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Abstract

NOXA is a critical mediator of stress responses to anticancer drugs. This BH3-only protein sets the apoptotic threshold in cancer
cells in response to chemotherapies by counteracting the prosurvival BCL-2 family protein MCL-1. A complex and dynamic network
relying on both highly controlled gene transcription activity and protein degradation by proteasome, regulates cellular NOXA levels
from low in steady state to rapidly enhanced upon stressful condition. Antimitotics and proteasome inhibitors are powerful anticancer
treatments that mainly rely on NOXA activity to trigger death in cancer cells. In addition, in case of antimitotics, a wave of cell death
based on NOXA and fueled by an automomous secretome spreads through the tumor, revealing new therapeutic opportunities. By
neutralizing MCL-1 prosurvival activity, NOXA induces preferential BCL-2 or BCL-xL cancer cell survival dependencies, that can
be exploited therapeutically using BH3 mimetics. Since MCL-1 interfers with tumor response to chemotherapies, promoting NOXA

expression or using recently available MCL-1 targeting BH3 mimetics are promising opportunities to improve cancer treatments.

Introduction

Apoptosis, a programmed cell death relying on the cascade
activation of caspases, regulates many processes ranging
from embryonic development to immune homeostasis,
and plays a major role in cancer. Escape from apoptosis
is indeed one of the fundamental characteristics of tumor
cells that frequently exhibit increased expression of the
main prosurvival BCL-2 homologues BCL-2, BCL-xL and/
or MCL-1 contributing to tumor progression or resistance
to anticancer treatments [1]. Mitochondria Outer
Membrane Permeabilization (MOMP) is a key cellular
event in apoptosis as subsequent release of cytochrome-c
(cyto-c) from the mitochondrial intermembrane space to
cytosol through BAX/BAK pores, promotes apoptosome
formation and downstream activation of apoptotic effector
caspases. MOMP can also lead to the release of other
mitochondrial components including mitochondrial DNA
that engage additional inflammatory signalling pathways
inhibited by apoptotic caspases[2,3]. BCL-2 family proteins

tightly control BAX/BAK-dependent MOM permeability
through a dynamic network of protein-protein interactions
integrating various cellular stresses and finally dictating
life or death decisions and cell fates [4]. Chemotherapies
often upregulate expression of proapoptotic BCL-2
homologues in cancer cells, shifting by this way the
balanced death/survival signals towards apoptosis as an
expected cytotoxic effect. Among the proapoptotic BH3-
only proteins of the BCL-2 family, NOXA is unique since in
preferentially inhibiting the prosurvival BCL-2 homologue
MCL-1, it decreases the protective effect MCL-1 exerts on
mitochondrial membranes and transfers MOM integrity
surveillance and downstream prevention of caspase
activation, mostly to BCL-2 and/or BCL-xL. This was
observed in particular during mitotic-related stress after
antimitotic treatment or during endoplasmic reticulum
(ER) stress induced by proteasome inhibitors, where
NOXA was shown to accumulate through transcriptional or
post-translational mechanisms, as we detail in this review.
Importantly, prosurvival members of BCL-2 family are
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now valuable anticancer targets thanks to BH3 mimetics
that have been recently developped. The BCL-2 targeting
BH3 mimetic venetoclax already achieved great success in
hematological malignancies, including chronic lymphoid
leukemia where leukemic cell survival mostly depends on
BCL-2. However, deployment of BH3 mimetics in solid
tumors is still challenging owing to more complex intrinsic
tumor cell survival dependencies in close relation to their
intrinsic heterogeneity and plasticity evolving during
tumor progression and therapeutic pressure. Increasing
our understanding of how BCL-2 family is regulated in
solid tumors and how this can be therapeutically exploited,
is thus a priority to restore potent cell death signalling in
cancer cells in order to improve cancer treatment. In this
field, NOXA manipulation offers relevant opportunities
since its powerful capacity to neutralize MCL-1
antiapoptotic functions reveals intrinsic or acquired
molecular vulnerabilities in tumors regarding their
survival dependencies. In this review, we focus on the role
and the regulation of BCL-2 family proteins in triggering
cell death upon chemotherapies especially in solid tumors
with particular interest in the molecular mechanisms that
govern NOXA levels during therapeutic stress responses.
Various therapeutic strategies, already applicable or
prospective, to optimize MCL-1 neutralization by NOXA,
are also discussed to envision how to accurately exploit
NOXA natural anticancer potential.

BCL-2 family proteins control MOMP and
downstream apoptotic caspase activity

Apoptosis is a massive synthetic lethal process in which
sustained caspase activation leads to many cleavage events
that work together to drive cell death. Remodeling of
lipid exposure on cell membrane, cellular shrinkage and
cytoskeletal degradation, nuclear condensation and DNA
fragmentation, and finally formation of apoptotic bodies
are stereotypic hallmarks of apoptosis. Most if not all
result from the activation of apoptotic effector caspases,
mainly caspase-3 (and caspase-7), that in its active form
cleaves more than 1000 substrates of which only some
of them are related to apoptosis [5]. Among them, the
Inhibitor of Caspase-Activated DNase (ICAD) relieves
the nuclease activity of CAD allowing DNA fragmentation
or the flippase/scramblase system responsible for
membrane lipids remodeling necessary to apoptotic
bodies engulfment by macrophages and immune silencing
[6]. Interestingly some of them, such as the pyroptotic
effector gasdermin E (GSDME), appear to be specifically
activated by caspase-3 (but not by caspase-7) while being
decisive in cell death modalities engaged by chemotherapy
[7]. Caspase-3 activation occurs downstream either from
the extrinsic pathway after activation of death receptors
and the subsequent formation of the Death Inducing
Signaling Complex (DISC) or from the intrinsic pathway

that relies on MOMP onset, cyto-c release and apoptosome
formation. In the extrinsic pathway, exogenous ligand
binding to the death receptors TNFR, FAS or DR3 triggers
activation of initiator caspase-8 in the DISC and to direct
activation of downstream executioner caspases-3/7 that
orchestrate apoptosis. An amplifying apoptotic loop
based on BID cleavage by caspase-8 often occurs, linking
the extrinsic apoptotic pathway to the intrinsic one. The
intrinsic pathway referred as mitochondrial pathway is
executed via MOMP-dependent cyto-c release. Together
with APAF-1 and procaspase-9, cytosolic cyto-c allows
the assembly of the mutimeric apoptosome resulting
in caspase-9 self-cleavage and downstream caspase-9-
dependent caspases-3/7 activation and rapid proteolytic
cleavage of their substrates [8].

MOMP is frequently viewed as an irreversible step
of apoptosis commitment and is tightly kept in check
by the BCL-2 family proteins [9]. This proteins’ family
encompasses both prosurvival and proapoptotic groups
and functions as a rheostat governing cellular life or death
decisions through dynamic protein-protein interactions
controlled at multiple levels. Among the proapoptotic
members, the effectors BAX, BAK or BOK possess 3
to 4 (BCL-2 Homology) BH domains and a C-terminal
transmembrane domain that can anchor to MOM and
have the capacity after activation (for BAX and BAK)
to oligomerize and form pores in the MOM causing its
permeabilization and the release of apoptogenic factors
including cyto-c. Other proapoptotic BCL-2 family
members possess only one BH domain (BH3), these BH3-
only proteins are considered either as « direct activators »
like BIM, tBID and PUMA, that bind to BAX/BAK with
high affinities [4,10] or as « sensitizors » like NOXA,
BIK or BAD that bind BAX/BAK with very low efficiency
if any [11,12]. The prosurvival members of the BCL-2
family include BCL-2, BCL-xL, MCL-1, BCL-W and BFL-
1. They possess 4 BH domains (BH1-BH4) and present a
hydrophobic pocket that binds heterotypic BH3 domains.
They prevent MOMP onset in keeping in check BAX/
BAK effectors as well as their activators or sensitizors.
Sensitizors induce the release of the BH3-only activators
or the effectors BAX/BAK from antiapoptotic proteins
and thus indirectly contribute to BAX/BAK activation
[10]. Importantly, all these proteins interact through their
highly conserved BH3 domain that can embed in the BH3
binding pocket present only in multi-BH-domain proteins.
The BH3-only members associate with prosurvival or
proapoptotic multidomain proteins with various affinities
finally depicting a hierarchy of specific interactions among
the BCL-2 family. Their binding on BAX or BAK induces
allosteric changes (activation) that promote the BAX/BAK
oligomerization and pore formation in the MOM.

At steady state, the BCL-2 family mediates mitochondria
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Figure 1: NOXA induction by anticancer therapies promotes MOMP and apoptosis through BAK displacement and/
or BH3-only freeing from MCL-1, in concert with other BH3-only proteins. In cancer cells, antiapoptotics BCL-2/
BCL-xL and MCL-1 (ANTIAPOPTOTICS in the figure) protect mitochondria from MOMP by buffering proapoptotic
proteins (PROAPOPTOTICS including BH3-only proteins, BAX and BAK). 1: BCL-2/BCL-xL or MCL-1 sequestrate
BH3-only or BAX/BAK proapoptotics. 2: Anticancer therapies induce NOXA accumulation (and eventually other
BH3-only proteins). 3: NOXA liberates other BH3-only proteins and BAK from MCL-1. 4: BCL-2/BCL-xL buffer BH3-
only freed from MCL-1. 5: Free BAX/BAK and excess of free BH3-only trigger BAX/BAK-dependent pore formation in
MOM that leads to cyto-c release in cytosol, apoptosome formation, caspase-3/7 activation and subsequent apoptosis.
6: Targeting BCL-xL/BCL-2 using specific BH3 mimetics amplifies cancer cells apoptosis.
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integrity in preventing BAX/BAK activation and pore
formation in MOM (Figure 1). Under stress conditions,
BCL-2 family then orchestrates an adaptative cell fate
response leading to either survival or cell death depending
on many parameters including stress intensity or cellular
context. The stress-integrative function of BCL-2 network
indeed relies on an elaborated dialogue between BCL-2
proteins and also with effectors of various intracellular
signalling pathways such as cell metabolism, autophagy or
DNA damage response [4]. This is highly regulated in a
dynamic way and at multi-levels, including transcriptional
regulation, post-translational modifications, or subcellular
localization. Both the relative abundance and affinities
of BCL-2 family proteins have critical importance and
differences in either can greatly change cell outcome since
it dictates the cellular capacity to activate BAX or BAK
effectors within the MOM or to interfere for example with
calcium signalling in the endoplasmic reticulum [13].

Numerous post-translational modifications contribute to
regulate interactions between BCL-2 family proteins [14],
for example the mitotic arrest-induced decrease of BCL-xL
affinity for BAX in relation to its phosphorylation on serine
62 residue fosters mitotic death [15].

In addition to cyto-c release that is fundamental for
apoptotic caspase activition, the inhibitors of IAP
(inhibitors of apoptosis proteins) SMAC or HTRA2/0OMI
and the apoptogenic factors Endo-G and AIF, that all
reside in the intermembrane space in basal condition,
translocate to the cytosol during MOMP, accelerating
apoptosis onset. Importantly, when MOMP associates
with permeabilization of mitochondrial inner membrane
(MIMP), mitochondrial DNA or RNA spilled in the
cytosol engage antiviral immune signalling pathways that
are however limited by apoptotic cleavage of caspases
substrates involved in this process [2,3,16,17].
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Prosurvival BCL-2 proteins are relevant targets
in oncology

Intrinsically stressfull tumor environment and
therapeutic stress, often fosters expression of BH3-only
proteins in cancer cells that overcome this disadvantage in
enhancing their endogenous levels of antiapoptotic BCL-
2 proteins: BCL-2, BCL-xL or MCL-1 [18-21]. Cancer cells
often display simultaneous high levels of both proapoptotic
and survival proteins in still life-sustainable equilibrium
(Figure 1) and are thus considered as prone to or primed
for apoptosis. In contrast, low expression of apoptotic
proteins in many adult vital organs like brain, heart,
kidney or liver, protects them from excessive apoptosis
sensitivity and offers a clinical window to use BCL-2 family
manipulation in cancer treatment [22]. Apoptotic priming
can be explored in cancer cells using the BH3 profiling
functional assay described by Letai’s laboratory. This in
vitro test measures the proximity of cellular mitochondria
to the apoptotic threshold and eventually identifies
which BH3 are active, after delivering titrated doses of
distinct proapoptotic BH3 peptides to mitochondria
while monitoring MOMP [23,24]. Of note, patients with
highly primed cancers exhibit superior clinical response to
chemotherapies, thus suggesting the therapeutic interest
to promote apoptotic priming in cancer cells [25]. In
addition, using a dynamic version of the BH3 profiling
assay to measure mitochondria alteration in cancer cells
during in vitro exposure to chemotherapies accurately
predicts tumor response to these treatments [26].

Importantly, high apoptotic priming in cancer cells gives
rise to intrinsic survival dependencies mainly on BCL-2,
BCL-xL or MCL-1 and eventually to codependencies (as
BCL-xL and MCL-1 one, as discussed later in this review)
due to functional redundancy and compensatory roles
among the anti-apoptotic BCL-2 proteins [18,21,27-30].
Great efforts have been thus dedicated to the development
of compounds that inhibit prosurvival proteins. Small
molecules targeting with high affinity the BH3 binding
pocketintothe prosurvival proteins BCL-2, BCL-xLor MCL-
1 have been identified and these so called BH3 mimetics
in competiting with pro-apoptotic proteins sequestered
by prosurvival proteins, potently activate apoptotic cell
death by promoting BAX/BAK-dependent MOMP (Figure
1). ABT-199 or venetoclax that specifically targets BCL-
2, was the first BH3 mimetic approved in 2016 by the US
Food and Drug Administration for treating chromosomal
17p-deleted  BCL2-dependent  refractory  chronic
lymphocytic leukemia (CLL) in monotherapy and has
already achieved great success in additional hematological
malignancies whose leukemic cells rely on BCL-2 for
their survival [31,32]. Preclinical models of difficult-to-
treat tumors such as triple negative breast cancers or
non small cell lung carcinoma, also evidenced synergistic

antitumoral effects of the first available dual inhibitors
targeting BCL-xL and BCL-2 ABT-737 or navitoclax when
used in combination with various chemotherapeutics [19].
Since many tumors (in particular solid tumors) increase
BCL-xL expression as a mechanism of intrinsic adaptation
to progression or therapeutic pressure, BCL-xL inhibition
appeared to be of particular interest in their treatment [33].
We and others indeed reported that antimitotic-treated
cancer cells exhibit a strong dependence on BCL-xL for
their survival revealing their exquisite sensitivity to BCL-
xL inhibition [15,34,35]. These observations support the
rational to combine antimitotics with BCL-xL inhibitors,
eventhough thrombopenia induced by BCL-xL inhibition
has to be carefully monitored [36]. Targeting MCL-1 by
small molecules was more challenging because of its
more complex structure. Finally, the molecules S63845
or AMG176 and derivatives exhibiting high selectivity
for MCL-1 over BCL-2 or BCL-xL, have been recently
identified and already showed promising results with good
tolerance in preclinical studies [37,38].

Combining BH3 mimetics with chemotherapy is under
intense clinical investigation in solid tumors but has
not achieved significant success so far, compared to
hematological malignancies. Survival of cancer cells in
carcinoma appears complex and heterogeneous, based
on more than one pro-survival BCL-2 family proteins in
contrast to hematopoietic malignancies whose survival
addiction often relies on a single protein [39]. Overall, we
still lack a comprehensive understanding of the regulation
of carcinoma survival during tumor progression and
upon therapeutic pressure. Predictive biomarkers or
functional biological assays (such as BH3 profiling cited
above) warranting correct use of BH3 mimetics need to
be designed and validated to improve their clinical use in
cancer treatment in particular in case of solid tumors.

NOXA, a potent messenger of life or death
decision in cancer cells upon chemotherapy

Harnessing intrinsic tumor resources to restore functional
apoptotic pathways remains a timely anticancer strategy
in which the appropriate recruitment of NOXA can help
support improved tumor response to chemotherapy.
Since its discovery as a novel phorbol-12-myristate-
13-acetate (PMA) responsive gene in T cells [40], then
as a product of p53 genotoxic response illustrating its
name related to damage in latin [41], NOXA proved to
be crucial in fine-tuning cell death decisions in cancer
cells treated by various anticancer drugs [42,43]. In
addition to genotoxic anticancer drugs initially reported,
the antimitotic agent paclitaxel and the proteasome
inhibitor bortezomib both rely on the induction of NOXA
expression to trigger apoptotic cell death in cancer cells,
through distinct mechanisms involving transcriptional
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Figure 2 : Regulation of PMAIP1 gene expression. Multiple signals modulate PMATP1 gene and mRNA expressions:
binding of various transcription factors on PMAIP1 promoter activates gene transcription, in the opposite Bmi1
represses PMAIP1 expression through histone (H3K27Me3 = Histone H3 lysine27 trimethylation) or DNA (CpG
islands) methylation. Integrative stress response (ISR) increases ATF4 activity. miR-155 and MAPK-regulated TTP/

ZFP36 modulate PMAIP1 mRNA stability.

regulation or protein stabilization [44,45]. To the best of
our knowledge, NOXA essentially inhibits MCL-1 and is
often a rate-limiting BH3-only protein in chemo-induced
cell death. Thus, understanding how NOXA is regulated in
tumors will help to better harness its therapeutic potential
in cancer treatment.

Human PMAIP1 localized on 18q21.23 chromosome,
contains 3 exons of which exon 2 is not encoded in NOXA
protein, except in two instable (BH3 lacking) variants
whose function if any, is unknown [46]. PMAIP1 promoter
region that extents over 4 kb, encompasses binding sites
for over 40 different transcription factors and co-activators
including a bona fide p53 (or p73) response element 195
bp upstream of the transcriptional start site, as initially
reported upon genotoxic stress [41,47]. Hypoxia, ER
or oncogenic stress also lead to PMAIP1 transcription
requiring HIF-1a, E2F1, FOX0O3, CREB, MYC, NF-kB,
IRF3 or ATF3/4 transcription factors (reviewed in [43,48]
(see Figure 2)). Interestingly, we reported that following
cleavage by apoptotic caspases the E2F1 regulator pRb
contributes to amplify the E2F1-dependent NOXA gene
transcription and apoptotic response to BH3 mimetics
[49]. In the opposite, the polycomb group gene Bmi1

involved in histone and DNA CpG methylation or the
highly conserved miR-155 during viral infection have
been shown to repress NOXA (at least in mouse T and
NK cells respectively) suggesting an epigenetic control
of NOXA gene [50,51]. Importantly, NOXA is an integral
part of the integrated stress response (ISR), a common
stress adaptative pathway, that is primarily a prosurvival
program, but driving cell signalling toward cell death when
stress is too intense [42]. This cellular stress response
consists on both global decrease in protein synthesis via
elF2a phosphorylation and induction of selected genes
such as ATF4 whose mRNA is still efficiently translated.
This latter facilitates transcriptional upregulation of
stress-responsive genes that includes PMAIP1.

Of note, PMAIP1 gene is rarely mutated in cancers and
the sole mutation reported so far displayed no significant
difference in cell death induction compared to the wild-
type NOXA [52-54]. Some diffuse large B-Cell lymphoma
(DLBCL) cell lines harbor genetic co-amplification of
PMAIP1 and BCL2 genes that both locate at 18q21,
however, this was not observed in primary DLBCL [55].

NOXA is a small protein made up of 54 amino acids (AA)
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that encompasses a BH3 domain containing the 10—12
shared AA with other BH3-only proteins. Despite lack of
secondary structure, this BH3 domain folds to a helical
structure when it inserts into the hydrophobic groove of
its BCL-2 like binding partner MCL-1, as observed for
all BH3 domains [56]. The serine 13 modulates NOXA
structure function relationships and its phosphorylation
by the kinase CDKj5 during glucose stress, that alters
NOXA structure, also suppresses its apoptotic function
[57,58]. NOXA C-terminal sequence represents a putative
mitochondrial targeting domain [59] but more data based
on endogenous NOXA protein expression are needed
to define its subcellular localization (in particular when
NOXA intracellular concentration rises after cellular
stress). NOXA preferentially binds MCL-1 through its
BH3 domain that embed in the BH3 binding pocket in
MCL-1. This binding determines NOXA proapoptotic
function since its triple BH3 domain mutant L29E/F32E/
L36E (NOXA-3E) that can no more interact with MCL-
1, is unable to induce apoptosis [60]. As a preferential
antagonizer of MCL-1, NOXA competes with, and
displaces, other proapoptotic members bound to MCL-1
[61,62] towards BCL-2/BCL-xL or BAX/BAK promoting
BAX/BAK pore formation, MOMP and finally apoptosis
(Figure 1). Direct interactions between NOXA and BAX or
BAK display low affinities compared to that of BIM or tBID
(100 fold lesser), indicating that NOXA promotes BAX
or BAK activation rather indirectly by freeing BH3-only

partners or BAK from MCL-1. For example, NOXA (when
highly expressed) cooperates with the activator BIM by
displacing it from MCL-1 sequestration, allowing the BIM-
inducing MOMP and BAX/BAK interactions [63].

Lymphoma cells often express high constitutive levels
of NOXA transcript but NOXA protein expression was
found to be low, due to rapid degradation relying on a
complex proteasome-based degradation process describe
below [64]. NOXA protein contains 6 Lysine residues and
at least 3 of them can be targeted for ubiquitination and/
or degradation [65,66]. The enzymatic system involved
in NOXA ubiquitination is only partially characterized.
The multi-unit complexes Skpi-Cullini-F-box-protein
(SCF)-E3 ubiquitin ligases probably contribute to NOXA
tagging (including Lysine(K)-48 ubiquitin) for proteasome
degradation [67] (Figure 3). The Cullin-RING-ligase-5
(CLR5) Eg ligase when activated by the tricomplex UBE2F/
SAG/CULSs can in addition modify NOXA by K11 ubiquitin
ligation, resulting in its proteasomal targeting. Of note,
UBE2F expression in lung cancers correlates with poor
patient survival and its knockdown induced spontaneous
NOXA accumulation and NOXA-dependent apoptosis,
arguing for UBE2F as a potential target and biomarker for
patient survival [68]. In the opposite, the K48-dependent
ubiquitin hydrolase UCH-L1, protects (specifically among
BCL-2 proteins) NOXA from proteosomal degradation
and potentiates its genotoxic-induced cell death [69].

UCHL1

\ Ub ka8
Ub
K11 Ub Ub
K11 yp o Ub-indep
NOXA ( “*¢'
$13 BH3 domain
P
CDK5 — MTCH2
(mitochondria)
Ub
NOXA Ub

MCL-1

s lb_//

Figure 3: E3 ubiquitin-ligases, deubiquitinating enzymes or ubiquitin-independent process involved in NOXA,
MCL-1 or NOXA/MCL-1 complex degradation by proteasome.
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BH3 binding
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Interestingly, the C-terminal tail (corresponding to
its mitochondrial targeting domain) in NOXA serves
as a signal for proteasome-dependent but ubiquitin-
independent degradation that also controls NOXA stability
(as evidenced using K-less NOXA mutants), a process that
is probably enhanced when NOXA is not engaged in a
complex with MCL-1 [66,70]. Importantly, NOXA binding
actively decreases MCL-1 protein half-life in promoting its
ubiquitination and subsequent proteasomal degradation
[62] (see Figure 3). Intringuingly NOXA is the only BH3-
only protein that targets MCL-1 for degradation whereas
BIM or PUMA enhances MCL-1 stabilization [71]. The
C-terminal portion of NOXA is required for NOXA-
induced MCL-1 degradation, as its replacement by residus
found in the same position in BIM led to its stabilization
[60]. It is not yet clear whether a unique conformational
change of MCL-1 induced by NOXA (but not by BIM or
PUMA) binding or a specific subcellular localization
of the complex MCL-1/NOXA, contributes to MCL-1
ubiquitination but NOXA-induced MCL-1 rapid turnover
drives apoptosis in various settings [60,72]. In addition to
NOXA engagement, distinct E3 ligases elicited by several
cell stress signals are known to ubiquitinate and degrade
MCL-1 (Figure 3). They include MULE/HUWE1, SCF-E3
ligases (Skpi-Cullini-F-box-protein) B-TrCP or FBW7,
and also Parkin, MARCH5, APC/C-CDC20 or TRIM17,
depending on cellular context, following cell cycle arrest
or DNA damage for example [73-75]. Both deubiquitinases
USP9X or USP13 remove the polyubiquitin chains that
mark MCL-1 for proteasomal degradation enhancing MCL-
1 stability and thus contribute to tumor resistance to BH3
mimetics targeting BCL-2/BCL-xL treatments [76,77].
MCL-1 stability is thus acutely regulated but to what extent
its degradation relies on NOXA is still under investigation.
Mutations in NOXA BH3 domain that abolish its binding to
MCL-1, completely abolished its degrading effect on MCL-
1 [62]. It is possible that this binding competes with the
binding of the E3 ligase MULE that also contains a BH3-
like domain [78]. In contrast loss of NOXA C-terminal
tail that decreases its ubiquitin-independent degradation
(and its mitochondrial localization [58]), increases MCL-1
accumulation [66]. The mitochondrial ubiquitin E3 ligase
MARCHj5 is emerging as a potent inducer of NOXA/MCL-
1 complex degradation and subsequently as a critical factor
in cancer cells’ response to BCL-2/BCL-xL targeting BH3
mimetics [79] (Figure 3). Additional proteins such as the
MOM adaptator protein MTCH2 contribute to MCL-1/
NOXA complex specific degradation by MARCHj5 that
needs MCL-1 transmembrane domain and may require a
specific orientation of MCL-1/NOXA complex in MOM to
operate [80]. Intringuingly, increased MCL-1 in response
to MARCHS5 loss does not sensitize cancer cells to MCL-
1 inhibitors, but instead sensitizes to BCL-xL inhibition
[73]. More studies are needed to better understand how
MARCH5 drives cancer cells’ survival dependency and

response to BH3 mimetics and how NOXA interplays with
this process.

In conclusion, NOXA cellular abundance relies on
both tightly-controlled transcriptional regulation that
culminates during the integrative cellular stress response
and proteasome degradation by still being-described
processes. As NOXA strongly monitores MCL-1 survival
activity, the NOXA/MCL-1 axis is a major apoptosis
rheostat that regulates cell fates in various stressful
conditions. This is already well illustrated in cancer cells in
particular during mitotic arrest or ER stress as described
in the next section.

NOXA shifts cancer cells from MCL-1 and BCL-2/
BCL-xL codependency towards exclusive BCL-xL/
BCL-2 dependency upon anticancer treatments

Defining precisely how cancer cells maintain their survival
against the proapoptotic signalling they experienced
during oncogenesis or therapies, is of major importance to
improve cancer treatment. In many cancer cells, BCL-2/
BCL-xLand/or MCL-1 mediate redundant or compensatory
functions ensuring apoptosis protection [29,59]. In BCL-
2/MCL-1-dependent acute myeloid leukemia (AML)
cells, PMAIP1 gene loss confers venetoclax resistance, in
contrast the MCL1 one synergizes with the BH3 mimetic to
induce cell death [81-83]. In carcinoma cells dependent on
BCL-xL and MCL-1 for their survival, expression of NOXA
renders these cells dependent on BCL-xL only (Figure 1)
[29]. This appears to be crucial in certain circumstances
where NOXA-mediated MCL-1 inhibition, is required
to trigger cell death as described for example for tumor
hyperosmotic stress that reprograms NaCl-challenged
cells toward BCL-xL addiction through NOXA induction
[84]. In a therapeutic view, ER or mitotic stress inducers
are bona fide NOXA-dependent cytotoxic anticancer
agents whose combination with BCL-xL targeting BH3
mimetics opens new therapeutic opportunities in solid
tumors as emphasized below.

Many reports provide evidence for a critical role
of NOXA in the decision between life and death in
lymphoma or melanoma cells during treatment by ER
stress inducing proteasome inhibitors. Targeting NOXA
protein turnover with different inhibitors of the ubiquitin-
proteasome system like bortezomib, leads to strong
accumulation of NOXA protein and induction of NOXA-
dependent apoptosis in MCL-1-dependent cancer cells
[85,86]. The mechanisms for NOXA induction mainly
involves enhanced transcription that relies on a p53-
independent but cMYC-driven and/or ROS-amplified
process [85,87]. The cancer cell response to proteasome
inhibitors is reminiscent to the one described as an
integrative stress response where ATF4 (a proteasome
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Figure 4: Paclitaxel-induced direct and paracrine effects involved in increased PMAIP1 gene transcription. 1: Paclitaxel
treatment induces micronuclei in proliferating cancer cells. 2: Micronuclei activate cGAS/STING pathway and 3:
downstream signalling leading to TNFa and IFN-I production (paclitaxel-induced secretome) 4: Noxa accumulation
liberates BAK or BIM/PUMA from MCL-1. 5: Paclitaxel-induced secretome induces NOXA induction in neighboring
cancer cells through TNFa and IFN-I. 6: Addition of a BCL-xL targeting BH3 mimetic displaces BAX/BAK or BIM/
PUMA from BCL-xL promoting BAX/BAK pore formation, cyto-c release and apoptosis both in paclitaxel-impacted
proliferating cells and in neighboring non proliferating cancer cells.
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target) and cMYC (a proteasome substrate) play majors
roles [42,87]. It is worthy to note that carcinoma cells that
harbor a mesenchymal phenotype often exhibit a higher
endogenous level of NOXA compare to epithelial-like ones.
This directly relies on ER stress-driven activation of PERK
signalling resulting from eIF2a phosphorylation and
subsequent induction of ATF3/4-dependent activation of
NOXA expression [88,89]. Importantly, this contributes
to increased cancer cells’ addiction on BCL-xL leading to
their increased sensitivity to BCL-xL inhibition [29,90,91].
Accordingly, epithelial-mesenchymal transition (EMT)
induced by E-cadherin coding gene CDHi1 knock-down
also enhances cell dependency on BCL-xL in relation to
PERK-dependent NOXA accumulation that results in
NOXA-dependent sensitivity to BCL-xL inhibition [29].

Blocking mitosis progress using antimitotics drugs has
proved clinical efficacy in many cancers for decades but
optimization of their use still needs to be achieved in
refractory tumors. We and others have reported that BCL-
xL strongly determines cell survival during paclitaxel-

induced mitotic arrest or Aurora-B inhibitor-mediated
polyploidization [15,35,92,93]. We further recently
demonstrated that antimitotic agents propagate apoptotic
priming across heterogeneously sensitive cancer cells
in close relation to NOXA expression induction. NOXA
accumulates both in paclitaxel sensitive proliferating
cell population through PMAiP1 transcription activation
and in insensitive non proliferating ones in relation to
the antimitotic-induced secretome produced by mitotic
stressed cells. Importantly, both cancer cell populations
were committed to NOXA-dependent cell death when
submitted to BCL-xL inhibition (in contrast to untreated
corresponding cells), revealing the BCL-xL survival
addiction they acquired during treatment by either the
direct effect of antimitotic drug or the paracrine effect it
triggered in tumor (Figure 4). Importantly, this could
be therapeutically exploited using a combination of
antimitotics and BCL-xL targeting BH3 mimetic that led
to better antitumor activity than the antimitotic alone in in
vivo experiments where paracrine effects as we evidenced
predominate [44]. Using preclinical models, we indeed
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pointed out that sequential therapeutic schedule consisting
on paclitaxel administration then BCL-xL targeting BH3
mimetic, led to a better antitumoral response than the
corresponding simultaneous combination. We argue that
before dying mitotic stressed cancer cells generate active
signals on surrounding cancer cells that in promoting
NOXA expression in tumor, drive better tumor response
to anticancer treatment.

Mechanistically, antimitotics (mainly paclitaxel) induced
in proliferating cancer cells a proapoptotic secretome that
relied on the activation of the cytosolic DNA sensor cGAS/
STING immune signalling pathway by paclitaxel-induced
micronuclei leading to the secretion of type I interferons
(IFN-I) and TNFa (Figure 4) [44]. Increased PMAIP1
gene transcription and NOXA protein accumulation
were detected both in mitotic stressed and in cancer cells
receiving the paclitaxel-induced secretome (regardless of
their TP53 mutation status) however the crucial difference
was that STING was mostly required for elaboration of
paracrine signals but dispensable for cell autonomous
ones. Accordingly, tuning down the Interferon Regulatory
Factor 3 (IRF3) or the canonical NF-kB pathway, strongly
impaired PMAIP1 transcription, NOXA accumulation
and apoptosis priming. In contrast, PMAIP1 gene
expression induced during mitotic stressed cells is not yet
elucidated. It has been reported that MYC has a potential
role in upregulating NOXA (also BIM and BID) and
downregulating BCL-xL during mitotic arrest and after
mitotic slippage [94]. NOXA seems to accumulate in G2
phase (when canonical protein translation is still active)
promoting MCL-1 degradation and BIM release during
mitotic arrest [35]. Intringuingly, cGAS can also promote
mitotic cell death by suppressing BCL-xL dependent
inhibition of MOMP via non transcriptional activity of
IRF3 but how this operates is not yet defined [95]. The
contribution of the anaphase protease separase in MOMP-
dependent mitotic cell death, has been recently reported:
in cleaving NEK2A-phosphorylated BCL-xL. and MCL-1,
separase turns them into actors of cell death able to form
BAX/BAK-like pores in the MOM [96]. Overall, these
findings underscore the erosion of MCL-1 prosurvival
function during mitotic stress, that is operated by NOXA
and that leads to a switch in survival dependencies in
cancer cells from a dual MCL-1/BCL-XL addiction to a
BCL-xL preferential one.

NOXA manipulation for therapeutic purpose in
oncology

Unleashing the apoptotic potential of NOXA appeared
to be essential in cell death induced by antimitotics
or proteasome inhibitors as emphasized above, and
provides opportunities to improve treatment of refractory
tumors. ER stress, ROS production or metabolic

changes induced by various types of anticancer drugs,
are indirect ways to induce NOXA expression through
transcriptional mechanism (Table 1), and as such NOXA
could be considered as a decisive part of the apoptotic
integrative stress response induced by chemotherapies
in cancer cells. This occurs independently of (wild type
or mutated) TP53 gene status in cancer cells eventhough
in taking part in p53-dependent transcriptional response
as originally described, NOXA contributes (like PUMA
and BAX) to apoptotic response to chemo-induced
genotoxic stress in p53 proficient cancer cells [41]. We
previously reported that inhibition of Notch signalling in
breast cancer tumors, using y-secretase inhibitors, led to
enhanced PMAIP1 transcription and NOXA-dependent
cell death (independently of TP53 status) [97]. NOXA
gene expression is also actionable by STING activation
and this coincids with potent anticancer activity of
STING agonists in preclinical models of T lymphoma or
breast tumors in monotherapy or combined with BCL-xL
inhibition [44,98]. Moreover, pharmacological induction
of PMAIP1 can be achieved in low expressing cancer cells
using histone deacetylase inhibitors (HDACi) or methyl
transferase inhibitors as well as the natural anticancer
compound degueulin that by this way forster cancer cell
death [55,99].

Furthermore, interfering with NOXA degradation by
proteasomeoffersnewstrategiestokillcancercells. Targeting
the ubiquitin ligases CRL (that contribute to NOXA Ki1
ubiquitination, as described above) by pharmacological
inhibition using the neddylation inhibitor MLN4924, or
decreasing their expression by gene silencing or using
the fatty acid synthase inhibitor orlistat identified during
a chemical screen as a potent inducer of NOXA protein
stabilization, decreased NOXA turn-over and promoted
apoptosis in lymphoma cells and pancreatic tumor growth
[67,100,101]. Inhibition of the MOM-associated E3 ligase
MARCH5 also led to NOXA accumulation in cancer cells
treated by antimitotics or kinase inhibitors and proved to
enhance drug-induced cytotoxicity [73,102]. In the same
way, derepressing epigenetic control exerted on NOXA
deubiquitinase UCH-L1, by HDACi or demethylating
agents, increased NOXA stabilization and potentiated
chemosensitivity [55,103]. A deeper insight into the
ubiquitination/deubiquitination balance that governs
NOXA protein stability may further lead to more novel
selective compounds with anticancer potential.

Importantly, tumor adaptative resistance impairing
NOXA activity may exist or eventually emerge from
anticancer treatments. In this regard, the specific
destabilization of NOXA mRNA in melanoma cells has been
recently incriminated in resistance to BRAF and EGFR
inhibitors involving the MAPK-dependent TTP/ZFP36
activity (Figure 2) [104]. Compensatory mechanisms
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based on increased expression of prosurvival BCL-2
homologues, can also counteract NOXA proapoptotic
activity rendering cancer cells less sensitive to MOMP-
dependent apoptosis as observed in lymphoma cells with
BCL2 gene amplification or with MCL-1 overexpression
[55,82,105] as well as in triple negative breast tumors
with MCL1 gene amplification in patients who resist to
neoadjuvant chemotherapy [106].

Direct inhibition of MCL-1 has thus emerged as a priority
to tackle tumor MOMP resistance. First attempts to
target MCL-1 identified compounds that finally failed to
directly inhibit MCL-1 in cells, but rather induced the pro-
apoptotic protein NOXA [107]. An NMR-based screen and
subsequent structure-guided drug discovery yielded the
selective and potent MCL-1 inhibitor S63845 [38]. This
compound and derivatives exhibit potent efficacy in vivo
in preclinical mouse models of diverse haematological
malignancies in monotherapy or in aggressive breast
cancer models in combination with taxanes or anti-Her2
targeted therapies, with an acceptable safety margin [108].
The BH3 mimetic AMG176 was identified from a chemical
library screen based on MCL-1/BIM disruption and
triggered a rapid commitment to apoptosis in models of
hematologic malignancies, used alone or in combination
with relevant agents, with however dose-dependent
reduction in leukocytes after oral administration [37].
Clinical trials testing these MCL-1 inhibitors in humans
are still currently underway [109] but an important aspect
to take into account is the key pro-survival role of MCL-1
in normal tissues such as heart. MCL-1 is indeed essential
for mitochondria homeostasis in murine cardiomyocytes
as observed in MCL1 KO mice, raising concerns about
potential cardiotoxicity for therapeutics targeting MCL-
1 [110,111]. Whether this activity depends on its BH3
domain and how BH3 mimetics may impact this function
is however still undefined. Therefore, careful dosing and
schedule are probably needed to mitigate the potential
side effects of MCL-1 targeting BH3 mimetics. Another
important point is that increased expression of other
BCL-2 family prosurvival proteins after MCL-1 targeting,
has already been evidenced in cancer cells [73,112]. Of
note, the currently available BH3 mimetics that inhibit
MCL-1, behave as BIM-like rather than NOXA-like
compounds since they enhance MCL-1 accumulation in
relation to its decreased degradation. Even if functional
inactivation of MCL-1 does not always require its
elimination [72], sustained MCL-1 expression in tumors
may impact their evolution. It is therefore possible that
driving MCL-1 degradation, as mimicking NOXA, might
be more efficient than stabilizing its expected inactive
form [73]. Interestingly, MCL-1 degradation has been
recently achieved using the proteolysis targeting chimera
(PROTAC) methodology based on recruitment of a specific
E3 ligase to induce proteasome degradation of a target

protein after its ubiquitination [113,114]. This approach
has the advantage to limit the compound activity in the
tissue or tumor that express the chosen E3 ligase but relies
on a precise knowledge on which specific E3 ligases are
involved in target ubiquitination and where and when they
exert this activity.

Comparing therapeutic opportunities to target MCL-
1 either through NOXA induction or BH3 mimetics is of
particularimportance for clinical use since both approaches
do not completely overlap. NOXA, in contrast to MCL-1
targeting BH3 mimetics, also binds the prosurvival BCL-
2 homologue BFL-1 (see figure 5) whose contribution in
survival of cancer cells eventhough still controversial [115],
can drive resistance to BH3 mimetics [29] or to genetic
co-dependency with the ataxia-telangiectasia-mutated
kinase gene ATM as revealed in some AML cell lines by
a genome-scale CRISPR-Cas9 screen [116]. Targeting
BFL-1, may be then required for efficient therapeutic
intervention in some circumstances and this, in addition
to providing the rational to develop potent inhibitors of
BFL-1 [117], underpins the interest to promote NOXA
activity in anticancer therapies compared to BHS3
mimetics. Nevertheless, in cancer cells that display MCL1
amplification, we anticipate that acute inhibition of MCL-
1 using suitable doses of BH3 mimetics, will be probably
more easily achieved in patients than indirect activation of
NOXA expression. Importantly, mimicking NOXA will also
modulate non apoptotic-related BH3-dependent activities
of MCL-1 as reported in RAS transformed cells where RAS-
induced NOXA competes with and liberates Beclin from
MCL-1, promoting autophagic cell death and decreased
RAS-associated oncogenic activity [118]. Moreover, MCL-1
contributes to mitochondrial homeostasis (as observed in
cardiomyocytes) through lipid metabolism or respiration
regulation [119,120] but how inhibition of MCL-1 by BH3
mimetics will affect these activities is still unknown (see
Figure 5). Further experiments are thus needed to evaluate
these crucial points.

Finally, identifying patients who will benefit from
NOXA-inducing or MCL-1 targeting therapies is of major
importance to advisely use such therapeutic options.
Considering the dynamic changes in apoptotic signalling
induced by anticancer drugs, it is critical to define which
cellularactors support cancer cell survival (ideally at cellular
level) during and after acute drug exposure. Functional
assays based on cancer cells ex vivo exposure to drugs such
as the BH3 profiling assay [26] may aid to predict, at least
acute, cytotoxic response to chemotherapies and the best
timing for using these drugs.

Conclusion

Restoring functional apoptotic pathways holds
considerable therapeutic potential in cancer and in this
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Figure 5: NOXA/MCL-1 interplay in cell fates and related therapeutics opportunities. NOXA interacts with MCL-1
and BFL-1 and suppresses their survival activity by preferentially displacing BAK or BIM/PUMA. NOXA promotes
autophagy through Beclin release from MCL-1. BH3 mimetics targeting MCL-1 (S63845 or AMG-176 and derivatives),
in addition to block BH3 dependent MCL-1 prosurvival activity, may inhibit additional MCL-1 BH3-dependent or
BH3-independent binding abilities including Fo/F1 ATPase or VLCAD, thus modulating mitochondria homeostasis.
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field, the highly controlled BCL-2 family network is already
an actionable target to achieve this objective. As a powerful
inhibitor of MCL-1 prosurvival activity, NOXA contributes
to commit cell death in response to intense cellular
damages including mitotic stress or proteasome inhibition
and manipulating its gene transcription and/or protein
expression in cancer cells in support of chemotherapy
already proved to increase antitumor efficacy. Importantly,
NOXA-dependent MCL-1 inhibition often sensitizes
solid tumors to BCL-xL inhibition due to their frequent
dual MCL-1/BCL-xL survival codependency. However,

further mechanistic investigations to elucidate how NOXA
levels could be acutely increased in MCL-1-dependent
cancer cells, would give more therapeutic opportunities.
Inhibition of MCL-1 prosurvival activity using recently
available selective BH3 mimetics in combination with
chemotherapies or targeted therapies is an attractive
strategy for cancer therapy that is currently under clinical
evaluation. Of note, these compounds in contrast to NOXA-
like molecules, accumulate MCL-1 protein in cancer cells
but how this may impact tumor evolution remains to be
defined. Importantly, some concerns regarding MCL-1

Anticancer agents Mechanism/Function References

Cisplatin DNA Alkylating agent Tonino 2011 [121], Simonin 2013 [122]
Etoposide Topoisomerase II inhibitor Shibue 2013 [123]

Pemetrexed DNA synthesis inhibitor Yan 2014 [124]

Paclitaxel Antimitotic Lohard 2020 [44]

Bortezomib Proteasome inhibitor/ER stress inducer Qin 2005 [45], Gomez-Bougie 2007 [86],

Armstrong 2010 [125]

SNX-275 (Entinostat) HDAC inhibitor

Zhou 2013 [126]

BH3 mimetics BCL-2/BCL-xL inhibitors

Nechiporuk 2019 [83], Soderqvist 2018 [29]

DiABZi (human) . Lohard 2020 [44],
CMA (mouse) STING agonists Gulen 2017 [98]
GSIXII y-secretase inhibitor Seveno 2012 [97]

Table 1: Cancer therapies that have been shown to promote cancer cell death by inducing NOXA expression.
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inhibition in humans are still pending and deserve more
dedicated studies: among them, clinical safety since MCL-
1 contributes to normal tissues homeostasis and possibly
to MOMP-dependent proinflammatory signalling, or
tumor adaptation that will emerge under therapeutic
pressure. Identification of patients who will benefit from
MCL-1 inhibition using either BH3 mimetics or NOXA-
inducing therapies (in combination with chemotherapies)
is an additional challenge that still needs to be addressed.
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