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Abstract - This article is a concise review of up-to-date information and recent discoveries concerning
structure, site of action, tissue distribution, biological effects and molecular mechanisms of Bcl-2 fam-
ily proteins. Particular attention has been focused on the physiological aspect of Bcl-2 protein func-
tion with emphasis on animal production and health. Bcl-2-related proteins are the principal regula-
tors of apoptosis, acting through the control of ions (K+, H+, Cl-, Ca2+) and reactive oxygen species
fluxes, the release of apoptogenic factors from mitochondria (AIF, cytochrome c) and the activation
of the executors of apoptosis (caspases, DNases). The response of Bcl-2 proteins to pro- and anti-
apoptotic signals relies on the activation of transcription and translation, phosphorylation, prote-
olytic cleavage, interactions with Bcl-2-related and other (structurally unrelated) proteins, translocation
from the cytosol to intracellular membranes, and formation of permeability transition pores. @ Inra/
Elsevier, Paris.
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Résumé &horbar; Régulation de l’apoptose par les protéines apparentées à Bcl-2. Cette revue résume
les connaissances et les découvertes récentes concernant les protéines de la famille Bel-2. Elle traite
notamment de la structure et de la distribution cellulaires de ces protéines ainsi que de leurs effets bio-
logiques, cibles et mécanismes d’action au niveau cellulaire et moléculaire. Elle souligne aussi le rôle
de ces protéines dans la régulation des fonctions physiologiques et l’impact que cela peut avoir sur
la production et la santé des animaux. Les protéines de type Bcl-2 exercent en effet une action
majeure sur l’apoptose par le biais d’un contrôle des flux ioniques (K+, H+, CI-, Ca2+) et de la pro-
duction des différentes formes d’oxygène réactifs. La libération de facteur apoptogène à partir des mito-
chondries (AIF, cytochrome C) et l’activation des enzymes impliqués dans l’apoptose (caspases,
DNases) interviennent bien sûr également. La régulation de l’apoptose par les protéines Bcl-2 met en
jeu de multiples signaux intracellulaires, interactions de ces protéines entre elles et avec d’autres
protéines, phénomènes de transcription et traduction, mouvements de substrats du cytoplasme aux mem-
branes intracellulaires et formation de pores transitoires de perméablité. @ Inra/Elsevier, Paris.
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1. APOPTOSIS AS A FUNDAMENTAL
PROCESS IN CELL BIOLOGY

1.1. Hallmarks of apoptosis

Apoptosis is programmed, physiologi-
cal, active or suicidal cell death. The term
apoptosis, which in Greek means ’falling-
off (like leaves from trees) was proposed by
Kerr et al. [16] to emphasise the physiolog-
ical nature of this process. Apoptosis is the
complex of morphological and biochemi-
cal changes that occur in dying cells. The
most characteristic morphological features
of apoptosis are: cell shrinkage, the con-
densation of chromatin and its marginal dis-
tribution around the nuclear envelope, pyc-
nosis and fragmentation of the nucleus, and
the formation of apoptotic bodies (figure
]a--d). Unlike necrosis, apoptosis is a ’silent
death’ because the dying cells are immedi-
ately recognised and engulfed by phago-
cytes. The phagocytic recognition of apop-
totic cells is facilitated by the loss of plasma
membrane asymmetry which results in the
aberrant exposure of phosphatidylserine
residues at the cell surface. This early feature
of apoptosis can be detected by the binding
of fluorescein-conjugated annexin V to
phosphatidylserine (figure 1 e). The imme-
diate phagocytosis of apoptotic cells is prob-
ably one of several reasons for the late dis-
covery of programmed cell death. Apoptosis
involves the coordinated destruction of cells
with no effect on tissue function or activa-
tion of an inflammatory response, such that
tissue function is uncompromised during
remodelling. We observed that the number
of visible apoptotic cells does not reflect the
extent of cell loss, even during mammary
tissue involution [44]. Unlike human or ani-

mal tissue in vivo, apoptotic cells in cul-
tures undergo secondary necrosis rather than
phagocytosis !gure ld). Vermes et al. [42]
proposed the Greek term putrosis (corre-
sponding to rotting of leaves after they have
fallen off) to indicate the postapoptotic sta-
tus primarily found under in vitro culture
conditions where no phagocytes are present.
The most typical biochemical feature of
apoptosis is DNA fragmentation into 300,
50 kb and often, but not always, oligonu-
cleosomal fragments of multiples of
180-200 bp.

1.2. Apoptosis in physiology
and pathology

Apoptosis is a fundamental process in
cell biology and is an essential part of the
growth, development and survival of all
multicellular organisms. Paradoxically, the
death of the unit (i.e. a single cell) is of ben-
efit for the cell population as a whole. Apop-
tosis is a mechanism for the removal of

unnecessary, aged, mutated and preneo-
plastic cells. Mitosis and apoptosis are in
dynamic equilibrium, resulting in tissue
remodelling: growth or involution (figure 2).
Excessive cell replication and impaired
apoptosis are characteristic of malignant
proliferative diseases and autoimmune dis-
eases. Excessive apoptosis plays a key role
in the pathogenesis of neurodegenerative
and neuromuscular diseases and AIDS.
Recent work has shown that the induction of

apoptosis may also be responsible for skele-
tal muscle atrophy in response to hindlimb
unweighting [1]. It is unknown whether
apoptosis is involved in the pathogenesis of
prion diseases. The formation of complexes





containing PrP and Bcl-2 family proteins
suggests that this is the case [22].

Apoptosis is induced by diverse factors of
four types: 1) hormones and cytokines (e.g.
glucocorticoids, thyroid hormones, TNFa,
TGF(31); 2) deficiency of growth and trophic
factors; 3) cytotoxic factors (e.g. perforins,
granzymes, enzyme inhibitors, cytostatic
drugs, reactive oxygen species); 4) physi-
cal factors (e.g. radiation, hyperthermia,
hydrodynamic tension).

Variety of apoptogenic agents requires
many private pathways during the initiation
of apoptosis. The effector (which is subject
to regulation) and degradation (beyond reg-
ulation) stages are common to all apoptotic
processes [20].

2. Bcl-2 FAMILY PROTEINS:
STRUCTURE AND APPEARANCE

2.1. Distribution in normal
and neoplastic tissues

Bcl-2-related proteins are the principal
regulatory molecules acting at the effector

stage of apoptosis (for review see [2, 20,
27, 36]). These proteins are either death
antagonists (Bcl-2, Bcl-xL, Bcl-w, Bfl-1,
Brag-1, Mcl-1 and Al) or death agonists
(Bax, Bak, Bcl-xs, Bad, Bid, Bik and Hrk)
[20]. The bcl-2 proto-oncogene was first
discovered as a result of its involvement in
the t(14;18) chromosomal translocations
common in non-Hodgkin’s lymphoma [39,
40]. The bcl-2 gene, which is normally
found on chromosome 18 at band q21, is
brought into close contact with the IgH locus
at chromosome 14 q32. This brings this anti-
apoptotic gene under the control of strong
enhancer elements, resulting in the over-
production of Bcl-2 protein. Bcl-2 protein is
the most potent physiological inhibitor of
apoptosis. Overexpression of bcl-2 occurs
not only in haematological proliferative dis-
eases, but also in many types of malignant
solid tumours, and has been associated with
the resistance of such tumours to radio- and

chemotherapy [36]. Fifty-seven percent of
breast cancers [46] and 27 % of prostate
cancers [4] overexpress bcl-2. A high level
of bcl-2 expression occurs in standard
leukaemic cell lines (L1210, MOLT-4,



K562) and transformed cell lines (L6 rat
skeletal myoblasts and HC 11 mouse mam-
mary epithelial cells - figure 1!. The level
of Bcl-2 protein within individual cells dif-
fers and depends on cell line, cell cycle
phase, availability of growth and trophic
factors, and the effects of apoptogenic and
antiapoptogenic stimuli.

Immunohistochemical analysis of Bcl-
2-related proteins in normal tissues showed
wide-spread and differential expression of
bcl-2, bax, bcl-x and mcl-I [27]. The pat-
terns of bax and bcl-2 gene expression are
only partially overlapping in mice tissues
in vivo [19]. In general, bax - the best-
known promoter of apoptosis - is more
ubiquitously expressed compared with bcl-
2. The bcl-2 expression has been demon-
strated first of all in stem cells with pro-
longed survival, e.g. bone marrow

progenitor cells, and basal cell layer in
epithelia of the gastrointestinal tract, breast
and prostate [12]. In skeletal muscle bcl-2 is
expressed in myogenic cells: myoblasts and
adult satelite cells, but is not observed in
multinucleate cells or differentiated cells
that express myogenin or myosin heavy
chain [8]. Therefore Bcl-2 protein could be
useful in the identification of cells that are at
an early stage of myogenesis and have prop-
erties of muscle stem cells.

2.2. Structure and site of action

The common feature of members of the
Bcl-2 family is the presence of four Bcl-
2 homology regions (BHl-BH4). These BH
domains determine the capacity of Bcl-
2-related proteins to interact with each other,
forming homo- or heterodimers, or to inter-
act with other death-regulating proteins that
are not structurally related to Bcl-2 (e.g.
Bag I and Raf-1). Analysis of cells express-
ing various levels of Bcl-2 and Bax revealed
that the degree of protection against apop-
tosis does not correlate with the number of
Bcl-2-Bax heterodimers but the amount of
Bcl-2 that is free of Bax [32]. Most members

of the Bcl-2 family have a carboxyterminal
transmembrane region (except Bid and Bad).
This domain causes Bcl-2-related proteins to
post-translationally insert into intracellular
membranes: the outer mitochondrial mem-

brane, endoplasmic reticulum and nuclear
envelope. The functional connection of Bcl-
2 protein with these membranes can be con-
firmed by undectable bcl-2 expression in
human erythrocytes but detectable in nucle-
ated frog or chicken red blood cells (unpub-
lished). The transmembrane domain of the
Bcl-2 protein may also have a significance
beyond membrane insertion, as the principal
site of homodimeric interaction and PrP

binding [22]. The death-preventing effects of
Bcl-2 and the death-promoting effects of
Bax are dependent on membrane targeting.
Removal of the membrane-anchoring
domain reduces the efficacy of Bcl-2 and
Bax as death regulators [13, 47]. Bcl-2 is
exclusively membrane-bound in murine thy-
mocytes, whereas Bax is present predomi-
nantly in the cytosol and Bcl-xL is pre-
sent in both soluble and membrane-bound
forms [14]. The induction of apoptosis by
dexamethasone or !y irradiation converts Bax
and Bcl-xL from soluble to membrane-
bound forms. It is possible that the mem-
brane-bound Bax, Bcl-2 and Bcl-xL pro-
teins compete for the binding of an unknown
protein in the membrane to promote cell
death or survival [14]. The movement of
Bax from the cytosol to the mitochondria
during apoptosis is completed within 30 min
and precedes cell shrinkage and chromatin
condensation [45].

The structural similarity of Bcl-xL to the
pore-forming colicins and diphtheria toxin
domain (from X-ray crystallography and
NMR spectroscopy) suggests that Bcl-2 pro-
teins form pores in endoplasmic, mito-
chondrial and perinuclear membranes, reg-
ulated by signals dependent on voltage and
pH [30]. Bcl-xL has a low level of inter-
helical interactions, three cavities and a
marked hydrophobic cleft surrounded by
walls rich in basic residues [3]. These unique
structural features may favour its membrane



insertion and involvement in channel for-
mation. Bax homology modelling showed
that this protein had the largest bottom
hydrophobic cleft and that the hydrogen
bonds stabilising the central helices had been
lost, suggesting that Bax has a greater poten-
tial for membrane insertion than Bcl-2 or
Bcl-xL [3]. These authors questioned pore
formation by Bcl-xL and Bcl-2 and sug-
gested that the function of these proteins
was limited to the inhibition of pore forma-
tion by Bax or other pore-forming proteins
via heterodimerisation. Bax and Bcl-2 each
form ion channels in artificial membranes,
which have distinct characteristics including
ion selectivity, conductance, voltage depen-
dence and rectification [37]. Bax is more
selective for Cl-, as opposed to Bcl-2 for
K+. Bcl-2 may also regulate H+ fluxes to
maintain mitochondrial transmembrane

potential (A*Pm) in the presence of Aim-
loss-inducing stimuli [38].

2.3. Post-translational modifications

The pro- and antiapoptotic function of
Bcl-2 family proteins can be altered via the
post-translational regulatory mechanisms
such as phosphorylation and proteolytic
cleavage [2]. The Bcl-2 protein has been
shown to be phosphorylated in vivo and the
phosphorylated protein was found (depend-
ing on cell type, stimulus, local environ-
ment and differences in phosphorylation
sites) either more or less efficient in pro-
moting against apoptosis, compared to the
unphosphorylated protein [5, 10]. Serine
phosphorylation of death agonist Bad in
response to interleukin-3 resulted in bind-

ing to a rather ubiquitous cytosolic protein
14-3-3 [34, 48]. Only nonphosphorylated
Bad was able to heterodimerise with Bcl-
xL at membrane sites and act as a death pro-
moter. Lewis et al. [24] supported evidence
that Bax is a substrate for specific serine/
threonine kinases in vitro, which suggests
that the activity of Bax could be regulated by
phosphorylation. Bax was phosphorylated

by cAMP-dependent protein kinase (PKA)
and to an apparent lesser degree by p34cdc2
kinase and MAP p42 kinase.

3. BIOLOGICAL EFFECTS
AND POSSIBLE MECHANISMS
OF Bcl-2-RELATED PROTEINS

3.1. Biochemical
and physiological effects

Overproduction of Bcl-2 causes a vari-
ety of inhibitory effects on apoptosis: 1) pre-
vention of phosphatidylserine exposure at
the cell surface; 2) inhibition of reactive
oxygen species (ROS) generation and pre-
vention of lipid peroxidation; 3) inhibition of
caspase 3 and 6 activation; 4) inhibition of
Ca+z outflow from mitochondria and the

endoplasmic reticulum, and of Ca+2 uptake
into the nucleus; 5) inhibition of preapop-
totic disruption of L1 B}Jm; 6) prevention of
outflow of apoptosis inducing factor (AIF)
and cytochrome c from the mitochondrial
intermembrane space [20].

In general, death agonists and antago-
nists of the Bcl-2 family of proteins func-
tion as a death/life balance. Cell exposure
to apoptogenic stimuli is associated with an
increase in the Bax/Bcl-2 ratio, whereas
exposure to cell survival signals reduces the
BaxBcl-2 ratio. Remodelling of the mam-
mary gland is a good example of the regu-
lation of bax and bcl-2 expression at the
physiological level. It involves the periodic
involution and growth of secretory tissue,
regulated by a dynamic equilibrium between
apoptogenic and mitogenic stimuli. Survival
signals provided by EGF and prolactin
increase bcl-2 and decrease bax expression
in HC- I murine mammary epithelial cells
[35]. Conversely, the administration of
TGF-Ø 1, the auto- and paracrine apopto-
genic factor, greatly increases Bax transcript
levels in HC- I cultures treated or untreated
with EGF or prolactin [44]. The levels of
Bcl-2-related proteins depend on the phys-
iological status of the mammary tissue. For



example, immunohistochemical analysis of
goat mammary tissue has shown an increase
of Bax protein content in mammary epithe-
lial cells from early lactation to drying off
period [44]. Similarly, mouse mammary
gland involution is associated with a high
level of Bax and a decrease of Bcl-2 pro-
tein [28]. Bax and Bcl-xs mRNA levels in
mammary epithelial cells increase within
the first day after weaning, coinciding with
the induction of apoptosis [11]. Bcl-2, Bax
and Bcl-x proteins are also apoptotic check-
point regulators in ductal morphogenesis of
the murine mammary gland [15].

3.2. Mechanisms of action

The chain of events triggering apoptosis
at the effector stage and possible sites of
Bcl-2 action are presented in figure 3. The
main site of antiapoptotic Bcl-2 action is
probably the outer mitochondrial membrane,
where it prevents (by heterodimerisation)

the incorporation of Bax into megachannels
formed at the contact sites between the mito-
chondrial inner and outer membranes. The
induction of apoptosis involves Bax protein
binding and the formation of mitochondrial
permeability transition pores which, in turn,
facilitate the release of two apoptogenic pro-
teins: apoptosis-inducing factor (AIF) and
cytochrome c and the efflux of ROS and
Caz+ from mitochondria. The relationship
between AIF and cytochrome c remains
unknown. AIF is a 50 kDa protease which,
alone, activates caspase 3 and nuclear
endonuclease in vitro [20,47]. Unlike AIF,
cytochrome c, which was identified as an
apoptosis-activating factor 2 (Apaf 2) [25],
requires the cytosolic proteins, Apaf 1 and
Apaf 3 to proteolytically activate caspase 3
[41, 50]. Apaf-1 is similar to Ced-4, the
nematode protein regulating apoptosis in
Caenorhabditis elegans. Vaux [41] pro-
posed a speculative model for caspase acti-
vation in the presence of dATP, cytochrome c
(Apaf-2), Apaf 1 and Apaf-3 (an unidenti-



fied 45 kDa protein). According to this
model cytochrome c and Apaf-3 activate
Apaf-1, which in the presence of dATP,
cleaves procaspase-3, removing the

prodomain and leading to the assembly of
other subunits into the proteolytically active
conformation. Pan et al. [33] suggested that
the caspase cascade triggered by cytochrome
c and Apaf-1 possesses exquisite specificity
and leads only to the activation of caspase-3,
- 7 and -9. The Bcl-2 and Bcl-xL proteins
inhibit caspase activation by preventing the
release of AIF and cytochrome c from the
intramitochondrial space and by direct bind-
ing to Apaf 1 (Ced-4). The structure of Bcl-xL
shows that it should integrate into mem-
branes and possibly interact with Ced-4
homologues [3]. Bcl-2-related death antag-
onists form complexes with Ced-4 and some
procaspases, thereby inhibiting caspase acti-
vation [6]. Death agonists of the Bcl-2 pro-
tein family presumably disrupt these com-
plexes, leading to the activation of caspases,
triggering apoptosis. Overexpression of bax
in COS-7 cells induces apoptosis dependent
on the activation of caspase 3 [18]. Bax-
induced apoptosis is abolished by Bcl-xL
and Bcl-2, but only Bcl-xL inhibits the acti-
vation of caspase 3. This suggests that the
apoptosis induced by Bax overproduction
is differentially regulated by Bcl-xL and
Bcl-2, which suppress cell death.

3.3. Caspases - executors of apoptosis

Caspases (cysteine aspartases) are a fam-
ily of ten sulphydryl proteases, essential for
apoptosis (for review see [17, 43]). How-
ever, there is evidence that they are not
required in all cases of apoptosis [21, 31]. ] .
Caspases may be divided into two classes
based on the length of the N-terminal
prodomain: caspases 1, 2, 4, 5, 8 and 10
have long prodomains and caspases 3, 6, 7
and 9 have short prodomains [43]. The long-
prodomain class comprises ’regulatory’ cas-
pases involved in the initial steps of the
apoptotic process and the activation of the

short-prodomain class of caspases (death
effector proteases). The short-domain cas-
pases operate downstream from the cascade,
cleaving cytoplasmic and nuclear substrates
[43]. The tertiary structure and substrate
binding site of caspase 8 have been pre-
dicted based on what is known of the struc-
tures of caspase 1 and caspase 3 [7]. The
association of caspase-8 with cell surface
death receptors suggests that it is a proxi-
mal regulator of apoptosis and provides
insight into the possible use of this key cell
death protease as a therapeutic target. A cas-
pase-activated deoxyribonuclease (CAD)
and its inhibitor (ICAD), the link between
caspase cascade activation and chromosomal
DNA fragmentation, have recently been
identified in the cytoplasmic fraction of
mouse lymphoma cells [9]. Caspases acti-
vated by apoptotic stimuli cleave ICAD,
allowing CAD to enter the nucleus and
degrade chromosomal DNA (figure 3).
DFF-45 (DNA fragmentation factor), a
45 kDa subunit of a heterodimeric protein
that causes DNA fragmentation if it is
digested by caspase-3, inhibits the activity of
the activated nuclease [29].

3.4. Regulation of Ca2+ and ROS fluxes

Apoptosis in various model systems is
associated with sustained increases in

cytosolic Caz+ concentration and, in some
of these systems, DNA fragmentation and
cell death can be prevented by intracellular
Ca2+ buffering agents. Caz+ concentration
increases are involved in various stages of
the apoptotic process: signal transduction,
the activation of proteases, endonucleases
(DNase I, NUC-18) and transglutaminase
(for review see [26]). The Bcl-2 protein
either directly or indirectly regulates the
flux of Ca2+ across the mitochondrial, endo-
plasmic reticulum and perinuclear mem-
branes, thereby preventing Caz+ signalling of
apoptosis [23]. The molecular mechanism
of intracellular Caz+ regulation by Bcl-2
protein is unclear, but a direct effect of Bcl-



2 on Caz+ channels is possible [26]. There is
a relationship between concentration of ROS
and Caz+ release from intracellular stores.
Oxidative stress increases Caz+ release from
the endoplasmic reticulum and mitochon-
dria [23]. Bcl-2 may play a key role in this
relationship by inhibiting ROS release from
mitochondria (figure 3). Overexpression of
bcl-2 protects the cell against apoptosis
induced by ROS [ 13]. Overproduction of
Bcl-2 and its insertion into the outer mito-
chondrial membrane prevents ROS-medi-
ated changes in mitochondrial permeabil-
ity and the release of AIF from the
mitochondria into the cytosol [20]. Living
cells are exposed to ROS generated intra-
cellularly and ROS of extracellular origin.
Oxidative stress caused by the hydrophilic
peroxyl radical initiator, 2,2’azobis (2-ami-
dinopropane) dihydrochloride (AAPH), is
associated with the accumulation of ROS
within the cell, peroxidation of cellular lipids
and the induction of apoptosis in mouse
L1210 lymphocytic leukaemic cells [49].
The degree of apoptosis is dependent on
ROS concentration, cell exposure time and
the availability of growth and trophic factors.
It is interesting that the average Bcl-2 level
increases in the population of leukaemic
cells surviving oxidative stress, which may
be due to the deletion of cells with the weak-
est expression of bcl-2, which are more sus-
ceptible to oxidative stress. An increase in
intracellular ROS concentration and the sur-
vival of cells with high Bcl-2 levels in FCS-
deprived L1210 leukaemic cell cultures has
also been observed (unpublished).

In conclusion, the regulation of the apop-
totic process involves the activation of Bcl-
2-related proteins, occurring either at the
transcriptional level or through post-trans-
lational modifications, in particular phos-
phorylation. Induction of apoptosis is asso-
ciated with the shift of Bcl-2 family death
agonists from the cytosol to intracellular
membranes within minutes after apopto-
genic stimuli. Bcl-2-related proteins, through
the formation of membrane channels are

involved in the regulation of ions (K+, H+,
Cl-, Caz+) and ROS fluxes, the release of
mitochondrial apoptogenic factors (AIF,
cytochrome c) and the activation of the
executors of apoptosis (caspases, DNases).
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