CONCLUSION
In summary, CREB is an important target of growth factor signaling in myeloid cells and
promotes the proliferation and differentiation of myeloid progenitor cells. CREB
overexpression is observed in the majority of AML and ALL bone marrow cells from
patients with leukemia. Ectopic expression of CREB in mice results in myeloproliferative
disease but not leukemia, suggesting that additional cooperating oncogenes are required for
full transformation. Knockdown of CREB appears to affect myeloid differentiation and
myeloid leukemia cell proliferation but does not interfere with long-term engraftment. These
results support the possibility of CREB being a potential target for drug development to treat
AML. Future directions will focus on understanding how CREB specifically regulates
leukemogenesis and targeting this critical protein to treat acute leukemia.
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Abbreviation

AML acute myeloid leukemia

CREB cAMP response element binding protein

ALL acute lymphoblastic leukemia

CEBPA CCAAT/enhancer binding protein alpha

WT Wilms’ tumor

FLT3 fms-like tyrosine kinase 3

NPM nucleophosmin

ATF activating transcription factor

KID kinase-inducible domain

bZIP basic Leucine zipper

Ser-133 serine 133 amino acid

CBP CREB-binding protein

p300 adenovirus E1A-associated cellular p300 transcriptional co-activator protein

TORC transducer of regulated CREB activity coactivator

cAMP cyclic adenosine monophosphate

PKA cAMP-dependent protein kinase

pp90RSK ribosomal protein S6 kinase

PKC protein kinase C
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AKT a serine-threonine protein kinase and is called protein kinase B

MSK mitogen- and stress-activated protein kinase

GM-CSF Granulocyte-macrophage colony-stimulating factor

CRE cAMP response element

Ras RAt Sarcoma, an oncogene

14-3-3 This name was assigned based on fractionation on DEAE cellulose and
electrophoretic mobility upon starch gel electrophoresis when purifying brain
proteins

c-fos proto-oncogene whose viral homologue, v-fos, was identified from FBJ-
murine osteosarcoma virus

MEIS1 a homeobox gene found to be activated in myeloid leukemia by retroviral
insertion

Cyclin cell cycle regulator

IL interleukin

PI3K phosphoinositide 3-kinase

shRNA small hairpin RNA

egr-1 early growth response-1 gene

TF-1 a human myeloid cell line

MEK mitogen-activated protein kinase

NGF nerve growth factor

Bcl-2 B-cell lymphocytic-leukaemia proto-oncogene

HSCs hematopoietic stem cells

RNAi RNA interference

K562 a human leukemia cell line

PBX1 Pre-B-cell leukemia transcription factor 1

mRNA messenger RNA

MiR microRNA

c-kit v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog

ERK extracellular signal-regulated kinase

ska Spindle and KT Associated

KG-501 2-napthol-AS-E-phosphate compound

KIX helical CREB-binding domain of CBP
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Figure 1. The regulation of CREB activation
A variety of extracellular stimuli can promote CREB phosphorylation and activation through
different kinases. CREB can then interact with coactivators to promote the transcription of
CREB responsive genes. CREB target genes have been shown to mediate effects including
cellular proliferation, survival, differentiation, immune response, and hematopoiesis.
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