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Abstract
BH3-only proteins are structurally distant members of the Bcl-
2 protein family that trigger apoptosis. Genetic experiments
have shown that these proteins are essential initiators of
programmed cell death in species as distantly related as mice
and C. elegans. BH3-only proteins share with each other and
with the remainder of the Bcl-2 family only a nine amino acid
BH3 (Bcl-2 Homology) region. Mutational analyses have
demonstrated that this domain is required for their ability to
bind to Bcl-2-like pro-survival proteins and to initiate
apoptosis. So far only one BH3-only protein, EGL-1, has been
identified in C. elegans and it is required for all developmen-
tally programmed death of somatic cells in this species. In
contrast, mammals have at least 10 BH3-only proteins that
differ in their expression pattern and mode of activation.
Studies in gene targeted mice have indicated that different
BH3-only proteins are required for the initiation of distinct
apoptotic stimuli. The pro-apoptotic activities of BH3-only
proteinsarestringentlycontrolledbyavarietyofmechanisms.
C. elegans egl-1 as well as mammalian hrk/dp5, noxa, puma/
bbc3 and bim/bod are regulated by a diverse range of
transcription factors. Certain BH3-only proteins, including
Bad, Bik/Nbk, Bid, Bim/Bod and Bmf, are restrained by post-
translational modifications that cause their sequestration
from pro-survival Bcl-2 family members. In this review we
describe current knowledge of the functions and transcrip-
tional as well as post-translational control mechanisms of
BH3-only proteins.
Cell Death and Differentiation (2002) 9, 505 ± 512. DOI: 10.1038/
sj/cdd/4400998

Keywords: apoptosis; programmed cell death; BH3-only proteins;
Bcl-2; signal transduction

Abbreviations: BH domain, Bcl-2 Homology domain; TNF-R,
tumour necrosis factor receptor, FADD, Fas associated death
domain protein; Apaf-1, apoptosis activating factor 1; CED, cell

death abnormal mutations in C. elegans; EGL-1, egg laying
defective mutations in C. elegans; gf, gain of function mutations; lf,
loss of function mutations; HSN, hermaphodite speci®c neurons in
C. elegans; CES, cell death speci®cation mutations in C. elegans;
Ab, amyloid b; SAPK, stress activated protein kinase; JNK, Jun N-
terminal kinase; SAGE, serial analysis of gene expression; IRF,
interferon response factor; NGF, nerve growth factor; FKHR-L1,
forkhead related transcription factor L1; MAPK, mitogen activated
protein kinase; IL, interleukin; PI3 kinase, phosphatidylinositol 3'
kinase;PKB,proteinkinaseB;PKA,proteinkinase-A;PP2A,protein
phosphatase 2A; DLC, dynein light chain; UV, ultraviolet; CDK,
cyclin dependent kinase

Introduction

Mammals have two distinct apoptosis signalling pathways
that utilise different `initiator caspases' with their adapters and
are controlled by different sets of regulators.1 `Death
receptors', members of the tumour necrosis factor receptor
(TNF-R) family that have an intra-cellular `death domain',
trigger apoptosis through FADD adapter protein-mediated
recruitment and activation of the `initiator caspase' caspase-8
(and in humans also caspase-10).2 In contrast, cytokine
deprivation and many other apoptotic stimuli, such as DNA
damage, anoxia or cytotoxic drugs, kill cells through activation
of different `initiator caspases' and their adapters.3 ± 5

Caspase-9 and its activators, Apaf-1 and cytochrome c, are
part of this pathway but additional apoptosis initiation
mechanisms must exist since many cell types from Apaf-1-,
caspase-9- or cytochrome c-deficient mice are still vulnerable
to the aforementioned death-inducing stimuli (V Marsden, JM
Adams, DCS Huang and A Strasser, unpublished observa-
tions).6,7

Pro-survival members of the Bcl-2 protein
family
Members of the Bcl-2 protein family are critical regulators
of those pathways to programmed cell death that are not
activated by `death receptors'.3,8,9 Bcl-2 and related anti-
apoptotic family members, mammalian Bcl-xL, Bcl-w, A1,
Mcl-1, Boo/DIVA/Bcl2-L-10, Bcl-B and C. elegans CED-9,
share 3 or 4 regions of structural homology (Bcl-2
Homology or BH regions) (Figure 1). All of these proteins
are localised on the cytoplasmic aspect of the nuclear
envelope, endoplasmic reticulum and the outer mitochon-
drial membrane.10 ± 12 Bcl-2-like proteins protect cells
against a broad range of apoptotic stimuli and are essential
for cell survival but their biochemical action is still
controversial. Since Bcl-2 prevents release of cytochrome
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c into the cytoplasm, thereby blocking its ability to promote
Apaf-1-mediated caspase-9 activation, it has been specu-
lated that Bcl-2 and its homologues function to keep
mitochondrial membranes intact.9,13 The alternative view is
based on the discovery that pro-survival C. elegans CED-9
prevents CED-3 caspase activation by blocking its adapter
CED-4.1 Since Bcl-2 and its pro-survival relatives do not
bind to Apaf-1,14,15 mammalian Bcl-2-like molecules would
have to interact with other adapters that activate `initiator
caspases' other than caspase-9. Support for this idea
comes from the observation that Bcl-2 over-expression
inhibits apoptosis of haematopoietic cells in mice more
potently than loss of Apaf-1 or caspase-9 (V Marsden, JM
Adams, DCS Huang and A Strasser, unpublished observa-
tions).

Pro-Apoptotic members of the Bcl-2 family

One thing is now generally accepted: pro-apoptotic
members of the Bcl-2 family are essential for the initiation
of those pathways to apoptosis that are regulated by their
pro-survival relatives. There are two structurally distinct
subgroups of pro-apoptotic members of the Bcl-2 family.
Mammalian Bax, Bak, Bok/Mtd, Bcl-xS (a splice variant of
the bcl-x gene) and Bcl-GL have two or three BH regions
(Figure 1) and appear to be structurally very similar to their
pro-survival relatives.8,9,16 In contrast, mammalian Bik/Nbk,
Blk, Bad, Hrk/DP5, Bid, Bim/Bod, Noxa, Puma/Bbc3, Bcl-
Gs (a splice variant of the bcl-g gene), Bmf and C. elegans
EGL-1 share with each other only the short nine amino
acid BH3 region but are otherwise unique (Figure 1).17

These so-called BH3-only proteins bind via their a-helical
BH3 domain to a groove formed by the BH1 and BH2
domains on the surface of pro-survival Bcl-2 family
members and this interaction is required for their ability
to kill cells.17 Bid has also been shown to bind to Bax and
Bak,18 but it is currently unclear whether the interaction of
Bid with pro-survival Bcl-2-like proteins or that with Bax/
Bak-like proteins is of higher affinity and which one is
critical for its pro-apoptotic activity.

Function of BH3-only proteins

Genetic studies have shown that BH3-only proteins are
essential initiators of programmed cell death in C. elegans
and mice.17 In C. elegans hermaphrodites, a gain-of-function
mutation causing inappropriate expression of the BH3-only
protein EGL-1 causes abnormal death of a group of
neurons.19,20 This death can be prevented by a (single amino
acid) gain-of-function (gf) mutation in the Bcl-2 homologue,
CED-9, that abolishes its interaction with EGL-1, or by loss-of-
function (lf) mutations of the caspase CED-3 or its adapter,
CED-4. Conversely, EGL-1-deficiency prevents all devel-
opmentally programmed death of somatic cells.19 This
phenotype is similar to that caused by the CED-9 gain-of-
function (gf) mutation or by loss of the caspase CED-3 or its
adapter, CED-4.21 These results indicate that the BH3-only
protein EGL-1 activates the death effector machinery by
binding to pro-survival CED-9, thereby blocking its ability to
inhibit CED-4-mediated CED-3 caspase activation.

DNA damage-induced apoptosis of C. elegans germ
cells can be blocked by the ced-9 gf as well as by ced-3
and ced-4 lf mutations but this cell death is only partially
inhibited by an egl-1 lf mutation.22 Although this might
indicate that C. elegans has one or more additional BH3-
only proteins, EGL-1 clearly plays a dominant and essential
role in the induction of programmed death of somatic cells
in this species.

Due to the existence of at least 10 BH3-only proteins,
initiation of apoptosis is forcibly more complex in mammals,
but gene targeting experiments have begun to demonstrate
their essential roles in programmed cell death in mice
(Figure 2). Bim-deficient mice accumulate 2 ± 5-fold in-
creased numbers of lymphoid and myeloid cells but have
normal numbers of erythrocytes and megakaryocytes.23

The bim7/7 lymphocytes are resistant to certain apoptotic
stimuli that can be antagonized by Bcl-2 over-expression,
such as cytokine deprivation or calcium flux, but have near
normal sensitivity to other Bcl-2-inhibitable death stimuli,
including DNA damage or treatment with phorbol ester or
glucocorticoids.23 Mice lacking Bid have reduced sensitivity
to Fas-induced hepatocyte destruction but their lympho-
cytes are normally sensitive to this treatment.24 The latter
observation is consistent with the notion that Bcl-2 and its
pro-survival homologues do not regulate death receptor-
induced apoptosis in haematopoietic cells.3,25 ± 27 Collec-
tively, these results indicate that different cell types may
require different BH3-only proteins to activate programmed
cell death. The data also indicate that within a given cell
type different BH3-only proteins may be required for
activating the apoptosis machinery in response to different
conditions of stress (Figure 2).

Functional interactions between
mammalian BH3-only proteins
and Bax/Bak-like proteins
Although mice lacking only Bax or Bak have relatively minor or
no abnormalities in programmed cell death, those animals
lacking both proteins (bax7/7bak7/7 mice) have substantial
accumulation of extra cells in many tissues, causing

4 1 2
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Figure 1 Primary structures of known mammalian BH3-only proteins and C.
elegans EGL-1. For comparison, the structures of one pro-survival Bcl-2 family
member, Bcl-2, and one multi-BH domain pro-apoptotic Bcl-2 family member,
Bax, are also represented
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persistence of interdigitating webbing and progressive
lymphadenopathy.28 Intriguingly, the lymphoid phenotype of
bax7/7bak7/7 mice28 is remarkably similar to that caused by
Bim-deficiency,23 indicating that Bim and Bax/Bak might act in
the same pathway. Recent experiments with transfected cells
have shown that over-expression of Bim or other BH3-only
proteins (Bad, Bid, Noxa) can only kill cells that contain either
Bax or Bak.29,30 Since Bim, Bad and Noxa only bind to Bcl-2
and its pro-survival relatives but not to Bax/Bak-like
proteins,17 we propose the following mechanism (Figure 3).
When BH3-only proteins become activated through transcrip-
tional or post-translational processes (see below), they bind to
Bcl-2 and its homologues, thereby changing their conforma-
tion. We speculate that in their `switched' state Bcl-2-like
molecules resemble Bax/Bak and that this forms the
nucleation for homotypic `prion'-like aggregation of Bax/Bak
and `switched' Bcl-2-like molecules.1 This idea is supported
by the extensive structural similarity observed between Bax
and Bcl-xL.16,31 Since Bax/Bak-like proteins have not been
found in C. elegans, we believe that CED-9 can function as
either, a Bcl-2 or a Bax/Bak-like protein. Wild-type CED-9
enhances (rather than suppresses) programmed cell death in

C. elegans carrying a mutation in ced-3 that reduces but does
not abolish caspase activity.32 This observation provides
evidence that, depending on its conformation and/or other
events in the cell, CED-9 can inhibit or promote cell killing. We
further propose that Bax/Bak and `switched' Bcl-2-like
molecules create a platform that promotes recruitment of
CED-4-like adaptors thereby promoting aggregation and
autocatalytic activation of `initiator caspases' (Figure 3).1

Transcriptional control of BH3-only genes

The pro-apoptotic activity of BH3-only proteins is subject to
stringent control, both at the transcriptional and the post-
translational level.17 In C. elegans, expression of EGL-1 in
hermaphrodite specific neurons (HSN) is normally re-
pressed by the transcription factor TRA-1A in hermaphro-
dites, but not in males.20 EGL-1 expression must also be
regulated by other factors since the egl-1 (gf) mutation,
which prevents binding of the TRA-1A repressor to a
regulatory region within the egl-1 gene, does not cause
abnormal death of other cell types.20 CES-1, a member of
the Snail family of zinc finger containing transcription

Figure 2 Different stress conditions require different BH3-only proteins to activate the apoptosis effector machinery. Some of the signalling pathways that are
indicated are based on results from studies of knock-out mice (Bim, Bid). The others are based on biochemical and expression analyses but have not yet been
proven by gene targeting in mice
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factors, and CES-2, a member of the PAR family of
transcription factors, are possible candidates for regulating
EGL-1 expression. A group of neurons in the pharynx
survive inappropriately in ces-1 (gf) mutants and ces-2 (lf)
mutant worms.33,34 Genetic studies indicate that CES-2
represses the pro-survival function of CES-1, but it is
presently unclear whether CES-1 promotes survival by
repressing EGL-1 expression, by enhancing CED-9 ex-
pression or by a different mechanism.

In mammals, at least four BH3-only genes are subject to
transcriptional control.17 These include hrk/dp5,35 ± 37

noxa,38 puma/bbc339 ± 41 and bim.42 ± 46 During embryogen-
esis, Hrk/DP5 expression is induced in those neuronal
tissues that contain a relatively large number of apoptotic
cells, including the trigeminal and dorsal root ganglia and
the anterior horn of the spinal cord.36 In cultured neurons,
Hrk/DP5 expression is up-regulated upon NGF withdrawal
or treatment with amyloid b protein (Ab) and its levels peak
at the time when these cells are committed to die.36 Studies
with chemical inhibitors have demonstrated that transcrip-
tional activation of the hrk/dp5 gene requires stress-
activated/c-jun N-terminal (SAPK/JNK) kinase.45,47

Noxa and Puma/Bbc3 are both regulated by the tumour
suppressor p53.38 ± 41 Noxa was cloned by mRNA differ-
ential display of normal and p53/IRF-1 doubly-deficient
mouse embryo fibroblasts.38 Puma/Bbc3 was cloned by
three different methods: microarray analysis39 or serial
analysis of gene expression (SAGE) analysis40 comparing
control cells with cells over-expressing p53 and by yeast

two-hybrid library screening using Bcl-2 as bait.41 In
response to DNA damage, Noxa and Puma/Bbc3 mRNA
and protein expression levels are induced in a p53-
dependent manner not only in thymocytes but also in
fibroblasts.38 ± 41 Why then do only thymocytes activate the
apoptotic machinery in response to DNA damage, while
fibroblasts undergo cell cycle arrest? Perhaps other pro-
apoptotic molecules that are only expressed in thymocytes
must also be present for cell death to occur. Alternatively,
fibroblasts but not thymocytes might express sufficient
levels of anti-apoptotic proteins to be able to survive
transient induction of Noxa and Puma/Bbc3. It is note-
worthy that Puma/Bbc3 expression is also induced in
thymocytes by treatment with dexamethasone,41 which kills
lymphoid cells in a p53-independent manner.48 ± 50 It is
therefore possible that Puma/Bbc3 is critical for apoptosis
induced by a range of stress signals that act through a
variety of transcriptional regulators.

Transcriptional control of Bim appears to be complex, as
different groups have reported different modes of regula-
tion. These discrepancies may have resulted from the
analysis of different types of tissues, perhaps indicating cell
type-specific transcriptional regulation of the bim gene.
Growth factor withdrawal was shown to cause increased
Bim expression in various populations of neuronal42,43 and
hematopoietic cell types.44,46 Interestingly, in NGF-deprived
neurons apparently only one isoform of Bim, BimEL, is up-
regulated.42,43 Since all three isoforms of Bim (BimEL, BimL

and BimS) are synthesised from the same transcript,51

preponderance of the BimEL form may represent an
additional level of regulation at the level of pre-mRNA
splicing in addition to transcriptional induction. Growth
factor withdrawal-induced up-regulation of Bim expression
was shown to require JNK activation in neurons42,43,45 but
depended on the forkhead transcription factor FKHR-L1 in
hematopoietic cells.44 Other studies with haematopoietic
cell lines indicated that cytokine (IL-3) stimulation represses
Bim expression through activation of the MAPK pathway
and/or phosphatidylinositol 3' (PI3) kinase.46 These con-
clusions are based on experiments using either chemcial
inhibitors or over-expression of signalling molecules. A
better understanding of the role of JNK, FKHR-L1, the
MAPK pathway and PI3-kinase in the control of Bim
expression will only be gained through studies of cells
from knock-out mice that lack these transcription factors or
signal transducers.

Post-translational regulation of BH3-only
proteins

Several BH3-only proteins are present in healthy cells at
levels that are relatively easily detectable. These proteins are
regulated by post-translational modifications that result in
conformational changes to cause release from an inactive
complex and increased affinity or accessibility to anti-
apoptotic Bcl-2 homologues (Figure 4). Pro-apoptotic activity
of different BH3-only proteins is unleashed by different post-
translational mechanisms.17

In cells that are stimulated by growth factors, Bad is
phosphorylated at several serine residues and this allows

Figure 3 Speculative model for the biochemical action of BH3-only proteins
and their functional interaction with Bax/Bak-like proteins and Bcl-2-like pro-
survival proteins. The protein interactions that are shown here to occur on the
outer mitochondrial membrane may also occur on the cytoplasmic aspect of
the nuclear envelope and the ER
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its sequestration in the cytoplasm by binding to 14-3-3
scaffold proteins (Figure 4).52 The phosphorylation of
conserved residues serine 112 and serine 136 has been
attributed to different kinases, including AKT/PKB,53,54 a
signal transducer within the PI3-kinase pathway, protein
kinase A (PKA), which is located at mitochondria,55 and
Raf-1 which was reported to be targeted to mitochondria by
binding to Bcl-2.56 PKA has also been shown to
phosphorylate serine 155 within the BH3 domain of Bad,
thereby reducing its affinity for pro-survival Bcl-2 family
members.57 It therefore appears that reprieve from a Bad-
imposed death sentence can occur at several locations
within the cell. An intriguing conundrum is how Bad can be
modulated by PKA or Raf-1 on mitochondria without being
bound to any of the anti-apoptotic Bcl-2 family members.
Perhaps Bad has higher affinity for these kinases than for
Bcl-2-like molecules? Alternatively, during translocation
inside cells, Bad may be bound to a chaperone that directs
it primarily to these kinases rather than to Bcl-2-like
molecules. Withdrawal of essential growth factors results
in accumulation of de-phosphorylated Bad. Moreover,

under certain stress conditions (at least in some cell types),
Bad was shown to be actively de-phosphorylated by
calcineurin.58 De-phosphorylated Bad is released from 14-
3-3 and becomes free to interact with anti-apoptotic Bcl-2
family members,52 thereby activating the apoptotic effector
machinery (Figure 4). Although it is widely believed that
Bad is critical for growth factor withdrawal-induced
apoptosis, there is so far no evidence for this from gene
knock-out studies in mice. Accumulation of lymphocytes,
macrophages and granulocytes in bim7/7 mice23 and
resistance of bim7/7 lymphocytes23 and neurons42,43 to
cytokine withdrawal in culture indicates that Bim is an
essential initiator of this pathway to apoptosis. Since Bim-
deficient lymphocytes and neurons are not completely
resistant to cytokine withdrawal and since many cell types
(e.g. erythrocytes) do not accumulate abnormally in bim7/7

mice,23 it is possible that several BH3-only proteins
cooperate in growth factor deprivation-induced apoptosis.
We therefore anticipate that interesting phenotypes will
emerge in mice lacking two or more BH3-only proteins,
such as Bim and Bad.

Figure 4 Models for post-translational regulation of the BH3-only proteins Bad, Bid, Bim and Bmf
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Bik is another BH3-only protein whose activity can be
regulated by phosphorylation (residues threonine 33 and
serine 35), possibly by a casein kinase II-related enzyme.59

Opposite to the case of Bad, phosphorylation increases the
pro-apoptotic potency of Bik by a presently unknown
mechanism that does not affect its affinity for Bcl-2. Since
casein kinase II is ubiquitously expressed and constitutively
active,60 how is Bik kept inactive in healthy cells? Perhaps
casein kinase activity increases in response to certain
stress conditions, but so does the activity of the
phosphatase PP2A that can negate casein kinase II
function.61

Bid is an unusual BH3-only protein since it has been
shown to bind not only to Bcl-2-like pro-survival proteins but
also to the Bax/Bak-like proteins.18,62 However, these
conclusions are based on over-expression studies and
the affinities of Bid-Bcl-2 and Bid-Bax interaction have not
yet been reported. It is therefore unclear which of these
interactions is likely to dominate in a physiological setting
and it remains possible that activation of Bid (and other
BH3-only proteins) causes oligomerisation of Bax/Bak-like
proteins indirectly by binding to and changing the
conformation of Bcl-2-like molecules (Figure 3). Ligation
of `death receptors' activates caspase-8, which processes
the inactive cytosolic form of Bid into a truncated fragment
(tBid) that translocates to mitochondria (Figure 4).63,64

Targeting of tBid to mitochondria is facilitated by N-
myristoylation at a site that becomes available for
modification after caspase-mediated processing (Figure
4).65 The truncated tBid also appears to have increased
affinity for anti-apoptotic Bcl-2 as well as for Bax/Bak-like
proteins and it is thought that this causes Bax/Bak
oligomerisation and cytochrome c release.62,66 Recently it
was shown that caspase-8-mediated cleavage of Bid is
attenuated by casein kinase I- or II-mediated phosphoryla-
tion at serine 61 and serine 64 (Figure 4).60 This implies
that caspase-induced Bid processing must be preceded by
activation of a phosphatase that can de-phosphorylate
these sites. The Ser/Thr phosphatase 2A (PP2A) could
carry out this function because these sites (serine 61 and
serine 64) are potential substrates for PP2A and because
PP2A activity is greatly increased in Jurkat cells undergoing
Fas-induced apoptosis.61 Since Bid-deficiency renders only
hepatocytes but not lymphocytes resistant to anti-Fas
antibodies and since Bid is activated downstream of
caspase-8,63,64 it appears that Bid forms part of an
amplification mechanism that is critical for `death recep-
tor'-induced apoptosis in only certain cell types. In fact,
since caspases other than caspase-8 can also process
Bid,63,64 Bid may function as part of a general amplification
mechanism and not be restricted to `death receptor'
signalling.

Bim and Bmf represent two BH3-only proteins that are
regulated by sequestration to cytoskeletal structures inside
cells (Figure 4).67,68 Although Bim is subject to transcrip-
tional regulation (see above), many cell types express this
protein, particularly the BimEL isoform, at relatively easily
detectable levels under normal conditions.69 In healthy
cells, BimEL an BimL are sequestered to the microtubular
dynein motor complex through interaction with DLC1/LC8

(Figure 4).67 BimS does not bind to DLC1 and the dynein
motor complex and this appears to be the reason why it
has greater killing potency than BimEL and BimL, because
mutations in BimL that abolish its interaction with DLC1,
behave like BimS. BimS has not yet been demonstrated in
normal cells,69 perhaps indicating that this protein may only
be synthesised in cells that need to be killed very rapidly
without possibly for reprieve from the death sentence by
post-translational regulation. Certain stress conditions, such
as UV-irradiation or treatment with taxol, cause release of
BimEL and BimL (still bound to DLC1) from the dynein motor
complex, enabling them to translocate and bind to Bcl-2 or
its homologues (Figure 4). Bim release takes place in the
absence of caspase activation,67 demonstrating that it
constitutes an upstream event in apoptosis signalling and
is not part of an amplification mechanism. Since Bim is
released together with DLC1, we suspect that post-
translational modifications of components of the dynein
motor complex that normally bind DLC1 unleash the killer
Bim. Enzymes that are known to affect dynein motor
function, such as cyclin dependent kinase CDK5, are
candidate regulators of this process.

The BH3-only protein Bmf on the other hand is
sequestered to the actin cytoskeleton-based myosin V
motor complex through its interaction with dynein light chain
DLC2 (Figure 4).68 Bmf is released together with its partner
DLC2 from the myosin V motor complex in response to
stress stimuli, such as detachment of adherent cells from
their substratum (anoikis) or exposure to actin depolymeris-
ing drugs (Figure 4). In contrast, treatment with taxol, which
causes release of Bim, has little effect on the cellular
distribution of Bmf.68 The molecular events that lead to
release of Bmf from the myosin V complex are unknown,
but since Bmf is released together with DLC2, we speculate
that it involves modifications on components of the myosin
V motor to which DLC2 is docked in healthy cells. A
number of enzymes that affect myosin V function, such as
calmodulin kinase or the cysteine protease calpain, are
candidate regulators of this process.

Conclusions and perspectives

It is now firmly established that BH3-only proteins are
essential initiators of programmed cell death in species as
distantly related as C. elegans and mice. These proteins
trigger apoptosis by binding to Bcl-2 or its homologs and, at
least in mammals, the presence of Bax/Bak-like proteins is
also required for their ability to kill cells. Certain BH3-only
proteins are regulated at the transcriptional level while others
function as sentinels for intra-cellular stress and damage by
sequestration to autoimmune disease. Many questions
remain and we anticipate that research on BH3-only proteins
over the coming years will provide interesting insight.
Experiments with gene knock-out mice will determine which
developmental cell deaths are activated by which BH3-only
proteins. Insight into developmental cell death may also come
from the identification and functional studies of BH3-only
genes in other model organisms, such as flies, frogs and
zebra fish. It will be important to further define the
transcriptional and post-translational control mechanisms that
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regulate the pro-apoptotic activity of BH3-only proteins. It will
be challenging but particularly important to determine which of
the mechanisms that have been identified in over-expression
experiments are significant under physiological conditions.
This will require generation of `knock-in' mice in which
sequences implicated in BH3 protein regulation (e.g. sites
for phosphorylation, myristoylation, caspase cleavage, pro-
tein-protein interaction, transcription factor binding) have
been specifically mutated. Finally, it will be important to test
which diseases, in addition to autoimmunity,23 can be caused
by mutations in BH3-only genes. For example, the human bmf
gene is located on chromosome 15q14,68 a site lost in a
sizeable fraction metastatic breast, lung, pancreatic and colon
carcinomas but not primary tumours from these tissues.70

Since the Bmf protein is activated by anoikis, which is thought
to function as a barrier against mis-localisation of cells and
metastatic spread of tumours,71 it may be regarded as a
candidate tumour suppressor. It will also be important to
investigate whether BH3-only proteins are involved in killing
cells in degenerative disorders. Intriguingly, loss of only one
allele of bim prevents polycystic kidney degeneration in mice
deficient for Bcl-2.72 Further studies of these critical apoptosis
initiators may therefore ultimately lead to the development of
drugs that mimic or activate BH3-only proteins for treatment of
cancer or autoimmune diseases, or for generating drugs that
block BH3-only protein function to alleviate degenerative
diseases.
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