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The minimum requirement for mitochondrial apoptosis
has been controversial ever since the discovery of BCL-2
as a cell death regulator. In this issue ofGenes&Develop-
ment, O’Neill and colleagues (pp. 973–988) end a long-
standing debate by creating a cellular system free of
BCL-2 family proteins, thereby identifying the outer mi-
tochondrial membrane rather than BH3-only proteins as
the only requirement for BAX/BAK activation and mito-
chondrial outer membrane permeabilization (MOMP).

Early in the new millennium, two schools of thought
emerged as to how pro- and anti-apoptotic BCL-2 family
proteins control BAX/BAK-dependent mitochondrial out-
er membrane permabilization (MOMP), which leads to
caspase activation and apoptosis. Several high-profile
studies pushed two different, seemingly incompatible
models. The “direct activation” model suggested that,
within the BCL-2 family, proapoptotic BH3-only proteins
exist in two distinct flavors; i.e., “sensitizers,” which are
present in an inactive state and need to be post-transla-
tionally modified or transcriptionally induced (e.g., BAD
andNOXA), and “direct activators” (BID and BIM), which
are sequestered by BCL-2 in steady state until displaced by
“sensitizers” upon apoptotic cell stress. Free BIM or BID
then activate BAX/BAK via transient “noncanonical” pro-
tein–protein interactions to trigger MOMP (Letai et al.
2002). A variation of this theme, the “embedded together”
model, incorporates an active role of the mitochondrial
membrane in the complex regulation of interactions be-
tween BCL-2 family proteins that happen in parallel to
regulate apoptosis (Lovell et al. 2008).

The alternative “neutralization model” posited that
BCL-2 prosurvival proteins sequester and inhibit BAX/
BAK by direct binding in steady state until conditions of
stress activate BH3-only proteins and disrupt this interac-
tion to allow BAX/BAK to acquire an active conformation
and induce MOMP (Willis et al. 2007). In an attempt to-
ward reconciliation, the “unifiedmodel” tried to combine

both concepts in a hierarchical manner and suggested that
the active conformation of BAK/BAK requires a transient
interaction with BH3-only proteins. Once activated,
BAX/BAK can be inhibited by BCL-2-like proteins, which
can also interact with BH3-only proteins. Notably, the
model also established that prosurvival BCL-2 proteins in-
hibited BAX/BAK more efficiently than BH3-only pro-
teins (Llambi et al. 2011).

The “direct activation”model has found ample support
in cell biological studies as well as in vitro analyses using
recombinant proteins, lipid vesicles, or isolated mito-
chondria to study MOMP. In vitro, recombinant full-
length BAX, purifiedwithout detergents, exists in amono-
meric, soluble, and inactive form even in the presence of
membranes. Addition of substoichiometric amounts of a
“direct activator” BH3-only protein or BH3 peptide in-
duces potent BAX activation, including membrane inser-
tion, oligomerization, and membrane permeabilization,
blocked effectively by BCL-X and the like (Kuwana et al.
2005; Lovell et al. 2008). However, over the years, the
list of BH3-only proteins with “direct activator” potential
became increasingly long (adding PUMA, BMF, and
NOXA, leaving only BAD, BIK, and HRK as “sensitizers”
behind), suggesting that experimental design can strongly
impact BH3 peptide or BH3-only protein-mediated BAX/
BAK activation or MOMP in in vitro assays (Hockings
et al. 2015).

While the “neutralization model” clearly also had
strong arguments on its side, recent structural studies ac-
tually tilted the balance in favor of the “direct activation”
model by demonstrating direct binding of the BH3 pep-
tides of the “direct activators” BID and BIM to the hydro-
phobic groove of BAX and BAK (Czabotar et al. 2013,
2014). In addition, interaction with the BH3 peptides trig-
gered a conformational change in BAX that was associated
with dimer formation (theminimal unit needed) before as-
sembling into higher-order oligomers in the presence of
membranes or detergents (Subburaj et al. 2015).
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Although eachmodel had its strengths, a certain degree
of ambiguity persisted as to the minimal requirements for
MOMP. Mouse genetics also failed to resolve these issues
due to the high degree of redundancy within the family.
Results on compound mutants—e.g., BH3-only double-
knockout or triple-knockout mice or cells ± RNAi—as
well as BH3 domain knock-in exchange studies were sim-
ply not fully conclusive (Villunger et al. 2012), although
experiments using cells from compound mutant mice
suggested that direct activation might not be essential,
at least for the activation of BAK (Senft et al. 2015).
Luo and coworkers (O’Neill et al. 2016) used CRISPR/

Cas9 technology to tackle the issue of BAX/BAK activa-
tion in mammalian cells in a pragmatic and highly effi-
cient way. They generated a cell system that lacks all
BH3-only proteins as well as the possible culprits p53
and Rb. Not surprisingly, these cells are highly resistant
to apoptotic stimuli. However, they do undergo BAX/
BAK-driven MOMP and caspase activation upon genetic
or pharmacologic neutralization of BCL-2 proteins with
kinetics and rates comparable with those of wild-type
cells. These observations make a convincing argument
against the need for direct activation of BAX/BAK by
any known BH3-only protein, p53, or Rb for the induction
of MOMP.
Taking the system to the next level, the investigators

then generated BCL-2 allKO HCT116 cells lacking all es-
tablished members of the BCL-2 family. Remarkably,
these cells appear to grow normally and show no major
problems in cell cycle progression. Thus, we need to
consider that mitochondrial dynamics, autophagy, Ca++

homeostasis, and respiratory capacity—all processes in
which individual BCL-2 family proteins have been impli-
cated repeatedly—can easily proceed without them.
Even further rattling the fundamental beliefs in apopto-

sis research, reconstitution assays in BCL-2 allKO cells
show that BAX and BAK share identical localization to
mitochondria in the cell, documenting that their distribu-
tion in healthy wild-type cells is regulated by interactions
within the family, in agreement with the “retrotransloca-
tion” hypothesis (Edlich et al. 2011). The one and only re-
quirement for MOMP is indeed the presence of the outer
mitochondrialmembrane and theC-terminal end (helix 9)
in BAX or BAK, as its deletion prevents mitochondrial
binding and subsequent formation of higher oligomers
and MOMP.
At a minimum, the study by Luo and colleagues

(O’Neill et al. 2016) prompts a re-evaluation of the work
with reconstituted systems, eliminates a role of p53 or
Rb in BAX/BAK activation, and forces us to reconsider
the role of “direct activator” BH3-only proteins in this
process. While it is clear that there can be direct interac-
tion between cleaved BID and BAX as a potent trigger of
its activity, one should keep in mind that BAX easily be-
comes active in the test tube. Changes in pH, mild heat,
exposure to detergents, oxidized lipids, impurities, or
too high protein concentration during purification can
drive BAX activation and pore formation in the mem-
branes of liposomes and giant unilamellar vesicles in the
absence of any other BCL-2 protein. In addition, we also

know that membrane-bound active BAX can help to re-
cruit more soluble BAX to the membrane and activate it
in a feed-forward loop, facilitating MOMP.
Ultimately,we can think of a possible scenario inwhich

BAX indeed would have an inactive form and be able to
transform into an active conformation via a relatively
low-energy barrier and in which “direct activation” is
not strictly necessary. The outer mitochondrial mem-
brane would provide the right environment to support
the active structure of BAX, thereby shifting the equilibri-
um toward the formation of oligomers and MOMP. This
spontaneous activation of BAX or BAK is kept in check
by prosurvival BCL-2 homologs. During stress, BH3-only
proteins would then shift the balance toward MOMP by
catalyzing the rate of BAX activation in the outer mito-
chondrial membrane and seem to do so apparently only
by neutralizing their anti-apoptotic BCL-2 counterparts
(Fig. 1).
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