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Abstract. The CCAAT/enhancer binding protein alpha
(C/EBPa or CEBPA) is the founding member of a fam-
ily of related leucine zipper transcription factors that
play important roles in myeloid differentiation. Target-
ed inactivation of C/EBPo in mice demonstrates its im-
portance in the proper development and function of
liver, adipose tissue, lung and haematopoietic tissues.
C/EBPa. is highly expressed in these differentiated tis-
sues where it controls differentiation-dependent gene
expression and inhibits cell proliferation. Learning
more about the precise molecular functions of the
C/EBPao protein and how these are affected by leu-
kaemogenic mutations should lead to an improved un-
derstanding of the cellular functions that are disrupted
in patients with AML. Decreased expression of C/EBPa
but not (/EBPa mutation has been shown in patients
with granulocytic leukaemias that are associated with
translocations t(8;21), inv (16) or t(15;17). Derived fu-
sion proteins repress C/EBPa expression. Differentia-
tion therapy of some AML types is based on restoring
C/EBPo function. However, apparently normal C/EBPa

is overexpressed in BCP-ALL harbouring the translo-
cation t(14; 19)(q32; q13). C/EBPa may exhibit onco-
genic as well as tumour suppressor properties in human
leukaemogenesis. C/EBPa mutations were not found in
non-haematopoietic cancers. DNA hypermethylation of
the upstream C/EBPo promoter region is responsible
for very low C/EBPa expression in human lung and en-
dometrial cancer. C/EBPa expression may be a biomar-
ker for early detection of these cancers and DNA-modi-
fying drugs such as demethylating agents and/or his-
tone deacetylase inhibitors could be used in the treat-
ment of these malignancies.

Introduction

The CCAAT/enhancer binding protein alpha (C/EBPa
or CEBPA) transcription factor regulates the balance be-
tween cell proliferation and differentiation in haemat-
opoietic and non-haematopoietic tissues (Hendricks-
Taylor and Darlington, 1995; Zhang et al., 1997; Jo-
hansen et al., 2001; McKnight, 2001; Sugahara et al.,
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Abbreviations: AME — AML1-MDSI1-EVI1 fusion protein, AML
— acute myeloid leukaemia, ATP — adenosine triphosphate,
ATPases — enzymes involved in ATP hydrolysis, ATRA — all-trans
retinoic acid, BaP — basophil progenitor, bcl — B-cell leukaemia/
lymphoma, BCP-ALL — B-cell precursor-acute lymphoblastic
leukaemia, Ber-Abl — a constitutively activated tyrosine kinase
resulting from the t(9;22) chromosomal translocation in CML,
BMCP — basophil/mast cell progenitor, brm — brahma, bZIP — ba-
sic region and leucine zipper region, C/EBPa or CEBPA -
CCAAT/enhancer binding protein alpha, Cdk — cyclin-dependent
kinase, CLL - chronic lymphocytic leukaemia, CLP — common
lymphoid progenitor, CMP — common myeloid progenitor, EoP
— eosinophil progenitor, E2F — transcription factor involved in
cell-cycle regulation and synthesis of DNA in mammalian cells,
ETO - eight-twenty-one- according to the gene located on chro-
mosome 8 which is involved in translocation with the AMLI1

gene, also named RUNX1 on chromosome 21, Ets transcription
factors — family named according to first member discovered as
part of avian E26 (E-twenty-six) retrovirus genome, EVI1 — eco-
tropic viral integration site 1 transcription factor, Flt3 - Fms-like
tyrosine kinase 3, fins — oncogene of the McDonough strain of
feline sarcoma virus, G-CSF — granulocyte-colony stimulating
factor, GM-CSF — granulocyte-macrophage-colony stimulating
factor, GMP — granulocyte/monocyte progenitor, GSK-3 - glyco-
gen synthase kinase-3, HSC — haematopoietic stem cell, IGH- im-
munoglobulin heavy chain locus, IL — interleukin, IxB — protein
family of inhibitors of nuclear factor kappa B, Mad — transcrip-
tion factor, an antagonist of the c-Myec transcription factor, Max
— a member of the basic region-helix-loop-helix-leucine zipper
protein family, MCP — mast cell progenitor, MDS1 — myelodys-
plasia syndrome 1, MEP — megakaryocyte/erythroid progenitor,
NF-«B — nuclear factor kappa B, Pax — paired box family of tran-
scription factors, PI3K — phosphatidylinositol 3-kinase, PP2A —
protein phosphatase 2A, PU.1 — a member of the Ets transcription
factors that is expressed specifically in myeloid and B cells, Rb
—retinoblastoma protein, SUMO-1 — small ubiquitin related mod-
ifier-1, SWI/SNF — a nucleosome remodelling complex composed
of several proteins-products of the SWI and SNF genes as well as
several other polypeptides, TBP — TATA box-binding protein,
TFIIB — transcription factor which binds directly to TBP and re-
cruits RNA polymerase II.
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2001). C/EBPa is a central regulator of energy metabo-
lism as it directly activates the transcription of many
metabolically important genes (McKnight et al., 1989;
Ramji and Foka, 2002). Several human tumour types
display reduction in the levels of C/EBPa, suggesting
that C/EBPa. is a tumour suppressor (Takai et al., 2005;
Tada et al., 2006). However, genetic evidence support-
ing the tumour suppressor function of C/EBPa has been
only obtained for myeloid leukaemias (Nerlov, 2004;
Mueller and Pabst, 2006; Schuster and Porse, 2006). On
the other hand, overexpression of apparently normal
C/EBPa RNA or protein was observed in six patients
with B-cell precursor acute lymphoblastic leukaemia
(BCP-ALL) harbouring the translocation t(14; 19)(q32;
ql13). C/EBPa is activated in these BCP-ALL cells by
juxtaposition to the immunoglobulin gene enhancer
upon this rearrangement and exhibits oncogenic proper-
ties (Chapiro et al., 2006). Mice lacking C/EBPa die
within 8 hours after birth, presumably from impaired
glucose metabolism and altered fat metabolism with a
failure of adipocytes to accumulate lipids (Wang et al.,
1995; Flodby et al., 1996; Timchenko et al., 1997,
Kimura et al., 1998). They show signs of hyperplasia in
both the developing lung and liver. The lung shows hy-
perproliferation of type Il pneumocytes and abnormal
alveolar structure. Histopathology of the liver displays a
structure resembling hepatocellular carcinoma. The
C/EBPa null mice also display impaired neutrophil de-
velopment intrinsic to the haematopoietic tissue.

C/EBP form a subgroup within the basic region/leu-
cine zipper superfamily of transcription factors (bZIP).
Members of this family of transcription factors consist
of an N-terminal transactivation domain, a DNA-bind-
ing basic region, and a leucine rich dimerization domain
(Vinson et al., 1989; Kerppola and Curran, 1991). The
dimerization domain, termed the “’leucine zipper®, con-
tains leucine repeats that intercalate with leucine repeats
of the dimer partner forming a coiled coil of a helices in
parallel orientation. There are six members of the C/EBP
family (C/EBPa, C/EBPpB, C/EBPy, C/EBPS, C/EBPs,
and C/EBP(). C/EBPa forms homodimers or heterodim-
ers with other C/EBP proteins as well as with transcrip-
tion factors of other families to precisely modulate the
transcription of target genes (Lekstrom-Himes and Xan-
thopoulos, 1998). C/EBP dimerization is a prerequisite
to DNA binding. However, DNA binding specificity is
determined by the DNA contact surface of C/EBP, the
“basic™ region, specifically by three aminoacids up-
stream of the leucine zipper. Domains responsible for
transcriptional activation and/or repression are located
in the N-terminal end of C/EBPs.

Similarities between C/EBP family members suggest
an evolutionary history of genetic duplications with
subsequent pressure to diversify. The resulting proteins
vary in tissue specificity and transactivating ability. The
pleiotropic effects of C/EBPs are caused by tissue- and

stage-specific expression, leaky ribosomal reading,
post-transcriptional modifications, and variable DNA
binding specificities. Experiments with mice genetically
altered to abolish the expression of C/EBPs underscores
the role these factors play in normal tissue development
and cellular function, cellular proliferation and func-
tional differentiation (Wang et al., 1995; Flodby et al.,
1996; Zhang et al., 1997; Martis et al., 2006).

C/EBPa gene, mRNA and protein

C/EBPua is encoded by an intronless gene that is 2783
bp long and maps to human chromosome 19q13.1 (Hen-
dricks-Taylor et al., 1992). Expression patterns of
C/EBPa mRNA are similar in the mouse and human
with measurable levels in liver, adipose tissue, intestine,
lung, adrenal gland, skeletal muscle, pancreas, placenta,
prostate gland, mammary glands and peripheral blood
mononuclear cells. However, the expression was unde-
tectable or very low in brain, kidney, thymus, testis and
ovary (Birkenmeier et al., 1989). In liver and adipose
tissue, highest levels of C/EBPa mRNA are detected
only in differentiated tissue.

C/EBPo mRNA is translated into two major proteins,
C/EBPa p42 (42 kDa) and C/EBPa p30 (30 kDa) by a
ribosome-scanning mechanism in which a fraction of
ribosomes ignore the first two AUG codons and initiate
translation at the third AUG codon located 351 nucle-
otides downstream of the first one (Fig. 1). Translation
start site multiplicity of the C/EBPa mRNA is dictated
by a small 5’ open reading frame (Calkhoven et al.,
1994, 2000). The translation product C/EBPa p30 initi-
ated at the third AUG codon is devoid of the potent tran-
scription-regulation domain contained in C/EBPa p42
and stimulates transcription of the target gene (e.g. albu-
min gene) much less efficiently than the C/EBPa p42
(Ossipow et al., 1993).

The full-length, 42 kDa form of C/EBPa contains
three transactivation domains (TE-I, TE-II and TE-III)
as well as the basic region/leucine zipper (bZIP) (Ner-
lov and Ziff, 1994). This bZIP domain contains a basic
region (BR), which mediates DNA binding, and a leu-
cine zipper region (LZ) for homodimerization and het-
erodimerization of C/EBPa with other C/EBP and dif-
ferent proteins (Fig. 1). TE-I and TE-II domains me-
diate cooperative binding of C/EBPa to TBP (TATA
box-binding protein) and another basal transcription
initiation factor TFIIB (Nerlov and Ziff, 1995). Both,
TBP and TFIIB are essential components of the RNA
polymerase II basal transcription apparatus. The
TE-III domain contains a negative regulatory sub-
domain (Pei and Shih, 1991; Nerlov and Ziff, 1994).
This negative regulatory region or transcriptional at-
tenuator domain also inhibits transcriptional synergy
of multiple DNA-binding regulators and was named
synergy control (SC) motif (Iniguez-Lluhi and Pearce,
2000).
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The truncated C/EBPa p30 isoform acts as an inhibi-
tor of C/EBPa p42-mediated transactivation of tran-
scription of target genes. This inhibition occurs by for-
mation of heterodimers of both C/EBPa isoforms. These
heterodimers have impaired DNA-binding ability and
transcription transactivation capacity compared with
C/EBPa p42 homodimers (Ossipow et al., 1993, Cleaves
et al., 2004). There are examples where the C/EBPa p30
isoform has some transcriptional activity (Calkhoven et
al., 1997). In these cases the truncated C/EBPa p30 iso-
form might stabilize binding of other transcription fac-
tors and activate transcription. This 30 kDa product also
lacks the antimiotic activity exhibited by the full-length
C/EBPa p42 (Lin et al., 1993).

The basic region (BR) of C/EBP, which mediates
DNA binding, preferentially recognizes the palindromic
DNA sequence 5’-ATTGCGCAAT-3’ (Johnson, 1993;
Koldin et al., 1995). Although the C/EBPs possess simi-
lar DNA binding specificities and dimerization proper-
ties, each protein exhibits unique functional properties
in vivo. The appearance of specific phenotypes in each
C/EBP-deficient mouse shows that these proteins do not
have fully redundant functions. Direct evidence for spe-
cific functions has come from experiments where the
coding sequence for C/EBPa was replaced with the cod-
ing sequence C/EBPP. This gene replacement strategy
to generate a viable and fertile C/EBPa-null mouse line
rescued hepatic-specific function to maintain normal
blood glucose levels, but could not rescue function in
white adipose tissue to regulate fat storage (Chen et al.,
2000).

Post-translational modifications of C/EBPa

Phosphorylation and sumoylation of C/EBPa are im-
portant regulatory mechanisms which cause changes in
function of this protein. Phosphorylation and sumoyla-
tion sites in the C/EBPa protein are shown in Fig. 1.

C/EBPo. protein phosphorylation

The McDonough strain of feline sarcoma virus con-
tains an oncogene called v-fins with tyrosine kinase ac-
tivity. Fms-like tyrosine kinase 3 (F1t3) encodes a recep-
tor tyrosine kinase for which activating mutations have
been identified in a proportion of acute myelogenous
leukemia (AML) patients. These mutations activate the
FIt3 kinase activity constitutively, and result in increased
cellular proliferation and viability. Activation of FIt3 in-
hibits C/EBPa function by extracellular signal receptor
kinase (ERK)1/2-mediated phosphorylation on serine
21, which affects the ability of C/EBPa to induce granu-
locytic differentiation and may explain the differentia-
tion block of leukaemic blasts (Radomska et al., 2006).

Glycogen synthase kinase-3 (GSK3), an insulin-in-
hibited protein kinase phosphorylates C/EBPa on two
threonine residues (T222 and T226, refer to rodent se-
quence) and on serine (S230). The functional impor-

tance of these phosphorylation events in the regulation
of C/EBPa activity is not yet clear but plays some role
in preadipocyte diferentiation (Liu et al., 2006).

Ras signalling phosphorylates C/EBPa on serine 248
of the transactivation domain, resulting in an enhance-
ment of the ability of C/EBPa to transactivate the granu-
locyte-colony stimulating factor (G-CSF) receptor pro-
moter, which contributes to the induction of granulocyte
differentiation (Behre et al., 2002).

The biological function of C/EBPa in liver cells also
depends on phosphorylation-dephosphorylation of a
single serine 193 (S193) residue within the C/EBPa
growth-inhibitory region (Wang and Timchenko, 2005).
S193-phosphorylated C/EBPa binds to cyclin-depend-
ent kinase 2 (Cdk2) and to brahma (Brm, named accord-
ing to the ATPase of the Drosophila SWI/SNF complex
involved in chromatin remodelling during transcripti-
on) and inhibits proliferation. S193-dephosphorylated
C/EBPa accelerates proliferation by neutralization
growth-inhibitory activity of retinoblastoma protein
(RD) through sequestering Rb from E2F-Rb complex re-
pressors. The E2F transcription factor plays a crucial
role in the control of cell cycle progression and regu-
lates the expression of genes required for G1/S transi-
tion (Fig. 2). E2F activity is modulated by multiple
mechanisms including negative regulation by interac-
tion with the product of the Rb tumour suppressor gene
expression. Binding of Rb to E2F results in active tran-
scriptional repression of E2F-regulated genes and
growth suppression.

The activation of phospatidylinositol 3-kinase (PI3K)/
Akt (protein kinase B) in liver tumours leads to accumu-
lation of protein phosphatase 2A (PP2A) in the nuclei,
where PP2A dephosphorylates C/EBPa on S193 and
blocks its growth-inhibitory activity (Wang et al., 2004).
This PI3K/Akt-mediated block of C/EBPa inhibition
leads to the lack of negative control of proliferation in
the liver and to development of tumours.

C/EBPa protein sumoylation

C/EBPa can be sumoylated at the lysine residue of
SC motif within the transcriptional attenuator domain
(Subramanian et al., 2003; Sato et al., 2006). Sumoyla-
tion of this motif can affect the inhibitory function by
influencing protein-protein interactions, a mechanism
by which sumoylation probably regulates the activity of
the transcription factor. Sato et al. (2006) investigated
the level and functional roles of sumoylated C/EBPa
during the differentiation of hepatocytes. SUMO-1
(small ubiquitin-related modifier-1) masks BRG1 (prod-
uct of expression of brahma-related gene 1)-binding site
of C/EBPa. BRG-1 is the core subunit of an ATP-de-
pendent chromatin remodelling complex. Sumoylation
of C/EBPa dramatically decreases the stimulation of
C/EBPa-mediated transactivation of the liver-specific
albumin gene by BRGI1. Sumoylated C/EBPa failed to
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Fig. 1. Schematic representation of the domain structure of
C/EBPa protein, phosphorylation and sumoylation sites,
protein interaction regions and protein interaction partners.
Numbers directly above the schema of protein indicate the
amino acids of the rat C/EBPa protein. The full-length,
42 kDa form of C/EBPa protein and the shorter 30 kDa
form of the protein are also shown. Other details are de-
scribed in the text.

induce proliferation arrest because its interaction with
BRG] was inhibited.

Growth-inhibiting activity of C/EBPa

C/EBPa is a strong inhibitor of cell proliferation
when overexpressed in cultured cells (Hendricks-Taylor
and Darlington, 1995; Schuster and Porse, 2006).
C/EBPa mediates differentiation in several organ sys-
tems, including liver, adipose, lung and the haematopoi-
etic tissue. C/EBPa promotes differentiation by the up-
regulation of lineage-specific gene products and by the
exit from cell cycle that means proliferation arrest. The
capacity of C/EBPa to promote growth arrest has been
studied in vitro, by analysis of knockout mice and by
examination of leukaemic cells (Johnson, 2005; Schus-
ter and Porse, 2006). Several models of C/EBPa-in-
duced growth arrest have been described (Johnson,
2005; Schuster and Porse, 2006). These include
C/EBPo-mediated (1) stabilization of the cyclin-de-
pendent kinase 2 (Cdk2) inhibitor, p21WAF1/CIP1
(Timchenko et al., 1997), (2) regulation of growth-in-
hibiting Rb-E2F complexes (Timchenko et al., 1999),
(3) interaction with free E2F, inhibition of E2F activity
and down-regulation of the E2F target gene c-myc (Jo-
hansen et al., 2001, Porse et al., 2001), (4) interaction
with Max, a member of the basic region-helix-loop-he-
lix-leucine zipper proteins, that belongs to a network of
transcription factors including the Myc and Mad fami-
lies of proteins (Grandori et al., 2000, Zada et al., 2006),
(5) inhibition of Cdk2 and Cdk4 activity (Wang et al.,
2001), and (6) interaction with the SWI/SNF chromatin
remodelling complexes (Muller et al., 2004). Models (1)
and (2) have been questioned by experiments performed

S

‘\_/

G2

Fig. 2. Regulation of G1-S progression during cell cycle by
C/EBPa protein. Retinoblastoma protein (Rb) is phosphor-
ylated by Cdks that are inhibited by C/EBPa protein and
p21WAFICIPL Cdk inhibitor induced by C/EBPa protein.
Phosphorylation of Rb and its release from transcription
factor E2F derepresses S-phase genes, which are otherwise
inhibited by the pRb-E2F complex through recruitment of
the SWI/SNF chromatin-remodelling complex and histone
deacetylases (HDACs). C/EBPa protein may be bound to
promoters of target S-phase genes indirectly by E2F or it
could bind directly to target S-phase gene promoters.

in p21 WAF1/CIP1 (Muller et al., 1999) and Rb (Hen-
dricks-Taylor and Darlington, 1995) null cell lines.
Model (5) has also been questioned by control experi-
ments with mice homozygous for the deletion of the 15-
amino acid proline- and histidine-rich region (PHR) lo-
cated in the central part of C/EBPa (Porse et al., 2006).
C/EBPa PHR is responsible for interaction of C/EBPa
with Cdk2/4. Mice homozygous for the APHR allele did
not display any phenotype that could be related to the
role of C/EBPa as a growth repressor (Porse et al.,
2006). C/EBPa may promote growth arrest by cell-spe-
cific mechanisms. This means that different models of
C/EBPa-mediated cell-cycle arrest (Fig. 2) operate in
different cell types.

Different regions of C/EBPa are involved in growth
inhibition (Fig. 1). According to the third model, C/EBPa
interacts with free E2F through the non-DNA binding
surface of its basic region and the N-terminal region of
the C/EBPa also plays a role in growth inhibition (Jo-
hansen et al., 2001). The basic DNA-binding region of
the C/EBPa is also involved in the C/EBPa and Max
interaction, likely through C/EBPa R297, K298 and/or
K302 in the fourth model (Zada et al., 2006). C/EBPa.
R297 is known to participate in the interaction between
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C/EBPa and E2F (Porse et al., 2001). In the Cdk2/Cdk4
inhibition model, C/EBPa interacts with and inhibits the
activity of Cdk2/Cdk4 through PHR (Wang et al., 2001).
Finally, according to the SWI/SNF recruitment model,
C/EBPa interacts with SWI/SNF components through a
centrally located 75-amino acid region overlapping with
the Cdk2/Cdk4 binding region (Pedersen et al., 2001;
Muller et al., 2004).

Although over-expression experiments and analysis
of cells lacking known cell-cycle regulators are useful
for identifying the pathways in which C/EBPa func-
tions, these approaches do not necessarily reveal the pri-
mary target.

Functional role of CEBPa in hierarchical
specification of haematopoietic lineages and
in the development of granulocytes

C/EBPo. and the commitment of self-renewing
haematopoietic stem cells and downstream
progenitors

Haematopoiesis is a life-long, highly regulated multi-
stage process wherein a pluripotent self-renewing hae-
matopoietic stem cell (HSC) differentiates into more
committed progenitor cells that give rise to all blood cell
lineages. Sequential lineage specification processes are
called commitment. Transcription factors have emerged
as key regulators of lineage determination and differen-
tiation during haematopoiesis (Sieweke and Graf, 1998;
Orkin, 2000; Rosmarin et al., 2005). C/EBPa affects
haematopoietic cell fate decisions by inducing myeloid
differentiation and inhibiting erythroid differentiation in
progenitors more primitive than GMPs (Suh et al., 2006).
C/EBPua also plays a regulatory role in maintenance of
the HSC population, since both C/EBPa-deficient foetal
liver cells and adult bone marrow cells display a com-
petitive advantage over wild-type bone marrow cells in
transplantation experiments (Zhang et al., 2004).

It has been thought that the commitment was an irre-
versible process, and cells differentiated into a certain
lineage would not change their own fate. However, re-
cent evidence suggests that many immature progenitors
still sustain latent differentiation programmes to other
lineages than their own. Lymphoid lineage-committed
progenitors (CLPs, “common lymphoid progenitors®,
see Fig. 3) maintain a latent myeloid differentiation po-
tential, which can be initiated through exogenously ex-
pressed interleukin-2 (IL-2) receptors. Transcription
factor C/EBPa is promptly up-regulated in CLPs after
ectopic IL-2 stimulation. This C/EBPa up-regulation ini-
tiates myeloid differentiation from CLPs and decreases
expression of a B lymphoid-specific transcription factor,
Pax5, which belongs to the paired box family of tran-
scription factors (Hsu et al., 2006). Using transgenic
mice expressing a conditional form of C/EBPa whose
activity can be regulated, Fukuchi et al. (2006) tested

Megakaryocyte

Erythrocyte

upregutation
Granulocyte

HSC -

Fig. 3. Schematic presentation of roles of the C/EBPa pro-
tein and other transcription factors in lineage specifica-
tion.

megakaryocyte/erythroid progenitors (MEPs) and CLPs
whether they could be redirected to myeloid lineage by
C/EBPa activation. Lineage conversion was accom-
plished in both cases by short-term activation of C/EBPa
(Fukuchi et al., 2006). These data establish a critical role
of C/EBPa not only in the myeloid lineage, but also in
the whole haematopoietic system.

C/EBPa is highly expressed in granulocyte/monocyte
progenitors (GMPs) but significantly decreased in ba-
sophil/mast cell progenitors (BMCPs) or in mast cell
progenitors (MCPs), suggesting that the down-regula-
tion of C/EBPa is critical for the development of ba-
sophil and mast cell lineages (Iwasaki et al., 20006).
C/EBPa needs to be suppressed at the GMP stage for
both basophil and mast cell development (Fig. 3).
C/EBPa is expressed in a biphasic manner for basophil
development from GMPs through BMCPs. The down-
regulation of C/EBPa at the GMP stage proceeds into
BMCPs and its reactivation at the BMCP stage gives
rise to mature basophils (Iwasaki et al., 2006). Tran-
scription factor GATAL is important for the megakaryo-
cyte/erythrocyte lineage commitment and the transcrip-
tion factor GATA-2 instructs GMPs to exclusively select
the eosinophil fate (Iwasaki et al., 2006).

C/EBPo. function in granulopoiesis

The main role of C/EBPa in haematopoiesis is in the
development of granulocytes (Tenen et al., 1997, Kee-
shan et al., 2003, Rosmarin et al. 2005, Suh et al. 20006).
A critical role for the function of C/EBPa in granulopoi-
esis was demonstrated in mice harbouring a disruption
of the C/EBPa gene (Wang et al., 1995). These mice
show a selective early block in granulopoiesis, with the
appearance of many myeloid blasts in foetal liver and
peripheral blood (Zhang et al., 1997). Other lineages,
including macrophages, were not affected. These mice
had a selective loss of granulocyte colony-forming units
and IL-6 responsive colony-forming units, which could
be explained by the loss of expression of the granulo-
cyte-colony-stimulating factor (G-CSF) receptor and
IL-6 receptor (Iwama et al., 1998; Zhang et al., 1998).
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Haematopoietic cells from these mice failed to express
mRNAs for primary or secondary neutrophil granule
proteins, such as major primary granule protein (MPO)
or lactoferrin (Iwama et al., 1998). Transcription activa-
tion function of C/EBPa is required for induction of
granulocytic differentiation (Fig. 3) (Keeshan et al.,
2003). Further studies demonstrated that at least in vitro,
restoration of granulocytic differentiation could be ef-
fected by administration of the cytokines IL-3 and gran-
ulocyte-macrophage-colony stimulating factor (GM-
CSF), but not with all-#rans retinoic acid (ATRA) (Zhang
et al., 1997; Zhang et al., 2002). These studies support a
model of at least two pathways leading to the differen-
tiation of myeloid progenitors to granulocytes, one in-
volving C/EBPa and one involving IL-3 and GM-CSF
(Zhang et al., 2002).

Cooperation of PU.1 and C/EBPa. transcription
factors in lineage decision

C/EBPa can cooperate with additional factors to di-
rect monocytic commitment of primary myeloid pro-
genitors (Wang et al., 2006). C/EBPa induces transcrip-
tion factor PU.1 mRNA 2-fold in normal myeloid pro-
genitors. C/EBPa binds and activates the endogenous
PU.1 gene in myeloid cells. Induction of PU.1 by
C/EBPa may account for increased levels of PU.1 in
myeloid as compared with B-lymphoid cells, and in this
way contribute to the specification of myeloid progeni-
tors (Kummalue and Friedman, 2003). Genetic analyses
suggest that elevation of PU.1 supports monocytic over
granulocytic development. Lack of one PU.! allele fa-
vours neutrophil development from embryonic stem
cells in vitro and favours neutrophil development in vivo
in the absence of G-CSF receptor (Dahl et al., 2003).
Cre recombinase-mediated deletion of PU./ in adult
mice preserves granulocytes at the expense of mono-
cytes (Dakic et al., 2005). C/EBPa and PU.1 are expres-
sed in HSC and are up-regulated in GMPs during granu-
locyte and macrophage development. However, both
these transcription factors are down-regulated in meg-
akaryocyte-erythrocyte progenitors (Suh et al., 2006).

Regulation of microRNA-223 involved in
granulocytic differentiation by C/EBPa.

C/EBPa regulates not only growth factor receptors
and other myeloid-specific gene products, but also mi-
croRNA-223 (miR223), whose expression is confined
to haematopoietic cells (Chen et al., 2004; Fazi et al.,
2005). Two transcriptional factors, NFI-A and C/EBPa,
compete for binding to the miR-223 promoter (Fazi et
al., 2005). NFI-A maintains miR-223 at low levels,
whereas its replacement by C/EBPa, following retinoic
acid-induced differentiation, up-regulates miR-223 ex-
pression (Fig. 4). The granulocytic differentiation is also
favoured by a negative-feedback loop in which miR-
223 represses NFI-A translation.
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Fig. 4. Important roles of microRNA-223 and two tran-
scription factors (C/EBPa and NFI-A) in undifferentiated
acute promyelocytic NB4 cells (left panel) and after induc-
tion of granulocytic differentiation by retinoic acid (right
panel). Two transcriptional factors, NFI-A and C/EBPa,
compete for binding to the miR-223 promoter. NFI-A
maintains miR-223 at low levels (left panel), whereas its
replacement by C/EBPa, following retinoic acid-induced
differentiation, up-regulates miR-223 expression (right
panel).

C/EBPa and the pathophysiology of acute
leukaemias

C/EBPo. mutations

Acute myeloid leukaemias (AMLs) are clonal disor-
ders that are characterized by a block in differentiation
along one or more haematopoietic lineages. Molecular
abnormalities are frequently detected in AML. The ge-
netic alterations in AML often affect transcription fac-
tors that also have an important role in normal haemat-
opoiesis. C/EBPo mutations have been observed in
AML patients with the approximate frequency of 5-14%
(Pabst et al., 2001b; Gombart et al., 2002; Preudhomme
et al., 2002; Barjesteh van Waalvijk van Doorn-Khos-
rovani et al., 2003; Kaeferstein et al., 2003; Snaddon et
al., 2003; Frohling et al., 2005; Leroy et al., 2005; Liang
et al., 2005; Shih et al., 2005, 2006). The mutations can
be largely divided into two common types. First, carb-
oxy-terminal in-frame mutations disrupt the basic zip-
per region, thus affecting DNA binding as well as homo-
and heterodimerization with other C/EBP family mem-
bers. These mutations are in most AML cases in one of
the two C/EBPa alleles and are often associated with a
second mutation in the other allele, which usually leads
to loss of C/EBPa function. Second, amino-terminal
frame shift mutations result in premature termination of
the normal 42 kDa form of the C/EBPa protein while
preserving the 30 kDa form leading to the induction of
proliferation. A striking feature of C/EBPo mutations in
AML patients is that no bi-allelic null mutations have
been reported thus far. It therefore seems most likely
that some residual C/EBPa activity has to be present in
order for malignant transformation to occur. This obser-
vation correlates with the observation that C/EBPa. (-/-)
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mice never become truly leukaemic (Zhang et al.,
2004).

Inherited AML associated with an identical mutation
in C/EBPa has been reported in only a few families
(Smith et al., 2004, Sellick et al., 2005). No additional
chromosomal aberrations were detected in these cases.
The long latency of the development of the disease (10
to 30 years) may reflect secondary mutations that are not
detectable. One possibility is that carriers of a C/EBPa
mutation have a large population of poorly differentiat-
ed myeloid cells associated with an increased risk of
“second genetic hit* that would lead to AML.

Decreased expression of C/EBPa. by
transcriptional regulation

In the absence of specific C/EBPa mutations, de-
creased exptression may serve as an alternative mecha-
nism that disrupts C/EBPa function. AML with the
t(8;21) translocation gives rise to the fusion gene
RUNXI-CBF2TI (also known as AMLI-ETO) encoding
the AML1-ETO fusion protein. In AML patient samples
with this translocation as well as in cell lines (AMLI1-
ETO-positive Kasumi-1 cells) derived from these pa-
tients, C/EBPa is undetectable. The specific depletion of
AMLI1-ETO (also known as AML1-MTGS) in Kasumi-1
cells by AML1-ETO small interfering RNAs (siRNAs)
led to an approximately 15-fold increase in C/EBPa
mRNA expression, whereas electroporation with con-
trol siRNAs had no effect (Heidenreich et al., 2003).
AMLI1-ETO appears to suppress C/EBPa expression in-
directly by inhibiting positive autoregulation of the
C/EBPo, promoter. Moreover, the application of AML1-
ETO siRNAs followed by stimulation with inducers of
differentiation (transforming growth factor B1 and vita-
min D,) caused a higher expression of C/EBPo. in com-
parison to these inducers alone. In addition, conditional
expression of C/EBPa overcomes the block of differen-
tiation caused by AML1-ETO and is sufficient to trigger
terminal neutrophilic differentiation. Restoring C/EBPa
expression will have therapeutic applications in AMLI-
ETO-positive leukaemias (Pabst et al., 2001a).

Decreased expression of C/EBPa by
posttranscriptional regulation

Posttranscriptional regulation of C/EBPa in myeloid
leukaemias was demonstrated in AML with t(3;21)
(q26;q22) translocation encoding the AMLI-MDSI-
EVII (AME) fusion gene (Helbling et al., 2004). The
RNA-binding protein calreticulin was strongly activated
in AML patient samples with AME fusion protein. Cal-
reticulin binds strongly to the GC-rich stem structure in
the stem loop within the coding region of C/EBPa
mRNA and inhibits translation of this mRNA (Helbling
et al., 2004). The same mechanism of inhibition of
C/EBPa mRNA translation was described for CBFB-
MYHII (“core binding factor 3-smooth muscle myosin

heavy chain®) leukaemic fusion protein, expressed as a
result of inv(16)(p13q22), that activates calreticulin
binding to C/EBPa mRNA (Helbling et al., 2005).

Decreased or increased expression of C/EBPa.
by posttranslational regulation

Posttranslational regulation of C/EBPa activity in
myeloid leukaemias is based on phosphorylation and
probably also on sumoylation of the C/EBPa protein,
described in the paragraph about the posttranscriptional
modifications of C/EBPa. The further mechanism of
C/EBPa protein inactivation is its proteasomal degrada-
tion after association with Tribbles homologue 2 (Trib2)
(Keeshan et al., 2006). Analysis of 285 AMLs showed
that elevated Trib2 expression preferentially associated
with a cluster of AMLs characterized by C/EBPa deffi-
ciency. Trib2 is an oncoprotein that contributes to the
pathogenesis of AML through the inhibition of C/EBPa
function. On the other hand, a mass spectrometry-based
proteomic approach to systematically identify putative
co-activator proteins interacting with the DNA-binding
domain (DBD) of C/EBPa identified c-Jun N-terminal
kinase (JNK) 1 among others proteins as proteins inter-
acting with DBD of C/EBPa from nuclear extract of
myelomonocytic U937 cells (Trivedi et al., 2007). Ki-
nase JNK1 physically interacts with DBD of C/EBPa in
vitro and in vivo. Active JNK1 inhibits ubiquitination of
C/EBPa possibly by phosphorylating in its DBD (Trive-
di et al., 2007). Consequently, INK1 prolongs C/EBPa
protein half-life, leading to its enhanced transactivation
and DNA-binding capacity. In certain AML patients,
however, the JINK1 mRNA expression and its kinase ac-
tivity is decreased, which suggests a possible reason for
C/EBPa inactivation in AML. JNK1 is a positive regula-
tor of C/EBPa (Trivedi et al., 2007).

Oncogenic properties of C/EBPa

C/EBPa is activated in human precursor-B lympho-
blastic acute leukaemia (BCP-ALL) cells by juxtaposi-
tion to the immunoglobulin gene enhancer upon the
t(14;19)(q32;q13) chromosomal rearrangement. Trans-
locations involving the immunoglobulin heavy chain
locus (/GH) at chromosomal band 14q32 in BCP-ALL
cells is a rare but recurrent event. These translocations
can be connected with the translocation of the C/EBPa
gene on chromosome 19q13.1. This t(14;19)(q32;q13)
chromosomal rearrangement leads to overexpression of
C/EBPa protein, usually of normal sequence, which ex-
hibits oncogenic properties (Chapiro et al., 2006). Thus
it appears that either loss of function of C/EBPa or gain
of function of C/EBPa has leukaemogenic potential
(Fig. 5). In these BCP-ALL patients, the breakpoint on
chromosome 19 differs from the t(14;19)(q32;q13) iden-
tified in patients with diagnosis of atypical chronic lym-
phocytic leukaemia (CLL) (Robinson et al., 2004). This
translocation in atypical CLL and in B-cell lymhoma
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Fig. 5. The effect of the amount of transcription factor
C/EBPa in leukaemogenesis. “Just the right amount of
C/EBPa is needed for maintenance of normal haematopoi-
esis. “Too much or too little” of C/EBPa can contribute to
leukaemogenesis. Apparently normal C/EBPa is over-ex-
pressed in BCP-ALL harbouring the translocation t(14;
19)(q32; ql3). Mutations or decreased expression of
C/EBPa cause AML.

patients juxtaposes the bcl/-3 (B-cell CLL/lymphoma 3
gene) at chromosome 19q13 with the immunoglobulin
heavy chain gene locus at 14q32 (Huh et al., 2007). The
bcl-3 gene encodes a member of the IkB protein family
of inhibitors of nuclear factor kappa B (NF-kB). Bcl-3
expression also suppresses pS53 activation and inhibits
p53-induced apoptosis.

Suppression of the C/EBPa expression by
Bcer-Abl oncoproteins

Ber-Abl is a constitutively activated tyrosine kinase
resulting from the t(9;22) chromosomal translocation in
chronic myelogenous leukaemia (CML). In human
CML, Bcer-Abl causes a chronic phase characterized by
an increased production of granulocytic cells with nor-
mal maturation. In most cases of human CML, the dis-
ease ultimately undergoes a transition to blast crisis. In
myeloid blast crisis, granulocyte differentiation is
blocked. Down-regulation of the C/EBPa protein has
been implicated in this transition (Perrotti et al., 2002).
In primary bone marrow cells taken from patients with
CML in blast crisis, C/EBPa mRNA is clearly present
but C/EBPa protein is undetectable. Ber-Abl regulates
the expression of C/EBPa by inducing the poly(rC)-
binding protein hnRNP E2, which inhibits the transla-
tion of C/EBPa mRNA (Perrotti et al., 2002). The effect
of the absence of C/EBPa was tested in Ber-Abl-induced
murine leukaemia (Wagner et al., 2006). In the absence

of C/EBPa, Ber-Abl induces an immature erythroleu-
kaemia, and no myeloid cells are detected. These results
indicate that in malignant haematopoiesis residual
C/EBPa function is also required for myeloid lineage
commitment (Wagner et al., 2006). The concept of re-
duced rather than loss of transcription factor C/EBPa
expression might be important for future attempts at
modelling leukaemia.

Conclusion

Transcription factor C/EBPa plays an important role
in numerous cellular processes including proliferation,
differentiation, apoptosis, control of metabolism and
other specific functions. The antiproliferative role of
C/EBPa and the underlying mechanisms were described
as well as its function in cell differentiation, mainly in
myeloid cell differentiation. C/EBPa levels correlate
with Bcl-2 (B-cell leukemia/lymphoma-2) in a defined
subset of AML cases. C/EBPa induces endogenous bcl-2
expression in myeloid and lymphoid cell lines and nor-
mal cells by cooperation with NF-kB p50 and inhibits
apoptosis (Paz-Priel et al., 2005). In addition, coopera-
tion of C/EBPa or C/EBP with NF-kB induces multi-
ple genes involved in the inflammatory response, a proc-
ess defective in C/EBPa. (-/-) mice (Burgess-Beusse and
Darlington, 1998). C/EBPa is a critical tumour suppres-
sor in the haematopoietic tissue but the genetic evidence
for this role in non-haematopoietic tissue has not been
obtained until now. DNA hypermethylation of the up-
stream C/EBPo promoter region is responsible for very
low C/EBPa expression in human endometrial and lung
cancer (Takai et al., 2005, Tada et al., 2006). C/EBPa
expression may be a biomarker for early detection of
these cancers. DNA-modifying drugs such as demethyl-
ating agents (5-azacytidine or 5-aza-2’-deoxycytidine)
and/or histone deacetylase inhibitors (depsipeptide, tri-
chostatin A, valproic acid, suberoylanilide hydroxamic
acid, butyrate) could be used in the treatment of these
malignancies. On the other hand, C/EBPa can act as an
oncogene in B-cell precursor ALL cases. New research
is targeted to a better description of C/EBPa targets and
biological activities. The new tools to identify target
genes, binding sites in chromosomal DNA, protein-pro-
tein interactions and protein modifications, as well as
powerful genetic methods should soon bring new results
in this field.
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