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Abstract
The transcription factor nuclear factor kappa B (NF-jB) can
intervene in oncogenesis by virtue of its capacity to regulate
the expression of a plethora of genes that modulate
apoptosis, and cell survival as well as proliferation,
inflammation, tumor metastasis and angiogenesis. Different
reports demonstrate the intrinsic activation of NF-jB in
lymphoid and myeloid malignancies, including preneoplastic
conditions such as myelodysplastic syndromes, under-
scoring its implication in malignant transformation. Targeting
intrinsic NF-jB activation, as well as its upstream and
downstream regulators, may hence constitute an additional
approach to the oncologist’s armamentarium. Several small
inhibitors of the NF-jB-activatory kinase IjB kinase, of the
proteaseome, or of the DNA binding of NF-jB subunits
are under intensive investigation. Currently used cytotoxic
agents can induce NF-jB activation as an unwarranted side
effect, which confers apoptosis suppression and hence
resistance to these drugs. Thus, NF-jB inhibitory molecules
may be clinically useful, either as single therapeutic agents or
in combination with classical chemotherapeutic agents, for
the treatment of hematological malignancies.
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Introduction

Nuclear factor kappa B (NF-kB) was initially identified as a
transcription factor present in the nucleus of B cells that bound
to the enhancer of the k light chain of immunoglobulins.1 NF-kB
stimulates the expression of a panel of antiapoptotic gene
products including FLICE inhibitory protein (FLIP), cIAP,
survivin, B-cell leukemia/lymphoma 2 (Bcl-2), and Bcl-XL,
underscoring its importance on cell death in hematologic
malignancies (Table 1). In addition, NF-kB modifies the
expression of numerous other target genes that are unrelated
to cell death and affect inflammation, proliferation, or differ-
entiation. NF-kB also enhances the expression ofmdr1, whose
product, P-glycoprotein (P-gp), a plasma membrane trans-
porter, mediates chemoresistance by inducing the efflux of
chemotherapeutic molecules, explaining its broad impact, not
only in oncogenic transformation but also in chemoresistance.2

NF-kB consists of a family of Rel-domain-containing proteins
including Rel A (p65), Rel B, c-Rel, p50 (NF-kB1), and p52 (NF-
kB2).3,4 Phosphorylation-dependent cleavage of inactive p100
yields active p52, while cleavage of p105 yields p50.5 Ankyrin-
domain containing proteins, like IkBa, IkBb, IkBg, Bcl-3, p105,
and p100, are responsible for withholding NF-kB subunits in the
cytoplasm.3 The inactive, latent form of NF-kB is localized in
the cytoplasm and is constituted by a heterotrimeric complex
of p50, p65, and IkB.4,5 Degradation of IkBa by sequential
phosphorylation, ubiquitination, and proteasome-mediated
proteolysis releases the p50–p65 heterodimer, which translo-
cates to the nucleus and binds to specific consensus
sequences within the promoter of NF-kB target genes.3,5

NF-kB transactivates more than 200 genes implicated in cell
survival/apoptosis, cell growth, immune response, and inflam-
mation.3 The principal NF-kB activation pathway involves IkB
phosphorylation at serine residues 32 and 36 by IkB kinase
(IKK), which is formed by the IKKa, IKKb, and IKKg (NF-kB
essential modulator (NEMO)) subunits.1 IKK can be activated
by multiple intra- and extracellular stimuli6 (Figure 1).
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The NF-kB family members c-Rel and v-Rel have been
identified as bona fide oncogenes.7 c-Rel is known for its
potential to transform cells in culture, and it is frequently
amplified in Hodgkin’s lymphomas (HLs), diffuse large B-cell
lymphomas (DBCLs), and some follicular and mediastinal B-cell
lymphomas.8 A viral ortholog of c-Rel, v-Rel, induces lympho-
mas and leukemias in animal models.9 Constitutively active NF-
kB has been detected in malignant cells derived from patients
with multiple myeloma (MM), acute myelogenous leukemia
(AML), acute lymphocyte leukemia (ALL), chronic myelogenous
leukemia (CML), and most recently in myelodysplastic syn-
dromes (MDS).10 Targeting NF-kB in these hematopoietic
malignancies leads to apoptosis, corroborating the role of
NF-kB in the survival and clonal expansion of malignant cells.

In this review, we will summarize novel insights into the
pathophysiology of NF-kB in hematologic malignancies and
evaluate the prospects for developing new NF-kB-targeted
treatments.

Constitutive Activity of NF-jB in
Hematologic Malignancies

Lymphoid malignancies

Hodgkin’s lymphoma
HL is defined by the presence of Hodgkin and Reed–
Sternberg (HRS) cells derived from clonal expansion of
germinal-center B cells. The involvement of Epstein–Barr
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Table 1 Evidence for NF-kB activation in myeloid malignancies

EMSA IF IKK assay (IP, WB) IjB phosphorylation
(WB)

Target genes (PCR, WB)

MDS
(high risk)

Consensus p65/p5010,64,65 p6510 ND +10 Bcl-2, Bcl-XL, cIAP2, XIAP, c-FLIP 67,68

AML Consensus p65/p5071,72 p6563 IKK activity73,74 +72 cIAP2, IL-1b, IL-6, IL-8
IKKb phosphorylation73 Bcl-2, Bcl-XL

70,72

CML Consensus p6563,76 ND Probably not activated76 ND Bcl- XL
107

IMF Consensus p65/p5079 ND ND +79 TGF-b179

EMSA: electrophoretic mobility shift assay; IF: immunofluorescence; IP: immunoprecipitation; PCR: polymerase chain reaction; WB: Western blot
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virus (EBV) in the pathophysiology of HL has been shown
in about 50% of cases in industrialized countries.11 The
constitutive activity of NF-kB has first been shown for HRS cell
lines12 and then in primary HRS cells.13 Specifically, the
transcriptionally active homodimer p50 accounts for constitu-
tive NF-kB activation in HRS cells.14 A large number of
studies addressed the mechanisms underlying constitutive
NF-kB activity in HL. Autonomously active surface receptors,
including CD30, CD40, receptor activator of NF-kB (RANK),
and Notch 1, have been implicated in NF-kB activation in
HRS.11 Alternatively, or in addition, EBV might mediate
NF-kB activation through virally encoded genes such
as latent membrane protein (LMP)1, LMP2a, and EBV nuclear
antigen (EBNA), whose transcription has been detected in
HRS cells.15 In particular, LMP1 can mimic CD40 signaling,
and this could explain how latent EBV infection causes
the upregulation of antiapoptotic target genes via NF-kB.16 In
EBV-negative HL, other mechanisms have been suggested
to explain constitutive NF-kB activity in HRS cells.
Thus, inactivating mutations in the IkB gene were
found in several studies of EBV-negative HLs.17,18 In one
report, mutations in the IkB gene were found in all 11
EBV-negative HLs as well as in 4 of 15 EBV-positive HLs. As
an alternative or additional mechanism of NF-kB activation,
amplifications of the NF-kB/REL gene have been detected
by fluorescence in situ hybridization (FISH) of the 2p13–16
locus in HL.19

In line with the probable relevance of NF-kB for HL
pathogenesis, the antiapoptotic NF-kB target gene c-FLIP is
constitutively expressed by HRS cells. The presence of
c-FLIP may indeed inhibit transmission of proapoptotic signals
via death receptors including CD95/Fas/Apo1, as suggested
in a study of 59 HL patients.20 This study proposed that c-FLIP
would be recruited into the CD95L-triggered death-inducing
signaling complex (DISC), thus blocking proapoptotic signal-
ing by the DISC.

Non-Hodgkin’s lymphoma
Genetic alterations that affect the activity and expression
of cellular NF-kB/REL proteins have been linked to
non-Hodgkin’s lymphomas, which can arise from malignant
transformation of either B- or T-lymphocytes. The amplifica-
tion of the human c-REL locus, which is localized in the
2p14–15 chromosomal region, was found in a series of non-
Hodgkin’s B-cell lymphomas, resulting in increased c-REL
expression.21 However, no direct correlation between c-REL
expression and the expression of antiapoptotic NF-kB target
genes could be observed.5 Overexpressed c-REL is likely
to be implicated in malignant transformation because it can
transform primary chicken lymphoid cells in vitro.9 In contrast
to c-REL, amplifications and/or chromosomal rearrangements
affecting the REL A locus, which encodes the NF-kB p65
subunit, are rare in lymphomas.22 No genetic alterations of the
REL B locus have been described.5 However, chromosomal
rearrangements that affect the p52 (NF-kB2) locus at the
10q24 chromosomal region have been detected in T-cell non-
Hodgkin’s lymphomas, and also in chronic B-lymphocytic
leukemia (B-CLL), and MM.23 All these rearrangements result
in the deletion of C-terminal IkB-like sequences within the

p100 and hence stimulate the constitutive transcriptional
activity of p100-derived p52.

NF-kB activation has been extensively investigated for
mucosa-associated lymphoid tissue (MALT) lymphomas.
MALT lymphomas are the most common subtype of extra-
nodal non-Hodgkin’s lymphomas.24 These lymphomas are
commonly observed in the context of chronic inflammation or
autoimmune disease, in particular in the stomach, lung, and
thyroid gland.25 Gastric MALT lymphoma often correlates with
infection by Helicobacter pylori, and thyroid MALT lymphoma
is observed in association with Hashimoto’s thyroiditis.26 The
most frequent chromosomal aberration associated with MALT
is t(11;18)(q21;q21) translocation,27 which juxtaposes frag-
ments of the gene encoding the inhibitor of apoptosis-2
(c-IAP2) gene on chromosome 11 and that encoding MALT
lymphoma translocation gene 1 (MALT1) gene on chromo-
some 18.26 The resulting c-IAP2/MALT1 fusion protein can
activate NF-kB.26 MALT1 contains a region with homology to
caspases identifying MALT1 as a human paracaspase.28 The
MALT1/paracaspase promotes the ubiquitination of NEMO,
resulting in its activation and hence in that of NF-kB.29 A
recent study performed on patient samples could demon-
strate that the ubiquitin ligase activity of the MALT1/
paracaspase targeting NEMO is deregulated by fusion with
c-IAP2/MALT1.26

Burkitt’s lymphoma (BL) is an aggressive B-cell malignancy
that can be endemic in East Africa, always associated with
Epstein–Barr virus (EBV) infection, or sporadic, in which case
its association with EBV infection is less frequent.30 Classi-
cally, BL is associated with t(8;14)(q24;q32), in which the
immunoglobulin promoter causes constitutive transcription of
the c-myc oncogene.31 A recent study reported that, in EBV-
positive BL, reactive oxygen species (ROS) and p38 MAPK
mediated NF-kB activation. In contrast, EBV-negative BL
cells failed to produce ROS and to activate MAPK or NF-kB,
suggesting that BL can be classified into two distinct
pathologies involving different signaling pathways.30

A plethora of reports implicate NF-kB signaling in the
pathogenesis of DBCLs, which are thought to arise from
normal antigen-exposed B cells in germinal centers (GCs)
of secondary lymphoid organs,32 as inferred from gene
profiling.33 Microarray data suggested a classification of
DBCLs into germinal center-like and activated-B-cell (ABC)-
like subtypes.34 DBCL cell lines with ABC-type signatures
exhibit the constitutive activation of NF-kB target genes, as
well as an increased sensitivity to cell death induction by
NF-kB inhibition.35 Most recently, two large series of whole
genome arrays led to the identification of three distinct DBCL
subtypes: the oxidative phosphorylation, B-cell receptor/
proliferation and host response (HR) subtypes.36,37 The HR
subtype exhibited a robust NF-kB target gene signature, while
the activated B-cell (ABC)-like DBCLs had a more restricted
NF-kB target gene signature that resembles that found during
developmental maturation of normal B cells.36 Functional
evidence establishing the precise role of NF-kB in DBCL
subtypes is yet elusive. Amplification of the c-REL locus has
been demonstrated in 23% of extranodal DBCLs.5 However,
NF-kB activation in DBCLs can also been found in the
absence of c-REL amplification, suggesting alternative
mechanisms for constitutive NF-kB activation.5
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The precise mechanisms, incidence, penetrance, and
relevance of NF-kB activation remain to be characterized in
most non-Hodgkin’s lymphomas. An extensive gene profiling
study revealed that NF-kB activation is common in non-
Hodgkin lymphomas.38 In this report, the putative NF-kB
target genes Bcl-2 and BIRC5/survivin were identified.
BIRC5/survivin correlated with an aggressive phenotype,
while Bcl-2 correlated with less aggressive lymphomas.

Multiple myeloma
MM is a clonal B-cell malignancy characterized by slowly
proliferating secretory plasma cells in the bone marrow.39

Thus far, MM remains an incurable disease. Recently, two
studies revealed the expression of constitutively active NF-kB
in freshly drawn bone marrow aspirates from 37 of 37 MM
patients.40,41 Both studies demonstrated the retention of the
NF-kB consensus sequence in nuclear extracts as well as
translocation of the p65 subunit to the nucleus in highly
purified CD138þ MM plasma cells. The underlying mechan-
isms for expression of constitutively activated NF-kB in MM
cells are poorly understood. Two alternative, nonexclusive
mechanisms could explain NF-kB activation in MM. First,
NF-kB could be activated in an autocrine manner, because
several NF-kB-inducing cytokines including tumor necrosis
factor (TNF)-a, lymphotoxin (LT), IL-1, and RANKL are
produced by MM cells and by the bone marrow microenviron-
ment. Second, the IkBa gene can be mutated in MM
patients.42

Interestingly, the interplay between intrinsically activated
NF-kB and another antiapoptotic transcription factor, signal
transducer and activator of transcription (STAT)3, may
contribute to MM pathogenesis.42 As a possibility, NF-kB
might upregulate the expression of interleukin-6 (IL-6), which
in turn activates STAT3.40,41 The expression of Bcl-XL, a
prominent antiapoptotic Bcl-2 homolog, is induced by both
STAT3 and NF-kB, and Bcl-XL overexpression has been
demonstrated in MM cells at the protein level.42 The
expression of Bcl-XL is negatively correlated with chemother-
apy responses in MM. Indeed, objective responses to standard
treatment regimens were observed in 83–87% of patients
bearing Bcl-XL-negative MM. In contrast, only 20–31% of Bcl-
XL-expressing MM did respond to chemotherapy.43

B-CLL

B-cell-derived chronic lymphocytic leukemia (B-CLL) is
characterized by the accumulation of monoclonal CD19þ /
CD5þ /CD23þ B lymphocytes arrested in the G0/G1 phase of
the cell cycle.44 This accumulation is probably caused by
reduced apoptosis rather than increased proliferation.44 One
study demonstrated that unstimulated B-CLL cells obtained
from patient samples exhibited higher levels of NF-kB activity
than human B cells from healthy donors.45 As dominant NF-
kB component’s the transcriptionally active subunits p50, p65,
and c-Rel were identified in this report. These results were
confirmed by another study, which demonstrated constitutive
NF-kB activity in malignant B-lymphocytes of 71 B-CLL
patients.46 Additional studies revealed the importance of
supportive interactions with a specific microenvironment for

the survival of malignant B-CLL cells. One fundamental NF-
kB-activatory stimulus in the bone marrow and in neoplastic
follicles is mediated by a paracrine interaction between
CD40L (on stroma cells) and CD40 (on tumor cells).45 It has
also been shown that the functional interaction between CD40
and CD154 is essential for the transcriptional regulation and
malignant B-cell survival in B-CLL. In those cases of B-CLL
that are CD154þ , addition of a neutralizing anti-CD154 mAb
resulted in inhibition of NF-kB activity associated with
subsequent cell death.47 Furthermore, survival kinases such
as phosphatidylinositol-3 kinase (PI3-K) and Akt/protein
kinase B may contribute to NF-kB activation. These pathways
are constitutively activated in B-CLL upon CD40 crosslinking,
leading to PI3-K-dependent Akt and NF-kB signaling.46

Vascular endothelial growth factor (VEGF), another factor of
the microenvironment, implicated in increased neo-vascular-
ization in B-CLL bone marrow, has been demonstrated
recently to be potentially important for the pathogenesis
and prognosis of B-CLL.47 B-CLL cells produce VEGF in vitro.
High VEGF levels are found in the serum of patients.
Moreover, an elevated expression of VEGF receptor
(VEGFR)-2 on tumor cells correlated with shortened patient
survival.48 It has been demonstrated that CD40 engagement
by CD154 upregulates production of VEGF in B-CLL cells in
an NF-kB-dependent fashion.47 In turn, VEGF favors the
nuclear translocation of NF-kB in malignant B-CLL cells,
suggesting the initiation of a positive feedforward loop in
which NF-kB activation is amplified by VEGF in an autocrine
manner.

In B-CLL cells, CD40 ligation induces the production of
antiapoptotic proteins including inhibitors of apoptosis
proteins (IAPs), while CD154 ligation induces survivin in a
NF-kB-dependent manner.49 Furthermore, Bcl-XL expression
in B-CLL cells is maintained through NF-kB and the
expression of X-chromosome-linked inhibitor of apoptosis
protein (XIAP) and FLIP in B-CLL has been linked to the
constitutive PI3K-dependent NF-kB activation.46

ALL
B-precursor ALL is associated in 25–30% of adult cases, and
5% of childhood cases with the t(9;22) chromosomal
translocation also found in 95% of chronic myeloid leukemia
(CML, see below).50 This leads to the transcription of the
Bcr/Abl fusion oncoprotein, a serine threonine kinase that
activates NF-kB.51 NF-kB has been found to be activated
in eight of eight Bcr/Ablþ , but in none of three Bcr/Abl�

B-precursor ALL blasts.52 IKK activity and IKKa expression
levels were rather low in Bcr/Ablþ patient samples, pointing to
an IKK-independent NF-kB activation. Ras mutations have
been reported in B-precursor ALL patients,53 and Ras can
mediate IKK independent p65 translocation to the nucleus.51

Human T-cell leukemia virus type I (HTLV-I)-induced adult
T-cell leukemia (ATL) is an aggressive malignancy with poor
prognosis. It arises from CD4þ T lymphocytes infected by
HTLV-I.54 In all, 3–5% of HTLV-1-infected individuals develop
ATL after a prolonged incubation period of 40–60 years,55

presumably due to secondary mutations that accumulate
to transform HTLV-1-infected cells. It is thought that the
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HTLV-encoded 40 kDa transactivator protein Tax mediates
leukemic transformation in concert with Ras oncogene.56 Tax
induces NF-kB,57 which can cause upregulation of the protein
subunit of telomerase, human telomerase reverse transcrip-
tase (hTERT), thus promoting long-term proliferation of
genomically instable cells.58 Tax expression can promote
phosphorylation and activation of IKKa and IKKb by the kinase
NF-kB-inducing kinase (NIK), and/or can directly bind
to IKKg.59,60 Constitutive NF-kB has also been detected
in HTLV-1-negative ATL, indicating the existence of Tax-
independent mechanisms of NF-kB activation.61 The expres-
sion of the NF-kB target genes XIAP, survivin, Bcl-2, and Bcl-
XL has been measured in primary ATL cells.54,62 XIAP
expression can be induced in a Tax-dependent manner, and
survivin predicts poor outcome since it is highly expressed in
the most aggressive type of ATL.62

Myeloid malignancies

Myelodysplastic syndromes
MDS are clonal stem cell disorders with different character-
istics at the early and the late stages of the disease. Early
MDS is associated with peripheral cytopenias, which can be
explained by an increased apoptotic turnover of hematopoie-
tic stem cells and differentiating myeloid cells in a hyper-
cellular bone marrow. Late-stage MDS is marked by a
progressive increase of immature cells and frequent transfor-
mation to AML, presumably due to a progressive suppression
of programmed cell death and increased clonal proliferation.
Two studies performed on a limited number of patients did not
reach a consensus on the status of intrinsic NF-B activity in
MDS.63,64 Two recent studies performed on 2465 and 55
MDS10 patients clearly revealed that the degree of NF-kB
activation correlated with the risk of progression to AML, both
in transversal and in longitudinal studies.

The most exhaustive study, which was performed in our
laboratory, clearly demonstrates that intrinsic NF-kB activa-
tion is a hallmark of high-risk MDS. NF-kB activity was
evaluated in mononuclear cells and purified CD34þ hemato-
poietic stem cells from the bone marrow of low- and high-risk
MDS patients, either by EMSA or by immunofluorescent
detection of the subcellular localization of NF-kB subunit p65.
Significant NF-kB activation was only detected in high-risk
MDS as opposed to low-risk MDS. NF-kB activation and
translocation of p65 were detected in mononuclear cells as
well as in CD34þ hematopoietic stem cells and CD33þ

myeloid cells and strongly correlated with bone marrow blast
counts.10 Combined immunohistochemical detection of p65
and FISH detection of common MDS-associated cytogenetic
alterations revealed that NF-kB activation was strictly
restricted to mutated cells and hence was an intrinsic
characteristic of malignant stem cells (as opposed to
nonmutated stroma cells)10 (Figure 2).

Our results contrast with another recent study suggesting
that TNF-a functions as a potent NF-kB inducer in late-stage
MDS.65 This assumption was based on the correlation
between the relative expression level of two TNF-a R subunits
(R1 or p55 versus R2 or p75) and the degree of NF-kB
activation in MDS. In patients where R1 predominated over
R2, NF-kB activation was maximal.65 This can be correlated

with fundamental studies suggesting that TNF-a R1 (p55)
preferentially induces caspase-dependent apoptosis via the
extrinsic TNF receptor-associated protein with a death
domain (TRADD)/Fas-associated death domain protein
(FADD)/caspase-8/caspase-3 pathway (which would be
incompatible with NF-kB activation),66 while TNF-a R2 (p75)
would activate NF-kB.65 Thus, this study insinuates that
NF-kB activation involve a paracrine (and hence non-cell
autonomous) contribution and also suggests that changes in
TNF-a R1/R2 expression might be involved in disease
progression.

To reconcile these two distinct theories explaining NF-kB
activation in MDS (cell autonomous10 and TNF-a-driven65),
one might invoke two distinct possibilities. Either, cytogenetic
alterations (and secondary mutations?) could drive both
NF-kB activation and differential TNF-a-R subunit expression
as independent consequences, or the mutational profile of
MDS blast would condition TNF-a-R subunit expression,
which in turn would determine the intrinsic capacity of MDS
blasts to respond to their microenvironment (which contains
TNF-a) to activate NF-kB.

The more extensive studies on MDS and NF-kB differ from
two previous reports in which no correlation with the French
American British group (FAB) classification for MDS64 or no
evidence for NF-kB activation could be found in bone marrow
cells derived from MDS patients.63 In those earlier reports NF-
kB activity had not been investigated at the stem cell level and
the study was not made on purified blast populations from
the bone marrow of MDS patients. These technical aspects
coupled to lower patient numbers may have accounted for the
failure to detect a correlation between disease progression
and NF-kB activation.

AneuploidEuploid

Monosomy 7

Trisosomy 8

5 �m

a

b

Figure 2 Correlation between cytogenetic abnormalities associated with MDS
and NF-kB activation at the single-cell level. Bone marrow aspirates from MDS
patients were subjected to cytohistochemical detection of p65 (grey), followed by
FISH for the detection of chromosomes 7 (red) and 8 (green) in (a) and (b).
Representative images of euploid cells (two chromosomes) with cytoplasmic p65
and aneuploid cells (one chromosome 7 in A or three chromosomes 8 in b) with
nuclear p65 are shown
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A number of apoptosis-regulator NF-kB target genes,
including Bcl-2, Bcl-XL, c-IAPs and FLIP have been correlated
with clinical progression of MDS.67–69 Indeed, the expression
of proapoptotic proteins of the Bcl-2 family like Bak, Bad, and
Bcl-XS has a favorable prognostic value in MDS, while the
expression of antiapoptotic proteins like Bcl-2 and Bcl-XL is
associated with unfavorable prognostic value, suggesting that
apoptosis suppression could be implicated in the transforma-
tion of MDS to AML.68 XIAP overexpression has also been
implicated in apoptosis suppression and transformation of
MDS to AML.69 A deregulation of FLIP and its splice variants
in MDS bone marrow has also been shown recently.65,70

FLIPLong levels correlated negatively with apoptosis, and
expression of FLIPLong increased while levels of FLIPShort

decreased with progression of MDS, leading to an increase in
the FLIPLong/FLIPShort ratio. Determination of mRNA levels for
FLIPLong and FLIPShort in patient bone marrow cells in a further
study revealed that the FLIPLong/FLIPShort ratio positively
correlated with the levels of NF-kB activity, suggesting its
implication in apoptosis suppression during progression of
MDS to AML.65,67

Acute myeloid leukemia
AML represents a heterogenous group of clonal stem cell
malignancies arising from so-called leukemic stem cells
(LSC).70–72 LSC give rise to leukemic myeloid blasts arrested
at different72 maturation steps. High proliferation rates of LSC
are responsible for invasion of the bone marrow and are
associated with fatal outcome. Several studies have char-
acterized the activation level of NF-kB in bone marrow of AML
patients and more precisely in LSC. Two reports demon-
strated intrinsic activity of NF-kB in CD34þ /CD38�/CD123þ

in 11 and 13 AML patients, respectively.72 The first study
revealed the nuclear translocation of the transcriptionally
active NF-kB subunits p65 and p50. Of 30 AML cases, 14
showed constitutive activation of the NF-kB transcription
factor complex composed by p65 and p50, but no correlation
between blast counts and NF-kB activity could be estab-
lished.63 This contrasts with a recent report in which NF-kB
activation levels were observed to increase in proportion to
peripheral blood blast counts.73 The molecular mechanism of
NF-kB activation in LSCs or AML blasts remains elusive.
Constitutive activation of the NF-kB complex via dysregula-
tion of IKK signalling has been described recently in LSC and
AML blasts from the bone marrow and peripheral blood in two
studies enrolling 3574 and 18 patients, respectively.73 One
report provided evidence for high IKK kinase activity leading to
NF-kB activation independently from IkBa expression.74 The
second report revealed that specific targeting of IKKb with a
pharmacologic inhibitor could block constitutive NF-kB activity
leading to apoptosis via hypophosphorylation of IKKb, under-
lying the role of IKK as pacemaker for constitutive NF-kB
activity in LSC and AML blasts.73 Meanwhile, the reasons for
IKK activation in AML are still to be elucidated. The cytokine
interleukin 1b (IL-1b) has also been implicated in the
activation of NF-kB in AML cells, possibly in an auto-
amplification loop in which NF-kB stimulates IL-1b expres-
sion, which in turn activates NF-kB, that would be responsible
for the proliferation of AML cells.70,75

Not surprisingly, there is evidence that antiapoptotic NF-kB-
regulated gene products play a major role in apoptosis
regulation in LSC and AML blasts. As shown recently, Bcl-2
is expressed in AML with a particularly aggressive, apoptosis-
resistant phenotype.63 Furthermore, indirect NF-kB inhibition
by means of the proteasome inhibitor MG-132 decreased the
expression of the antiapoptotic genes c-IAP2 et Bcl-XL.72

Myeloproliferative disorders
Myeloproliferative disorders (MPD) represent a group of
clonal haematopoietic stem cell diseases caused by progeni-
tors that are hypersensitive to or independent from cytokines
that are normally required for their proliferation and differ-
entiation.50 These progenitors derive mostly from the myeloid
lineage and proliferate continuously, while reaching some
degree of maturation (which is not the case in AML). Typical
MPDs include CML as well as polycythemia vera, essential
thrombocythemia, and idiopathic myelofibrosis (IMF).50 While
the pathophysiology of most MPDs is still elusive, the
molecular basis of CML is now well established.

CML
CML is a typical MPD characterized by the chromosomal
translocation 9;22 leading to expression of the Bcr/Abl fusion
oncoprotein that exhibits constitutive kinase activity.50 Bcr/Abl
kinase signaling leads to activation of different survival
pathways, including that of NF-kB.51,76 Activation of NF-kB
by the Bcr/Abl fusion oncoprotein results in increased
translocation of the transcriptionally active subunit p65 to
the nucleus, probably due to p65 hypophosphorylation that
occurs in an IKK independent manner.51,76 These pathways
lead to expression of antiapoptotic proteins like Bcl-XL,
providing a growth advantage for clonal Bcr/Ablþ cells.
Constitutive activation of NF-kB has been shown for late-
stage CML in different studies.63,76 One study demonstrated
intrinsic activity of NF-kB in leukemic blasts of eight CML
patients with relapsed disease before and during treatment
with the tyrosine kinase inhibitor STI 571 (Gleevecs). Another
report revealed the absence of significant nuclear activity of
NF-kB in 15 CML patients monitored in the chronic/early
disease stage, while two CML patients in advanced CML with
blast crisis exhibited high intrinsic NF-kB activity in nuclear
extracts.63 As activating Ras mutations are typical for late-
stage CML77 and as Ras can induce IKK-independent
translocation of p65 to the nucleus,78 activated Ras repre-
sents a possible candidate for activating NF-kB in progressive
CML, marking the initiation of the blast crisis.

Idiopathic myelofibrosis
IMF is a rare clonal stem cell disorder marked by fibrotic
destruction of the bone marrow, probably secondary to
proliferation of the malignant clone of megakaryocytes that
produces fibrotic cytokines such as transforming growth
factor-b1 (TGF-b1).79 Recently, it has been reported that
monocytes from IMF patients presented constitutive activa-
tion of NF-kB associated with TGF-b1 secretion.80 Another
study demonstrated the spontaneous activity of the NF-kB
pathway in IMF CD34þ cells and megakaryocytes and the
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implication of the immunophilin FK506-binding protein 51
(FKBP51), probably leading to activation of NF-kB composed
by p65/p50 subunits.79 Inhibition of NF-kB activity by the NF-
kB super-repressor did not alter resistance to apoptosis, but
inhibited secretion of TGF-b1. As TGF-b1 is responsible for
the development of marrow fibrosis, NF-kB is likely to play a
cardinal role in the pathophysiology of IMF.

The implication of NF-kB in the pathogenesis of other MPDs
is not well established. In one report, no evidence for NF-kB
activation was obtained in two cases of essential thrombo-
cythemia, whereas, ex vivo, two samples from patients with
chronic myeloid leukemia presented NF-kB activation,79 as
described by others.63 The exact molecular and cellular
mechanisms activating NF-kB in MPDs remain obscure.
Apoptosis resistance in IMF and polycythaemia vera is
mediated via the janus kinase (JAK)2/STAT5 pathway.79,81

A unique valine-to-phenylalanine substitution at amino acid
position 617 in the JH2 pseudo-kinase domain of the JNK
JAK2 gene leading to constitutive signaling has been found in
more than 80% of polycythaemia vera patients and patients
with other MPDs like IMF and essential thrombocythaemia.81

In view of the fact that sustained activation of JAK2 can
activate the NF-kB pathway, at least in neurons,82 it can be
speculated that constitute activation of mutated JAK2 favors
NF-kB activation in MPDs as well.

Therapeutic Strategies Targeting NF-jB

As loss of IKKa or IKKb function leads to defective activation of
either the alternative or the classical NF-kB signaling path-
way6 (Figure 1), IKKs constitute a promising drug target for
cancer treatment. To date, no potent IKKa-selective inhibitors
have been reported, perhaps related to the fact that the role
of IKKa in NF-kB activation is still enigmatic. Several

compounds, initially designed to inhibit IKK-b kinase activity,
also inhibit IKKa in the low micromolar range.6 The dual
involvement of IKKa in the classical p65/p50-dependent
pathway (where it plays an auxiliary role) and in the alternative
p52 (NF-kB2)-dependent pathway (where it plays an essential
role) makes it a conceptually attractive drug target for the
treatment of lymphoid and myeloid malignancies.6

Much effort has been undertaken to develop specific IKKb
inhibitors, and a limited number of reports have documented
their efficacy in killing cancer cell lines and primary cells via
apoptosis.73,83,84 The inhibition of IKKb activity by the carbo-
line derivative PS-1145 inhibits NF-kB activation, suppressing
cytokine production and cell proliferation in MM.84 Another
specific IKKb inhibitor AS602868, an anilinpyrimidine deri-
vate, was successfully tested on LSCs and peripheral blasts
of 18 AML patients.73 Autophosphorylation of IKKb was
efficiently blocked, leading to NF-kB inhibition and conse-
quent apoptosis.

Beyond specific small-molecule IKK inhibitors, antisense
oligonucleotides and small interfering RNAs targeting IKKs or
NF-kB subunits are being developed6,10 (Figure 3). Moreover,
cell-permeable peptides preventing the oligomerization and
auto-activation of two subdomains of IKK-g (NEMO) abrogate
NF-kB activation and induce apoptosis in retinoblastoma cell
lines.60,85,86,87 It remains to be seen whether these techno-
logies will open new perspectives for the treatment of
hematologic malignancies.

An indirect strategy to target constitutive NF-kB activation
has entered clinical trials for the treatment of MM. Bortezomib
(Velcades; Millenium, formerly known as PS341), a dipeptidyl
boronic acid derivate, is a reversible inhibitor of the 26S
proteasome, a multiprotein complex, that degrades ubiquiti-
nated proteins.88 It has been shown that, in vitro, myeloma
cells are up to 1000-fold more sensitive to apoptosis induced
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by bortezomib than normal plasma cells.84 Bortezomib exerts
its apoptotic effects via inhibition of IkB degradation and
subsequent inhibition of constitutive nuclear translocation of
NF-kB subunits in MM cells. This abrogates the expression of
antiapoptotic target genes.89 Bortezomib was evaluated in
several clinical trials in relapsed and refractory MM, yielding
response rates from 30 to 40%.90,91 Bortezomib is approved
by the FDA and by the European Regulatory Agency (EMEA)
for the treatment of MM. Clinical trials are currently under-
taken to evaluate its therapeutic potential in other hematologic
malignancies. Objective responses have been observed for
non-Hodgkin’s lymphomas (including mantle cell lymphoma)
and AML92–94 The recent observation that bortezomib
induces apoptosis ex vivo in purified MDS hematopoietic
stem cells suggests that bortezomib may be indicated in
this disease as well as for AML patients10 (Figure 4). Of
note, however, is that it is not clear whether the therapeutic
effects of bortezomib are entirely due to inhibition of NF-kB
or whether bortezomib may act on other relevant targets.
Proteasomes selectively destroy a number of abnormal
or unfolded proteins, which may be generated in increased
amounts in cancer cells, especially in MM.95 More-
over, proteasomes degrade several proteins involved
in cell-cycle control,96 again suggesting that the benefical
effects of bortezomib could involve the accumulation of
proteins that are not related to NF-kB. According to
one study, bortezomib responses could be linked to the
upregulation of the proapoptotic Bcl-2 protein family member
NOXA93 (Figure 4).

A different approach to inhibit constitutive NF-kB activation
may be to interfere with NF-kB binding to DNA by means of
phosphorothioate oligonucleotides that mimic the NF-kB
consensus binding site. Such NF-kB-targeted decoy phos-
phorothioate oligonucleotides did not significantly affect cell
survival in B-CLL and AML, yet enhanced the apoptotic
response to classical cytotoxic compounds.60,85,86,97 How-
ever, NF-kB decoy oligonucleotides are relatively large and
polar compounds, a fact that negatively affects their cellular
uptake and bioavailability.6 Thus, further drug design will be
required to improve their clinical applicability.

Thalidomide and its analogs, including CC-5013 (Lenalido-
mide), are highly active against MM in clinical trials.98 Among
several possible modes of action accounting for their
therapeutic efficacy is inhibition of NF-kB activation.99 Indeed,
thalidomide prevents IkBa degradation by inhibiting IKKb6

(Figure 3). Thalidomide-induced apoptosis in MM cells is
associated with downregulation of NF-kB DNA-binding
activity and down-modulation of NF-kB targets such as
c-IAP2 and c-FLIP.100

Malignant cells exhibiting constitutive NF-kB activation are
relatively resistant to chemo- or radiotherapy, and NF-kB
inhibitors increase their sensitivity to such anticancer treat-
ments,3,101 presumably by downmodulating antiapoptotic
NF-kB target genes such as c-IAPs, c-FLIP, Bcl-2, and
Bcl-XL.5 In B-precursor acute lymphoblastic leukemia (ALL),
the most common pediatric malignancy, NF-kB is activated by
treatment with anthracyclines, known to favor the nuclear
translocation of NF-kB subunits,102 or by irradiation.103

Pharmacologic inhibition of NF-kB restored or enhanced
apoptosis in doxorubicin-treated primary ALL cells.104 More-
over, the activation of physiological signal transduction
pathways that inhibit constitutive activation of NF-kB may
represent a strategy to overcome anthracycline resistance.101

Human growth hormone (GH) can sensitize the AML cell line
U937 to TNF or anthracyclin-induced apoptosis via inhibition
of NF-kB.105 Similarly, erythropoietin106 can sensitize U937
cells to daunorubicin-induced apoptosis. This effect involves
an EPO-induced activation of JAK2 and stabilization of IkB.101

Thus, in this particular setting, JAK2 may exert a paradoxical,
proapoptotic function. These results suggest that growth
factors like EPO could be used to overcome NF-kB-mediated
chemoresistance.

The flourishing literature on NF-kB in hematological
malignancies suggests that this area of translational research
may be particularly fertile in thus far that therapeutic strategies
for subverting NF-kB function are being developed and enter
clinical trials. Without doubt, indirect or direct NF-kB inhibitors
will constitute a welcome addition to the hematological
oncologist’s repertoire.

Acknowledgements

Guido Kroemer is supported by Cancéropôle Ile-de-France, Association
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