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Acute Myeloid Leukemia (AML) is an aggressive hematological malignancy that relies on highly heterogeneous

cytogenetic alterations. Although in the last few years new agents have been developed for AML treatment, the

overall survival prospects for AML patients are still gloomy and new therapeutic options are still urgently needed.

Constitutive NF-κB activation has been reported in around 40% of AML patients, where it sustains AML cell survival

and chemoresistance. Given the central role of NF-κB in AML, targeting the NF-κB pathway represents an

attractive strategy to treat AML.

NF-κB  acute myeloid leukemia  NF-κB inhibitors

1. NF-κB Pathway in Acute Myeloid Leukemia (AML)
Pathogenesis

NF-κB signaling has a central role in AML carcinogenesis, where it is responsible for differentiation, survival, growth

of leukemia cells and resistance to therapy . Indeed, about 40% of patients with AML exhibited increased

activity of NF-κB . In particular, it has been demonstrated that NF-κB is constitutively active in CD34  stem cells

from M3, M4 and M5 AML patients . In AML, NF-κB, constitutive activation seems to be crucial for maintaining

AML cells (i.e., proliferation and survival) rather than promoting myeloid transformation . In addition, aberrant NF-

κB signaling is correlated with resistance of AML cells to radiation and chemotherapy . Evidence has shown that

NF-κB mediates chemoresistance in AML, based on its ability to induce anti-apoptotic genes such as BCL-2 (B-cell

lymphoma 2) and BCL-X  (B-cell lymphoma-extra-large) . Recently, Wei and collaborators demonstrated that

Aurora A-dependent NF-κB signaling drives chemoresistance in AML and was associated with worse clinical

outcomes. In particular, it was showed that TRAF-interacting protein with FHA domain (TIFA), which interacts with

Tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6) to activate the IKK complex, mediated Aurora

A-dependent NF-κB activation. In keeping with this observation, TIFA silencing increased chemotoxicities of both

AML cells and patient-derived peripheral blood mononuclear cell (PBMC) via inhibition of inflammatory cytokines

secretion, leading to tumor necrosis factor α (TNFα)-dependent NF-κB survival pathway attenuation and, thus

identifying TIFA as a potential target in AML . Notarbartolo and colleagues demonstrated that NF-κB is important

for the establishment of drug resistance in AML by controlling the P-gp (P-glycoprotein)-mediated expression of

MDR1 (multidrug resistance mutation 1) gene . Several studies showed that overexpression of heterodimer

p50/p65 in resistant variant AML cell lines induced P-gp gene and IAP-family genes expression, underlying the

importance of NF-κB proteins in promoting chemoresistance, tumor progression and a poor prognosis .
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NF-κB plays a pivotal role also in leukemic stem cells (LSCs), where it regulates survival, proliferation and

chemoresistance . Zhou and collaborators demonstrated that NF-κB fosters stem-like properties (i.e., self-

renewal capacity) of AML cells via LIN28B activation. Accordingly, NF-κB inhibition reduces LIN28B expression and

cell survival as well as LSCs’ self-renewal in vitro, suggesting that inhibition of NF-κB could be a potential

opportunity to kill AML cells and LSCs in order to counteract cancer resistance and disease relapse .

2. Genetic Alterations Drive NF-κB Constitutive Activation in
AML

Chromosomal aberrations involving c-Rel, RelA, NF-κB1 and NF-κB2 genes were found in many hematopoietic

and solid tumors. However, in AML, NF-κB constitutive activation ensues from mutations affecting genes involved

in the control of NF-κB activity, as detailed below (Figure 1).

Figure 1. NF-κB activity in AML. Constitutive activation of NF-κB in AML triggered by (i) genetic alterations (blue),

(ii) pro-inflammatory cytokines in the TME (fuchsia) and/or (iii) increased expression of NF-κB signaling
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components (green).

2.1. ATM

Grosjean-Raillard and collaborators demonstrated that activated serine/threonine protein kinase ATM (Ataxia

Telangiectasia Mutated), a principal regulator of cell cycle checkpoints in response to DNA damage, triggered IκB

kinase NEMO (NF-κB essential modulor) activation and p53-induced death domain protein (PIDD), resulting in NF-

κB activation. Pharmacological inhibition of ATM was shown to prevent its autophosphorylation and its interaction

with NEMO, leading to redistribution of NEMO and NF-κB to the cytoplasm and apoptosis of malignant myeloblasts

. These results demonstrate that constitutive phosphorylation of ATM is crucial for NF-κB activation in AML. In

addition, it was demonstrated that constitutive activation of Fms related receptor tyrosine kinase 3 (FLT3) signaling

resulted in activation of NF-κB via IKK. The inhibition of FLT3 reduced NF-κB activity and promoted apoptosis in

AML cell lines and CD34  primary AML cells . Notably, NEMO-IKK complex promoted the activation of canonical

NF-κB pathway in AML , thus suggesting that the use of NEMO-binding domain peptides could represent an

alternative strategy to indirectly inhibit NF-κB in this cancer.

2.2. BCR/ABL

BCR/ABL translocation, typically found in chronic myeloid leukemia (CML), has been observed also in AML

patients. In fact, BCR/ABL  AML, now classified as a high risk AML, is a rare subtype of AML (0.3–2% of cases)

and the prognosis depends on the cytogenetic/molecular landscape . Studies conducted by different

research groups demonstrated that BCR/ABL translocation contributed to IKK-dependent constitutive activation of

NF-κB. Accordingly, genetic or pharmacologic inhibition of NF-κB induced cell death in BCR/ABL  cells . it

was hypothesized that BCR/ABL fusion protein may activate protein kinase D2 (PRKD2), which in turn induces

IKK2-dependent phosphorylation and degradation of IκBα, leading to NF-κB activation .

2.3. RUNX1

Another transcription factor responsible for aberrant activation of NF-κB in AML is Runt-related transcription factor

1 (RUNX1), also known as AML1. In fact, chromosomal alterations as well as point mutations affecting

AML1/RUNX1 gene have been observed in human leukemia, and patients with AML1 mutations exhibited poor

clinical outcomes, underlying the important role of RUNX1 during hematopoiesis . Studies conducted by

Nakagawa and collaborators demonstrated that AML1/RUNX1 prevented NF-κB pathway activation in

hematopoietic cells by inhibiting IKK activity. Accordingly, AML1 was shown to induce the expression of mir-223,

which restrains IKK expression . In keeping with these observations, mutated AML1/RUNX1 (AML1/ETO

fusion product) failed to attenuate IKK kinase activity, leading to aberrant NF-κB activation. Furthermore,

pharmacological inhibition of NF-κB signaling reduced tumorigenesis in vivo by suppressing NF-κB-mediated

excessive proliferation of AML1/RUNX1 mutated leukemia cells .

2.4. C/EBPα
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Another important bZIP transcription factor involved in myeloid development and mutated in 10–15% of AML

patients is CCAAT/enhancer-binding protein alpha (C/EBPα) . The presence of double mutations of

C/EBPα in AML patients has been associated with a favorable prognosis . Studies conducted by Paz-Priel et al.

demonstrated that C/EBPα and its mutated forms interacted with the p50 subunit of NF-κB and induced the

espression of NF-κB target genes (i.e., BCL-2 (B-cell lymphoma 2) and c-FLIP (FLICE-like inhibitory protein)) in

vitro. In turn, the p50 subunit controlled C/EBPα expression, thus generating a positive feedback loop. it was also

showed that these proteins, in complex with p50, can directly regulate the expression of the anti-apoptotic genes

BCL-2 and c-FLIP . Moreover, Pulikkan and collaborators showed that C/EBP transcription factors also

regulated IKK expression by inducing the expression of mir-223. Accordingly, repression of mir-223 due to C/EBPα

mutation increased IKK-NF-κB activity .

2.5. q Deletion

Among genetic mutations, chromosome 5q deletions (del(5q)) are commonly found in high risk myelodysplastic

syndromes (MDS)/AML and are associated with favorable prognosis if the percentage of blasts in the bone marrow

is less than 5% . The main actor implicated in del(5q) is miR-146a, which, under normal conditions, inhibits

TRAF6. In vivo studies showed that miR-146a loss in mouse hematopoietic stem and progenitor cells (HSPC)

promoted MDS/AML by increasing TRAF6 expression and NF-κB activation . Pharmacological NF-κB

inhibition or genetic inhibition of TRAF6 in AML cells induced G2/M arrest and apoptosis, suggesting that inhibition

of TRAF6/NF-κB axis could be a potential approach to treat AML patients with del(5q) and low miR-146a levels.

The same results were obtained in miR-146a-depleted HSPC . Further analysis clarified that NF-κB-mediated

leukemic cell survival was mediated by sequestosome 1 (SQSTM1, also known as the ubiquitin-binding protein

p62), a scaffold protein of the TRAF6/NF-κB axis, whose overexpression is induced by NF-κB, generating a

positive feedback loop. Knockdown of p62 resulted in reduced colony formation or tumor growth and reduced

TRAF6 activation and NF-κB nuclear localization both in vitro and in vivo, thus indicating that p62 sustains NF-κB

activation and leukemic cell functions (i.e., cell cycle and myeloid cell development) through TRAF6. Overall, these

findings support the hypothesis that theh TRAF6/p62/NF-κB axis is responsible for leukemic cell survival in del(5q)

AML with low miR-146a .

2.6. RAS

It is well demonstrated that NF-κB is also activated by N-RAS and K-RAS mutations that occur in approximately

20% of AML cases . Birkenkamp and collaborators showed an important association between constitutive

NF-κB activity and persistent Ras/phosphoinositide 3-kinase (PI3K)/protein kinase B (PKB) signaling in human

AML blasts, where these two different signaling pathways sustain the survival of AML cells. Althought activating

mutations in FLT3 and c-Kit (receptor tyrosine kinase (RTK)), which encode receptor tyrosine kinases upstream of

Ras, were shown to be responsible for aberrant activation of Ras signaling in 40% of AML cases , Birken and

collaborators demonstrated that NF-κB activation in AML blasts was not dependent on FLT3 mutations, but was

triggered by RAS and PI3K/AKT (protein kinase B (PKA)) pathways, as the pharmacological inhibition of these two

signaling blocked NF-κB activity . Nevertheless, the role of FLT3 remains controversial, as some reports in the
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literature showed that FLT3 overexpression, and/or mutations (i.e., FLT3-ITD (internal tandem duplication), the

most common genetic abnormality), can induce canonical or non-canonical NF-κB signaling in AML. Accordingly,

genetic or pharmacological inhibition of FLT3 reduces NF-κB activity and promotes apoptosis of both AML cell lines

and primary cells  (Figure 1).

3. Pro-Inflammatory Microenvironment and NF-κB Activation
in Leukemic Cells

Beyond genetic alteration, aberrant NF-κB activation could also stem from the steady exposure of tumor cells to

inflammatory stimuli and other cues emanating from the TME.

Inflammation-induced tumorigenesis is one of the most important mechanisms underpinning the proliferation of

leukemic cells. It is known that NF-κB is the major player between inflammation and cancer  and contributes

to evading apoptosis and sustaining cell survival by inducing the secretion of pro-inflammatory cytokines (i.e.,

TNFα, Interleukin 6 (IL-6), Interleukin 1β (IL-1β) and regulating heme oxygenase-1 (HO-1) expression and

inducible nitric oxide synthase (iNOS) activation in the TME . Although the increased activation of iNOS is

associated with pro-apoptotic functions, the presence of high iNOS expression in AML patients suggests that it

could either promote or inhibit apoptosis during carcinogenesis, probably depending on inflammation status .

As reported in the literature, a subset of AMLs is characterized by secretion of high levels of pro-inflammatory

cytokines, that in turn activate NF-κB pathway, thus generating a positive feedback loop able to sustain NF-κB-

dependent AML growth both in patients and in murine models . The role of TME in fostering tumor progression by

paracrine secretion of cytokines is well established . Jacamo and collaborators demonstrated that bone

marrow stromal cells promoted NF-κB activation in AML cells through vascular cell adhesion molecule 1 (VCAM-1)

and very late antigen 4 (VLA-4) interaction  and highlighted the importance of surrounding stroma in induction

and maintenance of aberrant NF-κB activation in tumor cells . Recent findings showed that the immune

modulator Interferon regulatory factor 2 binding protein 2 (IRF2BP2) attenuates the inflammatory signals between

monocytic AML cells by controlling the NF-κB-mediated TNFα signaling. Accordingly, the suppression of IRF2BP2

induces caspase 8- and caspase 3-mediated apoptotic cell death via NF-κB mediated upregulation of IL-β1 .

In keeping with these findings, Volk and collaborators demonstrated that TNF stimulated leukemia cell growth via

autocrine induction of NF-κB and JNK-AP1 (c-Jun N-terminal kinases/activator protein-1) signaling, suggesting that

several signaling pathways cooperate to sustain cancer cell proliferation. In fact, solely NF-κB inhibition was not

sufficient in inhibiting AML tumor growth, due to the activation of anti-apoptotic genes by the TNF/JNK axis.

Accordingly, in vivo studies demonstrated that the inhibition of NF-κB along with TNF inactivation induced leukemic

cell death. Additionally, it was showed that TNF produced by leukemic cells inhibited normal HSPC growth in a

paracrine manner, thus finding a possible explanation for the hematopoietic repression observed in AML patients.

These findings suggest that co-inhibition of both TNF/JNK-AP1 and TNF/NF-κB pathways could be a potential

therapeutic approach to inhibit leukemic cell growth while protecting HSPC in those AML Fab subtypes which

express TNF, such as M3, M4, M5 . An additional study underscoring the paramount role of TNF/NF-κB axis in

AML was published by Kagoya and collaborators. It was demonstrated that LSCs, also known as leukemia-
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initiating cells (LICs), showed constitutive NF-κB activity due to autocrine TNFα secretion, that in turn promoted

IκBα degradation through prolonged activation of proteasome machinery, induction of IκBα degradation and

translocation of NF-κB into the nucleus. Since TNFα is one of the NF-κB target genes, leukemia progression is

maintained by the NF-κB/TNFα feedback loop . Conversely, NF-κB inhibition in LICs curbs tumorigenesis in

vivo, suggesting that the NF-κB/TNFα axis supports leukemia progression . Furthermore, Li and collaborators

demonstrated that treatment with TNF and IL-1β inhibitors sensitized LSCs to NF-κB inhibition indicating that this

combination strategy could be used to remove leukemic cells as well as LSCs and overcome the LSCs-mediated

drug resistance  (Figure 1).

4. Aberrant NF-κB Activation by NF-κB
Regulators/Interactors

The hyperactivation of NF-κB in leukemic cells is also due to an increased activation of upstream regulators of the

NF-κB pathway , making these components promising targets for cancer treatment. Several studies identified

Interleukin-1 receptor accessory protein (IL-1RAP), Interleukin-1 receptor-associated kinase 1 (IRAK1),

transforming growth factor-β activated kinase (TAK1) and Bruton’s tyrosine kinase (BTK) as overexpressed in

primary AML cells. Accordingly, inhibition of these proteins suppressed NF-κB activation and restrained tumor

growth by promoting apoptosis both in vitro and in vivo .

The proviral insertion in murine (PIM) lymphoma proteins are proto-oncogenic serine/threonine kinases,

constitutively active in AML . Recent studies demonstrated that PIM2 supports AML tumorigenesis by

suppressing apoptosis and inducing cancer cell survival via NF-κB activation . Indeed, PIM2 activates the NF-κB

pathway by inducing the phosphorylation of serine threonine kinase Cot and consequently the upregulation and

degradation of IκB. Furthermore, Nihira and collaborators demonstrated that Pim1 controls the NF-κB pathway by

phosphorylating RelA/p65 at Ser276 . On the other hand, it has been demonstrated that NF-κB regulates the

expression of Pim-1 and 2 kinases through CD40 signaling and in response to FLT3/ITB oncogenic mutants,

respectively .

Other important players promoting constitutive activation of the NF-κB pathway are proteins involved in NF-κB-

mediated gene transcription such as Bromodomain-containing protein 4 (BRD4) and murine double minute 2

(MDM2). BRD4 belongs to bromodomain and extra terminal domain (BET) protein family and interacts with

acetylated lysine in histone or non-histone proteins . BRD4 plays a central role in transcriptional regulation via

interactions with specific proteins like positive transcription elongation factor B (pTEFb). With regard to NF-κB

pathway, although the molecular mechanism is still poorly understood, BRD4 might bind to acetylated histones and

proteins, such as p65, leading to transcription of the NF-κB-regulated pro-inflammatory genes .

Silencing of BRD4 reduced leukemic tumor growth in mice . Moreover, pharmacological inhibition of BRD4 with

BEF inhibitors restrained NF-κB-mediated inflammatory response . Accordingly, treatment with I-BET762, a pan-

BET inhibitor, suppressed inflammation and reduced the incidence of death in mice after prolonged

lipopolysaccharide (LPS) exposure .
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It has been demonstrated that MDM2 induces p65 expression in different cells; MDM2 overexpression was

observed in AML, but its capacity to interact with NF-κB remains debated . On the other hand, overexpression

of negative regulator MDM2 inactivates p53, which is frequently inactivated in AML cell lines and patients and

whose loss is associated with poor prognosis. Recently, it has been demonstrated that inhibition of the p53-MDM2

complex promoted antitumor activity in vivo .

Constitutive NF-κB expression is also associated with the enhanced activity of an immunoproteasome variant

expressed in hematopoietic cells, functionally close to “classical” proteasome, which represents an attractive target

in hematologic malignancies . Accordingly, increased activation of this proteasome variant has been observed in

CD34  leukemic cells and in LICs from different murine models  (Figure 1).
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