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Bcl-2 proteins, characterized by up to four Bcl-2 homology domains (BH1-BH4), are critical
regulators of the mitochondrial proapoptotic pathway. Three major subgroups have been
described, namely antiapoptotic proteins, proapoptotic multidomain and BH3-only pro-

teins. These are basic for present models explaining the regulation of the mitochondrial

outer membrane permeability. However, several Bcl-2 proteins have been described that do

Keywords: not fit into these models, due to their atypical domain structure or due to their ability to
Apoptosis induce apoptosis independently of BH3. These proteins are indicators for new mechanisms
Bcl-2 proteins in apoptosis control by Bcl-2 proteins, which may supply additional targets for novel
BH3 therapeutic approaches.

BH4 © 2008 Elsevier Inc. All rights reserved.
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1. Critical roles of apoptosis in cancer of resistant tumor cells, which may later also reveal a therapy-

development and therapy

Programmed cell death (apoptosis) has been defined as
counterbalance for cell proliferation in maintaining normal
tissue homeostasis [1], and it provides fundamental safeguard
mechanisms for protection against cancer, based on the
elimination of altered and potentially harmful cells [2]. Thus,
genomic aberration and cellular dysregulation, typical for
cancer cells, trigger cell-intrinsic proapoptotic pathways [3,4],
whereas aberrant protein expression may activate an immune
response leading to the induction of extrinsic apoptosis
pathways [5,6]. Further alternative cell death programs as in
particular related to autophagy have been described in recent
years. This is an evolutionary conserved mechanism, based on
autophagosome formation, which primarily regulates the
response of eucaryotic cells to starvation conditions, but can
switch to a type II programmed cell death program [7].

For development of cancer, the different cell death-
promoting programs are overcome leading to an accumulation

resistant phenotype. Thus, new therapeutic strategies pre-
dominantly aim at the sensitization of cancer cells for
proapoptotic regimens [8,9].

2. Intrinsic pathways to apoptosis

Most characteristic for a cell-intrinsic induction of apoptosis is
the mitochondrial pathway characterized by increased mito-
chondrial outer membrane permeability (MOMP) and release
of mitochondrial factors into the cytoplasm. This pathway is
critically controlled by the family of pro- and antiapoptotic
Bcl-2 proteins [3,10,11]. Intrinsic proapoptotic pathways are
frequently initiated upon cellular damage via p53 activation/
stabilization and a p53-mediated transcriptional activation of
proapoptotic factors as in particular of proapoptotic Bcl-2
proteins [3,12].

Once a certain threshold of proapoptotic signals is exceeded,
a rapid release of mitochondrial intermembrane factors is
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induced. Several of them exert characteristic proapoptotic
functions in the cytoplasm, as reported for endonuclease G, AIF
(apoptosis-inducing factor), Smac/DIABLO, HtrA2/Omi and
cytochrome c [13]. Whereas Smac/Diablo and HtrA2/Omi have
been described to augment caspase activation by antagonizing
inhibitor of apoptosis proteins [14,15], the activities of AIF and
endonuclease G appear as largely independent from caspase
pathways. After translocation to the nucleus, their proapoptotic
function depends on an endogeneous DNAse activity (Endo G) or
on recruitment of downstream nucleases in case of AIF [16].

Cytochrome c triggers the formation of the apoptosome,
a multiprotein complex enclosing each seven copies of the
adaptor protein Apaf-1 (apoptosis-activating factor), cyto-
chrome c, ATP and caspase-9 [17]. Here, initiator caspase-9
is activated, which sets up a subsequent caspase cascade
starting with caspase-3. Caspase signaling cascades repre-
sent hallmarks in apoptosis [18,19], and downstream
effector caspases cleave hundreds of different target
proteins (death substrates). This leads to a complete
reprogramming of the cell for apoptosis [20]. The mitochon-
drial membrane appears as a critical level for the integration
of pro- and antiapoptotic signals. Here, the final decision
about life and death is made, which is linked to the release
of mitochondrial proteins. Proapoptotic Bcl-2 proteins
support this release while antiapoptotic proteins try to
block it.

3. Major groups of Bcl-2 proteins

The large family of Bcl-2-related proteins is characterized by
one to four structural motifs termed Bcl-2 homology domains
(BH1-BH4) as well as a transmembrane domain (TM). Most
antiapoptotic Bcl-2 proteins share all five domains as Bcl-2,
Bcl-x;, Bcl-w, Bcl-B and Nrh/Nr-13. On the other hand,
proapoptotic Bcl-2 homologs typically lack one or several BH
domains and further subdivide into multidomain proteins
sharing BH1, BH2, BH3 and TM (Bax, Bak and Bok/Mtd) as well
as BH3-only proteins as Bad, Bik/Nbk, Bim, Bmf, Bnip3, Hrk,
Noxa, Puma, Spike and tBid [10,21]. BH3-only proteins may
have or may lack the TM (Fig. 1). The structure of Bcl-2-related
proteins will be addressed in more detail in other articles of
this issue. Of importance for the function, Bcl-2 proteins may
heterodimerize with each other, and the balance between pro-
and antiapoptotic Bcl-2 proteins may decide about the cell
death response [22,23].

The conformational change of proapoptotic multidomain
Bcl-2 proteins Bax and Bak and their association or deeper
integration into the outer mitochondrial membrane has
been tightly related to induction of apoptosis [24,25]. How-
ever, the mechanism how Bax and Bak trigger MOMP is still
controversial. The direct pore formation by Bax and Bak
themselves allowing the release of mitochondrial proteins
has been suggested, and several cell-free data are consistent
with this hypothesis [26]. However, the biochemical nature of
Bax/Bak pores is still elusive and its presence in cells could so
far not be demonstrated [27]. Alternatively, MOMP has been
suggested as dependent on the permeability transition pore
(PTP), which may be blocked by antiapoptotic Bcl-2 proteins
[24,25].
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Fig. 1 - Distribution of Bcl-2 homology domains in Bcl-2
proteins. Typical domain structures of antiapoptotic as
well as proapoptotic proteins are shown in boxes, atypical
proteins are shown below. The presence of up to four Bcl-2
homology domains (BH1-4) as well as the transmembrane
domain (TM) is shown. Modified according to Ref. [21] and
further enclosing data on Bfk [71] and Bcl-xak [76].

In the following, we will briefly introduce present models
explaining the mutual regulation of Bcl-2 proteins and the
understanding on Bcl-2 homology domain functions. In
particular, antiapoptotic Bcl-2 proteins without BH4, proa-
poptotic Bcl-2 proteins which trigger cell death indepen-
dently of BH3 or reveal atypical domain structures and finally
splice products of bcl-x with opposing functions will be
discussed.

4. Models for mutual regulation of Bcl-2
proteins

Since the first identification of Bcl-2 in 1984 by the t(14;18)
translocation in acute B-cell leukaemia [28], a large body of
data has been collected on their function and regulation.
Different models for explaining their mutual regulation have
been suggested.

4.1. Rheostat model

According to the initial model, the balance of antiapoptotic
and proapoptotic Bcl-2 proteins determines the cellular fate.
It is based on the assumption that the activities of
proapoptotic Bcl-2 proteins are kept in check by the
antiapoptotic Bcl-2 family members, which are often
permanent constituents of the mitochondrial membrane
and which can bind and neutralize Bax and Bak. Upon a
stress situation, proapoptotic Bcl-2 proteins are induced or
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activated to trigger MOMP. On the other hand, growth
factors promote cellular survival by increasing the amount
of antiapoptotic Bcl-2 proteins or decreasing proapoptotic
members [29]. For the interaction of Bcl-2 proteins, the BH3
domain seems to be required and binds into a hydrophobic
pocket of antiapoptotic Bcl-2 proteins that is formed by BH1,
BH2 and BH3 [30].

4.2.  Antiapoptotic protein neutralization model

Subsequent models particularly tried to explain the proapop-
totic activities of BH3-only proteins, which are regarded as
triggers in apoptosis control. Their expression is induced or
they are activated by post-translational modification in
response to diverse apoptotic stimuli. Thus, Bid is activated
by proteolytic cleavage through caspase-8, Bad is activated
upon dephosphorylation, and Bim is released from cytoske-
letal structures [31-33].

According to the neutralization model, which is similar to
the indirect activation model, BH3-only proteins bind to
antiapoptotic Bcl-2 proteins thus neutralizing their activity
and leading to a release of Bax and Bak [10,34]. When several
antiapoptotic Bcl-2 proteins are expressed, different BH3-only
proteins are required to promote apoptosis, due to their
different binding specificities to antiapoptotic Bcl-2 proteins
(e.g. BAD can neutralize Bcl-2, Bcl-x; and Bcl-w, whereas Noxa
binds Mcl-1 and A1) [35].

4.3. Direct activation model

Also a direct interaction between proapoptotic multidomain
proteins and BH3-only proteins has been suggested [36].
According to this model, BH3-only proteins are functionally
subdivided into activators and sensitizers. Activation of Bax
and Bak require direct association with activator BH3-only
proteins. However, these proteins are normally bound and
kept in check by antiapoptotic Bcl-2 proteins. Bax and Bak are
activated when activator BH3-only proteins are released from
antiapoptotic Bcl-2 proteins through their binding to sensitizer
BH3-only proteins. These sensitizers cannot directly activate
Bax and Bak [37]. The main statement of the last model is
however still controversial as Bax and Bak were recently
shown to mediate apoptosis also without association to BH3-
only proteins [38].

4.4. Indications for other Bcl-2 protein functions

Besides these models, Bcl-2 proteins are also involved in
control of other types of cell death. Thus, Bcl-2 has been shown
to bind the autophagy regulator Beclin-1 resulting in a
downregulation also of autophagy, in parallel to downregula-
tion of apoptosis [39]. Furthermore, BH3-independent ways of
Bax activation and induction of MOMP have been suggested, as
through interaction of tBID with cardiolipin in mitochondrial
membranes leading to distortion of the lipid bilayer [40].
Finally, several Bcl-2 proteins do not fit into the above detailed
models due to their unusual domain structure (Fig. 1). Never-
theless, they exert typical pro- or antiapoptotic functions, but
their roles in the present models are largely elusive. Deviations
from the typical structures of pro- and antiapoptotic proteins

are mainly concerning the presence or absence of BH4 and BH3
domains.

5. Bcl-2 homology domain function
5.1. BH3

The critical role of the BH3 domain as a mediator of cell
death was identified in studies on the molecular interaction
between Bak and Bcl-x;, which revealed a unique require-
ment of BH3 for the interaction with Bcl-x; as well as for cell
killing [41]. Sequence comparison with other proapoptotic
proteins then resulted in the identification of homologous
domains in otherwise unrelated proapoptotic proteins, as
initially described for Bik/Nbk and Bad [42,43], which
resulted in the definition of the subfamily of BH3-only
proteins.

Interestingly, even truncated peptides of Bak containing
the BH3 domain were shown to trigger apoptosis [41], which
was later also shown for other BH3 domain peptides. This
finally resulted in the identification of new therapeutic tools,
namely the BH3 mimetics [44-46]. The critical role of BH3 for
apoptosis induction by BH3-only proteins has been demon-
strated by deletion mutants. Thus, point mutation or deletion
of the BH3 of Spike almost completely abrogated its proa-
poptotic activity [47]. Also, deletion of BH3 in Hrk strongly
diminished its killing activity and abolished its ability to
interact with Bcl-2 and Bcl-xy, [48].

5.2. BH4

The BH4 domain is typical for most antiapoptotic Bcl-2
proteins, whereas it is mostly lacking in proapoptotic family
members (except for Bcl-xs and Bcl-xak; Fig. 1). It is directly
involved in heterodimerization, however it may be decisive for
the distinction between anti- and proapoptotic functions.
Indeed, caspase-mediated cleavage of BH4 from Bcl-2 and Bcl-
x;, thus the conversion of Bcl-2-like proteins to Bax-like
proteins, has been previously shown to resultin Bcl-2- and Bcl-
x;-derived proapoptotic forms [49,50].

Deletion and substitution mutants have been constructed
for the BH4 of Bcl-2 and Bcl-x;, which clearly demonstrated its
antiapoptotic function. Its deletion rendered Bcl-2 and Bcl-x;.
inactive, although the binding ability for proapoptotic mem-
bers seemed not to be impaired [51]. In other studies, the BH4
domain of Bcl-x; was shown to be required for stabilization of
the mitochondrial membrane potential (A¥) and for prevent-
ing cytochrome c release.

Beyond this, BH4 alone revealed an antiapoptotic func-
tion. Thus, isolated BH4 oligopeptides of Bcl-2 and of Bcl-x;.
as well as constructs with BH4 linked to HIV-1 TAT protein
blocked AV loss even in the presence of Bax [52]. The
antiapoptotic, protective activities of BH4-TAT constructs
have been proven in several experimental systems, as in
sepsis-induced apoptosis in lymphocytes [53] or beta-
amyloid peptide-induced apoptosis in endothelial cells
[54]. These investigations indicated a BH4-mediated anti-
apoptotic activity that was independent from BH3-mediated
heterodimerization.
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6. Antiapoptotic Bcl-2 proteins with and
without BH4

Most antiapoptotic members of the Bcl-2 family are highly
homologous to Bcl-2 and Bcl-x; enclosing all four Bcl-2
homology domains and TM. The domains BH1 and BH2,
together with BH3, are involved in formation of a hydrophobic
groove thus necessary for suppression of apoptosis based on
heterodimerization with proapoptotic members. The BH4
domain seems to mediate the binding of even other proteins
involved in apoptosis [55], thus also mediating antiapoptotic
effects independent of heterodimerization. Antiapoptotic
members with only BH1-BH3 should lack these additional
activities and may thus block apoptosis particularly by
inactivating multidomain proapoptotic Bcl-2 proteins.

Two well-known examples, which lack BH4, are Mcl-1 and
Bfl-1/A1 (Fig. 1). Mcl-1 is rapidly degraded in response to cell
death signals and is immediately re-induced by survival
stimuli, thus indicating a critical pro-survival role in the
development and maintenance of tissues [56]. Coimmuno-
precitation experiments revealed for both BH4-lacking pro-
teins (Mcl-1 and Bfl-1/A1) binding to Bak and tBid but not to
Bax, whereas antiapoptotic Bcl-2 proteins with a BH4 were less
selective [57-59].

7. Proapoptotic Bcl-2 proteins that trigger cell
death independently of BH3

According to present models, the BH3 domain is considered as
largely essential for heterodimerization of Bcl-2 proteins as well
as for the proapoptotic capability itself. However, increasing
evidence indicates that proapoptotic functions of Bcl-2 proteins
can also be independent of a functional BH3.

7.1. Bok/Mtd

This protein is a structural homolog of Bax and Bak and
predominantly detected in brain, liver, and lymphoid tissues.
Bok contributed in neuroblastoma and breast cancer cells to
p53-dependent, DNA damage-induced apoptosis, while Bax
was not essential [60]. Unlike to Bax and Bak, Bok/Mtd revealed
selective binding to Mcl-1 and Bfl-1 but not to Bcl-2 or Bcl-x;.
[61]. Most strikingly, apoptosis through Bok appeared as
independent of BH3, as demonstrated by a mutant with a
substituted BH3 that retained the proapoptotic activity [62].

7.2. BNIP3

This protein is structurally related to the BH3-only subfamily
[63]. In healthy cells, it loosely associates with mitochondria
and integrates deeper upon induction of cell death, while its N-
terminus remains in the cytoplasm [64]. Interestigly, deletion
mapping excluded its BH3 but identified the N-terminus and
the TM domain as critical for the heterodimerization with Bcl-
2 and Bcl-x;. as well as for the proapoptotic activity. Complete
removal of the BH3 could not diminish the killing activity of
BNIP3, clearly distinguishing it from other BH3-only proteins
[65]. Apoptosis induced by BNIP3 appeared as largely inde-
pendent of Apaf-1, caspase activation or cytochrome c release

[64] but was correlated with an opening of the mitochondrial
PTP, followed by chromatin condensation and DNA fragmen-
tation [66,67]. Furthermore, BNIP3 appears as critical for
hypoxia-induced autophagy, and its expression and induction
of autophagy upon hypoxia was blocked in HIF-1-deficient
cells [68].

7.3. Spike

Also this novel BH3-only protein revealed specific character-
istics different to other proteins of this group. Thus, it was not
associated with mitochondria but with the ER, where it
showed interaction with Bap31 protein. In contrast, no
interaction with other Bcl-2 family members was found, thus
again indicating alternative proapoptotic pathways, that are
independent of a BH3-mediated interaction [47].

8. Atypical domain structures of proapoptotic
Bcl-2 proteins

8.1. Bcl-rambo

This atypical protein encloses all four conserved BH motifs
as well as the TM but was interestingly described as a
proapoptotic factor [69]. Unlike other Bcl-2 proteins, the BH
domains in Rambo are separated from TM by a unique 250-
aa-long sequence with no relation to BH domains. Deletion
analysis revealed that the proapoptotic function of Rambo
was dependent on both this inserted sequence and the
TM. Interestingly, also a construct enclosing only the
inserted sequence and TM retained the proapoptotic
activity, thus acting independently of all BH domains.
Further separating Rambo from other Bcl-2 proteins, no
interaction of Bcl-rambo with other members of the family
was found [69].

8.2 Bcl-G

The bcl-G gene encodes for two proteins resulting from
alternative splicing. Whereas Bcl-Gg (short) resembles typical
BH3-only proteins, Bcl-Gy, (long) is characterized by a novel
combination of BH3 with BH2. Both proteins exert proapopto-
tic activities, but only Bcl-Gs was found to bind to Bcl-x;.
Deletion of the BH2 domain in Bcl-G;, resulted in a recovered
Bcl-x; binding capacity and an even enhanced proapoptotic
activity, thus suggesting a repressing function of the BH2
domain in Bcl-Gy, [70].

83. Bfk

This protein had been identified by database screening and
represents a second proapoptotic member of the Bcl-2 family
that contains BH2 and BH3. Unlike to Bcl-G;, it was not
associated with organelles but localized to the cytoplasm,
which may correlate to the lack of TM. As Bcl-G;, Bfk did not
bind other Bcl-2 family members. This was however not due to
a non-functional BH3 domain, as replacement of the BH3 in
BimL by the BH3 of Bfk resulted in a chimeric protein that was
capable to bind to Bcl-2, Bcl-w and Bcl-x;. [71]. Thus again, the
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presence of BH2 was associated with a suppression of the BH3
proapoptotic function.

o. Splice products of Bcl-x with deviating
functions

Several proteins of the Bcl-2 family arise from alternative
splicing, and many splice products still await their character-
ization. Thus besides the already characterized splice variants
Bims, Bim;, and Bimyg;, the bim gene encodes for even further
splice products with so far undetermined function [72], and up
to eight splice variants with partly deviating domain struc-
tures have beenreported for Bax [73]. A well-known example is
the bcl-x gene, which is expressed in at least four reported
isoforms of different activities. While Bcl-x;, (long) and Bcl-xgs
(extra short) are antiapoptotic [74,75], Bcl-xs (short) and Bcl-
Xax (alternative killer) exert proapoptotic functions [74,76].

9.1. Bcl-x; and Bcl-xs
Whereas Bcl-x; appears as a typical antiapoptotic protein

with all four BH domains and the TM, Bcl-xs has an
extraordinary combination and exclusively encloses BH3,

BH4 and TM, thus being clearly distinct from Bax or Bak. BH1
and BH2 are required for inhibition of apoptosis and
heterodimerization with proapoptotic family members
[77,78], thus ruling out this function for Bcl-xs. Correspond-
ingly, high induction of apoptosis was seen when sarcoma
cells were treated with a Bcl-xg adenovirus [79], and also in
melanoma cells, its exogenous expression resulted in a
strong increase of apoptosis, both for in vitro and in vivo
models [80].

Concerning the unique domain structure, a critical con-
tribution of the BH3 for the proapoptotic activity of Bcl-xs has
been clearly demonstrated. However, also deletion of the TM
resulted in a significant drop in its proapoptotic activity, in
parallel to findings for BNIP3 and Bcl-Rambo. Immunopreci-
pitation showed binding of Bcl-xs to Bcl-x; but not to Bcl-2, and
overexpression of Bcl-x; but not of Bcl-2 attenuated Bcl-xs-
induced apoptosis. The Bcl-x;. interaction required the BH3
domain of Bcl-xs, whereas deletion of other sequences did not
affect heterodimerization [79].

In contrast, deletion of BH4 did not diminish the proa-
poptotioc function [79]. As even isolated BH4 domains of Bcl-x;.
were able to suppress apoptosis [51], the same BH4 in Bcl-xg
might be involved in suppression or modulation of the
apoptotic response.
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Fig. 2 - Aminoacid structure of bcl-x splice products. An aminoacid sequence alignment of the four described bcl-x splice
products (Bcl-x;, Bcl-xs, Bcl-xgs and Bcl-xax) is shown. Bcl-2 homology domains (BH1-4) and the TM are shown in boxes,
and predicted «a-helices (HIx) are indicated above the sequence. Missing amino acids in splice products are indicated by

hyphens. Modified according to Ref. [76].
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9.2. Bcl-xgs and Bcl-xax

Two more atypical Bcl-2 proteins (Bcl-xgs and Bcl-x,k) result from
alternative splicing of bcl-x. Both share a common, but
otherwise unique domain structure, namely BH4, BH2 and
TM, but they lack BH3 (Fig. 2). Further complicating the
situation, opposing effects have been reported for these two
proteins: Whereas Bcl-xgs was described as antiapoptotic in B-
cell lymphoma cells [75] apoptosis was induced by Bcl-xax in
melanoma cells after exogenous overexpression [76]. Sequence
comparison reveals that they are distinguished by a lack of 41
AA of the BH4-BH3 interdomain region in Bcl-xgs and alack of 20
amino acids in front of BH2 in Bcl-xax (Fig. 2). Both proteins
should be unable to form a hydrophobic groove, which requires
BH1 and BH3 [30]. The antiapoptotic activity of Bcl-xgs may thus
be ascribed to the activity of BH4, resembling the antiapoptotic
activities found for isolated BH4 domains of Bcl-x; [52-54].
Bcl-xak is the first proapoptotic Bcl-2 protein that lacks the
BH3 domain, which so far has been regarded as indispensable
for the proapoptotic function. Induction of apoptosis by Bcl-
Xak can also not directly depend on TM, as possibly may apply
to Bnip3 [65], because Bcl-xgs shares the same TM. It may be
rather based on the deviating sequence in the interdomain
region or on the combination of both, thus resembling the
situation in Bcl-Rambo. The examples of Bcl-xgs and Bcl-xax
clearly demonstrate a decisive role of the interdomain
sequence for shifting the activity from anti- to proapoptotic.
Here the lack of the central hydrophobic a-helix 6, which has
been involved in channel formation [81,82] and which is
lacking in both proapoptotic splice products (Bcl-xax and Bcl-
Xg) but present in Bcl-xgs and Bcl-x;, may play a role (Fig. 2).

10. Conclusions

From a large number of studies it becomes clearly evident, that
both pro- and antiapoptotic functions of Bcl-2 proteins are not
restricted to the heterodimerization based on interaction
between the BH3 domain and the hydrophobic groove. Especially
BH4 appears tobear anindependent antiapoptotic potential, and
proapoptotic functions also occur independent of BH3, and may
be attributed to the TM and interdomain sequences. These new
functions may be particularly addressed by the atypical Bcl-2
proteins, which at present are not well classified.

The cancer mortality worldwide remains on a dramatically
high level, particularly due to a lack of efficient therapies for
metastatic disease [83,84], and apoptosis deficiency of cancer
cells seems to be the major problem [8,9]. New apoptosis
pathways and thus new possible targets are thus of particular
interest. The better understanding of apoptosis regulation,
and the full elucidation of all the roles of the most important
Bcl-2 family in cancer cells, may finally help to overcome
apoptosis deficiency and therapy resistance.

REFERENCES

[1] Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological
phenomenon with wide-ranging implications in tissue
kinetics. Br ] Cancer 1972;26(4):239-57.

[2] Eberle J, Fecker LF, Forschner T, Ulrich C, Rowert-Huber J,
Stockfleth E. Apoptosis pathways as promising targets for
skin cancer therapy. Br ] Dermatol 2007;156:18-24.

[3] Roos WP, Kaina B. DNA damage-induced cell death by
apoptosis. Trends Mol Med 2006;12(9):440-50.

[4] Schafer ZT, Kornbluth S. The apoptosome: physiological,
developmental, and pathological modes of regulation. Dev
Cell 2006;10(5):549-61.

[5] Peter ME, Krammer PH. The CD95(APO-1/Fas) DISC and
beyond. Cell Death Differ 2003;10(1):26-35.

[6] Russell JH, Ley TJ. Lymphocyte-mediated cytotoxicity. Annu
Rev Immunol 2002;20:323-70.

[7] Codogno P, Meijer AJ. Autophagy and signaling: their role in
cell survival and cell death. Cell Death Differ 2005;12:1509-18.

[8] Fischer U, Schulze-Osthoff K. New approaches and
therapeutics targeting apoptosis in disease. Pharmacol Rev
2005;57(2):187-215.

[9] Reed JC, Pellecchia M. Apoptosis-based therapies for
hematologic malignancies. Blood 2005;106(2):408-18.

[10] Chipuk JE, Green DR. How do BCL-2 proteins induce
mitochondrial outer membrane permeabilization? Trends
Cell Biol 2008;18(4):157-64.

[11] Youle RJ, Strasser A. The BCL-2 protein family: opposing
activities that mediate cell death. Nat Rev Mol Cell Biol
2008;9(1):47-59.

[12] Harris SL, Levine AJ. The p53 pathway: positive and
negative feedback loops. Oncogene 2005;24(17):2899-908.

[13] Er E, Oliver L, Cartron PF, Juin P, Manon S, Vallette FM.
Mitochondria as the target of the pro-apoptotic protein Bax.
Biochim Biophys Acta-Bioenerg 2006;1757(9-10):1301-11.

[14] Shiozaki EN, Shi YG. Caspases, IAPs and Smac/DIABLO:
mechanisms from structural biology. Trends Biochem Sci
2004;29(9):486-94.

[15] Walle LV, Lamkanfi M, Vandenabeele P. The mitochondrial
serine protease HtrA2/Omi: an overview. Cell Death Differ
2008;15(3):453-60.

[16] Lorenzo HK, Susin SA. Therapeutic potential of AIF-
mediated caspase-independent programmed cell death.
Drug Resist Updates 2007;10(6):235-55.

[17] Saikumar P, Mikhailova M, Pandeswara SL. Regulation of
caspase-9 activity by differential binding to the
apoptosome complex. Front Biosci 2007;12:3343-54.

[18] Degterev A, Boyce M, Yuan J. A decade of caspases.
Oncogene 2003;22(53):8543-67.

[19] Los M, Stroh C, Janicke RU, Engels IH, Schulze-Osthoff K.
Caspases: more than just killers? Trends Immunol
2001;22(1):31-4.

[20] Fischer U, Janicke RU, Schulze-Osthoff K. Many cuts to ruin:
a comprehensive update of caspase substrates. Cell Death
Differ 2003;10(1):76-100.

[21] Daniel PT, Schulze-Osthoff K, Belka C, Guner D. Guardians
of cell death: the Bcl-2 family proteins. Essays Biochem
2003;39:73-88.

[22] Raisova M, Hossini AM, Eberle J, Riebeling C, Wieder T,
Sturm I, et al. The Bax/Bcl-2 ratio determines the
susceptibility of human melanoma cells to CD95/Fas-
mediated apoptosis. ] Invest Dermatol 2001;117(2):333-40.

[23] Adams JM. Ways of dying: multiple pathways to apoptosis.
Genes Dev 2003;17(20):2481-95.

[24] Green DR, Evan GI. A matter of life and death. Cancer Cell
2002;1(1):19-30.

[25] Zamzami N, Kroemer G. The mitochondrion in apoptosis:
how Pandora’s box opens. Nat Rev Mol Cell Biol
2001;2(1):67-71.

[26] Martinou JC, Green DR. Breaking the mitochondrial barrier.
Nat Rev Mol Cell Biol 2001;2(1):63-7.

[27] Antignani A, Youle RJ. How do Bax and Bak lead to
permeabilization of the outer mitochondrial membrane?
Curr Opin Cell Biol 2006;18(6):685-9.



1618 BIOCHEMICAL PHARMACOLOGY 76 (2008) 1612-1619

[28] Tsujimoto Y, Yunis ], Onoratoshowe L, Erikson J, Nowell PC,
Croce CM. Molecular-cloning of the chromosomal
breakpoint of B-cell lymphomas and leukemias with the
T(11-14) chromosome-translocation. Science
1984;224(4656):1403-6.

[29] Oltvai ZN, Milliman CL, Korsmeyer SJ. Bcl-2
heterodimerizes in-vivo with a conserved homolog, Bax,
that accelerates programmed cell-death. Cell
1993;74(4):609-19.

[30] Adams JM, Cory S. The Bcl-2 apoptotic switch in cancer
development and therapy. Oncogene 2007;26(9):1324-37.

[31] Collins NL, Reginato MJ, Paulus JK, Sgroi DC, LaBaer J,
Brugge JS. G(1)/S cell cycle arrest provides anoikis
resistance through Erk-mediated Bim suppression. Mol Cell
Biol 2005;25(12):5282-91.

[32] Mathai JP, Germain M, Marcellus RC, Shore GC. Induction
and endoplasmic reticulum location of BIK/NBK in
response to apoptotic signaling by E1A and p53. Oncogene
2002;21(16):2534-44.

[33] Willis SN, Adams JM. Life in the balance: how BH3-only
proteins induce apoptosis. Curr Opin Cell Biol
2005;17(6):617-25.

[34] Adams JM, Cory S. Bcl-2-regulated apoptosis: mechanism
and therapeutic potential. Curr Opin Immunol
2007;19(5):488-96.

[35] Chen L, Willis SN, Wei A, Smith BJ, Fletcher JI, Hinds MG,
et al. Differential targeting of prosurvival Bcl-2 proteins by
their BH3-only ligands allows complementary apoptotic
function. Mol Cell 2005;17(3):393-403.

[36] Kuwana T, Bouchier-Hayes L, Chipuk JE, Bonzon C, Sullivan
BA, Green DR, et al. BH3 domains of BH3-only proteins
differentially regulate Bax-mediated mitochondrial
membrane permeabilization both directly and indirectly.
Mol Cell 2005;17(4):525-35.

[37] Danial NN. BCL-2 family proteins: critical checkpoints of
apoptotic cell death. Clin Cancer Res 2007;13(24):7254-63.

[38] Willis SN, Fletcher JI, Kaufmann T, van Delft MF, Chen L,
Czabotar PE, et al. Apoptosis initiated when BH3 ligands
engage multiple Bcl-2 homologs, not Bax or Bak. Science
2007;315(5813):856-9.

[39] Saeki K, Yuo A, Okuma E, Yazaki Y, Susin SA, Kroemer G,
et al. Bcl-2 down-regulation causes autophagy in a caspase-
independent manner in human leukemic HL60 cells. Cell
Death Differ 2000;7(12):1263-9.

[40] Terrones O, Etxebarria A, Landajuela A, Landeta O,
Antonsson B, Basanez G. BIM and tBID are not
mechanistically equivalent when assisting BAX to
permeabilize bilayer membranes. J Biol Chem
2008;283(12):7790-803.

[41] Chittenden T, Flemington C, Houghton AB, Ebb RG, Gallo GJ,
Elangovan B, et al. A conserved domain in Bak, distinct
from Bh1 and Bh2, mediates cell-death and protein-binding
functions. EMBO ] 1995;14(22):5589-96.

[42] Boyd JM, Gallo GJ, Elangovan B, Houghton AB, Malstrom S,
Avery BJ, et al. Bik, a novel death-inducing protein shares a
distinct sequence motif with Bcl-2 family proteins and
interacts with viral and cellular survival-promoting
proteins. Oncogene 1995;11(9):1921-8.

[43] YangE, Zha], Jockel ], Boise LH, Thompson CB, Korsmeyer SJ.

Bad, a heterodimeric partner for Bcl-XL and Bcl-2, displaces

Bax and promotes cell death. Cell 1995;80(2):285-91.

van Delft MF, Wei AH, Mason KD, Vandenberg CJ, Chen L,

Czabotar PE, 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
2006;10(5):389-99.

[45] Zhang L, Ming L, Yu H. BH3 mimetics to improve cancer
therapy; mechanisms and examples. Drug Resist Updates
2007;10(6):207-17.

[44

[46] Eberle ], Kurbanov BM, Hossini AM, Trefter U, Fecker LF.
Overcoming apoptosis deficiency of melanoma - hope for
new therapeutic approaches. Drug Resist Updates
2007;10(6):218-34.

[47] Mund T, Gewies A, Schoenfeld N, Bauer MK, Grimm S.
Spike, a novel BH3-only protein, regulates apoptosis at the
endoplasmic reticulum. FASEB ] 2003;17(6):696-8.

[48] Inohara N, Ding L, Chen S, Nunez 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-X(L). EMBO ] 1997;16(7):1686-94.

[49] Basanez G, Zhang ], Chau BN, Maksaev GI, Frolov VA,
Brandt TA, et al. Pro-apoptotic cleavage products of Bcl-xL
form cytochrome c-conducting pores in pure lipid
membranes. J Biol Chem 2001;276(33):31083-91.

[50] Kirsch DG, Doseff A, Chau BN, Lim DS, de Souza-Pinto NC,
Hansford R, et al. Caspase-3-dependent cleavage of Bcl-2
promotes release of cytochrome c. ] Biol Chem
1999;274(30):21155-61.

[51] Huang DC, Adams JM, Cory S. The conserved N-terminal
BH4 domain of Bcl-2 homologues is essential for inhibition
of apoptosis and interaction with CED-4. EMBO ]
1998;17(4):1029-39.

[52] Shimizu S, Konishi A, Kodama T, Tsujimoto Y. BH4 domain
of antiapoptotic Bcl-2 family members closes voltage-
dependent anion channel and inhibits apoptotic
mitochondrial changes and cell death. Proc Natl Acad Sci
USA 2000;97(7):3100-5.

[53] Hotchkiss RS, McConnell KW, Bullok K, Davis CG, Chang
KC, Schwulst SJ, et al. TAT-BH4 and TAT-Bcl-xL peptides
protect against sepsis-induced lymphocyte apoptosis in
vivo. ] Immunol 2006;176(9):5471-7.

[54] Cantara S, Thorpe PE, Ziche M, Donnini S. TAT-BH4
counteracts Abeta toxicity on capillary endothelium. FEBS
Lett 2007;581(4):702-6.

[55] Sugioka R, Shimizu S, Funatsu T, Tamagawa H, Sawa Y,
Kawakami T, et al. BH4-domain peptide from Bcl-x(L)
exerts anti-apoptotic activity in vivo. Oncogene
2003;22(52):8432-40.

[56] Warr MR, Shore GC. Unique biology of Mcl-1: therapeutic
opportunities in cancer. Curr Mol Med 2008;8(2):138-47.

[57] Clohessy JG, Zhuang JG, de Boer ], Gil-Gomez G, Brady HJM.
Mcl-1 interacts with truncated bid and inhibits its
induction of cytochrome c release and its role in receptor-
mediated apoptosis. ] Biol Chem 2006;281(9):5750-9.

[58] Zhai DY, Jin CF, Huang ZW, Satterthwait AC, Reed JC.
Differential regulation of Bax and Bak by anti-apoptotic Bcl-
2 family proteins Bcl-B and Mcl-1. ] Biol Chem
2008;283(15):9580-6.

[59] Simmons MJ, Fan G, Zong WX, Degenhardt K, White E,
Gelinas C. Bfl-1/A1 functions, similar to Mcl-1, as a
selective tBid and Bak antagonist. Oncogene
2008;27(10):1421-8.

[60] Yakovlev AG, Di Giovanni S, Wang GP, Liu WF, Stoica B,
Faden AL BOK and NOXA are essential mediators of p53-
dependent apoptosis. ] Biol Chem 2004;279(27):28367-74.

[61] Hsu SY, Kaipia A, Mcgee E, Lomeli M, Hsueh AJW. 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 1997;94(23):12401-6.

[62] Inohara N, Ekhterae D, Garcia I, Carrio R, Merino J, Merry A,
et al. Mtd, a novel Bcl-2 family member activates apoptosis
in the absence of heterodimerization with Bcl-2 and Bcl-XL.
J Biol Chem 1998;273(15):8705-10.

[63] Boyd JM, Malstrom S, Subramanian T, Venkatesh LK,
Schaeper U, Elangovan B, et al. Adenovirus E1B 19 kDa and
Bcl-2 proteins interact with a common set of cellular
proteins. Cell 1994;79(2):341-51.



BIOCHEMICAL PHARMACOLOGY 76 (2008) 1612-1619 1619

[64] Vande Velde C, Cizeau ], Dubik D, Alimonti J, Brown T,
Israels S, et al. BNIP3 and genetic control of necrosis-like
cell death through the mitochondrial permeability
transition pore. Mol Cell Biol 2000;20(15):5454-68.

[65] Ray R, Chen G, Vande VC, Cizeau J, Park JH, Reed JC, et al.
BNIP3 heterodimerizes with Bcl-2/Bcl-X(L) and induces cell
death independent of a Bcl-2 homology 3 (BH3) domain at
both mitochondrial and nonmitochondrial sites. J Biol
Chem 2000;275(2):1439-48.

[66] Chen G, Cizeau ], Vande VC, Park JH, Bozek G, Bolton J, et al.
Nix and Nip3 form a subfamily of pro-apoptotic
mitochondrial proteins. J Biol Chem 1999;274(1):7-10.

[67] Kim JY, Cho JJ, Ha J, Park JH. The carboxy terminal C-tail of
BNip3 is crucial in induction of mitochondrial permeability
transition in isolated mitochondria. Arch Biochem Biophys
2002;398(2):147-52.

[68] Semenza GL. Mitochondrial autophagy: life and breath of
the cell. Autophagy 2008;4(4):534-6.

[69] Kataoka T, Holler N, Micheau O, Martinon F, Tinel A,
Hofmann X, et al. Bcl-rambo, a novel Bcl-2 homologue that
induces apoptosis via its unique C-terminal extension. J
Biol Chem 2001;276(22):19548-54.

[70] Guo B, Godzik A, Reed JC. Bcl-G, a novel pro-apoptotic
member of the Bcl-2 family. ] Biol Chem 2001;276(4):2780-5.

[71] Coultas L, Pellegrini M, Visvader JE, Lindeman GJ, Chen L,
Adams JM, et al. Bfk: a novel weakly proapoptotic member
of the Bcl-2 protein family with a BH3 and a BH2 region. Cell
Death Differ 2003;10(2):185-92.

[72] Ewings KE, Wiggins CM, Cook SJ. Bim and the pro-survival
bcl-2 proteins — opposites attract, ERK repels. Cell Cycle
2007;6(18):2236—40.

[73] Akgul C, Moulding DA, Edwards SW. Alternative splicing of
Bcl-2-related genes: functional consequences and potential
therapeutic applications. Cell Mol Life Sci 2004;61(17):
2189-99.

[74] Boise LH, Gonzalez-Garcia M, Postema CE, Ding L, Lindsten
T, Turka LA, et al. Bcl-x, a bcl-2-related gene that functions

as a dominant regulator of apoptotic cell death. Cell
1993;74(4):597-608.

[75] Schmitt E, Paquet C, Beauchemin M, Bertrand R. Bcl-xES, a
BH4- and BH2-containing antiapoptotic protein, delays Bax
oligomer formation and binds Apaf-1, blocking procaspase-
9 activation. Oncogene 2004;23(22):3915-31.

[76] Hossini AM, Geilen CC, Fecker LF, Daniel PT, Eberle J. A
novel Bcl-x splice product, Bcl-xAK, triggers apoptosis in
human melanoma cells without BH3 domain. Oncogene
2006;25(15):2160-9.

[77] Yin XM, Oltvai ZN, Korsmeyer SJ. BH1 and BH2 domains of
Bcl-2 are required for inhibition of apoptosis and
heterodimerization with Bax. Nature 1994;369(6478):321-3.

[78] Sattler M, Liang H, Nettesheim D, Meadows RP, Harlan JE,
Eberstadt M, et al. Structure of Bcl-x(L)-Bak peptide
complex: recognition between regulators of apoptosis.
Science 1997;275(5302):983-6.

[79] Mitra RS, Benedict MA, Qian D, Foreman KE, Ekhterae D,
Nickoloff BJ, et al. Killing of sarcoma cells by proapoptotic
Bcl-X(S): role of the BH3 domain and regulation by Bcl-X(L).
Neoplasia 2001;3(5):437-45.

[80] Hossini AM, Eberle R, Fecker LF, Orfanos CE, Geilen CC.
Conditional expression of exogenous Bcl-X-s triggers
apoptosis in human melanoma cells in vitro and delays
growth of melanoma xenografts. FEBS Lett 2003;553(3):
250-6.

[81] Schendel SL, Xie Z, Montal MO, Matsuyama S, Montal M,
Reed JC. Channel formation by antiapoptotic protein Bcl-2.
Proc Natl Acad Sci USA 1997;94(10):5113-8.

[82] Losonczi JA, Olejniczak ET, Betz SF, Harlan JE, Mack J, Fesik
SW. NMR studies of the anti-apoptotic protein Bcl-xL in
micelles. Biochemistry 2000;39(36):11024-33.

[83] Jemal A, Siegel R, Ward E, Hao YP, Xu JQ, Murray T, et al.
Cancer statistics. CA Cancer J Clin 2008;58(2):71-96.

[84] Albreht T, McKee M, Alexe DM, Coleman MP, Martin-
Moreno JM. Making progress against cancer in Europe in
2008. Eur J Cancer PMID 2008;18353629.



	Apoptosis induction by Bcl-2 proteins independent of �the BH3 domain
	Critical roles of apoptosis in cancer development and therapy
	Intrinsic pathways to apoptosis
	Major groups of Bcl-2 proteins
	Models for mutual regulation of Bcl-2 proteins
	Rheostat model
	Antiapoptotic protein neutralization model
	Direct activation model
	Indications for other Bcl-2 protein functions

	Bcl-2 homology domain function
	BH3
	BH4

	Antiapoptotic Bcl-2 proteins with and without BH4
	Proapoptotic Bcl-2 proteins that trigger cell death independently of BH3
	Bok/Mtd
	BNIP3
	Spike

	Atypical domain structures of proapoptotic Bcl-2 proteins
	Bcl-rambo
	Bcl-G
	Bfk

	Splice products of Bcl-x with deviating functions
	Bcl-xL and Bcl-xS
	Bcl-xES and Bcl-xAK

	Conclusions
	References


