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« Apoptotic pathway as a promising targeted therapy in cancer»



Programmed cell death or Apoptosis 
Br. J. Cancer (1972) 26, 239
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Summary.-The term apoptosis is proposed for a hitherto little recognized mechan-
ism of controlled cell deletion, which appears to play a complementary but opposite
role to mitosis in the regulation of animal cell populations. Its morphological
features suggest that it is an active, inherently programmed phenomenon, and it
has been shown that it can be initiated or inhibited by a variety of environmental
stimuli, both physiological and pathological.

The structural changes take place in two discrete stages. The first comprises
nuclear and cytoplasmic condensation and breaking up of the cell into a number of
membrane-bound, ultrastructurally well-preserved fragments. In the second
stage these apoptotic bodies are shed from epithelial-lined surfaces or are taken
up by other cells, where they undergo a series of changes resembling in vitro autolysis
within phagosomes, and are rapidly degraded by lysosomal enzymes derived from
the ingesting cells.

Apoptosis seems to be involved in cell turnover in many healthy adult tissues
and is responsible for focal elimination of cells during normal embryonic develop-
ment. It occurs spontaneously in untreated malignant neoplasms, and participates
in at least some types of therapeutically induced tumour regression. It is implicated
in both physiological involution and atrophy of various tissues and organs. It can
also be triggered by noxious agents, both in the embryo and adult animal.

IN recent years it has become widely
recognized that spontaneous loss of cells
is an important parameter in neoplastic
growth (Iversen, 1967; Refsum and Berdal,
1967; Steel, 1967; Frindel, Malaise and
Tubiana, 1968; Laird, 1969; Clifton and
Yatvin, 1970; Weinstein and Frost, 1970;
Lala, 1971, 1972). However, although it
is agreed that cell death probably accounts
for most of this loss, little appears to be
known about the mechanisms involved
(Lala, 1972).

It has long been tacitly assumed that
cells must be lost continuously from
many normal tissues to balance the cell
division that is readily demonstrable, and
there seems little doubt that loss of cells

often accompanies atrophy and physio-
logical involution of tissues and organs.
The term necrobiosis is sometimes used
for this " physiological cell death ", but
its morphological features have not been
clearly defined.

The morphological type of cellular
death described in almost all standard texts
is coagulative necrosis, and there is
certainly nothing to suggest that it is
involved in the control of cell populations.
It appears to be invariably caused by
noxious stimuli, and is probably the result
of an irreversible disturbance of cellular
homoeostatic mechanisms (Judah, Ahmed
and McLean, 1965; Trump and Ginn,
1969), electron microscopy revealing signs
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Ø Greek:  apo, « from » and  ptosi, « fall »: falling of

Ø Active, programmed initiated by physiological or pathological stimuli

Ø Role in development: Ex: formation of fingers and toes of the fetus

Ø To destroy cells: autoreactive lymphocytes,  virus infected cells, cancer cells

Ø Highly conserved process 

Vaux and Korsmeyer; Cell 1999

Regulator Adaptor Effectors

C.elegans

H. sapiens



The morphological distinction of apoptosis and necrosis

Voss AK and Strasser A. The essentials of developmental apoptosis [version 1]. F1000Research 
2020, 9(F1000 Faculty Rev):148 (doi: 10.12688/f1000research.21571.1)



Extrinsic Apoptotic Pathway

(DISC)

Knigth T, Biochemical Pharmacology. 2019

(Silencer
of Death Domain) 

(TNF receptor associated
death domain)  

Receptors from the TNF family: Fas/Apo-1,
TNF-alpha, TRAIL receptors DR4 and DR5



Intrinsic Apoptotic Pathway

Knigth T, Biochemical Pharmacology. 2019

(silencer
of death domain) (Second Mitochondria-derived
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A BCL2 family Portrait

Gimenez-Cassina and Danial, Trends in Endrocrinol Metab 26, April, 2015

sensitizers

activators

BH= BCL2 homology domain



Anti-apoptotic 

BH3-only  

Regulation of the function of BCL2 family proteins

MCL1
BCL2
BCLXL

BAX
BAK

NOXA BIM BAD

Cell death

Background

� Anti-apoptotic proteins BCL-2 
and MCL-1 promote multiple 
myeloma (MM) cell survival1

� Venetoclax induces cell death in 
multiple myeloma (MM) cell 
lines and primary samples, 
particularly those positive for 
the translocation t(11;14), which 
correlates with higher ratios of 
BCL2 to MCL1 and BCL2 to 
BCL2L1 (BCL-XL) mRNA1,2

1. Touzeau C et al. Leukemia 2014
2. Punnoose E et al. Mol Cancer Ther 2016 3



Adapted from Letai, Nature Rev Cancer, Oncogene 2008

The Bcl-2 family protein interactions mediate the 
apoptotic pathway under cellular stress  SFTFBSDI�BSUJDMF

 The Journal of Clinical Investigation   http://www.jci.org   Volume 117   Number 1   January 2007 ���

BCL-XL, and BCL-w in the subnanomolar range. The negative 
control enantiomer is a stereoisomer of ABT-737 that binds 
to BCL2 with reduced affinity and has been used as a loss-of-
function control (14, 15). CLL cells have shown sensitivity to  
ABT-737, so we initially selected them as a cancer model of BCL2 
dependence (15). To test CLL cell sensitivity to ABT-737, fresh-
ly isolated primary CLL cells were incubated with ABT-737 or 
negative control enantiomer. After 48 hours, CLL cell death was 
assessed using annexin V staining. In all 24 CLL samples tested, 
apoptosis was induced within 48 hours by ABT-737 with an EC50 
of 4.5 ± 2.2 nM (Figure 2A) (range 1.9–9.4 nM; see Supplemental 

Table 1; supplemental material available online with this article; 
doi:10.1172/JCI28281DS1). The negative control enantiomer 
was approximately 100-fold less potent (mean EC50: 574 nM) 
(Figure 2A). Directly targeting the apoptotic machinery might 
be expected to induce apoptosis rapidly. To test this prediction, 
we examined apoptosis in 5 CLL patient samples treated for 4 
hours. These samples responded similarly to those receiving 48-
hour treatment (Figure 2B). Importantly, nonmalignant PBMCs 
from normal donors were resistant to ABT-737, with an EC50 of 
more than 1000 nM (Figure 2C).

Table 1 summarizes the clinical characteristics of the source 
patients in Figure 2A. We compared EC50 values between groups 
dichotomized by factors previously identified as prognostically 
useful in CLL. This analysis revealed that in no case did a differ-
ence in mean EC50 between groups exceed 2 nM. A nonparametric 
statistical comparison of the groups showed that none differed 
with statistical significance except the groups dichotomized by 
leukocyte count (Table 2). Thus, biological response to ABT-737 
appears to be largely independent of traditional prognostic fac-
tors. These studies confirm that primary CLL cells are indeed 
sensitive to ABT-737, validating the use of primary CLL cells as a 
human cancer model for BCL2 dependence.
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Cell death

Initiators of the 
mitochondrial 

apoptotic pathway

Background

� Anti-apoptotic proteins BCL-2 
and MCL-1 promote multiple 
myeloma (MM) cell survival1

� Venetoclax induces cell death in 
multiple myeloma (MM) cell 
lines and primary samples, 
particularly those positive for 
the translocation t(11;14), which 
correlates with higher ratios of 
BCL2 to MCL1 and BCL2 to 
BCL2L1 (BCL-XL) mRNA1,2

1. Touzeau C et al. Leukemia 2014
2. Punnoose E et al. Mol Cancer Ther 2016 3

Cellular stress (DNA damage, growth factor 
deprivation, chemotherapy, oxidative stress)

??



Effectors  regulation: a multistep process 

Ø Localisation

Ø Inhibitory interactions

Ø Conformational changes
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Activation status of BAX and BAK effectors: exposure of  epitopes (N’ terminal) 
and heterodimers formation

ct Venetoclax
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Epitope Ab-1 (BAK)



Activation status of BAX and BAK effectors: exposure of  epitopes (N’ terminal) 
and heterodimers formation
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Unpublished data



Activation status of BAX and BAK effectors: exposure of  epitopes (N’ terminal) 
and heterodimers formation

ct
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Sellier, Gomez Bougie, Amiot Cell Death & Dis 2011
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Apoptosis evasion one of the hallmarks of cancer

Hanahan and Weinberg, Cell 144, March 4, 2011

Sustaining proliferative 
signaling

Resisting 
cell death 

Inducing
angiogenesis

Evading growth
suppressors

Activating invasion 
and metastasis

Enabling replicative
immortality
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BCL2 family deregulation in Cancer cells: BCL2 gene translocation

Delbridge A et al. Nat Rev Cancer 2016

Ø 1984 : BCL2 (B cell leukaemia or lymphoma gene number 2)

Ø BCL2 gene (ch18): strong association translocation BCL2/IGH t(14;18)
with follicular lymphoma

KU G et al. Arch Pathol Lab Med. 2008

Ø BCL2 promoted cell survival but no effect in cell proliferation

Ø Overexpression of BCL2 block apoptosis triggered by diverse cellular stresses.

positive t(14;18) negative t(14;18)

Fluoresence in situ 
hybridization (FISH)



Delbridge A et al. Nat Rev Cancer 2016

BCL2 family deregulation in Cancer cells: 
overexpression of anti-apoptotic members

Ø BCL2 amplification in some cases of Diffuse large B cell lymphoma (DLBCL).

Ø Most CLL (chronic lymphocytic leukaemia) : BCL2 overexpression

miR-15a and/or
miR-16.1 deletion BCL2 expressionX



Delbridge A et al. Nat Rev Cancer 2016

Ø 1q amplification: MCL1 gene (Multiple Myeloma)

Ø Loss or silencing of miR

Ø Somatic copy number alterations (SCNA) of BCLXL  => BCLXL increase

miR-29 and/or
miR-125, miR193 MCL1 expressionX

BCL2 family deregulation in Cancer cells: 
overexpression of anti-apoptotic members



BCL2 family deregulation in Cancer cells: inhibition of 
pro-apoptotic members

Delbridge A et al. Nat Rev Cancer 2016

Ø Homozygous deletion of BIM (20%  Mantle cell lymphoma)

Ø Epigenetic silencing of PUMA or BIM : Renal carcinoma, Burkitt lymphoma

Ø Mutations (frame shift mutation BAX)



« primed
for 
death »

Mechanisms of apoptosis  blockage in Cancer cells
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Targeting of “primed for death” cells

Anti-apoptotic

Bak/Bax

BH3-only 
proteins

Effectors

Cell survival

The lymphoid tumor cells are primed for death 

« primed for death »

Anti-apoptotic
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BH3-only 
proteins
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Bak/Bax activated

BH3 
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Role of the permeabilization of the mitochondrial outer membrane
in cell death

Anti-cancer targeted
therapies



The History of the BCL2 family: from BCL2 discovery to Venetoclax FDA approval 

BCL2

ABT-737BH3 mimetic



Anti-apoptotic members are implicated in normal cell biology 

Opferman J, FEBS J. 2015

BCL-XL



The “priming” condition as a therapeutic window   

Tompkings and Thorburn, Yale J. 2019

Tompkins and Thorburn: Regulation of apoptosis by autophagy to enhance cancer therapy 709

cells. In fact, the opposite is true. Pathways commonly 
implicated in oncogenesis, such as Myc or Epidermal 
Growth Factor (EGF), can promote proliferation and 
tumor growth, but also prime the apoptotic machinery, 
making the cell more vulnerable to death signals [19]. 
Additionally, the accumulation of damaged cellular com-
ponents and environmental stressors that cancer cells are 
commonly exposed to further push those cells closer to 
their apoptotic threshold. The net result is a dysregulated 
cell that may be growing in a tumor but is also teetering 
RQ�WKH�HGJH�RI�GHDWK��7KLV� LV�ERUQ�RXW� LQ�%+��SUR¿OLQJ�
studies that have shown that cancer cells are generally 
closer to their apoptotic threshold than corresponding 
normal cells [14] (Figure 1). Thus, even drugs that target 
molecules that are equally important in both normal cells 
and cancer cells (such as DNA) can have a useful thera-
peutic window and make for a successful therapy. These 
mechanisms raise an obvious question – is there a way 
to manipulate these processes and thus improve cancer 
treatment by moving the apoptotic threshold so it’s even 
easier to induce tumor cell apoptosis? One way to do this 
is with drugs that mimic the actions of the BH3 proteins 
[11]. However, there may be another even more general 
way to do this – by manipulating another important ho-
meostatic process, autophagy.

AUTOPHAGY AND CELL DEATH

Autophagy is the process that delivers cellular 
material to the lysosome resulting in the degradation 
of intracellular proteins and organelles, and subsequent 
release of constituent macromolecular precursors such 
as amino acids for reuse in metabolism or to make new 
macromolecules [7,20]. Several subtypes of autophagy 
exist, including macroautophagy (herein referred to as 
“autophagy”), microautophagy, and chaperone mediat-
ed autophagy. Autophagy was originally described mor-
phologically in the 1950s and the term “autophagy” was 
¿UVW�FRLQHG�WR�GHVFULEH�WKLV�SURFHVV�LQ�WKH�����V��WKRXJK�
for decades the molecular nature and physiological role 
of the process remained elusive [21]. It was not until 
the 1990s, that Dr. Ohsumi et al. began to characterize 
the genetic machinery involved in autophagy. Studying 
DXWRSKDJ\� GH¿FLHQW� PXWDQWV� LQ� \HDVW�� KH� ZDV� DEOH� WR�
FKDUDFWHUL]H� WKH�¿UVW� DXWRSKDJ\� UHODWHG�JHQHV� �$7*V���
+H� DOVR� LGHQWL¿HG� WKH� LPSRUWDQW� SKHQRW\SH� WKDW� DXWR-
SKDJ\� GH¿FLHQW� \HDVW� VXUYLYHG� LQ� QRUPDO� FRQGLWLRQV��
but perished in the presence of nitrogen starvation [22]. 
This led to an important understanding of one of the 
most important physiological roles of autophagy that 
has persisted over years and subsequently expanded to 
mammalian systems: autophagy is crucial in promoting 
survival in stress conditions.

Figure 1��6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�HႇHFWV�RI�DSRSWRVLV�LQGXFLQJ�VWLPXOL��VXFK�DV�F\WRWR[LF�FKHPRWKHUDS\��RQ�
FDQFHU�FHOO�GHDWK��6RPH�FHOOV�DUH�³SULPHG´�IRU�DSRSWRVLV��ULJKW�VLGH���7KHVH�FHOOV�KDYH�D�EDODQFH�RI�EFO���SURWHLQV�WKDW�
IDYRU�DSRSWRVLV��,Q�WKH�IDFH�RI�D�VWLPXOXV��WKHVH�FHOOV�DUH�GULYHQ�RYHU�WKH�DSRSWRWLF�WKUHVKROG�DQG�DUH�FRPPLWWHG�WR�FHOO�
GHDWK��$QRWKHU�SRSXODWLRQ�RI�FHOOV�LV�PRUH�UHVLVWDQW�WR�DSRSWRVLV�LQGXFLQJ�VWLPXOL��7KHVH�FHOOV�KDYH�D�EDODQFH�RI�EFO���
SURWHLQV�WKDW�IDYRUV�SURWHFWLRQ�DJDLQVW�DSRSWRVLV��,Q�WKH�IDFH�RI�DSRSWRWLF�VWLPXOL��WKHVH�FHOOV�DUH�PRYHG�FORVHU�WR�WKH�
WKUHVKROG��EXW�UHPDLQ�YLDEOH�LQ�UHVSRQVH�WR�WUHDWPHQW�



Targeting the pro-survival BCL2 proteins 
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Primary genetic events:
r IGH@ translocations
r Hyperdiploidy 

MGUS Smouldering
myeloma Myeloma Plasma cell

leukaemia

Initiation Progression 

Bone marrow Peripheral bloodGerminal centre

Post-germinal-
centre B cell

Clonal advantage 

Inherited variants

Secondary genetic events:
r Copy number abnormalities
r DNA hypomethylation
r Acquired mutations

Tumour cell diversity

Genetic lesions

Competition selection for bone marrow niche Migration and
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Centroblast
A lymphocyte that has a large, 
non-cleaved nucleus. B cells 
that are proliferating and 
undergoing affinity maturation 
in response to stimulus, within 
the germinal centre, are termed 
centroblasts. These cells 
mature to centrocytes within 
the germinal centre before they 
leave to become plasmablasts.

Unfolded protein response
(UPR). This is a cellular stress 
pathway that is activated in 
response to an accumulation of 
unfolded or misfolded proteins. 
In myeloma plasma cells this 
pathway is crucial for dealing 
with the large quantities  
of immunoglobulin (or 
paraprotein) that are produced 
by the cells. Disruption of this 
pathway in plasma cells can 
lead to apoptosis.

Serological memory
The presence of 
immunoglobulin in the serum, 
usually from mature B cells 
that have undergone somatic 
hypermutation and class switch 
recombination in a germinal 
centre.

immunoglobulin isotype seen in MGUS is predominately 
IgG or IgA, and heterogeneity is not evident11. Based on 
these data it is reasonable to propose that the original 
MPC is generated from a memory B cell and that, fol-
lowing passage through a germinal centre reaction, is 
immortalized by the acquisition of one of the two major 
initiating events that lead to myeloma: either an aber-
rant CSR event on the non-functional IgH allele, (that is, 
the allele not used to make a paraprotein or functional 
antibody), or through hyperdiploidy. Although aberrant 
CSR rearrangements have been suggested to be initiating 
events as they are present in the majority of clonal cells, 

it seems that in some cases such translocations are only 
seen in a subpopulation of the clonal cells. An explana-
tion for this observation needs to be built into models of 
the aetiology of myeloma25,30.

Having been immortalized at the germinal centre 
stage the progeny migrate to the bone marrow where 
they continue to evolve. During these processes the 
interaction with the supportive stromal environment is 
crucial for their survival, as it is for the survival of normal 
plasma cells. Importantly, the derangement of stroma–
MPC interactions can alter telomere length, thus poten-
tially affecting the immortalization of MPCs31–33 (FIG. 4). 

Figure 2 | Initiation and progression of myeloma. Monoclonal gammopathy of undetermined significance (MGUS) is 
an indolent, asymptomatic condition that transforms to myeloma at a rate of 1% per annum. Smouldering myeloma lacks 
clinical features; by contrast, symptomatic myeloma has various clinical features that are collectively referred to as 
calcium, renal, anaemia and bone abnormalities (CRAB), which provide an indication that treatment is required. Later in 
the disease progression, the myeloma plasma cells are no longer restrained to growth within the bone marrow and can be 
found at extramedullary sites and as circulating leukaemic cells. It is thought that transition through these different states 
requires the acquisition of genetic abnormalities that lead to the development of the biological hallmarks of myeloma.  
The initial deregulated cell belongs to the MGUS clone; however, subsequent to the development of sufficient genetic 
abnormalities, it acquires a clonal advantage, expands and evolves. This clonal evolution is through the branching 
pathways that are typically associated with Darwin’s explanation of the origin of species. During the evolution of MGUS to 
myeloma these processes lead to the development of numerous ecosystems, which correspond to the clinically 
recognized phases of disease. At the end of this evolutionary process, at the stage of plasma cell leukaemia (PCL), the 
clone is proliferative and no longer confined to the bone marrow; the clone expands rapidly and leads to patient death. 
Cells at this stage are substantially altered genetically, and the precursor subclones will be present at low levels because of 
competition for access to the stromal niches in the bone marrow: these clones may be eradicated by more aggressive 
clones. In evolutionary terms, this phase of disease could be considered to be initiated by a migration and founder effect 
whereby a cell that is able to survive and grow in the peripheral blood is faced with no competition, thus limiting its clonal 
expansion. IGH@, immunoglobulin heavy chain locus.
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Poor
prognosis

Adapted from Morgan et al. , Nature Reviews Cancer 2013

IGH translocations:                                                                  (% patients)

- t(4;14): FGFR3 and MMSET                                                 (10-15%)
- t(14;16): C-MAF                                                                         (3%)
- t(14;20): MAFB                                                                         (1.5%)
- t(11;14): CCND1                                                                     (15-20%)
- t(6;14): CCND3                                                                            (1%)

Hyperdiploidy HY

Trisomies of chromosomes 3,5,7,9,11,15,19 and 21           (57%) 

Oncogenèse du Myélome MultipleInitiation and progression of Myeloma 

Myeloma is not  a single disease
entity:

many multiple myeloma



Gomez-Bougie P & Amiot M Front Immunol 2013

Myeloma cells are “addicted” to pro-survival Bcl-2s 

Multiple Myeloma heterogeneity  is extended to the expression of Bcl-2 family members 

BCL2 high BCLXL high

Hyperdiploid and CCND1 
patients are BCL2 high

MAF and Hyperdiploid
patients are BCLXL high

MCL1 high

MAF and MMSET high-risk 
patients are MCL1 high



Multiple Myeloma cells are “primed for death”

Gomez-Bougie P & Amiot M Front Immunol 2013

high

intermediate

low
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Our MM tumor collection is mainly representative of the 
molecular diversity of patients

Moreaux J  Pellat-Deceunynck C Haematologica 2011   

•The genomic expression profile 
show that our cell line collection 

(n=40) is heterogeneous and 
mainly representative of the 

molecular diversity of patients.
•In particular, the group of 

patients harboring the recurrent 
translocations are well 
represented while the 

hyperdiploid patients are poorly 
represented.



Myeloma cells dependency on anti-apoptotic Bcl-2’s: the Achilles Heel?

Bodet L, Gomez-Bougie P et al Br J Cancer 2010,

•MM cells exhibit an elevated expression of anti-apoptotic proteins
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Are myeloma cells addicted to anti-apoptotic BCL2 members?



Multiple Myeloma Cell lines are MCL1 dependent

Gomez-Bougie P et al.  BLOOD 2018 and unpublished data 



Ex vivo analysis of cell dependencies in patients  

Control              VEN              S63845       A1155463
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MCL1 as target of therapeutic intervention in 
Multiple Myeloma? 



Targeting Mcl-1 remains a priority in MM treatment

-The amplification of 1q Chr during
disease progression lead to MCL1
overexpression

Gomez-Bougie P et Amiot M. Front Immunol 2013 



Background

Ø Study: BH3 mimetics toolkit for ex vivo testing of primary myeloma cells:

Cohort (n=60)

Diagnosis (n=21)

Relapse (n=39)

BH3 mimetics toolkit 

ØDependencies according to cell death were stratified using PCA analysis
in 3 groups:

•Highly dependent
•Intermediate dependent
•Not dependent
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Individual dependencies on BCL2 pro-survival molecules

RelapseDiagnosis

Ø Co-dependencies observed at Diagnosis (24%) and Relapse (46%)

Ø No dependence was observed in both groups

Individual Patients (n=21)
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Dependencies of primary cells at Diagnosis and Relapse 
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Plasticity of dependence in primary cells 

MCL1 
dependent

BCL2 
dependent

BCL2 
dependent
MCL1 
dependent

Non 
dependent

MM patient 55
MM patient 40

Unpublished data



BCLXL has a role in resistance to MCL1 BH3 mimetics    

Ø BCLXL negatively influences MCL1i sensitivity

Ø MCL1/BCLXL mRNA ratio suggests a role of BCLXL in MCL1i A1210477 resistance
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MCL1 mimetic induced apoptosis in a Bak dependent 
manner

Ø BAK is essential for Apoptosis induced by MCL1 mimetics
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BCL2 protein interactions as target of BH3 mimetics
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Sensitive MM

Resistant MM
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BCL2 protein interactions as target of BH3 mimetics



Sensitive MM

Resistant MM
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Sensitive MM
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Targeting BCL2 family: what’s next?

Ø Venetoclax: CLL, AML in combination with Azatidine, MM

Ø MCL1 BH3 mimetics: clinical trials halted   =>  Vectorisation of MCL1i

Ø BCLXL protact: E3 ubiquitin ligases : degradation of BCLXL

Ø Inducers of Effectors activation:

Ø BTSA1: induces BAX activation
Ø 7D10 monoclonal antibody: BAK activation




