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Preface

NF-kB transcription factors play a key role in many physiological processes, such as innate
and adaptive immune responses, cell proliferation, cell death, and inflammation. It has
become clear that aberrant regulation of NF-kB and the signaling pathways that control its
activity are involved in cancer development and progression, as well as in resistance to
chemo- and radiotherapy. This review discusses recent cancer-genetics and cancer-genome
evidence for the involvement of NF-kB in human cancer, and discusses the therapeutic
potential and benefit of targeting NF-kB in cancer and the possible complications and pitfalls

of such an approach.

Introduction

Cancer is a leading cause of death in industrialized countries'. Although mortality rates have
declined in recent years due to earlier detection and more options in treatment, most cancers
remain incurable. It is important to stress that cancer is not one but many different diseases,
each with distinct characteristics and therapeutic requirements and options. The progressive
sequence of mutations and epigenetic alterations of cancer genes promotes the malignant
transformation of cancer progenitor cells by disrupting key processes involved in normal
growth control and tissue homeostasis® (Box1). In addition, genomic instability is a common,
if not universal, feature of advanced tumors. Thus, one major challenge for cancer researchers
is to distinguish cancer-causing mutations from irrelevant alterations linked to complex cancer
genotypes. In addition to such changes that are intrinsic to the malignant cell, tumor
development and progression are also dependent on the microenvironment surrounding the
malignant cell, which in many cases is inflammatory in nature’. The critical role played by the
inflammatory microenvironment in the natural history and progression of most cancers offers

new opportunities to therapeutic intervention based on targeting the inflammatory
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components of the tumor rather than the malignant cell, which is quick to mutate and acquire

: 4
drug resistance™”.

The current armamentarium of medical oncology includes many active anticancer agents that
are applied across tumor types. None of these broadly active anticancer drugs is an ideal
panacea. Most drugs have a small therapeutic index and barely discriminate between
malignant and normal cells, a problem that is further amplified by the almost inevitable onset
of resistance and subsequent relapse. In recent years, the focus has shifted to new molecular
therapeutics that target specific signaling pathways driving inappropriate cell growth and
survival, thus offering the promise of greater specificity coupled with reduced systemic
toxicity. Such strategies rely on new approaches for studying cancer genetics and cancer
genomes, such as gene-expression profiling using microarrays, DNA sequencing, and genome
scanning for gene copy-number alterations®'’. The successful development of a rationally
designed, molecularly targeted therapy for the treatment of a specific cancer is best illustrated
by the clinical launches of antibody-based therapies for the treatment of ErbB-2-/Her2

14, 15

positive breast cancer, such as Herceptin ~ °, and the use of Gleevec (STI571/imatinib) as a

kinase inhibitor for the treatment of Ber-Abl-positive chronic myeloid leukemias'®.

In the validation and selection of molecular targets and pathways for therapeutic intervention
in cancer, the frequency with which a particular target or a pathway undergoes mutation or
deregulation is a valuable indicator of its importance in the malignancy process and of the
potential use of a drug that acts on that target or pathway. An important signaling pathway
often altered in human cancers is the IKK/NF-kB signaling module. Aberrant NF-kB
regulation has been observed in many cancers, including both solid and hematopoietic

malignancies (Fig. 1), and NF-kB can affect all six hallmarks of cancer through the
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transcriptional activation of genes associated with cell proliferation, angiogenesis, metastasis,

17-22

tumor promotion, inflammation and suppression of apoptosis (Fig. 2). Various mouse

models of cancer in which IKK/NF-kB activation has been blocked by genetic means have
highlighted the key role of NF-kB as a critical promoter of inflammation-linked cancers®°.

One of the most documented functions of NF-kB is its ability to promote cell survival through
induction of target genes whose products inhibit the apoptotic machinery in both normal and
malignant cells®™ ?. NF-xB can also prevent programmed necrosis by inducing genes
encoding antioxidant proteins>’. Since tumor cells often use NF-kB to achieve resistance to
anticancer drugs and radiations, inhibition of NF-kB activation appears as a promising option
to improve the efficacy of conventional anti-cancer therapies®*. However, only recently has
cancer genomics proved useful to demonstrate the key role of NF-kB in carcinogenesis and
identify critical steps that drive its activation. One difficulty that may have slowed down the
realization that NF-kB is frequently altered in cancer is that in most cases NF-kB is activated
in malignant cells not due to intrinsic mutations but in response to inflammatory stimuli

originating from the microenvironment’. In other cases, which will be described below, the

oncogenic mutations reside in genes that encode upstream regulators of NF-kB activity.

NF-k B transcription factors and their signaling pathways

In mammals, the NF-kB family is composed of five members, RelA (p65), RelB, cRel (Rel), NF-
kB1 (p50 and its precursor p105) and NF-kB2 (p52 and its precursor p100)*’. These proteins form
homo- and heterodimeric complexes, the activity of which is regulated by two major pathways.
The first one, known as the classical or canonical NF-kB activation pathway, mainly applies to
RelA:p50 dimers, which, under non-stimulated conditions, are sequestered in the cytoplasm

through interactions with inhibitory proteins of the kB family. Following stimulation with a broad
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range of stimuli such as TNF-a or IL-1, viruses, genotoxic agents and ionizing radiation, the IxB
molecules are phosphorylated by the IkB kinase complex (IKK) at specific serine residues,
leading to their ubiquitination and degradation by the proteasome pathway. RelA:p50 dimers are
subsequently released and free to translocate to the nucleus where they activate transcription of
various target genes’’. This pathway plays a major role in the control of innate immunity and

inflammation’" 32

. The second pathway, the so-called alternative or non-canonical NF-xB
signaling pathway, is stimulated by a more restricted set of cytokines that all belong to the TNF
superfamily (e.g. BAFF, CD40L, LTP). This pathway involves the upstream kinase NF-kB-
inducing kinase (NIK) which activates IKKa, thereby leading to the phosphorylation and
proteasome-dependent processing of p100, the main RelB inhibitor, thus resulting in RelB:p52
and RelB:p50 nuclear translocation and DNA binding®*>’. Most importantly, all studies point out
to a crucial role for the alternative pathway in controlling the development, organization and
function of secondary lymphoid organs and B-cell maturation and survival®*>®.

The activation of the canonical as well as the alternative NF-kB pathways relies on the inducible
phosphorylation of IkB inhibitory proteins (IkBa for the classical pathway and pl100 for the
alternative pathway) by the IKK complex and its subunits®®. IKK is composed of two catalytic
subunits, [IKKa and IKKf, and a regulatory subunit, NEMO/IKKY. Disruption of genes encoding
individual subunits has demonstrated that IKKp and NEMO/IKKY are required for activation of
the classical NF-kB pathway by inflammatory signals, a pathway in which IKKa does not play an

essential role. In contrast, RelB:p50 and RelB:p52 activation is absolutely dependent on IKKa,

but not on IKKp or NEMO/IKKYy ***°.

Multiple myeloma and genetic abnormalities in NF-k B pathways
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The most dramatic and broad example for genetic alterations that lead to activation of NF-xB
in cancer was recently identified through the application of oncogenomics in multiple
myeloma (MM). MM is a B cell neoplasia that accounts for 1% of all cancers and more than
10% of total hematological malignancies. MM is mainly characterized by unrestrained
accumulation of antibody-secreting plasma B cells in the bone marrow, attributed to loss of

40-42 . .
-2 The bone marrow microenvironment has

apoptosis control and cell-cycle deregulation
also been shown to contribute to the pathogenesis and progression of MM™. Despite advances
in chemotherapy and stem cell transplantation, which have improved survival rates, MM
remains an incurable disease. Thus, new treatment approaches are needed to improve the
outcome of MM therapy and provide patients with longer disease-free survival. Of all the

different signaling pathways constitutively activated in primary MM cells, NF-kB has

recently emerged as one of the most important drivers of the tumor-promoting machinery.

Biochemical evidence

Constitutive nuclear NF-kB activity has been described in many human MM cell lines and
primary myeloma cells***°. Furthermore, MM cells have been shown to be sensitive to
growth inhibition and induction of apoptosis upon treatment with various inhibitors of NF-kB
signaling, including proteasome inhibitors, inhibitors of IkB phosphorylation, and IKK

inhibitors*’ !

. Inhibition of NF-kB correlates with a decrease in expression of known anti-
apoptotic NF-kB target genes, including Bcl-xL, XIAP, clIAP1, and cIAP2, as well as
proliferative genes, such as CyclinD1 and IL-6'% *- °" >2 Activation of NF-kB in bone
marrow stromal cells (BMSCs) also contributes to MM pathogenesis: adherence of MM cells

to BMSCs induces NF-kB-dependent cytokine transcription and secretion (e.g. IL-6, TNF-a

and BAFF) by BMSCs, that in turn promote MM cell growth and survival’> >, through
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paracrine mechanisms. NF-kB activation has also important roles in some clinical
manifestations of MM, including formation of osteolytic lesions that occur in about 70% of
MM patients, mostly through RANK/RANKL-mediated NF-kB activation in osteoclasts™.
Osteoclasts in turn secrete soluble factors (e.g. MMPs, BMP, IGF-1) that contribute to bone

metastases and MM cell proliferation and survival®>’.

Clinical evidence

Bortezomib (Velcade®, Millenium Pharmaceuticals, Inc, formerly PS-341) is a reversible 26S
proteasome inhibitor that has been recently approved by the Federal Drug Administration
(FDA) and the European Regulatory Agency (EMEA) for the treatment of MM. Several phase
IIT trials have shown considerable clinical efficacy in combined therapy as well as a single

58, 59

agent with manageable side effects . Although bortezomib affects other signaling

pathways, its efficacy may in part be due to inhibition of NF-kB activity®"

. In addition, gene
expression profiling using microarrays allowed the identification of a subgroup of MM with a
NF-kB signature that characterizes myeloma cells more sensitive to bortezomib®.
Thalidomide (Thalomid®, Celgen Corp.), lenalidomide (Revlimid®, Celgene Corp), and
arsenic trioxide (Trisenox, Cephalon, Inc.) are also active against MM®* ®*. Although they can

inhibit NF-«xB, it is not clear whether their clinical activity is actually due to NF-kB

inhibition.

Genetic evidence

Beyond these observations, the most striking evidence validating NF-kB as a critical player in
the pathogenesis of MM came from two very recent studies that have led to identification of
mutations in genes encoding regulators of NF-kB signaling pathways®® ®’. Two laboratories

used multi-pronged genomic and gene expression profiling approaches to identify NF-kB
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activating mutations in one fifth of several hundred of MM cell lines and patient samples.
Gain-of-function mutations were identified in genes encoding positive regulators of NF-xB
signaling, such as NIK, NF-kB1 (encoding p105/p50), NF-kB2 (encoding p100/p52), and
three receptors of the TNFR superfamily, CD40, LTBR, and TACI (Fig. 3). Loss-of-function
mutations occurred in genes encoding negative regulators of NF-xB activity, including
TRAF?2 (a negative regulator of alternative NF-kB but positive regulator of classical NF-kB),
TRAF3, cIAP1/2, and CYLD (Fig. 3). Most of these genetic alterations result in activation of
both the classical and alternative NF-«kB pathways as evaluated by p100 processing, p52
nuclear localization, IkBa phosphorylation, increased RelA, p50, RelB and p52 DNA-binding

activity, and increased NF-kB target gene expression®™ 7.

NIK stabilization and NF-k B activation

One major consequence of the detected mutations in MM cells is the stabilization of NIK. The
high constitutive amounts of NIK protein in MM were shown to activate both classical and
alternative NF-xB signaling, and to be required for MM cell growth and survival®® ¢
Normally, NIK is rapidly degraded in non-stimulated cells and this degradation is required to
keep NIK activity at a low basal level® . Recent work indicates that NIK degradation in
resting cells depends on its association with TRAF3, which serves as an adaptor that recruits
NIK to an ubiquitin ligase complex composed of TRAF2 and cIAP1/2"". Within this complex
cIAP1/2 are directly responsible for the degradative K48-linked polyubiquitination of NIK'*
7. Receptor (CD40, LTPR, BAFF-R) engagement results in recruitment of the TRAF3:

TRAF2: cIAP1/2 complex to the receptor, leading to rapid activation of TRAF2, which in

turn ubiquitinates cIAP1/2 via a non-degradative K63-linkage and thereby enhance their
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ubiquitin ligase activity, which is now directed towards TRAF3 leading to its K48-linked
ubiquitination and eventual degradation’'. Once TRAF3 is degraded, NIK can no longer
interact with the TRAF2: cIAP1/2 complex, resulting in the stabilization of newly synthesized
NIK and its eventual autophosphorylation and activation. NIK overexpression due to
amplification or translocation of the NIK locus, or enhanced stability due to amino acid
substitutions that disrupt NIK’s ability to bind TRAF3 occur in MM®® ®’. In addition, many
MM cells carry TRAF3 inactivating mutations and present accumulation of NIK®® ¢,
Importantly, 90% of patients with low TRAF3 amounts respond to bortezomib, with a

significant increase in survival®’

. Collectively, these results suggest that stabilization of NIK,
and subsequent NF-kB activation, is associated with bortezomib sensitivity and increased
survival. Other mutations that lead to NIK stabilization include deletions of the linked c/4P1
and cIAP2 loci, and loss of TRAF2°* ®. The phenotypic consequences of all of these

mutations appear similar.

Based on our current knowledge it was not surprising to find that NIK stabilization results in
constitutive activation of the alternative NF-kB pathway, and increased B cell survival.
Analysis of aly mice, which express a non-functional NIK mutant, revealed an autonomous B
cell defect, and inability to activate the alternative NF-kB pathway, a defect that is also
exhibited in NIK-deficient cells’*””. Moreover, induction of the alternative NF-kB signaling

pathway, especially in response to BAFF and CD40L, is crucial for normal B cell survival*®

37787 and TRAF3 and TRAF2 both behave as negative regulators of B cell survival
downstream of BAFF-R, in part via the suppression of NF-kB2/p100 processing™. Finally, it
has been reported that increased expression of NIK in primary B cells, especially a non-

TRAF3-binding mutant, leads to expansion of the B-cell compartment and extended B cell

survival (M. Schmidt-Supprian, personal communication). Altogether, these data suggest that
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in response to BAFF and CD40L, the activation of the alternative NF-kB pathway via NIK
stabilization is crucial for B cell survival. However, recent work by Staudt and colleagues
revealed that inhibition of IKKa, the physiological target for NIK, had no effect on MM cell
survival, whereas inhibition of IKKp by the specific inhibitor MLN120B did®. The control of
classical NF-kB signaling by NIK overexpression seems puzzling. Based on the
characterization of aly mice as well as of NIK-knockout mice, it was suggested that NIK does
not participate in the activation of the classical NF-kB pathway downstream of TNFR in
normal cells /. Nonetheless, NIK overexpression is known to activate classical NF-kB®', and
thus NIK accumulation in cancer cells results in aberrant participation of NIK in activation of
the classical NF-kB pathway. It should also be noted that NIK is required for the activation of
both the classical and alternative NF-kB pathways in response to CD40L and BAFF in Burkitt

lymphoma-derived lymphoblastoid cells®*.

In sum, these observations lead to the conclusion that NIK overexpression is an important
marker and driver of malignant plasma B cells and that NIK-induced IKKf activation is
required for uncontrolled B cell growth and therefore an attractive target for therapeutic

intervention.

IAP antagonists and NF-k B constitutive activation

NIK overexpression was detected in MM cells that have intact TRAF3 and instead posses
genetic abnormalities that prevent the expression of cIAP1 and cIAP2°® . These

observations provided the first clue that cIAP1 and cIAP2 play a negative role in the control

10
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of NIK stability. As discussed above, it is now clear that cIAP1/2 are the ubiquitin ligases that
target NIK for degradation, and thus accordingly IAP antagonists can induce NIK
stabilization and lead to strong induction of classical and alternative NF-kB signaling (see
below)> 7. However, the role of cIAP1/2 in NF-kB regulation and function is more complex.
NF-kB suppresses apoptosis by inducing expression of a number of genes whose products
inhibit apoptosis, including cIAP1/2*’. cIAP1/2 belong to the IAP family that counts eight
members in human: cIAP1 and cIAP2, XIAP (X-linked IAP), NAIP (neuronal IAP), ML-IAP
(melanoma IAP), Ts-IAP (testis-specific IAP), BRUCE (BIR-containing ubiquitin
conjugating enzyme), and survivin®* *°. By virtue of their interaction with TRAF2, cIAPI and
c[AP2 are recruited to TNFR1 and TNFR2 signaling complexes, where they negatively

modulate caspase-8 activity™ *¢**

. cIAP1 and cIAP2 are also RING domain-containing
ubiquitin ligases capable of promoting ubiquitination and proteosomal degradation of
themselves and several of their binding partners, such as TRAF2** *-** and TRAF3’. cIAPI-
or clAP2-deficient mice did not reveal any significant developmental abnormalities or

. . . 2
malfunctions in the apoptotic processes’™ *°

, suggesting that either these proteins are not
important during normal development or that the two are fully redundant. In contrast,
overexpression of cIAP1 and cIAP2 has been implicated in tumor cell survival ¥, and genetic

amplification of cIAP1 was suggested to promote tumorigenesis and sustain tumor growth in

. 4
a mouse model of liver cancer’”.

The anti-apoptotic activity of IAPs is counteracted by the natural mammalian IAP antagonist
SMAC/DIABLO (second mitochondrial activator of caspases/ direct IAP binding protein with
low pI), which is released from mitochondria into the cytoplasm upon apoptosis induction’™
%A number of IAP antagonists that mimic the interaction of SMAC with IAPs have been

developed and are collectively called Smac mimics. These compounds promote apoptosis of

11
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various cancer cells, including MM cells, either as single agents or in synergy with other
proapoptotic stimuli such as TNF-o’"". Their efficacy was also demonstrated in a humans
MM xenograft mouse model’®. This activity is perplexing as several recent reports established
that IAP antagonists also induced the activation of both the classical and alternative NF-xB

pathways'> "

, a complex twist that might limit their use as cancer therapeutics. IAP
antagonists induce IkBa phosphorylation, p100 processing, and expression of several NF-kB-
dependent genes, including TNF-a, IL-8 and MCP-17* . Importantly, whereas blockade of
TNF-a signaling suppressed IAP antagonist-induced cell death, it had no effect on NF-kB
activation induced by the same molecule’. It was shown that IAP antagonists induced NIK
stabilization through inhibition of cIAPI- and cIAP2-dependent-NIK ubiquitination and
proteosomal degradation. It was also demonstrated that TRAF2 is a critical scaffolding link
between cIAP1 and NIK. Cell stimulation with known inducers of the alternative NF-kB
pathway, such as TWEAK, triggered degradation of cIAP1/2 and concomitant stabilization of
NIK and pl100 processing’>. However, using CD40L and BAFF no ligand-induced cIAP1/2
degradation could be detected under conditions where cIAP1/2-induced TRAF3 degradation
and NIK stabilization were readily observed’'. Altogether, these data confirm that cIAPs are
the E3 ligases responsible for NIK degradation, and are thus critical regulators of alternative
NF-kB signaling. Since NIK accumulation seems to be equally important for activation of the
classical NF-kB pathway in cancer cells (see above), it would be interesting to examine
whether cIAP antagonists also induce NIK-dependent activation of the classical NF-kB
pathway in vivo, something that would compromise their therapeutic potential. The dual role
of IAP antagonists in inducing apoptosis while activating NF-kB is presented in figure 4. It
appears that the pro-apoptosic activity of these compounds is limited to a small number of
unique cancer cell lines”, and under many other cases these compounds would actually

activate NF-kB signaling upon NIK stabilization and at the same time can also prevent JNK

12
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activation’’. Thus the net effect may be inhibition of apoptosis rather than induction of

apoptosis.

What lessons can we learn from these recent data? First, the recent findings regarding the full
biochemical effects of cIAP1/2 inhibition allows a better understanding of the complex
mechanisms controlling NIK stability and other aspects of TNFR signaling. We propose the
following model: in absence of stimuli, TRAF3 associates with cytoplasmic NIK, and
subsequently targets it to E3 complexes containing TRAF2, cIAP1 and cIAP2 which mark
NIK for proteosomal degradation. Upon receptor stimulation, these regulators will be
sequestered at the cytoplasmic portion of the receptor, resulting in TRAF2 activation,
enhanced cIAP1/2 activity and TRAF3 degradation, thus leading to NIK stabilization. Any
mutation affecting the binding of these regulators to each other and to NIK would result in
NIK stabilization. Smac mimics or cIAP antagonists have the same effect. Overexpression of
NIK in turn leads to constitutive activation of the classical and alternative NF-kB pathways
and an increase in B cell growth and survival. The remarkable activity of bortezomib in MM
patients, especially in those with TRAF3 inactivation, supports the key role of NF-kB in MM
pathogenesis. Second, since NIK stabilization appears to be a new marker for malignant B
cells, we believe that the specific targeting of NIK may be particularly effective in the
treatment of MM and potentially other B-cell malignancies. IKKf inhibitors should also be
effective due to its increased activity in cells where NIK is persistently activated. Third, it is
questionable whether TAP antagonists will find use as cancer therapeutics, unless they can
selectively induce apoptosis in a broad spectrum of cancer cells despite their proven ability to
stabilize NIK and thereby induce NF-kB activation. Only further preclinical studies and

clinical trials will define the true potential of Smac mimics as anticancer drugs.

13
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Oncogenomics and NF-k B inhibitors in cancer therapy

The discovery of genetic alterations that lead to constitutive NF-kB activition in one fifth of
MM patients strikes a strong rationale for the use of NF-kB inhibitors as single-agent
therapeutics in this malignancy. It also supports the idea that genomic technology should
become an integral part of prospective clinical trials, helping identify which molecularly
defined subsets of patients will preferentially respond to NF-kB inhibition. Indeed, a major
challenge for cancer researchers and clinicians is how to identify those patients that are most
likely to benefit from IKKp or NF-kB inhibition. Beyond MM, cancer genetics and genomics
approaches have been successful in identifying a subgroup of diffuse large B-cell lymphoma
based on the NF-kB signature of gene expression profiles, and preclinical studies have
validated NF-kB as a therapeutic target in this lymphoma subtype '°’. In addition, carboxy-
terminal truncated forms of p100 have been detected in several lymphomas and leukemias,
including cutaneous T cell lymphoma and B cell chronic lymphocytic leukemia'®'. In all
cases, these mutations result in nuclear p52 accumulation, thus indicating that these types of
cancer should also benefit from NF-kB inhibition. The question, however, is which of the two
NF-kB signaling pathways should be targeted in these malignancies: the classical or the
alternative? The NF-kB gene expression signature of patients should provide a better
prediction for the choice of inhibition, and also allow the development of diagnostic and
prognostic biomarkers of the response to NF-kB inhibition. Based on MM studies, NIK is an
attractive candidate for inhibition, but not in those cases where processing of truncated p100
variants is NIK independent. Altogether, coupling biomarkers with pathway-targeted
therapeutics should ultimately allow treatment of cancer patients to be tailored to their unique

genetic abnormalities (Box2).

14
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Much effort has been made by the pharmaceutical industry to develop IKKf and other NF-kB
inhibitors'”?. However, IKKa inhibitors are yet to be described. An ideal IKK/NF-kB
inhibitor to be used in molecularly-targeted therapy should prevent NF-kB activation without
any effects on other signaling pathways, and be more active in malignant cells than in normal
cells. One should also consider that excessive and prolonged NF-kB inhibition can be
detrimental due to its important role in innate immunity. Thus, although highly efficient NF-
kB inhibition is desired during administration of conventional anticancer drugs, NF-xB
inhibition should be transient and highly reversible to avoid long-term immunosuppression. In
addition, by selectively targeting specific NF-kB signaling components involved in a
particular disease, one may expect to minimize systemic toxicity and avoid broad suppression
of innate immunity. Finally, the dose and schedule for delivering the compound needs to be
carefully evaluated as a single agent, and its efficacy has to be determinated in combination
with other anticancer agents. Several reports have documented the efficacy of IKK/NF-kB
inhibitors in triggering apoptosis in cancer cells as single agents, and in combination either
with death-inducing cytokines or chemotherapeutic drugs, and since this area of research is
moving at a rapid pace, there is hope that it will be learned how to use such compounds in the
clinic. Yet one major pitfall that will have to be addressed before anti-IKK or NF-kB
therapies can become successful is the surprising but pronounced ability of NF-kB activation
inhibitors to enhance the production of IL-1f and related cytokines due to excessive
inflammasome activation during bacterial infections'®®. This adverse effect is due to the
ability of NF-kB to promote expression of genes whose products keep IL-1f processing and
secretion in check. Perhaps the only way to avoid such complications would be to use IKK
and NF-kB inhibitors for only a short duration in combination with broad spectrum antibiotics

under well controlled hospital conditions.

15
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Box1: The six hallmarks of cancer”

* Self-sufficiency in proliferative growth signals
* Insensitivity to growth inhibitory signals

* Evasion of apoptosis

* Acquisition of limitless replicative potential

* Induction of angiogenesis

* Induction of invasion and metastasis

# Information taken from ref. 2

Box2: Translating basic research into new cancer therapeutics

The fundamental understanding of the cancer genome and cancer signaling pathways leads to:
* The identification of new molecular targets driving the molecular pathology and progression
of human cancer and the development of drugs acting on these targets.

* The identification of new and specific markers of the molecular pathology and the
development of new diagnostic, pronostic and pharmacogenomics biomarkers.

Collectively, it enables the targeting of individualized treatments to patients who are most

likely to benefit from a given therapy.

16
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Figure legends

Figure 1: Human cancers that have been linked to constitutive NF-x B activation
Various hematological malignancies and solid tumors that exhibit constitutive NF-kB

activation (adapted from ref. 17).

Figure 2: NF-x B target genes involved in cancer development and progression
NF-kB activation affects all six hallmarks of cancer through the transcription of genes
involved in cell proliferation, angiogenesis, metastasis, inflammation and suppression of

apoptosis as identified in both cell lines and tissue samples (adapted from ref. 17).

Figure 3: NF-xB gain- and loss-of-function mutations in multiple myeloma

The classical and alternative NF-kB signaling pathways are represented downstream of CD40
and BAFF-R. Arrows indicate activating steps, and bars indicate inhibitory steps. Negative
regulators subject to loss-of-function mutations are in red, and positive regulators affected by
gain-of-function mutations are in green. Either type of mutations lead to NF-kB constitutive
activation through NIK stabilization. The proteasome inhibitor bortezomib (BTZ) blocks both
classical and alternative NF-kB signaling, whereas the IKKp-specific inhibitor MLN120B

(MLN) only blocks the classical NF-kB pathway. See text for further details.

Figure 4: cIAPs and IAP antagonists in the regulation of NF-k B and cell death pathways
Arrows indicate activating steps, and bars indicate inhibitory steps. IAP antagonists induce
c[AP1 and cIAP2 proteosomal degradation, thus leading to activation of the classical and
alternative NF-kB signaling through stabilization of NIK. IAP antagonists also induce TNF-

a-dependent cell death. See text for further details.
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