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More than 97% of patients with acute myeloid leukemia (AML) demonstrate genetic mutations leading to excessive
proliferation combined with the evasion of regulated cell death (RCD). The most prominent and well-defined form of
RCD is apoptosis, which serves as a defense mechanism against the emergence of cancer cells. Apoptosis is
regulated in part by the BCL-2 family of pro- and anti-apoptotic proteins, whose balance can significantly determine
cell survival. Apoptosis evasion plays a key role in tumorigenesis and drug resistance, and thus in the development
and progression of AML. Research on the structural and biochemical aspects of apoptosis proteins and their

regulators offers promise for new classes of targeted therapies and strategies for therapeutic intervention.

acute myeloid leukemia apoptosis neddylation

| 1. Apoptosis

Apoptosis (from Ancient Greek “falling off”) is a physiological process of cellular suicide required for controlling
tissue homeostasis, particularly in rapidly-renewing tissues such as hematopoietic tissue L. It is characterized by
distinct morphological changes including nuclear condensation, cell shrinkage, membrane blebbing, DNA
fragmentation, and the formation of apoptotic bodies [&. This elimination occurs naturally in the course of organ
development or following cellular stress [l However, such stress signals can be overcome by cancer cells
overexpressing anti-apoptotic proteins, especially those of the BCL-2 (B-cell lymphoma-2) family Bl. The BCL2
gene acts as an oncogene that prevents hemopoietic cell death . It has been proposed that the blockage of

apoptotic signaling promotes oncogenesis, and this has been demonstrated in several model systems B[],

| 2. Pathways of Apoptosis

Apoptosis can occur by the intrinsic (or mitochondrial) and extrinsic (or death receptor) pathways 1. The intrinsic
pathway serves to activate apoptosis as an appropriate response to various internal traumas, such as metabolic
stress, hypoxia, checkpoint violations, growth factor withdrawal, activation of oncogenes, and irreparable genomic
damage. The extrinsic pathway is distinctly triggered by the ligation of proapoptotic transmembrane death
receptors from the tumor necrosis factor (TNF) family 1. A common feature of apoptosis is the involvement of
caspases, a family of intracellular cysteine proteases, which are present as inactive zymogens in all animal cells,
but can be triggered to assume an active state L8, Caspases can be broadly categorized based on their role in
apoptosis (caspase-2, -3, -6, -7, -8, -9, and 10) then further subdivided into two groups: the initiator caspases

(caspase-2, -8, -9, and -10) and the effector caspases (caspase-3, -6, and -7) 41,
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| 3. The Mechanism of the Mitochondrial Apoptosis Pathway

The mitochondrial apoptosis pathway is the dominant form of cell death, leading to the death of over 60 billion cells
each day 19 The process is initiated by stress signals and is triggered by mitochondrial outer membrane

permeabilization (MOMP), caused by inter alia BCL-2 family proteins.

MOMP leads to the release of apoptogenic proteins from the intermembrane space. It results in the secretion of
various cell death modulators such as cytochrome c, apoptosis-inducing factor (AIF), endonuclease G (ENDOG),
direct IAP-binding protein with low pl (DIABLO, also known as second mitochondria-derived activator of caspases,
SMAC) or Omi/HtrA2, and BCL-2 family proteins; it also prevents mitochondrial ATP synthesis, inhibits the
respiratory chain and increases reactive oxygen species (ROS) production 1. These events promote the
activation of the initiator caspase 9 and executioner caspases (caspases 3, 6, and 7) in order to destroy the cell
(22 A key element in the regulation and induction of intrinsic apoptosis is the BCL-2 protein family, whose pro- and
anti-apoptotic members, and the balance between them, play significant roles in determining the fate of cells 193]
(Figure 1).
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Figure 1. The pathways of apoptosis. Arrows represent activation and T bars represent inhibition.

| 4. BCL-2 Family
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The BCL-2 family, which tightly regulates MOMP, consists of three subfamilies: the first is the pro-apoptotic BH3-
only members (BIM [BCL-2-like protein 11], BID [BH3 Interacting Domain Death Agonist], PUMA [p53 upregulated
modulator of apoptosis], NOXA [Phorbol-12-myristate-13-acetate-induced protein 1], HRK [Activator of apoptosis
harakiri], BMF [BCL-2 modifying factor], and BAD [BCL-2 associated agonist of cell death]); the second is the pro-
apoptotic effector molecules (BAX [BCL-2 associated X] and BAK [BCL-2 homologous antagonist killer]); and the
third is the anti-apoptotic BCL-2 family proteins (BCL-2, BCL-xL [B-Cell Lymphoma-extra-large], BCL-W [BCL-2 like
protein 2], MCL-1 [myeloid cell leukemia-1], A1 [BCL-2 related protein Al], and BCL-B [BCL-2 like protein 10]).

The receipt of an apoptotic stimulus upregulates the transcription of the pro-apoptotic BH3-only members. These
proteins bind anti-apoptotic members of the BCL-2 family and inhibit their activity. Some direct activators (for
example, BID and BIM) can also bind and activate the effectors BAK and BAX, which induces MOMP, resulting in

the release of cytochrome ¢ and SMAC from mitochondria and the subsequent activation of initiator caspases 24!
5]

Another protein regulating apoptosis is the p53 tumor suppressor, known as the ‘guardian of the genome’. It
induces cell-cycle arrest with DNA repair or apoptosis by activating the BCL-2 family. The activation of p53 triggers
pro-apoptotic proteins such as PUMA, NOXA, BIM, and BAX to counteract MCL-1, thus overcoming MCL-1
mediated resistance at multiple levels. Moreover, p53 stimulates extrinsic pathway activation by the upregulation of
death receptors L8IL7L8] (Figure 1).

| 5. Evasion of Apoptosis in AML

The expression of programmed cell death genes is commonly dysregulated in hematological malignancies,
promoting cell accumulation and creating favorable conditions for oncogene activation, genetic instability, and
metastasis. Such defects enable the survival of genetically unstable cells, leading to the selection of progressively
aggressive clones 19, Multiple elements of the apoptotic pathway are known to be disturbed in AML, thus

facilitating the evasion of apoptosis.

The most common pathway used by cancer cells to evade apoptosis is based on the upregulation of antiapoptotic
BCL-2 proteins and the loss of BAX/BAK proteins [22: indeed, BCL-2 gene overexpression is present in over half of
all cancers 11, As many traditional anti-cancer drugs act on the BCL-2/BAX pathway, any disruption of this target

may increase resistance to chemotherapy and radiotherapy by elevating the threshold needed for cell death 29,

TP53 gene mutation prevents apoptotic pathway function 2%, Such mutations are observed in 5-10% of de novo
AML and 30-40% of therapy-related cases and are considered important indicators of poor outcome (2122l |n g
study conducted on 500 AML patients, Hou et al. found TP53 mutation to be associated with an inferior response
rate (complete remission [CR] rate 28.6% vs. 80.2%, p < 0.0001) and shorter overall survival (OS) (median, 5 vs.

35 months, p < 0.001) compared to unmutated patients 23],
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Unlike solid tumors, in most cases of non-complex karyotype de novo AML, the TP53 locus is found to be the wild-
type. Most TP53 changes result in missense mutations, i.e., resulting in changes in the amino acid sequence of the
DNA-binding domain (encoded by exons 5-8). These are more common in complex karyotypes, relapsed, and
elderly AML patients, as well as therapy-related AML [22l241125] \Where the mutation is absent, as noted in the
majority of AML cases, it is possible that apoptosis is blocked by alternate mechanisms 28, Intriguingly, patients
with a TP53 mutation have a lower-than-expected frequency of mutations in other myeloid-related genes, involving
splicing, epigenetics, and signal transduction 22271 However, irrespective of TP53 mutational status, many AML
cases are characterized by p53 dysfunction, presumably through the alteration of p53-regulatory proteins, resulting
in the disruption of apoptosis [181128],

The wild-type TP53 may be significantly inhibited by high levels of mouse double minute 2 homolog (MDM2) or

inhibitor of apoptosis proteins (IAP); this presents an appealing targeted strategy for AML treatment 22,

IAPs consist of several proteins which inhibit apoptosis pathway at different levels, namely X-linked inhibitor of
apoptosis (XIAP), cellular (clAP1, clAP2), neuronal (NIAP), testis-specific (Ts-IAP), Bir-ubiquitin conjugating
enzyme (BRUCE), livin, and survivin B9, |APs take part in modulating autophagy, necroptosis, and immune
regulation, and can inhibit both intrinsic and extrinsic apoptosis; they also stimulate cell survival and increase tumor
growth and metastasis when present at elevated levels B[22l Moreover, IAP overexpression reduces CR rate in
AML patients and increases chemoresistance in several types of cancer. In addition, low IAP expression has also
been associated with longer OS in AML patients [B33I34] | ack of IAP expression is also associated with higher
sensitivity to standard chemotherapy (8135136 Several molecules antagonize IAP activity, with the most prominent
ones being SMAC/DIABLO, Omi/HtrA2 (HTRA serine peptidase 2), and XAF-1 (XIAP-associated factor 1) 71138,
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