PERSPECTIVES
TIMELINE

Thirty years of BCL-2: translating
cell death discoveries into novel
cancer therapies
Alex R. D. Delbridge, Stephanie Grabow, Andreas Strasser and David L. Vaux

Abstract | The ‘hallmarks of cancer’ are generally accepted as a set of genetic and
epigenetic alterations that a normal cell must accrue to transform into a fully
malignant cancer. It follows that therapies designed to counter these alterations
mi ht e effective as anti-cancer strate ies ver the past 3 years, research on
the BCL-2-regulated apoptotic pathway has led to the development of
small-molecule compounds, nown as BH3-mimetics , that ind to pro-survival
BCL-2 proteins to directly activate apoptosis of malignant cells. This Timeline
article focuses on the discovery and study of BCL-2, the wider BCL-2 protein family
and, specifically, its roles in cancer development and therapy
In the past 30 years, cell death has become
a major field of investigation, building
to a crescendo with the recent award of
‘Breakthrough Therapy Designation’ from
the US Food and Drug Administration
(FDA) to ABT-199 (also known as
venetoclax), a selective inhibitor of
the anti-apoptotic protein BCL-2, in
recognition of its promise as a treatment
for patients with chemotherapy-resistant
chronic lymphocytic leukaemia (CLL)1.
Although research on cell death
extends back more than 150 years,
until the late 1980s it remained an
esoteric subject. Today, however, it is
a major research field, with more than
20,000 new publications on apoptosis
or programmed cell death appearing
each year. The explosion in interest was
sparked by research on one protein,
BCL-2, as experiments on BCL-2 showed
that mechanisms for cell death are highly
conserved throughout the evolution
of animals, and because chromosomal
translocations that activate the BCL2 gene
are associated with malignant disease in
humans. Thus, the identification of BCL-2
as an inhibitor of cell death marked
recognition of the first component of a
cell death mechanism in any organism,

and established a new hallmark of
cancer2 — evasion of cell death
(apoptosis) (FIG. 1).
Over the past three decades, research
in hundreds of laboratories has identified
and characterized at least 16 members
of the BCL-2 protein family, and
categorized them into three functional
groups that each bear one or more
BCL-2 homology (BH) domains (FIG. 2).
These are the pro-survival BCL-2 family
members (including BCL-2 itself),
the multi-BH-domain pro-apoptotic
members (such as BAX and BAK) and
the pro-apoptotic ‘BH3-only’ proteins
(such as BIM (also known as BCL2L11)
and PUMA (also known as BBC3)). Many
of the upstream pathways that control
these proteins have been elucidated, as
well as the effector processes triggered
by their activation that are the ultimate
cause of cell demolition. Reviews that
provide detailed in-depth discussion of
BCL-2-regulated apoptosis signalling at a
molecular level are available3–9. Although
non-apoptotic roles for BCL-2 family
members have been investigated, including
roles in autophagy, endoplasmic reticulum
(ER) calcium dynamics and the unfolded
protein response, their importance in
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normal physiology and cancer remains
unclear, and is beyond the scope of this
article (for a review on these topics, see
REF. 10). This Timeline article focuses on
key advances in our understanding of the
function of the BCL-2 protein family in
cell death, in the development of cancer,
and as targets in cancer therapy.
Early studies on apoptosis
In their 1972 paper that adopted the word
‘apoptosis’ to describe a physiological
process of cellular suicide, Kerr and
colleagues11 recognized the presence
of apoptotic cells in tissue sections of
certain human cancers. Accordingly,
they proposed that increasing the rate of
apoptosis of neoplastic cells relative to their
rate of production could potentially be
therapeutic. However, interest in cell death
and its role in cancer languished until the
late 1980s, when genetic abnormalities that
prevented cell death were directly linked to
malignancy in humans.
Until the early 1980s, most oncogenes
were discovered as genes carried by
transforming retroviruses (for example,
v-myc, v-src and v-abl), genes located at
recurrent chromosomal translocation
break points (for example, BCR–ABL
and MYC), or genes that could transfer
oncogenic properties from malignant
cells to non-malignant ones (for example,
mutant RAS)12. Whereas the normal
counterparts of these oncogenes promoted
cell proliferation in a controlled manner,
when they were dysregulated in cancers,
they caused uncontrolled cell growth
and proliferation.
BCL2: a novel class of oncogene
The discovery of BCL-2 started with the
association of t(14;18) chromosomal
translocations with human follicular
lymphoma by Fukuhara and Rowley 13.
This enabled others to clone the
chromosomal break point, and
subsequently the cDNA, of a gene on
chromosome 18, which was termed BCL2
for B cell leukaemia or lymphoma gene
number 2 (REFS 14–18).
The strong association of translocations
involving BCL2 with follicular lymphoma
suggested that it was an oncogene, but
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t(14;18)
translocation
identiﬁed13

1978

Identiﬁcation of cell death
inhibitory function of BCL-2,
its oncogenic activity and its
ability to synergize with MYC21

1984

1986

Cloning of the t(14;18) break
point involving BCL2 (REF. 14)
Cloning of human
BCL2 cDNA16,17

1988

Subcellular localization
of BCL-2 resolved30,33–35

1989

• BCL2 transgenic mice
developed22
• BCL-2 protects against a
wide range of cytotoxic
stress agents25

1990

• Cloning of human MCL1 (REF. 57)
• Cloning of mouse A1 (REF. 59)
• Cloning of chicken, human and
mouse BCLX58
• Cloning of human BAX62
• BCL-2 can block death in cells
lacking mitochondrial DNA34
• Bcl2-knockout mice created83,85

1991

1992

BCL-2 inhibits
cell killing
induced by
anti-cancer
drugs28,29

Synergy of defects in apoptosis
and cell proliferation control in
lymphomagenesis demonstrated
in vivo36

1993

• Two distinct pathways, one
regulated by BCL-2 and the
other by ‘death receptors’,
can lead to apoptosis47
• Cloning of mouse Bad67

1994

• BCL-2 and CED-9
are sequence
homologues53
• Requirement for a
mitochondrial
component shown in
a cell-free system of
apoptosis113

1995

1996

• Cloning of mouse Bid
and development of
the BH3-only protein
concept; evidence
for direct activation
of BAX by a BH3-only
protein70
• Structure of BCL-XL
reported167

• Not all apoptosis is blocked by
BCL-2 (REF. 46)
• BCL-2 is a functional
homologue of Caenorhabditis
elegans CED-9 (REF. 52)

Figure 1 | Timeline of key discoveries. This timeline descri es ey discoveries related to the identification of BCL-2, determination of its function, its role
and that of other BCL-2 family mem ers in cancer, and efforts to tar et BCL-2 family mem ers for the treatment of cancer DA, ood and Dru
Administration CL , myeloid cell leu aemia

did not constitute proof, and the amino
acid sequence did not provide clues
to its function. Because expression of
several known oncogenes, including
SV40 large T antigen, v-abl and v-fms,
enabled interleukin-3 (IL-3)-dependent
mouse myeloid FDC-P1 cells to grow
in the absence of that cytokine, and to
form tumours in mice (see, for example,
REFS 19,20), a BCL2 expression construct
was transduced into these cells and they
were cultured without cytokine. Although
the BCL-2-expressing cells did not
proliferate in the absence of IL-3, unlike the
parental cells, they failed to die when IL-3
was removed; however, when it was restored
(even after several weeks), they began to
proliferate once more21.
These experiments revealed that
BCL-2 did not affect cell proliferation, but
promoted cell survival by preventing the
death of growth factor-dependent cells
cultured without a cytokine. Korsmeyer
and colleagues22 extended these findings
by showing that BCL2 transgenic mice
accumulate excess B lymphocytes and
that these cells are protected from
spontaneous death in culture. Further
studies from numerous groups showed that
overexpression of BCL-2 was able to block
apoptosis, triggered by diverse cellular
stresses, in cell lines and in primary cells
of many types23–29.

Although BCL-2 was originally
reported to reside on the cytosolic face of
intracellular membranes30,31, subsequent
articles suggested that it is localized to
the inner mitochondrial membrane26 or the
plasma membrane32. This was resolved by
Monaghan et al.33, Jacobson et al.34 and
Lithgow et al.35 who showed that the first
reports were correct, and that BCL-2 resides
on the outer mitochondrial membrane, the
ER membrane and the nuclear envelope,
with the bulk of the protein exposed to
the cytoplasm in all of these locations.
Collectively, these findings revealed
that BCL-2 was unlike other oncogenic
proteins known at the time, as it did not
stimulate cell growth or proliferation, but
promoted tumorigenesis by enabling cells
that would normally undergo programmed
cell death to survive. This abnormal cell
survival facilitated the acquisition of
additional oncogenic lesions to drive
neoplastic transformation36–38. BCL-2 thus
became the first component of the cell death
machinery to be cloned and recognized, and
it became the archetype of a new class of
oncogenes, the inhibitors of cell death.
Although overexpression of BCL-2
enabled growth factor-dependent cell
lines (for example, FDC-P1) to survive in
the absence of cytokine, when these cells
were injected into mice, they did not form
tumours, suggesting that inhibition of cell
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death alone was not sufficient to render a
cell fully transformed. In 1983, Land et al.39
had shown that transformation of fibroblasts
required expression not only of a RAS
oncogene, but also of MYC. Furthermore,
in a patient, Croce et al.40 had observed the
transformation of a follicular lymphoma
bearing a BCL2 translocation into acute
pre-B cell leukaemia after acquisition
of a second chromosomal translocation
involving MYC. To test directly whether
BCL-2 could synergize with MYC in
neoplastic transformation, a retroviral vector
bearing BCL2 was introduced into bone
marrow cells from pre-leukaemic Eμ-Myc
transgenic mice. Cells expressing both BCL2
and MYC, but not those expressing either
oncogene alone, gave rise to immortalized
cell lines in vitro that caused lymphoma
when transplanted into irradiated mice21.
This synergy between inhibition of cell
death and dysregulated cell proliferation in
tumorigenesis was confirmed and extended
in vivo by generating Eμ-Bcl2;Eμ-Myc
bi-transgenic mice, which rapidly
succumbed to highly aggressive lymphoma
with a stem cell phenotype36. This synergy
was explained when it was shown that cells
respond to overexpression of MYC when
they are stressed (for example, as a result
of limiting levels of growth factors) by
undergoing apoptosis through a mechanism
that BCL-2 can block41–43.
www.nature.com/nrc
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BAX loss of
function mutations
reported in
haematopoietic
cancers and in
colon cancer with
a hypermutation
phenotype142,143

1997

1998

Bim-knockout mice show that
BH3-only proteins are essential
for initiation of apoptosis in at
least some circumstances97
Roles of BH3-only proteins
determined97,145,146,193,194

1999

• Discovery of BIM76
• Two CD95 (also
known as APO-1
or FAS) signalling
pathways, only
one of which can
be inhibited by
BCL-2, identiﬁed48

2000

2001

2003

Discovery that platelets
require BCL-XL for survival176
Inhibitors of oncogenic kinases
kill tumour cells by activating
BIM, and this killing is enhanced
by BH3-mimetic compounds150,151

2004

• Loss of BIM rescues developmental
defects in BCL-2-deﬁcient mice86
• Discovery of human PUMA79,80
• Mcl1 knockout mice created88
• Discovery of mouse NOXA78
• Bax and Bak double knockout mice developed;
demonstration that BAX and BAK have
essential overlapping roles in apoptosis107

2005

2006

2007

• Diﬀerent BH3-only
proteins have diﬀerent
abilities to bind to
diﬀerent pro-survival
BCL-2 family
members72,74
• Development of
BH3-mimetics168

Genetic analysis to
determine which
pro-survival BCL-2 family
member is needed for
sustained growth of
cancer186–190

2010

2013

• ABT-199 granted
breakthrough
therapy designation by the US FDA1
• Phase I clinical trial
results for ABT-199
reported180

2014

2015

Development and
ﬁrst clinical trials with
ABT-199 reported179
Clinical trial results
with ABT-263 ﬁrst
reported171

• Discovery that BCL-2 inhibits mitochondrial release
of cytochrome c and of the role of cytochrome c in
activation of the caspase cascade115,116
• Translocation of BAX to mitochondria117
• Inhibition of BAX channels by BCL-2 (REF. 118)

Although some early studies using
BCL-2 overexpression in cell lines suggested
that it might promote cell growth and
proliferation23,44, investigations of transgenic
mice overexpressing BCL-2 in B cells,
T cells or both demonstrated beyond doubt
that BCL-2 specifically inhibits cell death
and does not promote proliferation22,28,29,45.
Furthermore, studies with these transgenic
mice confirmed in vitro studies25 showing
that BCL-2 not only inhibited apoptosis
owing to deprivation of growth factors but
also protected cells from a broad range of
cytotoxic stimuli, importantly including
diverse anti-cancer drugs22,27–29. Studies
such as these showed that BCL-2 acts
at the convergence of several upstream
apoptosis-inducing signalling pathways.
Nevertheless, it soon became apparent that
BCL-2 did not control all types of cell death.
For example, BCL-2 did not prevent the
killing of cells targeted by cytotoxic T cells
(mediated by perforin and granzymes)46,
and it did not inhibit apoptosis of primary
lymphocytes triggered by ligation of the
‘death receptor’ FAS47, even though in other
cell types, including certain tumours, BCL-2
is able to block FAS-induced apoptosis48,49
(see below for further discussion).
Conservation of cell death mechanisms
Until BCL-2 was recognized to be an
inhibitor of cell death, little was known
of the genetics of apoptosis in mammalian
cells, but research on programmed cell death
in invertebrates was progressing rapidly,
largely through the power of genetics in the

nematode Caenorhabditis elegans. Sulston
and Horvitz50 had shown that the fate of
131 of the 1,090 somatic cells formed during
development is to undergo programmed cell
death. Moreover, by classic forward genetic
approaches, they had shown that around a
dozen genes were needed for operation of
this process51 and, by performing crosses,
they could demonstrate that these genes
acted in a hierarchy. Many seemed to be
specific for cell death and had no other
role, but their full characterization awaited
cloning of the genes.
In 1992, Vaux et al.52 described the effects
of expressing human BCL2 in C. elegans. In
worms that expressed BCL2, the number of
developmentally programmed cell deaths
was markedly reduced. This meant that the
human BCL-2 protein was able to engage
with the worm’s cell death machinery,
implying that the processes of apoptosis
(of mammalian cells) and programmed cell
death (in C. elegans) were implemented by
the same molecular mechanism, one that had
been conserved for more than 500 million
years of evolution. The effect of human BCL2
expression most closely resembled that of
a gain-of-function mutation in a C. elegans
gene termed ced-9, and suggested that
these genes were functionally homologous.
The subsequent cloning and sequencing
of the ced-9 gene proved that this was
indeed the case53. Furthermore, as ced-9 was
known to act upstream of ced-3 and ced-4, it
seemed likely that BCL-2 would somehow
act to negatively control the products of the
mammalian homologues of these genes.
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Cloning of ced-3 showed that it encoded a
latent cysteine protease that, when activated,
caused programmed cell death54, which
implied that BCL-2 would act like CED-9
to prevent activation of caspases. Although
this is indeed the case, it is important to
note that there are major differences in the
regulation of apoptosis between mammals
and nematodes. In the worm, CED-9
directly inhibits CED-4, the activator of the
caspase CED-3, and mitochondrial factors
are not required for cell killing. In contrast,
in mammals, anti-apoptotic BCL-2 acts by
inhibiting the pro-apoptotic proteins BAX
and BAK, for which there are no homologues
in C. elegans. BAX and BAK promote cell
death by causing mitochondrial outer
membrane permeabilization (MOMP; see
below), enabling the release of cytochrome c,
which activates the CED-4 homologue
apoptotic peptidase activating factor 1
(APAF1) in the cytosol to cause activation
of caspase 9 and the caspase cascade55.
In the mammalian and even overall
vertebrate context, although there are a
few exceptions, in most cases orthologues
of BCL-2 family members can be used
interchangeably. This has enabled rapid
progress owing to the reproducibility of
findings in experiments using human and
mouse cells.
The BCL-2 family expands
When they cloned BCL-2, Cleary et al.17
noticed that it resembled BHRF1, a
product of the Epstein–Barr virus and,
since then, many further viruses have
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BCL-2-like proteins
• BCL-2 • MCL2
• BCL-XL • BFL1
• BCLW

BH4

BH3

BH1

BH2

TM

BAX and BAK
BH3-only proteins
• BIM
• BID
• PUMA • NOXA
• BAD
• HRK
• BMF
• BIK

Figure 2 | The BCL-2 family comprises three subsets of interacting family members. The schematic shows the presence of BCL-2 homolo y BH domains, defined y se uence similarity to BCL-2,
that facilitate subclassification of the BCL-2 family members into the threeNature
major subgroups
of proReviews | Cancer
teins In the case of the BH3-only proteins the BH3 domain acts as a li and domain to facilitate interaction with the other subgroups. Many pro-apoptotic as well as anti-apoptotic BCL-2 family members
also have a transmem rane T domain to facilitate association with the outer mitochondrial memrane the e ceptions are B L , BAD, BID, P A and B
All the human BCL-2 family mem ers
depicted here have direct mouse homolo ues of the same name, e cept for B L which is the human
homolo ue of mouse A H , Hara iri

been found to carry BCL2-like genes.56
Importantly, because some of these viruses
are implicated in cancer, it is possible that
their BCL-2-related proteins contribute
to tumorigenesis and may thus constitute
therapeutic targets (see below). The first
non-viral pro-survival BCL2-like genes
to be identified were MCL1 (myeloid cell
leukaemia 1), Bclx (also known as Bcl2l1)
and A1 (also known as Bcl2a1 and called
BFL1 in humans). MCL1 was identified
in 1993 in a screen for genes induced by
phorbol 12-myristate 13-acetate (PMA)
in myeloid leukaemia cells57. In the
same year, the Bclx gene, which encodes
the pro-survival BCL-XL protein (and the
rarely detected shorter splice variant,
BCL-XS), was discovered by low-stringency
hybridization, initially in chickens, and
then in mammals58. A1 was identified as a
gene induced by granulocyte–macrophage
colony-stimulating factor (GM-CSF) in
myeloid cells59. BCLW (also known as
BCL2L2) joined the pro-survival BCL-2
family members when it was cloned in 1996
(REF. 60), and mouse Bcl2l10 (also known
as Diva and Boo; the human homologue is
called BCLB) was cloned in 1998 (REF. 61).
Korsmeyer and colleagues62 identified
BAX as a protein that co-immunoprecipitated
with BCL-2, and found that the two proteins
shared similar amino acid sequences
within the BH domains. Surprisingly,
BAX was found to promote, rather than
inhibit, apoptosis when overexpressed62.
This was the first discovery that the
BCL-2 family contains both pro-survival
and pro-apoptotic members, and that
they regulate cell death by physically

interacting with each other. The other
multi-BH-domain pro-apoptotic BCL-2
family member, BAK, was cloned in 1995
(REFS 63,64), and the highly related BOK
(the function of which is still unclear 65) was
identified in 1997 (REF. 66).
BAD was discovered as a BCL-2-binding
protein in 1995 using the yeast two-hybrid
system and λ phage expression screening67.
Despite initial controversy about the
number and type of BH domains present
in BAD, subsequent analysis showed that
it has just a BH3 domain68. BAD and BIK
(also described in 1995 (REF. 69)) thus
became the prototypic members of a novel
subclass of the BCL-2 family that are now
called the BH3-only proteins. Korsmeyer’s
laboratory also described BID, which, after
being cleaved by caspase 8 to generate the
active truncated form, tBID, binds not only
to BCL-2 to inhibit it but also to BAX to
activate it. This provided the first example
of direct activation of pro-apoptotic BAX
by a BH3-only protein70 (FIG. 3). Mutations
in the BH3 domain of BID abrogated its
pro-apoptotic function as well as its ability
to interact with BCL-2 and BAX. Later
biochemical and genetic studies revealed
that although all BH3-only proteins can
bind to pro-survival BCL-2 family members,
leading to the indirect activation of BAX
and BAK, some — for example, tBID,
BIM and PUMA — can also bind directly
to and activate BAX and BAK71–74.
Other BH3-only proteins include
Harakiri (HRK)75, BIM76, BMF77, and the
p53 target genes NOXA (also known as
PMAIP1)78 and PUMA79,80. Several other
proteins (for example, BNIP3 and NIX
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(also known as BNIP3L)) have been found
to have sequences that resemble BH3
domains, but their ability to bind to and
regulate pro-survival BCL-2 proteins or
pro-apoptotic BAX and BAK has not been
established, and some clearly function in
non-apoptotic processes81,82. These and
other proteins containing certain BH
domains — for example, BCLG (also known
as BCL2L14) and BFK (also known as
BCL2L15) — are not further discussed here.
BCL-2 family regulation of apoptosis
Starting in the early 1990s, the individual
and overlapping functions of BCL-2
family members and the consequences
of disrupted regulation of apoptosis were
revealed by the generation of gene knockout
mice. Bcl2−/− mice completed embryonic
development but succumbed to polycystic
kidney disease early in life83–85. Elevated
rates of apoptosis were evident in the
lymphoid organs, which were reduced in
size, and the mice became prematurely
grey owing to loss of melanocytes. These
defects could all be rescued by concomitant
loss of pro-apoptotic BIM86. Bclx-deficient
mice died around embryonic day 13.5
(E13.5) owing to increased apoptosis of
erythroid and neuronal cells87. Complete
loss of Mcl1 caused embryonic lethality
before blastocyst implantation at E3.5
(REF. 88), and studies with conditional
knockout strains revealed that MCL1 is
crucial for the survival of many cell types,
including cardiomyocytes89,90, neurons91,
haematopoietic stem or progenitor cells92,93
and immature as well as mature lymphoid
cell subsets94–96.
Mice lacking the BH3-only protein BIM
had increased numbers of lymphocytes,
which were resistant to diverse apoptotic
stimuli, including cytokine deprivation,
abnormal calcium flux and ER stress97,98.
Many ageing Bim−/− mice developed a fatal
systemic lupus erythematosus (SLE)-like
autoimmune disease with severe glomerulonephritis and autoantibodies against a
range of self-antigens97, reminiscent of
the pathologies seen in BCL2 transgenic
mice several years earlier 45. Moreover,
aged mice lacking both BIM and PUMA
presented with signs of lymphoid neoplasms
more frequently than mice lacking only BIM
or PUMA99, demonstrating the overlapping
tumour-suppressive function of these
BH3-only proteins. Deletion of the Bim
gene accelerated lymphoma development in
Eμ-Myc transgenic mice more than deletion
of genes for any other BH3-only protein100.
Notably, loss101 or silencing 102 of BIM
www.nature.com/nrc
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is frequently found in human cancers:
for example, mantle cell lymphoma and
renal carcinoma.
BID-deficient mice were normal in the
absence of stress, but their hepatocytes
were resistant to FAS-induced apoptosis103.
This, together with previous biochemical
investigations104,105 and later genetic
studies106, confirmed the type I/type II
model47, that the death receptor FAS
can cause apoptosis by two different
pathways, one involving BID, and the
other independent of BID. In type I cells,
such as lymphocytes, enough caspase 8 is
activated that apoptosis is not prevented
by overexpression of BCL-2. Conversely,
in type II cells, such as hepatocytes and
pancreatic-β cells, FAS-induced apoptosis
depends on caspase-mediated cleavage
of BID to generate tBID, which can then
activate the intrinsic apoptotic pathway
by activating BAX and BAK directly
as well as by neutralizing BCL-2-like
pro-survival proteins104,105.
In 2000, mice were generated that
were deficient for both BAX and BAK107.
Remarkably, although mice lacking either
BAX or BAK alone have only minor
abnormalities (most notably, a defect
in spermatogenesis in Bax−/− males108),
the Bax−/−;Bak−/− animals exhibited
developmental abnormalities, including
persistence of interdigital webs, imperforate
vagina and excess neuronal cells in certain
areas of the brain107. Although most
Bax−/−;Bak−/− mice died soon after birth,
the few surviving animals developed
lymphadenopathy, SLE-like autoimmune
disease and lymphoid neoplasms
when old109,110.
Cells from the Bax−/−;Bak−/− mice proved
to be resistant to many apoptotic stimuli,
including enforced expression of BH3-only
proteins107,111,112, demonstrating that BAX
and BAK have essential (and largely
overlapping) roles in unleashing the effector
phase of mitochondrial apoptosis. Perhaps
even more surprisingly, because some
Bax−/−;Bak−/− mice survived into adulthood,
this showed that there is not an absolute
requirement for BAX- and BAK-dependent
apoptosis during embryonic development
of the mouse.
Mechanism of BAX and BAK killing
In 1994, Newmeyer et al.113 used a cell-free
system to show that a mitochondrial
component was required for the induction
of apoptosis. Wang and colleagues114
found that during apoptosis, cytochrome c
was released from the mitochondria and

could promote caspase activation in vitro.
Furthermore, BCL-2 could prevent the
release of cytochrome c 115,116. How BCL-2
achieved this was revealed by the discoveries
that BAX moves from the cytosol to the
mitochondria during apoptosis117 and, once
there, can oligomerize to form channels
that allow the release of cytochrome c 118.
Although the release of cytochrome c was
necessary for APAF1-mediated activation of
caspase 9 and downstream effector caspases,
it is important to note that activation of
BAX and BAK is usually sufficient to cause
the death of the cell, even of those cells that
lack APAF1 or caspase 9 (REFS 119,120).
Thus, in mammalian cells, BAX or BAK
activation constitutes the point of no return
in apoptosis signalling, and the caspase
cascade is crucial for cellular demolition.
Structural analysis of single proteins121,122
and complexes, such as BIM bound to
BCL-XL (REF. 123), revealed how the various
members of the BCL-2 family interact at
the molecular level and how BAX and BAK
must change shape to cause MOMP and
apoptosis124,125. These interactions take place
mostly on or within intracellular — for
example, mitochondrial — membranes, and
innovative experiments using fluorescence
resonance energy transfer (FRET) helped to
clarify the topology of BCL-2 protein family
members on membranes126. According
to the ‘embedded together’ model,
pro-apoptotic and anti-apoptotic BCL-2
family proteins interact in membranes and
undergo conformational changes that either
result in membrane permeabilization by
BAX or BAK (apoptotic death) or prevent
it (cell survival)127.
BCL-2 family deregulation in cancer
In addition to its activation by the t(14;18)
chromosomal translocation in follicular
lymphoma, amplification of the BCL2 gene
has been identified in some cases of diffuse
large B cell lymphoma128 and small-cell lung
carcinoma129 (FIG. 4). Furthermore, most
cases of CLL overexpress BCL-2 because
they have deleted or silenced miR-15a
and/or miR-16.1, microRNAs (miRNAs)
that normally suppress BCL2 expression130.
Somatic copy number alterations
(SCNAs) of BCLX and MCL1 (gain)
and BOK (loss) have been detected
in a substantial proportion of human
cancers131. Moreover, whole-genome
mRNA expression analyses and western
blotting have revealed that a multitude
of human cancers present with elevated
levels of BCL-XL. This is thought to
enhance chemotherapy resistance,
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• Growth factor
withdrawal
• Developmental
signals
• Anti-cancer
agents

BH3-only
proteins
BCL-2-like
proteins
BAX or BAK
Cytochrome c

Cell death
MOMP
Mitochondrion

Figure 3 | BCL-2-regulated apoptosis signalling. Cytoto ic stimuli, such as rowth factor
deprivation or anti-cancer dru s, activate proapoptotic BH3-only proteins throu h transcriptional or post-transcriptional processes. Some
BH3-only proteins for e ample, BAD initiate
apoptosis si nallin indirectly, y indin to
pro-survival BCL-2 proteins, there y preventin
them from eepin pro-apoptotic BA and BA
in chec
ther BH3-only proteins for e ample,
truncated BID tBID , BI and P A can also
initiate apoptosis directly (see main text for
mechanism , y indin to BA or BA Activated
BA and BA cause mitochondrial release mitochondrial outer membrane permeabilization
P of apopto enic factors for e ample,
cytochrome c into the cytoplasm where they
promote activation of caspases, the proteases
that mediate cell demolition.

for example, in subsets of breast cancer 132,
neuroblastoma133, colorectal cancer 134,
gastric adenoma and carcinoma135,
hepatocellular carcinoma136 and prostate
cancer 137. In a broad range of cancers,
high levels of BCL-XL or MCL1 have
been ascribed to the loss or silencing of
miRNAs that normally attenuate their
expression, such as let-7 to target BCLX138
or miR-29, miR-125 and miR-193 to target
MCL1 (REFS 139,140).
Mutations predicted to compromise
the pro-apoptotic members of the family
have also been observed in human cancer.
Homozygous deletion of BIM has been
found in ~20% of cases of human mantle
cell lymphoma101. In addition, epigenetic
silencing of BIM or PUMA was reported
in several cancers, including renal cell
carcinoma and Burkitt lymphoma102,141.
Moreover, frameshift mutations in BAX
were found in colon cancers with a
hypermutation phenotype142 and loss-offunction mutations in BAX were detected
in certain haematopoietic cancers143.
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Figure 4 | Mechanisms of BCL-2 family deregulation in human cancer. Alterations of both
Reviews
| Cancer
anti-apoptotic and pro-apoptotic genes through genetic or epigeneticNature
mechanisms
have
been
observed in cancer. a | Increased levels of anti-apoptotic BCL-2 family members can occur by chromosomal translocations for e ample, of BCL2 , somatic ene copy num er amplifications for e ample, of myeloid cell leu aemia MCL1 or throu h overe pression for e ample, MCL1 b | Loss of
pro-apoptotic BCL-2 family mem ers can occur y enomic deletion for e ample, of BIM , ene
silencin due to hypermethylation for e ample, of PUMA or mutation for e ample, frameshift
mutation in BAX The fi ure shows only some e amples of these mechanisms and is not meant to
be an exhaustive list.

BH3-only proteins in cancer therapy
The role of the BCL-2-regulated
apoptotic pathway in the response
to anti-cancer therapeutics was first
recognized when BCL2-transfected cell
lines or non-transformed lymphoid cells
from BCL2 transgenic mice were found
to be profoundly resistant to a broad
range of cytotoxic insults, including
gamma-radiation and several chemotherapeutic drugs (for example, etoposide
or dexamethasone)25,28,29,144. Cells from
Bax−/−;Bak−/− mice are profoundly resistant
to a broad range of anti-cancer therapies107,
and distinct BH3-only proteins were
found to be necessary for cell killing by
various agents. PUMA (and to a lesser
extent NOXA) is required for the killing
of normal as well as cancerous cells by
therapeutic concentrations of DNA
damage-inducing drugs — for example,
etoposide or cyclophosphamide — that
act at least in part through p53
(REFS 145–149). BIM also has a role in DNA
damage-induced cell killing (indirectly
activated by p53 and possibly also through
a p53-independent pathway), as well
as apoptosis induced by taxol, histone
deacetylase inhibitors and glucocorticoids
(the latter in a manner overlapping
with PUMA)97,147.

BIM is also required for the killing
of diverse cancer cells by inhibitors of
oncogenic kinases, such as treatment
of chronic myeloid leukaemia (CML)
cells with the BCR–ABL inhibitor
imatinib150,151, treatment of lung cancer
cells with one of the epidermal growth
factor receptor (EGFR) inhibitors
gefitinib or erlotinib152–154 and treatment
of BRAF-mutant melanoma or colon
carcinoma cells with inhibitors of MEK or
BRAF155,156. A polymorphism in the BIM
gene that affects splicing and is found in
certain Asian populations was reported to
diminish the therapeutic responses of CML
to imatinib and of lung cancers to gefitinib
or erlotinib157.
These experiments showed that, at
clinically achievable doses, many cancer
therapeutic agents do not kill cells directly,
but cause stresses that are detected by the
cells, which then respond by undergoing
apoptosis. Overall, cancer cells are
genetically unstable and hence more fragile
than normal cells, and studies in which
cells are exposed to peptides that mimic
pro-apoptotic BH3-only proteins have
led to the concept of cancer cells being
‘primed for death’ (REFS 158,159). Tumour
cells that express high levels of cell death
inhibitors, such as BCL-2 or MCL1, should
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be chemoresistant, and therefore drugs that
target these cell survival molecules might
increase the sensitivity of such tumour
cells to chemotherapy or even kill them
as single agents.
BH3-mimetics for cancer therapy
As it became clear that BCL-2-like proteins
promoted the survival of tumour cells, it
was apparent that drugs that inhibited these
proteins might be useful therapeutically.
Perhaps because of the historical challenges
associated with drugging protein–protein
interactions, early drug development
programmes focused on inhibiting BCL-2
expression through the use of antisense
oligonucleotides160. Despite initial promise,
subsequent studies have revealed that
much of the activity observed with these
compounds probably derived from their
ability to induce interferons rather than
their ability to repress BCL-2 expression161.
Certain drugs identified through compound
library screening, including gossypol,
apogossypol and obatoclax, that were
reported to inhibit BCL-2 and some of
its pro-survival homologues kill not only
control but also Bax−/−;Bak−/− cells162–166.
Therefore, at least some of their activity
seems to be off-target, and these compounds
have not progressed in clinical trials.
The 3D structure of BCL-XL, both on
its own167 and in complex with a BH3
peptide from BAK121, enabled a different
approach to be taken. Fesik, Rosenberg and
co-workers168 developed compounds to
mimic the function of BH3-only proteins
(BH3-mimetics) with the goal of bypassing
the block in apoptosis signalling that exists
in many tumour cells — for example, due to
mutations in TP53 that prevented induction
of pro-apoptotic BH3-only proteins.
ABT-737, which binds to and inhibits
BCL-2, BCL-XL and BCLW, much like a
BH3 peptide, was the ‘first-in-class’ of such
compounds. In vitro and in vivo, ABT-737
killed certain cancer cell lines as a single
agent, and could kill other cancer cell lines
when it was combined with standard chemotherapeutic drugs168. Studies using cells from
Bax−/−;Bak−/− mice confirmed that ABT-737
and its clinically used successor ABT-263
(also known as navitoclax)169 kill in
a BAX- and BAK-dependent (that is,
on-target) manner 165,170.
In clinical trials (TABLE 1), ABT-263
as a single agent significantly reduced
tumour burden in most patients with
CLL171,172, and in preclinical studies in
combination with other conventional
treatments it showed efficacy in several
www.nature.com/nrc
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Table 1 | BH3-mimetics undergoing clinical trials for cancer indications
BH3-mimetic

Alternative name Targets

ABT-263

Navitoclax

BCL-2, BCLand BCLW

L

Therapy

Indication

Clinical trial stage

Single agent

Chronic lymphocytic leukaemia

Phase I II

Cutaneous T cell lymphoma

Phase I II

Follicular lymphoma

Phase I II

Indolent lymphoma

Phase I II

Mantle cell lymphoma

Phase I II

Combination*

on-Hod in lymphoma

Phase I II

Peripheral T cell lymphomas

Phase I II

Prostate cancer

Phase II

Colon cancer

Phase I II

Melanoma

Phase I II

Non-small-cell lung cancer

Phase I II

Pancreatic cancer

Phase I II

ectal cancer

Phase I II

Skin cancer

Phase I II

Small-cell lung cancer

Phase I II

Chronic lymphocytic leukaemia

Phase I

Diffuse lar e B cell lymphoma

Phase I

Follicular lymphoma

Phase I

Hepatocellular carcinoma

Phase I

Hod in lymphoma

Phase I

Lymphoblastic lymphoma

Phase I

Lymphoma

Phase I

on-Hod in lymphoma
ABT-199

Venetoclax

BCL-2

Single agent

Phase I

Other haematological disorders

Phase I

Chronic lymphocytic leukaemia

Phase III

Acute myeloid leukaemia

Phase I II

Diffuse lar e B cell lymphoma

Phase I

Follicular lymphoma

Phase I

Lymphoma

Phase I

Mantle cell lymphoma

Phase I

Multiple myeloma

Phase I

on-Hod in lymphoma
Combination*

Phase I

Chronic lymphocytic leukaemia

Phase III

B cell non-Hod in lymphoma

Phase I II

Diffuse lar e B cell lymphoma

Phase I II

Follicular lymphoma

Phase II

on-Hod in lymphoma

Phase II

S-055746

None

BCL-2

Single agent

Haematolo ical mali nancies includin
myelodysplasia

Phase I

P T-22

None

BCL-2

Single agent

Diffuse lar e B cell lymphoma

Phase II

Follicular lymphoma

Phase II

on-Hod in lymphoma
Data compiled from the lo al Data data ase http healthcare lo aldata com accessed uly 2

Phase II

Com ination with standard of care therapies
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additional cancers, including certain types
of breast cancer 173–175. However, as BCL-XL
is crucial for the survival of platelets176,177,
BAX- and BAK-mediated thrombocytopenia
limits the dosing of ABT-263 in patients,
and this will probably also be the case for
BCL-XL-selective BH3-mimetics178.
For the treatment of cancers that depend
on BCL-2, the BCL-2-specific BH3-mimetic
ABT-199 was developed. Because it does
not target BCL-XL, ABT-199 does not
reduce platelet lifespan179 and is therefore
better tolerated than ABT-263. This
compound has proved highly efficacious and
tolerable in a Phase I trial180 and has rapidly
progressed into Phase III clinical trials as
a single agent for the treatment of patients
with relapsed or refractory lymphoid
malignancies (particularly CLL). ABT-199
is also being investigated in combination
with other anti-cancer therapies (TABLE 1),
such as anti-CD20 monoclonal antibodies
(for example, rituximab, ofatumumab
and obinutuzumab), and is expected
to reduce tumour burden as reported
for ABT-263 (REF. 181). These trials are
supported by preclinical studies in tissue
culture and with transplanted tumours in
mice, which showed that BCL-2-targeting
BH3-mimetics augment the killing of certain
haematological cancers179,182,183 as well as
breast cancers184 elicited by conventional
chemotherapeutics or targeted therapies185.
As MCL1 is abnormally overexpressed
(for example, owing to SCNA) in many
cancers131 and has been proved to be
necessary for the sustained survival and
growth of diverse types of tumour 186–190,
high-affinity MCL1-specific BH3-mimetic
compounds are eagerly awaited, as both
research tools and drugs. However, caution
will have to be taken with the use of MCL1
inhibitors, because this pro-survival BCL-2
family member is essential for the survival
of many normal cell types, including
cardiomyocytes and neuronal cells89–93,96.
Combinations of BH3-mimetics with
standard chemotherapeutics, particularly
those inducing DNA damage, are likely to
cause substantial side effects, because both
drugs will affect not only the malignant
but also the normal cells. Combinations of
BH3-mimetics with drugs that only (or at
least preferentially) affect the cancer cells,
such as CD20 antibodies181 or inhibitors
of oncogenic kinases, such as imatinib,
gefitinib, erlotinib or vemurafenib191, provide
a promising strategy for the selective killing
of cancer cells while minimizing bystander
killing of normal cells. Although for all
combinations the therapeutic window will

have to be determined in clinical trials,
in vitro tests on cancer cells, such as ‘BH3
profiling’ might enable the effectiveness of
combining BH3-mimetics and conventional
chemotherapeutics to be predicted158,159,192.
Conclusions and perspectives
More than 30 years have passed since the
cloning of the t(14;18) chromosomal break
point in human follicular lymphoma, and
the naming of BCL-2 by Tsujimoto et al.14
Since then, researchers have shown
that the role of BCL-2 is to inhibit cell
death, have identified many cell death
effectors and have uncovered a complex
web that regulates apoptosis. Inhibitors
of BCL-2 and some of its relatives (the
BH3-mimetic drugs) are currently showing
great promise in clinical trials.
Nevertheless, challenges remain.
Although the clinical trial results
(particularly for ABT-199) look encouraging,
as yet no BH3-mimetic drug has been
approved for clinical use. Once approved,
determination of the optimal use and the
best combinations with other conventional
or targeted therapies will take time. If drug
resistance develops, the mechanisms will
have to be elucidated. BH3-mimetic drugs
that specifically inhibit MCL1, BFL1 or
pathogen-encoded pro-survival BCL-2
family members might prove effective
for use in the treatment of cancer, and
autoimmune diseases, as well as infectious
diseases, but the therapeutic window for
each compound will have to be determined
carefully. Identification of the upstream
signalling mechanisms that control
the expression and function of BCL-2
family members might provide further
drug targets.
Alex R. D. Delbridge, Stephanie Grabow, Andreas
Strasser and David L. Vaux are at the Walter and Eliza
Hall Institute of Medical Research and the Department
of Medical Biology, University of Melbourne,
Victoria, Australia.
Correspondence to A.S. and D.L.V.
strasser@wehi.edu.au; vaux@wehi.edu.au

1.

2.
3.

4.
5.
6.

7.
8.
9.

10.
11.

12.
13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

doi:10.1038/nrc.2015.17
Published online 29 Jan 2016

23.

AbbVie Media Room. Venetoclax receives
breakthrough therapy designation in relapsed or
refractory chronic lymphocytic leukemia in previously
treated patients with the 17p deletion genetic
mutation. http://abbvie.mediaroom.com/2015-05-06Investigational-Medicine-Venetoclax-ReceivesBreakthrough-Therapy-Designation-in-Relapsed-orRefractory-Chronic-Lymphocytic-Leukemia-inPreviously-Treated-Patients-with-the-17p-DeletionGenetic-Mutation (updated 6 May 2015).
Hanahan, D. & Weinberg, R. A. The hallmarks of
cancer. Cell 100, 57–70 (2000).
Czabotar, P. E., Lessene, G., Strasser, A.
& Adams, J. M. Control of apoptosis by the BCL-2
protein family: implications for physiology and therapy.
Nat. Rev. Mol. Cell Biol. 15, 49–63 (2014).

24.

106 | FEBRUARY 2016 | VOLUME 16

25.
26.

27.

Hotchkiss, R. S., Strasser, A., McDunn, J. E.
& Swanson, P. E. Cell death. N. Engl. J. Med. 361,
1570–1583 (2009).
Delbridge, A. R. & Strasser, A. The BCL-2 protein
family, BH3-mimetics and cancer therapy. Cell Death
Differ. 22, 1071–1080 (2015).
Shamas-Din, A., Kale, J., Leber, B. & Andrews, D. W.
Mechanisms of action of Bcl-2 family proteins.
Cold Spring Harb. Perspect. Biol. 5, a008714
(2013).
Moldoveanu, T., Follis, A. V., Kriwacki, R. W.
& Green, D. R. Many players in BCL-2 family affairs.
Trends Biochem. Sci. 39, 101–111 (2014).
Davids, M. S. & Letai, A. Targeting the B-cell
lymphoma/leukemia 2 family in cancer. J. Clin. Oncol.
30, 3127–3135 (2012).
Chipuk, J. E. & Green, D. R. How do BCL-2 proteins
induce mitochondrial outer membrane
permeabilization? Trends Cell Biol. 18, 157–164
(2008).
Levine, B., Sinha, S. & Kroemer, G. Bcl-2 family
members: dual regulators of apoptosis and
autophagy. Autophagy 4, 600–606 (2008).
Kerr, J. F. R., Wyllie, A. H. & Currie, A. R. Apoptosis:
a basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br. J. Cancer 26,
239–257 (1972).
Varmus, H. E. The molecular genetics of cellular
oncogenes. Annu. Rev. Genet. 18, 553–612 (1984).
Fukuhara, S. & Rowley, J. D. Chromosome 14
translocations in non-Burkitt lymphomas.
Int. J. Cancer 22, 14–21 (1978).
Tsujimoto, Y., Finger, L. R., Yunis, J., Nowell, P. C.
& Croce, C. M. Cloning of the chromosome breakpoint
of neoplastic B cells with the t(14;18) chromosome
translocation. Science 226, 1097–1099 (1984).
Cleary, M. L. & Sklar, J. Nucleotide sequence of a
t(14;18) chromosomal breakpoint in follicular
lymphoma and demonstration of a breakpoint-cluster
region near a transcriptionally active locus on
chromosome 18. Proc. Natl Acad. Sci. USA 82,
7439–7443 (1985).
Tsujimoto, Y. & Croce, C. M. Analysis of the structure,
transcripts, and protein products of bcl-2, the gene
involved in human follicular lymphoma. Proc. Natl
Acad. Sci. USA 83, 5214–5218 (1986).
Cleary, M. L., Smith, S. D. & Sklar, J. Cloning and
structural analysis of cDNAs for bcl-2 and a hybrid
bcl-2/immunoglobulin transcript resulting from the
t(14;18) translocation. Cell 47, 19–28 (1986).
Bakhshi, A. et al. Cloning the chromosomal
breakpoint of t(14;18) human lymphomas: clustering
around JH on chromosome 14 and near a
transcriptional unit on 18. Cell 41, 899–906 (1985).
Cook, W. D., Metcalf, D., Nicola, N. A., Burgess, A. W.
& Walker, F. Malignant transformation of a growth
factor-dependent myeloid cell line by Abelson virus
without evidence of an autocrine mechanism. Cell 41,
677–683 (1985).
Wheeler, E. F., Askew, D., May, S., Ihle, J. N.
& Sherr, C. J. The v-fms oncogene induces factorindependent growth and transformation of the
interleukin-3-dependent myeloid cell line FDC-P1.
Mol. Cell. Biol. 7, 1673–1680 (1987).
Vaux, D. L., Cory, S. & Adams, J. M. Bcl-2 gene
promotes haemopoietic cell survival and cooperates
with c-myc to immortalize pre-B cells. Nature 335,
440–442 (1988).
McDonnell, T. J. et al. bcl-2-immunoglobulin
transgenic mice demonstrate extended B cell survival
and follicular lymphoproliferation. Cell 57, 79–88
(1989).
Nuñez, G. et al. Growth- and tumor-promoting effects
of deregulated BCL2 in human B-lymphoblastoid cells.
Proc. Natl Acad. Sci. USA 86, 4589–4593 (1989).
Nuñez, G. et al. Deregulated Bcl-2 gene expression
selectively prolongs survival of growth factor-deprived
hemopoietic cell lines. J. Immunol. 144, 3602–3610
(1990).
Tsujimoto, Y. Stress-resistance conferred by high level
of bcl-2 alpha protein in human B lymphoblastoid cell.
Oncogene 4, 1331–1336 (1989).
Hockenbery, D., Nuñez, G., Milliman, C.,
Schreiber, R. D. & Korsmeyer, S. J. Bcl-2 is an inner
mitochondrial membrane protein that blocks
programmed cell death. Nature 348, 334–336
(1990).
Strasser, A. et al. Abnormalities of the immune
system induced by dysregulated bcl-2 expression in
transgenic mice. Curr. Top. Microbiol. Immunol. 166,
175–181 (1990).

www.nature.com/nrc
© 2016 Macmillan Publishers Limited. All rights reserved

PERSPECTIVES
28. Sentman, C. L., Shutter, J. R., Hockenbery, D.,
Kanagawa, O. & Korsmeyer, S. J. bcl-2 inhibits
multiple forms of apoptosis but not negative selection
in thymocytes. Cell 67, 879–888 (1991).
29. Strasser, A., Harris, A. W. & Cory, S. Bcl-2 transgene
inhibits T cell death and perturbs thymic selfcensorship. Cell 67, 889–899 (1991).
30. Chen-Levy, Z., Nourse, J. & Cleary, M. L. The bcl-2
candidate proto-oncogene product is a 24-kilodalton
integral-membrane protein highly expressed in
lymphoid cell lines and lymphomas carrying the
t(14;18) translocation. Mol. Cell. Biol. 9, 701–710
(1989).
31. Chen-Levy, Z. & Cleary, M. L. Membrane topology
of the Bcl-2 proto-oncogenic protein demonstrated
in vitro. J. Biol. Chem. 265, 4929–4933 (1990).
32. Haldar, S., Beatty, C., Tsujimoto, Y. & Croce, C. M.
The bcl-2 gene encodes a novel G protein. Nature
342, 195–198 (1989).
33. Monaghan, P. et al. Ultrastructural localization of
BCL-2 protein. J. Histochem. Cytochem. 40,
1819–1825 (1992).
34. Jacobson, M. D. et al. Bcl-2 blocks apoptosis in cells
lacking mitochondrial DNA. Nature 361, 365–369
(1993).
35. Lithgow, T., van Driel, R., Bertram, J. F. & Strasser, A.
The protein product of the oncogene bcl-2 is a
component of the nuclear envelope, the endoplasmic
reticulum and the outer mitochondrial membrane.
Cell Growth Differ. 5, 411–417 (1994).
36. Strasser, A., Harris, A. W., Bath, M. L. & Cory, S.
Novel primitive lymphoid tumours induced in
transgenic mice by cooperation between myc and
bcl-2. Nature 348, 331–333 (1990).
37. McDonnell, T. J. & Korsmeyer, S. J. Progression
from lymphoid hyperplasia to high-grade malignant
lymphoma in mice transgenic for the t(14;18). Nature
349, 254–256 (1991).
38. Strasser, A., Harris, A. W. & Cory, S. Em-bcl-2
transgene facilitates spontaneous transformation of
early pre-B and immunoglobulin-secreting cells but
not T cells. Oncogene 8, 1–9 (1993).
39. Land, H., Parada, L. F. & Weinberg, R. A. Tumorigenic
conversion of primary embryo fibroblasts requires at
least two cooperating oncogenes. Nature 304,
596–602 (1983).
40. Gauwerky, C. E., Hoxie, J., Nowell, P. C. & Croce, C. M.
Pre-B-cell leukemia with a t(8; 14) and a t(14; 18)
translocation is preceded by follicular lymphoma.
Oncogene 2, 431–435 (1988).
41. Askew, D. S., Ashmun, R. A., Simmons, B. C.
& Cleveland, J. L. Constitutive c-myc expression in an
IL-3-dependent myeloid cell line suppresses cell cycle
arrest and accelerates apoptosis. Oncogene 6,
1915–1922 (1991).
42. Fanidi, A., Harrington, E. A. & Evan, G. I. Cooperative
interaction between c-myc and bcl-2 proto-oncogenes.
Nature 359, 554–556 (1992).
43. Bissonnette, R. P., Echeverri, F., Mahboubi, A.
& Green, D. R. Apoptotic cell death induced by c-myc
is inhibited by bcl-2. Nature 359, 552–554 (1992).
44. Reed, J. C., Cuddy, M., Slabiak, T., Croce, C. M.
& Nowell, P. C. Oncogenic potential of bcl-2
demonstrated by gene transfer. Nature 336,
259–261 (1988).
45. Strasser, A. et al. Enforced BCL2 expression in
B-lymphoid cells prolongs antibody responses and
elicits autoimmune disease. Proc. Natl Acad. Sci. USA
88, 8661–8665 (1991).
46. Vaux, D. L., Aguila, H. L. & Weissman, I. L. Bcl-2
prevents death of factor-deprived cells but fails to
prevent apoptosis in targets of cell mediated killing.
Int. Immunol. 4, 821–824 (1992).
47. Strasser, A., Harris, A. W., Huang, D. C. S.,
Krammer, P. H. & Cory, S. Bcl-2 and Fas/APO-1
regulate distinct pathways to lymphocyte apoptosis.
EMBO J. 14, 6136–6147 (1995).
48. Scaffidi, C. et al. Two CD95 (APO-1/Fas) signaling
pathways. EMBO J. 17, 1675–1687 (1998).
49. Itoh, N. et al. The polypeptide encoded by the cDNA
for human cell surface antigen Fas can mediate
apoptosis. Cell 65, 233–243 (1991).
50. Sulston, J. E. & Horvitz, H. R. Postembryonic cell
lineages of the nematode Caenorhabditis elegans.
Dev. Biol. 56, 110–156 (1977).
51. Ellis, H. M. & Horvitz, H. R. Genetic control of
programmed cell death in the nematode C. elegans.
Cell 44, 817–829 (1986).
52. Vaux, D. L., Weissman, I. L. & Kim, S. K. Prevention of
programmed cell death in Caenorhabditis elegans by
human bcl-2. Science 258, 1955–1957 (1992).

53. Hengartner, M. O. & Horvitz, H. R. C.elegans cell
survival gene ced-9 encodes a functional homolog
of the mammalian proto-oncogene bcl-2. Cell 76,
665–676 (1994).
54. Yuan, J., Shaham, S., Ledoux, S., Ellis, H. M.
& Horvitz, H. R. The C. elegans cell death gene
ced-3 encodes a protein similar to mammalian
interleukin-1b-converting enzyme. Cell 75, 641–652
(1993).
55. Green, D. R. & Kroemer, G. The pathophysiology of
mitochondrial cell death. Science 305, 626–629
(2004).
56. Kvansakul, M. & Hinds, M. G. Structural biology
of the Bcl-2 family and its mimicry by viral proteins.
Cell Death Dis. 4, e909 (2013).
57. Kozopas, K. M., Yang, T., Buchan, H. L., Zhou, P.
& Craig, R. W. MCL1, a gene expressed in
programmed myeloid cell differentiation, has sequence
similarity to bcl-2. Proc. Natl Acad. Sci. USA 90,
3516–3520 (1993).
58. Boise, L. H. et al. bcl-x, a bcl-2-related gene that
functions as a dominant regulator of apoptotic cell
death. Cell 74, 597–608 (1993).
59. Lin, E. Y., Orlofsky, A., Berger, M. S.
& Prystowsky, M. B. Characterization of A1, a novel
hemopoietic-specific early-response gene with
sequence similarity to bcl-2. J. Immunol. 151,
1979–1988 (1993).
60. Gibson, L. et al. bcl-w, a novel member of the bcl-2
family, promotes cell survival. Oncogene 13,
665–675 (1996).
61. Inohara, N. et al. Diva, a Bcl-2 homologue that
binds directly to Apaf-1 and induces BH3-independent
cell death. J. Biol. Chem. 273, 32479–32486
(1998).
62. Oltvai, Z. N., Milliman, C. L. & Korsmeyer, S. J. Bcl-2
heterodimerizes in vivo with a conserved homolog,
Bax, that accelerates programmed cell death. Cell 74,
609–619 (1993).
63. Kiefer, M. C. et al. Modulation of apoptosis by the
widely distributed Bcl-2 homologue Bak. Nature 374,
736–739 (1995).
64. Farrow, S. N. et al. Cloning of a bcl-2 homologue by
interaction with adenovirus E1B 19K. Nature 374,
731–733 (1995).
65. Ke, F. et al. BCL-2 family member BOK is widely
expressed but its loss has only minimal impact in mice.
Cell Death Differ. 19, 915–925 (2012).
66. Hsu, S. Y., Kaipia, A., McGee, E., Lomeli, M.
& Hsueh, A. J. W. Bok is a pro-apoptotic Bcl-2 protein
with restricted expression in reproductive tissues and
heterodimerizes with selective anti-apoptotic Bcl-2
family members. Proc. Natl Acad. Sci. USA 94,
12401–12406 (1997).
67. Yang, E. et al. Bad, a heterodimeric partner for Bcl-xL
and Bcl-2, displaces Bax and promotes cell death.
Cell 80, 285–291 (1995).
68. Ottilie, S. et al. Dimerization properties of human Bad
- identification of a BH-3 domain and analysis of its
binding to mutant Bcl-2 and Bcl-XL proteins. J. Biol.
Chem. 272, 30866–30872 (1997).
69. Boyd, J. M. et al. Bik, a novel death-inducing protein
shares a distinct sequence motif with Bcl-2 family
proteins and interacts with viral and cellular survivalpromoting proteins. Oncogene 11, 1921–1928
(1995).
70. Wang, K., Yin, X.-M., Chao, D. T., Milliman, C. L.
& Korsmeyer, S. J. BID: a novel BH3 domain-only
death agonist. Genes Dev. 10, 2859–2869 (1996).
71. Gavathiotis, E. et al. BAX activation is initiated at a
novel interaction site. Nature 455, 1076–1081
(2008).
72. Chen, L. et al. Differential targeting of pro-survival
Bcl-2 proteins by their BH3-only ligands allows
complementary apoptotic function. Mol. Cell 17,
393–403 (2005).
73. Willis, S. N. et al. Apoptosis initiated when BH3
ligands engage multiple Bcl-2 homologs, not Bax or
Bak. Science 315, 856–859 (2007).
74. Kuwana, T. et al. BH3 domains of BH3-only proteins
differentially regulate Bax-mediated mitochondrial
membrane permeabilization both directly and
indirectly. Mol. Cell 17, 525–535 (2005).
75. Inohara, N., Ding, L., Chen, S. & Núñez, G. harakiri,
a novel regulator of cell death, encodes a protein that
activates apoptosis and interacts selectively with
survival-promoting proteins Bcl-2 and Bcl-XL. EMBO J.
16, 1686–1694 (1997).
76. O’Connor, L. et al. Bim: a novel member of the Bcl-2
family that promotes apoptosis. EMBO J. 17,
384–395 (1998).

NATURE REVIEWS | CANCER

77. Puthalakath, H. et al. Bmf: a pro-apoptotic BH3-only
protein regulated by interaction with the myosin V
actin motor complex, activated by anoikis. Science
293, 1829–1832 (2001).
78. Oda, E. et al. Noxa, a BH3-only member of the bcl-2
family and candidate mediator of p53-induced
apoptosis. Science 288, 1053–1058 (2000).
79. Nakano, K. & Vousden, K. H. PUMA, a novel
proapoptotic gene, is induced by p53. Mol. Cell 7,
683–694 (2001).
80. Han, J. et al. Expression of bbc3, a pro-apoptotic
BH3-only gene, is regulated by diverse cell death and
survival signals. Proc. Natl Acad. Sci. USA 98,
11318–11323 (2001).
81. Schweers, R. L. et al. NIX is required for programmed
mitochondrial clearance during reticulocyte
maturation. Proc. Natl Acad. Sci. USA 104,
19500–19505 (2007).
82. Doerflinger, M., Glab, J. A. & Puthalakath, H.
BH3-only proteins: a 20-year stock-take. FEBS J. 282,
1006–1016 (2015).
83. Veis, D. J., Sorenson, C. M., Shutter, J. R.
& Korsmeyer, S. J. Bcl-2-deficient mice demonstrate
fulminant lymphoid apoptosis, polycystic kidneys, and
hypopigmented hair. Cell 75, 229–240 (1993).
84. Yamamura, K. et al. Accelerated disappearance of
melanocytes in bcl-2-deficient mice. Cancer Res. 56,
3546–3550 (1996).
85. Nakayama, K.-i. et al. Disappearance of the lymphoid
system in Bcl-2 homozygous mutant chimeric mice.
Science 261, 1584–1588 (1993).
86. Bouillet, P., Cory, S., Zhang, L.-C., Strasser, A.
& Adams, J. M. Degenerative disorders caused by
Bcl-2 deficiency are prevented by loss of its BH3-only
antagonist Bim. Dev. Cell 1, 645–653 (2001).
87. Motoyama, N. et al. Massive cell death of immature
hematopoietic cells and neurons in Bcl-x deficient
mice. Science 267, 1506–1510 (1995).
88. Rinkenberger, J. L., Horning, S., Klocke, B., Roth, K.
& Korsmeyer, S. J. Mcl-1 deficiency results in periimplantation embryonic lethality. Genes Dev. 14,
23–27 (2000).
89. Thomas, R. L. et al. Loss of MCL-1 leads to impaired
autophagy and rapid development of heart failure.
Genes Dev. 27, 1365–1377 (2013).
90. Wang, X. et al. Deletion of MCL-1 causes lethal cardiac
failure and mitochondrial dysfunction. Genes Dev. 27,
1351–1364 (2013).
91. Arbour, N. et al. Mcl-1 is a key regulator of apoptosis
during CNS development and after DNA damage.
J. Neurosci. 28, 6068–6078 (2008).
92. Opferman, J. et al. Obligate role of anti-apoptotic
MCL-1 in the survival of hematopoietic stem cells.
Science 307, 1101–1104 (2005).
93. Delbridge, A. R., Opferman, J. T., Grabow, S.
& Strasser, A. Antagonism between MCL-1 and PUMA
governs stem/progenitor cell survival during
hematopoietic recovery from stress. Blood 125,
3273–3280 (2015).
94. Opferman, J. T. et al. Development and maintenance
of B and T lymphocytes requires antiapoptotic MCL-1.
Nature 426, 671–676 (2003).
95. Peperzak, V. et al. Mcl-1 is essential for the survival of
plasma cells. Nat. Immunol. 14, 290–297 (2013).
96. Vikstrom, I. et al. Mcl-1 is essential for germinal center
formation and B cell memory. Science 330,
1095–1099 (2010).
97. Bouillet, P. et al. Proapoptotic Bcl-2 relative Bim
required for certain apoptotic responses, leukocyte
homeostasis, and to preclude autoimmunity. Science
286, 1735–1738 (1999).
98. Puthalakath, H. et al. ER stress triggers apoptosis by
activating BH3-only protein Bim. Cell 129,
1337–1349 (2007).
99. Erlacher, M. et al. Puma cooperates with Bim, the
rate-limiting BH3-only protein in cell death during
lymphocyte development, in apoptosis induction.
J. Exp. Med. 203, 2939–2951 (2006).
100. Egle, A., Harris, A. W., Bouillet, P. & Cory, S. Bim is a
suppressor of Myc-induced mouse B cell leukemia.
Proc. Natl Acad. Sci. USA 101, 6164–6169 (2004).
101. Tagawa, H. et al. Genome-wide array-based CGH for
mantle cell lymphoma: identification of homozygous
deletions of the proapoptotic gene BIM. Oncogene
24, 1348–1358 (2005).
102. Richter-Larrea, J. A. et al. Reversion of epigenetically
mediated BIM silencing overcomes chemoresistance in
Burkitt lymphoma. Blood 116, 2531–2542 (2010).
103. Yin, X.-M. et al. Bid-deficient mice are resistant to Fasinduced hepatocellular apoptosis. Nature 400,
886–891 (1999).

VOLUME 16 | FEBRUARY 2016 | 107
© 2016 Macmillan Publishers Limited. All rights reserved

PERSPECTIVES
104. Li, H., Zhu, H., Xu, C.-J. & Yuan, J. Cleavage of BID
by caspase 8 mediates the mitochondrial damage in
the Fas pathway of apoptosis. Cell 94, 491–501
(1998).
105. Luo, X., Budlhardjo, I., Zou, H., Slaughter, C. & Wang, X.
Bid, a Bcl-2 interacting protein, mediates cytochrome c
release from mitochondria in response to activation of
cell surface death receptors. Cell 94, 481–490 (1998).
106. Jost, P. J. et al. XIAP discriminates between type I and
type II FAS-induced apoptosis. Nature 460,
1035–1039 (2009).
107. Lindsten, T. et al. The combined functions of
proapoptotic Bcl-2 family members Bak and Bax are
essential for normal development of multiple tissues.
Mol. Cell 6, 1389–1399 (2000).
108. Knudson, C. M., Tung, K. S. K., Tourtellotte, W. G.,
Brown, G. A. J. & Korsmeyer, S. J. Bax-deficient mice
with lymphoid hyperplasia and male germ cell death.
Science 270, 96–99 (1995).
109. Rathmell, J. C., Lindsten, T., Zong, W.-X., Cinalli, R. M.
& Thompson, C. B. Deficiency in Bak and Bax
perturbs thymic selection and lymphoid homeostasis.
Nat. Immunol. 3, 932–939 (2002).
110. Mason, K. D. et al. Proapoptotic Bak and Bax guard
against fatal systemic and organ-specific autoimmune
disease. Proc. Natl Acad. Sci. USA 110, 2599–2604
(2013).
111. Wei, M. C. et al. Proapoptotic BAX and BAK: a
requisite gateway to mitochondrial dysfunction and
death. Science 292, 727–730 (2001).
112. Zong, W. X., Lindsten, T., Ross, A. J., MacGregor, G. R.
& Thompson, C. B. BH3-only proteins that bind prosurvival Bcl-2 family members fail to induce apoptosis
in the absence of Bax and Bak. Genes Dev. 15,
1481–1486 (2001).
113. Newmeyer, D. D., Farschon, D. M. & Reed, J. C. Cellfree apoptosis in Xenopus egg extracts: inhibition by
Bcl-2 and requirement for an organelle fraction
enriched in mitochondria. Cell 79, 353–364 (1994).
114. Liu, X., Kim, C. N., Yang, J., Jemmerson, R. & Wang, X.
Induction of apoptotic program in cell-free extracts:
requirement for dATP and cytochrome c. Cell 86,
147–157 (1996).
115. Yang, J. et al. Prevention of apoptosis by Bcl-2 - release
of cytochrome c from mitochondria blocked. Science
275, 1129–1132 (1997).
116. Kluck, R. M., Bossy-Wetzel, E., Green, D. R.
& Newmeyer, D. D. The release of cytochrome c from
mitochondria - a primary site for Bcl-2 regulation of
apoptosis. Science 275, 1132–1136 (1997).
117. Hsu, Y.-T., Wolter, K. G. & Youle, R. J. Cytosolto-membrane redistribution of Bax and Bcl-XL during
apoptosis. Proc. Natl Acad. Sci. USA 94, 3668–3672
(1997).
118. Antonsson, B. et al. Inhibition of Bax channel-forming
activity by Bcl-2. Science 277, 370–372 (1997).
119. Marsden, V. et al. Apoptosis initiated by
Bcl-2-regulated caspase activation independently of
the cytochrome c/Apaf-1/caspase-9 apoptosome.
Nature 419, 634–637 (2002).
120. Ekert, P. G. et al. Apaf-1 and caspase-9 accelerate
apoptosis, but do not determine whether factordeprived or drug-treated cells die. J. Cell Biol. 165,
835–842 (2004).
121. Sattler, M. et al. Structure of Bcl-xL-Bak peptide
complex: recognition between regulators of apoptosis.
Science 275, 983–986 (1997).
122. Suzuki, M., Youle, R. J. & Tjandra, N. Structure of Bax:
coregulation of dimer formation and intracellular
localization. Cell 103, 645–654 (2000).
123. Liu, X., Dai, S., Zhu, Y., Marrack, P. & Kappler, J. W.
The structure of a Bcl-xL/Bim fragment complex:
implications for Bim function. Immunity 19, 341–352
(2003).
124. Czabotar, P. E. et al. Bax crystal structures reveal how
BH3 domains activate Bax and nucleate its
oligomerization to induce apoptosis. Cell 152,
519–531 (2013).
125. Dewson, G. & Kluck, R. M. Mechanisms by which Bak
and Bax permeabilise mitochondria during apoptosis.
J. Cell Sci. 122, 2801–2808 (2009).
126. Kale, J., Liu, Q., Leber, B. & Andrews, D. W. Shedding
light on apoptosis at subcellular membranes. Cell 151,
1179–1184 (2012).
127. Leber, B., Lin, J. & Andrews, D. W. Embedded together:
the life and death consequences of interaction of the
Bcl-2 family with membranes. Apoptosis 12, 897–911
(2007).
128. Monni, O. et al. BCL2 overexpression associated with
chromosomal amplification in diffuse large B-cell
lymphoma. Blood 90, 1168–1174 (1997).

129. Olejniczak, E. T. et al. Integrative genomic analysis
of small-cell lung carcinoma reveals correlates of
sensitivity to bcl-2 antagonists and uncovers novel
chromosomal gains. Mol. Cancer Res. 5, 331–339
(2007).
130. Cimmino, A. et al. miR-15 and miR-16 induce
apoptosis by targeting BCL2. Proc. Natl Acad. Sci. USA
102, 13944–13949 (2005).
131. Beroukhim, R. et al. The landscape of somatic copynumber alteration across human cancers. Nature 463,
899–905 (2010).
132. Schott, A. F., Apel, I. J., Nuñez, G. & Clarke, M. F. Bcl-xL
protects cancer cells from p53-mediated apoptosis.
Oncogene 11, 1389–1394 (1995).
133. Dole, M. G. et al. Bcl-xL is expressed in neuroblastoma
cells and modulates chemotherapy-induced apoptosis.
Cancer Res. 55, 2576–2582 (1995).
134. Jin-Song, Y. et al. Prognostic significance of
Bcl-xL gene expression in human colorectal cancer.
Acta Histochem. 113, 810–814 (2011).
135. Kondo, S. et al. Over-expression of bcl-xL gene
in human gastric adenomas and carcinomas.
Int. J. Cancer 68, 727–730 (1996).
136. Watanabe, J. et al. Bcl-xL overexpression in human
hepatocellular carcinoma. Int. J. Oncol. 21, 515–519
(2002).
137. Castilla, C. et al. Bcl-xL is overexpressed in hormoneresistant prostate cancer and promotes survival of
LNCaP cells via interaction with proapoptotic Bak.
Endocrinology 147, 4960–4967 (2006).
138. Shimizu, S. et al. The let-7 family of microRNAs inhibits
Bcl-xL expression and potentiates sorafenib-induced
apoptosis in human hepatocellular carcinoma.
J. Hepatol. 52, 698–704 (2010).
139. Chen, J. et al. miR-193b regulates Mcl-1 in melanoma.
Am. J. Pathol. 179, 2162–2168 (2011).
140. Gong, J. et al. MicroRNA-125b promotes apoptosis by
regulating the expression of Mcl-1, Bcl-w and IL-6R.
Oncogene 32, 3071–3079 (2013).
141. Garrison, S. P. et al. Selection against PUMA gene
expression in Myc-driven B-cell lymphomagenesis.
Mol. Cell. Biol. 28, 5391–5402 (2008).
142. Rampino, N. et al. Somatic frameshift mutations in the
bax gene in colon cancers of the microsatellite mutator
phenotype. Science 275, 967–969 (1997).
143. Meijerink, J. P. P. et al. Hematopoietic malignancies
demonstrate loss-of-function mutations of BAX. Blood
91, 2991–2997 (1998).
144. Strasser, A., Harris, A. W., Jacks, T. & Cory, S. DNA
damage can induce apoptosis in proliferating lymphoid
cells via p53-independent mechanisms inhibitable by
Bcl-2. Cell 79, 329–339 (1994).
145. Villunger, A. et al. p53- and drug-induced apoptotic
responses mediated by BH3-only proteins Puma and
Noxa. Science 302, 1036–1038 (2003).
146. Jeffers, J. R. et al. Puma is an essential mediator of
p53-dependent and -independent apoptotic pathways.
Cancer Cell 4, 321–328 (2003).
147. Erlacher, M. et al. BH3-only proteins Puma and Bim
are rate-limiting for γ-radiation and glucocorticoidinduced apoptosis of lymphoid cells in vivo. Blood 106,
4131–4138 (2005).
148. Michalak, E. M., Villunger, A., Adams, J. M.
& Strasser, A. In several cell types the tumour
suppressor p53 induces apoptosis largely via Puma
but Noxa can contribute. Cell Death Differ. 15,
1019–1029 (2008).
149. Happo, L. et al. Maximal killing of lymphoma cells by
DNA-damage inducing therapy requires not only the
p53 targets Puma and Noxa but also Bim. Blood 116,
5256–5267 (2010).
150. Kuribara, R. et al. Roles of Bim in apoptosis of
normal and Bcr-Abl-expressing hematopoietic
progenitor. Mol. Cell. Biol. 24, 6172–6183 (2004).
151. Kuroda, J. et al. Bim and Bad mediate imatinibinduced killing of Bcr/Abl+ leukemic cells, and
resistance due to their loss is overcome by a BH3
mimetic. Proc. Natl Acad. Sci. USA 103,
14907–14912 (2006).
152. Cragg, M. S., Kuroda, J., Puthalakath, H.,
Huang, D. C. S. & Strasser, A. Gefitinib-induced killing
of NSCLC cell lines expressing mutant EGFR requires
Bim and can be enhanced by BH3 mimetics.
PLoS Med. 4, 1681–1689 (2007).
153. Costa, D. B. et al. BIM mediates EGFR tyrosine kinase
inhibitor-induced apoptosis in lung cancers with
oncogenic EGFR mutations. PLoS Med. 4, e315 (2007).
154. Gong, Y. et al. Induction of BIM Is essential for
apoptosis triggered by EGFR kinase inhibitors in
mutant EGFR-dependent lung adenocarcinomas.
PLoS Med. 4, e294 (2007).

108 | FEBRUARY 2016 | VOLUME 16

155. Cragg, M. S., Jansen, E. S., Cook, M., Strasser, A.
& Scott, C. L. Treatment of B-RAF mutant human
tumor cells with a MEK inhibitor requires Bim and is
enhanced by a BH3 mimetic. J. Clin. Invest. 118,
3651–3659 (2008).
156. Bollag, G. et al. Clinical efficacy of a RAF inhibitor
needs broad target blockade in BRAF-mutant
melanoma. Nature 467, 596–599 (2010).
157. Ng, K. P. et al. A common BIM deletion polymorphism
mediates intrinsic resistance and inferior responses to
tyrosine kinase inhibitors in cancer. Nat. Med. 18,
521–528 (2012).
158. Chonghaile, T. N. et al. Pretreatment mitochondrial
priming correlates with clinical response to cytotoxic
chemotherapy. Science 334, 1129–1133 (2011).
159. Vo, T. T. et al. Relative mitochondrial priming of
myeloblasts and normal HSCs determines
chemotherapeutic success in AML. Cell 151, 344–355
(2012).
160. Reed, J. C. et al. Antisense-mediated inhibition of
BCL2 protooncogene expression and leukemic cell
growth and survival: comparisons of phosphodiester
and phosphorothioate oligodeoxynucleotides.
Cancer Res. 50, 6565–6570 (1990).
161. Lai, J. C. et al. G3139 (oblimersen) may inhibit
prostate cancer cell growth in a partially bis-CpGdependent non-antisense manner. Mol. Cancer Ther. 2,
1031–1043 (2003).
162. Konopleva, M. et al. Mechanisms of antileukemic
activity of the novel Bcl-2 homology domain-3 mimetic
GX15-070 (obatoclax). Cancer Res. 68, 3413–3420
(2008).
163. Lei, X. et al. Gossypol induces Bax/Bak-independent
activation of apoptosis and cytochrome c release via a
conformational change in Bcl-2. FASEB J. 20,
2147–2149 (2006).
164. Varadarajan, S. et al. Evaluation and critical
assessment of putative MCL-1 inhibitors. Cell Death
Differ. 20, 1475–1484 (2013).
165. van Delft, M. F. et al. The BH3 mimetic ABT-737
targets selective Bcl-2 proteins and efficiently induces
apoptosis via Bak/Bax if Mcl-1 is neutralized.
Cancer Cell 10, 389–399 (2006).
166. Lessene, G., Czabotar, P. E. & Colman, P. M. BCL-2
family antagonists for cancer therapy. Nat. Rev. Drug
Discov. 7, 989–1000 (2008).
167. Muchmore, S. W. et al. X-ray and NMR structure of
human Bcl-xL, an inhibitor of programmed cell death.
Nature 381, 335–341 (1996).
168. Oltersdorf, T. et al. An inhibitor of Bcl-2 family proteins
induces regression of solid tumours. Nature 435,
677–681 (2005).
169. Tse, C. et al. ABT-263: a potent and orally bioavailable
Bcl-2 family inhibitor. Cancer Res. 68, 3421–3428
(2008).
170. Vogler, M. et al. Different forms of cell death induced
by putative BCL2 inhibitors. Cell Death Differ. 16,
1030–1039 (2009).
171. Wilson, W. H. et al. Navitoclax, a targeted high-affinity
inhibitor of BCL-2, in lymphoid malignancies: a phase 1
dose-escalation study of safety, pharmacokinetics,
pharmacodynamics, and antitumour activity.
Lancet Oncol. 11, 1149–1159 (2010).
172. Roberts, A. W. et al. Substantial susceptibility of
chronic lymphocytic leukemia to BCL2 inhibition:
results of a Phase I study of navitoclax in patients with
relapsed or refractory disease. J. Clin. Oncol. 30,
488–496 (2012).
173. Oakes, S. R. et al. Breast cancer special feature:
sensitization of BCL-2-expressing breast tumors to
chemotherapy by the BH3 mimetic ABT-737.
Proc. Natl Acad. Sci. USA 109, 2766–2771 (2012).
174. Ackler, S. et al. The Bcl-2 inhibitor ABT-263 enhances
the response of multiple chemotherapeutic regimens in
hematologic tumors in vivo. Cancer Chemother.
Pharmacol. 66, 869–880 (2010).
175. Shoemaker, A. R. et al. Activity of the Bcl-2 family
inhibitor ABT-263 in a panel of small cell lung cancer
xenograft models. Clin. Cancer Res. 14, 3268–3277
(2008).
176. Mason, K. D. et al. Programmed anuclear cell death
delimits platelet life span. Cell 128, 1173–1186
(2007).
177. Zhang, H. et al. Bcl-2 family proteins are essential for
platelet survival. Cell Death Differ. 14, 943–951
(2007).
178. Lessene, G. et al. Structure-guided design of a selective
BCL-XL inhibitor. Nat. Chem. Biol. 9, 390–397 (2013).
179. Souers, A. J. et al. ABT-199, a potent and selective
BCL-2 inhibitor, achieves antitumor activity while
sparing platelets. Nat. Med. 19, 202–208 (2013).

www.nature.com/nrc
© 2016 Macmillan Publishers Limited. All rights reserved

PERSPECTIVES
180. Roberts, A. W. et al. Targeting BCL2 with venetoclax in
relapsed chronic lymphocytic leukemia. N. Engl.
J. Med. http://dx.doi.org/10.1056/NEJMoa1513257
(2015).
181. Roberts, A. W. et al. Phase 1 study of the safety,
pharmacokinetics, and antitumour activity of the BCL2
inhibitor navitoclax in combination with rituximab in
patients with relapsed or refractory CD20 lymphoid
malignancies. Br. J. Haematol. 170, 669–678 (2015).
182. Vandenberg, C. J. & Cory, S. ABT-199, a new
Bcl-2-specific BH3 mimetic, has in vivo efficacy against
aggressive Myc-driven mouse lymphomas without
provoking thrombocytopenia. Blood 121,
2285–2288 (2013).
183. Touzeau, C. et al. ABT-737 induces apoptosis in
mantle cell lymphoma cells with a Bcl-2high/Mcl-1low
profile and synergizes with other antineoplastic
agents. Clin. Cancer Res. 17, 5973–5981 (2011).
184. Vaillant, F. et al. Targeting BCL-2 with the BH3
mimetic ABT-199 in estrogen receptor-positive breast
cancer. Cancer Cell 24, 120–129 (2013).
185. Leverson, J. D. et al. Potent and selective smallmolecule MCL-1 inhibitors demonstrate on-target
cancer cell killing activity as single agents and in
combination with ABT-263 (navitoclax). Cell Death Dis.
6, e1590 (2015).
186. Xiang, Z. et al. Mcl1 haploinsufficiency protects mice
from Myc-induced acute myeloid leukemia. J. Clin.
Invest. 120, 2109–2118 (2010).
187. Glaser, S. et al. Anti-apoptotic Mcl-1 is essential for
the development and sustained growth of acute
myeloid leukemia. Genes Dev. 26, 120–125 (2012).

188. Kelly, G. L. et al. Targeting of MCL-1 kills MYC-driven
mouse and human lymphomas even when they bear
mutations in p53. Genes Dev. 28, 58–70 (2014).
189. Grabow, S., Delbridge, A. R., Valente, L. J.
& Strasser, A. MCL-1 but not BCL-XL is critical for the
development and sustained expansion of thymic
lymphoma in p53-deficient mice. Blood 124,
3939–3946 (2014).
190. Koss, B. et al. Requirement for antiapoptotic MCL-1 in
the survival of BCR-ABL B-lineage acute lymphoblastic
leukemia. Blood 122, 1587–1598 (2013).
191. Cragg, M. S., Harris, C., Strasser, A. & Scott, C. L.
Unleashing the power of inhibitors of oncogenic
kinases through BH3 mimetics. Nat. Rev. Cancer 9,
321–326 (2009).
192. Deng, J. et al. BH3 profiling identifies three distinct
classes of apoptotic blocks to predict response to
ABT-737 and conventional chemotherapeutic agents.
Cancer Cell 12, 171–185 (2007).
193. Bouillet, P. et al. BH3-only Bcl-2 family member Bim is
required for apoptosis of autoreactive thymocytes.
Nature 415, 922–926 (2002).
194. Shibue, T. et al. Integral role of Noxa in p53-mediated
apoptotic response. Genes Dev. 17, 2233–2238
(2003).

Acknowledgements

The authors thank J. M. Adams, S. Cory, P. Bouillet, D.
Huang, M. Herold, D. Gray, G. Lessene, P. Colman, R. Kluck,
G. Dewson, B. Kile, A. Roberts, L. A. O’Reilly, G. Kelly, C.
Vandenberg, B. Aubrey, F. Ke, A. Janic, L. Valente, S. AlvarezDiaz, A. Kueh, J. Low, L. Rohrbeck, R. Schenk, M. Brennan,

NATURE REVIEWS | CANCER

R. Salvamoser and B. Yang for insightful discussions. Work in
the authors’ laboratories is supported by grants and
fellowships from the Cancer Council of Victoria (postdoctoral
fellowship to S.G., a Sydney Parker Smith postdoctoral
research fellowship to A.R.D.D. and grant in aid 1044722
to D.L.V.); a Lady Tata Memorial Trust postdoctoral award (to
S.G.); a Leukaemia Foundation Australia postdoctoral fellowship (to S.G.); a Cure Brain Cancer Innovation Grant (to A.S.
and S.G.); the Australian National Health and Medical
Research Council (NHMRC) (program grant #1016701and
NHMRC SPRF fellowships 1020363 (to A.S.) and 1020136
(to D.L.V.)); the Leukemia and Lymphoma Society (SCOR
grant #7001-13); the Estate of Anthony (Toni) Redstone
OAM; Melbourne International Research Scholarship
(University of Melbourne, to S.G.); Melbourne International
Fee Remission Scholarship (University of Melbourne, to S.G.);
Australian Postgraduate Award (to A.R.D.D.) and Cancer
Therapeutics CRC top-up scholarship (to S.G. and A.R.D.D).
Work in the authors’ laboratories is made possible by operational infrastructure grants through the Australian
Government Independent Research Institutes Infrastructure
Support (IRISS) and the Victorian State Government OIS.

Competing interests statement

The authors declare competing interests: see Web version
for details.

DATABASES
lo al Data data ase http healthcare lo aldata com
ALL LINKS ARE ACTIVE IN THE ONLINE PDF

VOLUME 16 | FEBRUARY 2016 | 109
© 2016 Macmillan Publishers Limited. All rights reserved

