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Bcl-2 family proteins are recognized as major regulators of the mitochondrial pathway of
apoptosis. They control the mitochondrial outer membrane permeabilization (MOMP) by
directly localizing to this organelle. Further investigations demonstrated that Bcl-2 related
proteins are also found in other intracellular compartments such as the endoplasmic
reticulum, the Golgi apparatus, the nucleus and the peroxisomes. At the level of these
organelles, Bcl-2 family proteins not only regulate MOMP in a remote fashion but also
participate in major cellular processes including calcium homeostasis, cell cycle control
and cell migration. With the advances of live cell imaging techniques and the generation
of fluorescent recombinant proteins, it became clear that the distribution of Bcl-2 proteins
inside the cell is a dynamic process which is profoundly affected by changes in the cellular
microenvironment. Here, we describe the current knowledge related to the subcellular
distribution of the Bcl-2 family of proteins and further emphasize on the emerging concept
that this highly dynamic process is critical for cell fate determination.
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INTRODUCTION

Intracellular compartmentalization is a fundamental feature of eukaryotic cells. It allows the
physical segregation and simultaneous execution of distinct biochemical processes within the same
cell. In fact, proper subcellular targeting and distribution are critical for the function of intracellular
proteins. B-cell lymphoma 2 (Bcl-2) family of proteins are acknowledged as major regulators of
the intrinsic pathway of the programmed cell death type 1 commonly known as apoptosis. Bcl-2,
the founding member of the family, was discovered more than 30 years ago in the course of a
study on the t(14;18) genomic translocation. Translocations between chromosome 18 (q21) and
chromosome 14 (q32) are frequently observed in human B-cell follicular lymphomas and can result
in the relocation of the bcl2 open reading frame downstream of the enhancer promoter region
of the igh heavy chain immunoglobulin gene (Tsujimoto et al., 1984, 1985). This translocation
results in upregulation of bcl2 gene expression (Cleary et al., 1986). Previous observations on
other B-cell lymphomas such as Burkitt’s lymphoma or mantle cell lymphoma, in which similar
translocations led to the overexpression of oncogenes such as c-myc or cyclin dI, suggested that
bcl2 was another oncogene inducing uncontrolled proliferation. However, soon after this discovery,
Vaux and colleagues demonstrated that Bcl-2 could sustain cell survival of lymphoid cells in absence
of Interleukin-3, establishing Bcl-2 as the founding member of a new class of oncoproteins that
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inhibited cell death instead of promoting cell proliferation
(Vaux et al., 1988). Since the discovery of Bcl-2, extensive
work in mammalian cells as well as in other animal models,
such as nematode and drosophila, uncovered a family of
structurally related proteins involved in the control of apoptosis,
reviewed in Delbridge et al. (2016). Indeed, Bcl-2 family
members are globular proteins mainly composed of a-helices and
characterized by conserved Bcl-2 homology (BH1-4) domains.
On this basis, three Bcl-2 family subgroups have been identified:
(1) the anti-apoptotic multidomain members (e.g., Bcl-2, Bcl-
xL, and Mcl-1) containing all four BH domains, (2) the pro-
apoptotic multidomain members (e.g., Bax, Bak, and Bok)
containing three BH domain (BH1-3) and (3) the pro-apoptotic
BH3-only members containing the sole BH3 domain (e.g., Bad,
Bid, and Bik). In addition, numerous Bcl-2 proteins contain
a hydrophobic transmembrane anchoring (TM) domain at
the C-terminus end allowing them to localize to intracellular
membranes. At the level of the mitochondria, proapoptotic Bax
and Bak can form oligomers and induce the mitochondrial outer
membrane permeabilization (MOMP), which is considered as
a point of non-return in the execution of apoptosis. By direct
binding to Bax and Bak, anti-apoptotic Bcl-2 proteins inhibit the
MOMP. In addition, the BH3-only proteins control this process
by direct activation of Bax and Bak or by repressing the anti-
apoptotic Bcl-2 family members (Youle and Strasser, 2008). In
fact, it rapidly became clear that Bcl-2 proteins can also localize
to other organelles including the endoplasmic reticulum (ER),
the Golgi apparatus, the nuclear outer membrane (NOM) or
the nucleus itself. At the level of these different intracellular
membranes, Bcl-2 proteins did not only control the MOMP from
a distance, but also participated in a number of non-apoptotic
processes. However, the implications of these “moonlighting”
functions in physiological or pathological situations have been
enlightened only recently.

Here, we discuss the current knowledge about the mechanisms
addressing Bcl-2 family proteins to intracellular membranes and
emphasize the emerging concept that this highly dynamic process
is critical for cell fate determination.

SUBCELLULAR ACTION RANGE OF THE
BCL-2 FAMILY OF PROTEINS

Bcl-2 family members are mainly known as regulators of the
mitochondrial outer membrane integrity. However, the exact
distribution of Bcl-2 itself was already a matter of debate in
the early 90%s. Indeed, initial studies reported that Bcl-2 could
be found at the level of the cytosolic leaflet of intracellular
membranes. However, experiments conducted by Korsmeyer lab
suggested that Bcl-2 is in fact located in the mitochondrial inner
membrane (MIM) (Hockenbery et al., 1990). These observations
were somehow overlooked since it was shown later on that
Bcl-2 possesses a C-terminus transmembrane (TM) domain
(as discussed below), addressing this protein to the MOM.
However, subsequent work showed that Bcl-2 could also control
the activity of MIM proteins such as Cytochrome c oxidase Va
and Cyclophilin D through direct interactions. This apparent

contradiction might be explained by the actual localization of
Bcl-2 at the contact points between the internal and the external
mitochondrial membranes (Nakai et al., 1993; Nguyen et al,
1993). Interestingly, Bcl-2 was not the only protein detected at
the MIM. Indeed, seminal investigations conducted by Jonas
and colleagues revealed that Bcl-xL protein localizes at the MIM
in hippocampal neurons. In this compartment, Bcl-xL directly
binds to the PB-subunit of the FiFo ATP synthase, increasing
its activity and allowing optimal synaptic transmission. Mcl-1
is another Bcl-2 homolog found to operate at the level of
different mitochondrial compartments. At the level of the
MOM, Mcl-1 inhibits apoptosis, whereas at the level of the
mitochondrial matrix, it fosters mitochondrial bioenergetics.
Of note, Mcl-1 matrix localization requires proteolytic
cleavage of its N-terminal mitochondrial targeting sequence
(Perciavalle et al., 2012).

During the course of these studies, it also appeared that
several Bcl-2 homologs were in fact ER-residents. This includes
both multidomain anti-apoptotic (Bcl-2, Bcl-xL, Mcl-1, and Bcl-
2110) (Krajewski et al., 1993; Yang et al., 1995; Aouacheria et al.,
2001; White et al., 2005) and pro-apoptotic proteins (Bax, Bak
and Bok) (Zong et al., 2003; Schulman et al., 2013) as well as
BH3 only proteins (Bim, Bik) (Germain et al., 2002; Morishima
et al, 2004; Figurel). Thus, at the level of the ER, Bcl-2
proteins not only control MOMP in a remote fashion, but also
orchestrate additional non-apoptotic pathways through direct
binding with Ca?* transporters and mediators of the Unfolded
Protein Response (UPR).

Interestingly, Bcl-2 proteins were found to translocate inside
the nucleus as well. In the case of Bcl-2 itself, such localization
depends on the phosphorylation status of Thr56. Nuclear Bcl-
2 appears to take part in a multiprotein complex comprising
CDK1, PP1 and Nucleolin (Barboule et al., 2005, 2009). However,
the mechanisms governing Bcl-2 nuclear translocation as well as
their actual biological relevance remain poorly understood.

Finally, Bcl-2 family members may also possess some “exotic”
subcellular localizations including the Golgi apparatus (Dumitru
et al, 2012), the lysosomes (Guan et al, 2015) and the
peroxisomes (Hosoi et al., 2017).

Their possible localization at the level of these diverse internal
membranes is an emerging concept. Actually, it might illustrate
the dynamics of Bcl-2 family of proteins action range and their
pleiotropic functions inside the cell.

DOCKING OF THE BCL-2 FAMILY OF
PROTEINS TO INTRACELLULAR
MEMBRANES

The first evidence of the membrane localization of Bcl-2
arose from the work of Cleary and colleagues. By performing
subcellular fractionation and immunofluorescence experiments
on lymphoid cell lines, they demonstrated that Bcl-2 was
associated almost exclusively with cellular membranes, as no Bcl-
2 was detected in the cytosolic fraction, whereas only a minor
fraction was detected in the nucleus (Chen-Levy et al., 1989).
Furthermore, the Bcl-2 protein was recovered almost solely
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FIGURE 1 | Classification of Bcl-2 family of proteins in respect to their subcellular localizations. Bcl-2 family members were classified based on their implication in the
MOMP. The presence of conserved Bcl-2 homology (BH) and transmembrane (TM) domains were indicated with color dots. The main subcellular localizations were
presented in the table on the right. Black dots indicate the presence of the protein to the corresponding subcellular localization.

in a detergent-rich phase, confirming its membrane anchoring
properties. Sequence analyses identified a 23 amino acid-long
hydrophobic sequence at the C-terminus end, referred to as
transmembrane (TM) domain (Chen-Levy et al., 1989). With
the exception of Bfl-1, in which the TM domain is less well
defined, all mutidomain Bcl-2 homologs possess a similar TM
domain. Of note, this domain seems to be conserved throughout
evolution since it is found in numerous Bcl-2 homologs from
distantly-related metazoan species (Quinn et al., 2003; Tan et al.,

2007). The TM domain is organized as a hydrophobic a-helix,
which was initially proposed to contribute to the docking of Bcl-
2 into membranes. Indeed, when deleted from its C-terminal
hydrophobic domain, Bcl-2 becomes cytosolic (Nguyen et al.,
1993). Interestingly, this observation is not restricted to Bcl-
2 itself but appears to be a genuine rule for almost all
multidomain Bcl-2 homologs. However, the sole presence of a
hydrophobic C-terminal region does not explain why closely
related Bcl-2 homologs exhibit different subcellular distributions.
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For instance, Bcl-2, and Bcl-xL both are anti-apoptotic and
possess a hydrophobic a-helix. Nonetheless, Bcl-xL is mainly
found in the mitochondria -although being in part cytosolic and
ER resident- whereas Bcl-2 is found at the level of the ER, the
NOM, the nucleus and the mitochondrial membranes (Krajewski
etal., 1993; Akao et al., 1994; Kaufmann et al., 2003). By analyzing
the TM domains of these proteins, Borner and colleagues
discovered that the apparent localization differences came from
the residues flanking the hydrophobic a-helix. Using targeted
mutagenesis, they demonstrated that, in the Bcl-xL sequence,
the presence of at least two positively charged residues—located
at each side of the hydrophobic a-helix—is critical for Bcl-xL
insertion into the MOM (Kaufmann et al., 2003). Indeed, such
residues are absent in the Bcl-2 TM domain, which presumably
allows Bcl-2 to interact with other intracellular membranes. In
this respect, TM swapping between Bcl-xL and Bcl-2 resulted
in inversion of their subcellular localization. Finally, Borner
and colleagues demonstrated that the TM domain of Bcl-xL
represents a bona fide MOM targeting signal since it is sufficient
to address recombinant GFP to the MOM, in contrast to that
of Bcl-2 that addresses the GFP to both mitochondrial and ER
membranes (Kaufmann et al., 2003).

It is worth to note that the TM domain of Bcl-xL also
contributes to homodimerization (Jeong et al., 2004). Indeed,
substantial amounts of Bcl-xL are found in the cytosol where
it forms homodimers through its TM domain (Jeong et al,
2004). Moreover, the deletion of the last two C-terminal amino
acids (namely R233 & K234) significantly decreased homodimer
formation, whereas the deletion of the last four amino acids
completely abolished this process (Jeong et al., 2004).

Bcl-xL is not the only Bcl-2 homolog residing in the cytosol.
For example in healthy cells, Bax is mainly cytosolic but becomes
mitochondrial upon cell death induction (Hsu et al, 1997).
This is due to the fact that under non-stressful conditions,
the TM domain (a9 helix) of Bax is sequestered within its
hydrophobic surface groove (Wolter et al., 1997). Upon stress
induction, Bax a9 helix unmasks and anchors the protein to
the MOM. Interestingly, in such conditions, Bax ATM deletion
mutant can still translocate to the mitochondria, suggesting that
additional internal signals contribute to the proper subcellular
localization of Bax (Er et al., 2007). It has been proposed
that the N-terminus al helix can directly address activated
Bax toward the mitochondrial surface. Indeed, Vallette and
colleagues demonstrated that Bax al helix is capable of docking
red fluorescent protein (RFP) to the mitochondria (Cartron
et al., 2003). It was also shown that the a5 helix was necessary
and sufficient for Bax oligomerization and MOMP induction
(George et al., 2007). Additional studies further demonstrated
that fusions of GFP with Bax fragments containing the o5,
a6, and/or a9 helices, either alone or within the a506 or a5-
a9 constructs, all localize to the mitochondria. Specifically, a5
and a6 helices not only bind intrinsically to the MOM, but
also show high membrane destabilization properties. On this
basis, mitochondria-targeted cytotoxic agents, referred to as
“poropeptides,” could be developed in our lab from natural Bcl-
2-like membrane-active segments such as Bax a5 and a6 helices
(Valero et al., 2011).

Bcl-2 ol helix, also referred to as Bcl-2 BH4 domain,
may also participate in subcellular targeting. For instance, the
human FK506-binding protein 38 (FKBP38), a mitochondrial
chaperone, is able to interact with and effectively target Bcl-2 to
the mitochondria (Shirane and Nakayama, 2003). Importantly,
a Bcl-2 mutant lacking the BH4 domain fails to interact with
FKBP38 and is translocated to the nucleus, where it promotes
apoptosis (Portier and Taglialatela, 2006).

Bcl-2 BH4 domain also interacts with the inositol
trisphosphate receptor (IP3R) at the level of the ER (Monaco
et al.,, 2012a). This domain interacts with the MTDII of IP3R
and regulates its activity. Interestingly, subtle differences in
the amino acid composition of Bcl-2 and Bcl-xL BH4 domains
explain—at least partly—these distinct localizations. Bultynck
and colleagues identified Lys17 in the BH4 domain of Bcl-2 as
critical for IP3R binding (Monaco et al., 2012b). Interestingly
enough, the Bcl-xL BH4 domain, which lacks Lysl7, binds
instead to the mitochondrial voltage dependent anion channel
(VDAC). In fact, Bcl-xL al helix is able to target GFP to the
mitochondria (McNally et al., 2013). Moreover, studies by Cheng
and colleagues suggested that VDAC2, a minor VDAC isoform,
is critical for Bak localization to the mitochondria (Cheng et al.,
2003). Indeed, VDAC2 interaction with Bak was shown to
prevent Bak oligomerization, compromising its pro-apoptotic
activity. This model was further developed by the team of
Hajnéczky who showed that VDAC?2 is critical for the exclusive
recruitment into the MOM of newly synthesized Bak molecules
(Roy et al., 2009).

Finally, Bcl-2 proteins are major trans-regulating elements
that control Bax subcellular localization. Indeed, BH3-only
proteins such as Bim, Puma, or the pro-apoptotic Bcl-2 homolog
tBid, have been suggested to mediate the insertion of cytosolic
Bax into the OMM by directly interacting with Bax (Desagher
et al., 1999; Letai et al., 2002; Kuwana et al., 2005; Kim et al.,
2009). In this respect it has recently been shown that, with
the notable exception of Bad, all canonical BH3-only proteins
possess a functional C-terminus TM domain (Wilfling et al.,
2012; Andreu-Fernadndez et al., 2016).

MITOCHONDRIA-TO-CYTOSOL BAX AND
BAK TRAFFICKING

The observations that upon apoptotic stress Bcl-xL and
Bax translocate from the cytosol to the mitochondria
suggested that their localization is not static but rather
reflects dynamic processes depending on the cellular status and
microenvironment. Indeed, Youle and colleagues (Wolter et al.,
1997) while exploring the localization of Bcl-2, Bcl-xL, and
Bax in live cells using GFP fusion proteins, revealed that Bax
translocates from the cytosol to the mitochondria upon apoptosis
induction. Confocal microscopy followed by photobleaching
experiments confirmed the cytosolic localization of GFP-Bax,
contrary to organelle-bound GFP-Bcl-2. Apoptosis induced
by Staurosporine (STS) led to significant changes of GFP-Bax
distribution, as illustrated by the switch from a diffuse to a
punctate mitochondrial fluorescence pattern. Importantly,

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2018 | Volume 6 | Article 13


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Popgeorgiev et al.

Bcl-2 Family Proteins Location

they noticed that GFP-Bax redistribution took place before
apoptotic cells shrinkage. Moreover, deletion of the C-terminal
hydrophobic tail both prevented GFP-Bax redistribution
and suppressed its death-promoting activity, confirming the
importance of the TM domain. Nevertheless, the sole targeting
of Bak or Bax to the MOM, does not necessarily imply that
these proteins are spontaneously active once the TM regions
are membrane-integrated. Activation of Bak and Bax appears
to request some additional conformational changes, such as (1)
al helix exposure, (2) transient BH3 exposure, (3) protection
of the membrane-embedded Bcl-2 core, and (4) increased
proximity of embedded monomers (George et al., 2007). Overall,
these data raised the following major issue: “if Bax resides
on the mitochondrial membranes upon apoptosis induction,
could it be that it diffuses back to the cytosol, and thus how,
when the microenvironment returns to normal physiological
conditions?”

A few years later, Youle and colleagues directly demonstrated
that the retrotranslocation of Bax from the mitochondria to the
cytosol could be induced by the anti-apoptotic protein Bcl-xL
(Edlich et al., 2011). The original purpose of their work was
to understand how anti-apoptotic Bcl-2 proteins controlled Bax
localization without directly interacting with cytosolic Bax. To
this aim, they hindered conformational changes involving the
al and a2 helices of Bax, which encompass the BH3 domain,
to check their contribution to Bax activation. Indeed, such
conformational changes were supposed to be required for Bax
integration into the MOM. Thus, to maintain Bax inactive,
residues F30 and L63 were replaced with cysteines, leading to the
formation of intramolecular disulphide bonds between al and
a2, along with other substitutions. Such intramolecular tethers
were proven to maintain the protein in an inactive conformation,
similar to that of wild type (WT) Bax. Caspase 3/7 apoptosis
assays showed that these tethers compromise the activation of
Bax by BH3-only proteins and affect its regulation by Bcl-xL,
which must be added to their capacity to interfere with detergent-
induced Bcl-xL binding. Furthermore, tethered Bax appeared
to locate to the mitochondria, which was rather unexpected
since Bax was supposed to be cytosolic, when maintained
inactive. In fact, Fluorescence Loss In Photobleaching (FLIP)
experiments revealed that Bcl-xL increased mitochondrial Bax
off rates, without any detectable competition between Bax
and Bcl-xL for MOM binding, proving that Bax effectively
retrotranslocates from the mitochondria to the cytosol, when
inactivated.

Bcl-xL retrotranslocation was later on analyzed by FLIP, using
HCT116 cells (knocked out for bax and bak genes) expressing
GFP-Bcl-xL. Apparently, in the absence of Bax, Bcl-xL localized
predominantly to the mitochondria, slowly translocating back
to the cytosol. However, the overexpression of Bax accelerated
Bcl-xL translocation suggesting that both proteins interact at the
level of the mitochondria and retro-translocate to the cytosol
as a heterocomplex, which eventually dissociates (Figure 2). Of
note, the overexpression of Bcl-2 and Mcl-1 accelerated Bax
retrotranslocation in a similar manner to that of Bcl-xL. Thus,
the retrotranslocation of Bax into the cytosol caused by apoptosis
inhibitors may account for the observed cytosolic distribution

of Bax in healthy cells (Edlich et al., 2011). Shortly after, Todt
and colleagues showed that Bcl-xL C-terminal residues are
important for Bax retrotranslocation, which is itself preceded by a
conformational change unmasking Bax BH3 domain (Todt et al.,
2013). Indeed, Bax retrotranslocation appears to depend on two
types of interactions: (1) recognition of the Bax BH3 domain
by the hydrophobic groove of Bcl-xL and (2) binding of Bcl-
xL membrane anchor to Bax. The proposed model suggests that
“Bax is the freight and Bcl-xL is the carrier for shuttling from the
mitochondria into the cytoplasm.”

In 2015, the same team undertook a detailed comparison
of Bak and Bax translocation mechanisms (Todt et al., 2015).
They found that Bak is actually present in the cytosol
and, using FLIP measurements, that Bcl-xL is responsible
for Bak retrotranslocation from mitochondria to the cytosol.
Overexpression of Mcl-1, but not Bcl-2, was found to accelerate
this shuttling, as well as Bax. Thus, the same retrotranslocation
process appears to take place for both Bax and Bak, Bax/Bak BH3
domain interaction with the hydrophobic groove of Bcl-xL being
critical. Furthermore, the differential localization of Bak in the
tissues might partly result from different Bak shuttling rates.

In fact, shuttling rates seem to depend more on the
hydrophobicity rather than on the sequence of the TM domain.
Using Bax and Bak proteins with swapped TM domains, Todt and
colleagues demonstrated that increased Bax retrotranslocation to
the cytosol protects the cells from Bax activation. Actually, not
only Bax and Bak, but also MOM-integrated Bcl-2 proteins such
as Bcl-xL, seem to shuttle similarly.

Although being predominantly mitochondrial, Bak leads to
apoptosis only in the presence of apoptotic stimuli (Todt et al.,
2015). On the other hand, when activated, Bax cannot be
translocated anymore from the MOM to the cytosol (Edlich
et al, 2011). Therefore, under non-apoptotic circumstances,
Bax-dependent MOMP is blocked due to increased Bax retro-
translocation to the cytosol, further reducing the time spent at
the level of the MOM in order to prevent Bax activation (Edlich
etal, 2011; Todt et al., 2015).

BAX AND BAK TRAFFICKING THROUGH
PEROXISOME/LYSOSOME PATHWAYS

Although Bax and Bak shuttle between the cytosol and the
mitochondria, it remains unclear if this process could occur
between the mitochondria and the ER. Indeed both proteins
were shown to be ER-resident where they control ER-mediated
Ca’* release and apoptosis induction (Scorrano et al., 2003;
Zong et al,, 2003). As a matter of fact, mitochondria and ER
are continually moving along the cytoskeleton and undergo
morphological changes via processes like membrane fission,
fusion, degradation and renewal. In this regard, peroxisomes
play an important role in ER-mitochondria protein exchanges.
Indeed mitochondria-derived vesicles (MDVs) were shown to
transport phospholipids and proteins from the mitochondria
to the peroxisomes (Braschi et al., 2010) whereas peroxisomal
proteins may be produced on membrane-bound polysomes of
the ER and then transported to the peroxisomes (Dimitrov et al.,
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FIGURE 2 | Mitochondria-to-cytosol Bax trafficking. In healthy cells, Bax constantly translocates from the cytosol to the mitochondria. Retrotranslocation of Bax from
the mitochondria to the cytosol could be induced by the anti-apoptotic protein Bel-xL through the formation of a heterocomplex. In apoptotic conditions, Bcl-xL is
inhibited by BH3 only sensitizers. Bax translocates to the mitochondria where it becomes activated by BH3 only activators and forms a Bax pore which leads to
MOMP and Cytochrome C release. Some elements of the figure were produced using Servier Medical art image bank (www.servier.com).

2013). Furthermore, it was recently shown that peroxisomes
could also arise “de novo” from the fusion of organelle-derived
membrane vesicles from the ER and mitochondria, highlighting
the dynamic interplay between these organelles (Sugiura et al.,
2017). Interestingly, some pro-apoptotic proteins, including Bak,
were shown to localize to peroxisomes. This was found to occur
when Bak could no longer interact with VDAC2 at the MOM
(Cheng et al., 2003; Roy et al., 2009; Hosoi et al., 2017). Moreover,
loss of VDAC?2 diverts Bak into the peroxisomes, revealing a new
activity for Bak in the control of peroxisome membrane integrity
and the release of soluble peroxisomal matrix proteins (Hosoi
etal., 2017).

Bcl-2 proteins may also navigate between the mitochondria
and the Golgi apparatus. Indeed pro-apoptotic Bax and Bok
were found to be addressed to this later compartment (Figure 3).
Bok was suggested to act upstream of Bax and Bak, controlling
the communication between ER-Golgi compartments and the
mitochondria through apoptotic signals. In fact, Echeverry and
colleagues observed that Bok, when overexpressed, contributed
to the fragmentation of the Golgi and the ER before the activation
of caspases. On the other hand, Bok silencing resulted in Golgi
disassembly under stressful conditions, thus boosting ER stress

and subsequently activating BH3-only proteins and apoptosis
(Echeverry et al., 2013).

Bax localization to the Golgi was observed in human
embryonic stem cells (Dumitru et al,, 2012). In fact, using the
6A7 antiBax monoclonal and the TGN46 trans-Golgi network
protein, Dumitru and colleagues demonstrated that Bax locates
in the trans Golgi compartment in a specific manner, being totally
absent from the cis compartment. In addition, after DNA damage,
Bax seemed to translocate from the Golgi to the mitochondria in
a p53-dependent manner (Dumitru et al., 2012). Another study
performed by Guan and colleagues showed that the lysosomes
are also involved in Bax-mediated apoptosis, revealing a novel
crosstalk between autophagy and apoptosis through DRAM1
(DNA damage-regulated autophagy modulator 1) (Guan et al,,
2015). Actually, Bax affects the permeability of the lysosomes
and the rate of lysosomal cathepsins release (Feldstein et al.,
2006; Oberle et al., 2010). Furthermore, upon treatment with the
mitochondrial complex II inhibitor 3-nitropropionic acid (3NP),
DRAMI and Bax expression levels were increased, contributing
to lysosomal Bax relocalization in a DRAMI1-dependent manner,
causing the release of lysosomal cathepsin B as well as Bid
cleavage (Guan et al, 2015). Accordingly, the next questions
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FIGURE 3 | Subcellular dynamics of the Bcl-2 family of proteins. Schematic representation of the intracellular localizations and dynamics of anti-apoptotic (in red)
pro-apoptotic multidomain (in blue) and BH3 only proteins (pink). Non Bcl-2 homologs were presented with dark orange boxes. Continuous and bold lines represent
protein translocation in physiological and stress conditions, respectively. Dashed lines represent hypothetical subcellular translocation. trMcl-1, truncated Mcl-1;
snMcl-1, shortened nuclear Mcl-1; Bfl-1s, Bfl-1 short isoform. Some elements of the figure were produced using Servier Medical art image bank (www.servier.com).

were: “How does Bax migrate in all these cellular compartments?
Is there a sort of retrotranslocation similar to that of cytosol-
mitochondria?”

The lysosomes are formed by the fusion of transport vesicles
budded from the trans Golgi network with endosomes, which
contain molecules taken up by endocytosis at the level of the
plasma membrane. On this basis, the presence of Bax in the trans
Golgi compartments can be clarified by suggesting that lysosomes
could act as transport vesicles of Bax. However, this latter issue
needs further investigations.

Thus, two hypotheses are open regarding the intracellular
dynamics of Bcl-2 proteins: either (1) each protein has a specific
localization signal that targets to a specific compartment, or (2)
the same protein can a priori locate in different compartments,
inter-organelle translocation being ensured by dedicated carriers.

Actually, both hypotheses are non-mutually exclusive.
Intracellular vesicles—along with protein-protein interactions—
could be responsible for the transit of Bcl-2 proteins inside
the cell as suggested in the case of peroxisomal Bak. On the
other hand, protein-protein interactions and stress signals can
also trigger the unmasking of specific sequences addressing the
protein to a specific compartment as in the case of Bcl-xL and
Bax.

MOONLIGHTING FUNCTIONS OF THE
BCL-2 PROTEINS IN RESPECT TO THEIR
SUBCELLULAR LOCALIZATIONS

Interactions with ER Ca2?* Channels

Bcl-2 proteins are obviously able to shuttle between different
cellular compartments. However, until now, it has been generally
admitted that their primary role is to control apoptosis at the
level of the mitochondria. After more than 30 years of research,
it is now acknowledged that Bcl-2 proteins play multiple non-
canonical roles beyond apoptosis (Bonneau et al., 2013). They
appear to be able do so by means of their various subcellular
localizations.

Besides their mitochondrial localization, Bcl-2 proteins can
also localize to the ER. At the level of this later compartment,
Bcl-2 family members regulate apoptosis through the control
of Ca?" fluxes through the ER-mitochondria contact sites.
Indeed, mitochondria constantly take up Ca?* ions, stimulating
biogenesis and ATP production. They also act as an intracellular
Ca’* buffer due to their rapid uptake of Ca’* ions, when
massively released from the ER. Excessive accumulation of
mitochondrial Ca** may lead to mitochondria swelling and cell
death. Bcl-2 proteins control Ca®*t trafficking through direct
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interactions with ER Ca?* transporters. For example, Bcl-2 has
long been studied for its interaction with IP3R. This interaction,
either with the BH4 domain of Bcl-2 (Rong et al., 2008, 2009) or
with its trans-membrane domain (Ivanova et al., 2016), inhibits
ER Ca?* release. On the other hand, the hydrophobic pocket of
Bcl-xL (Yang et al., 2016) sensitizes IP3R to low levels of IP3,
leading to the opening of the channel (White et al., 2005).

Using the zebrafish model, we demonstrated that a Bcl-2
homolog, namely Nrz (Nr-13 ortholog in zebrafish), is critical
during the early stages of zebrafish development (Arnaud et al.,
2006). In zebrafish Nrz protein possesses a dual subcellular
localization both at the ER and the mitochondria. Nrz silencing
causes premature gastrulation arrest followed by detachment of
the entire blastomeres from the yolk sac (Popgeorgiev et al,
2011). By performing a series of time lapse and confocal
microscopy experiments, we demonstrated that this phenotype is
due to the premature formation of the actin-myosin contractile
ring, a supramolecular structure, which squeezes the yolk cell at
the level of the margin and cuts the embryo in half. Furthermore,
we showed that the ER-resident Nrz, but not mitochondrial-
resident Nrz, was critical for gastrulation progression. We
showed that, at the level of the ER, Nrz interacts with IP3R1
Ca** channels (Popgeorgiev et al., 2011) and regulates the time
course of the release of Ca’* into the yolk sac by competing
with IP3 (Bonneau et al., 2014). In addition, we established
that, by doing so, Nrz controls the formation of the contractile
actin-myosin ring via a Calmodulin-myosin light chain kinase
(MLCK)-dependent pathway. This process seems evolutionary
conserved since Nrh, the human Nrz ortholog, also prevents
IP3R opening. Interestingly, Nrh anti-apoptotic activity was
reported to be under the control of inositol 1,4,5-trisphosphate
(IP3) receptor-binding protein (IRBIT), another partner of IP3R
(Bonneau et al., 2016). In fact, Nrh may indirectly prevent
apoptosis by controlling ER-stress. Indeed, there is evidence that
Nrh acts upstream of the Unfolded Protein Response (UPR)
by inhibiting ERCa?* release through IP3R closure (Nougarede
etal., 2018).

On the other hand, regarding cell death accelerators, the
only pro-apoptotic protein reported to directly interact with
IP3R is Bok. This occurs through the BH4 domain of Bok
which binds the coupling domain of IP3R1 and IP3R2.
However, this interaction does not affect Ca?* release, although it
protects the channel from proteolytic cleavage (Schulman et al.,
2013).

Bcl-2 Proteins and the Nucleus

Numerous Bcl-2-related proteins were found to localize to the
nucleus, contributing to vital processes. For example, Gross and
colleagues reported that a fraction of the BH3-only protein Bid
located to the nucleus, plays a role in the DNA damage response
(Kamer et al., 2005; Zinkel et al., 2005). In fact, the ATM and ATR
kinases are activated following DNA damage, causing cell cycle
arrest and subsequent DNA repair or apoptosis. Interestingly,
one of the targets of ATM is nuclear Bid, which is critical for cell
cycle arrest at the S phase and apoptosis induction (Zinkel et al.,
2005). It was proposed that, following DNA damage, Bid could
be transported to the nucleus as part of a protein complex since

it lacks an obvious nuclear localization signal. Accordingly, Bid
might either help stabilize the complex or facilitate subsequent
enzymatic steps. In this respect, Bid phosphorylation is critical for
maintaining genomic stability at S phase check points. Overall,
these data suggest that Bid acts as a mediator between apoptosis
and cell cycle regulation during S phase.

Regarding Bcl-2, much evidence support existing
interactions—either direct or indirect—with transcription
factors. Indeed, de Moissac and colleagues reported an
interaction between Bcl-2 and IkBa, the cytoplasmic inhibitor
of the ubiquitously expressed transcription factor Nuclear
Factor kB (NFkB). They could show that Bcl-2 facilitates
IkBa degradation, activating in turn NF«B (de Moissac et al.,
1998). Another study provided direct evidence that NFkB
transcriptionally regulates bcl2 gene expression, directly linking
the TNF-a/NFkB signaling pathway to bcl2 expression in
human prostate carcinoma cells (Catz and Johnson, 2001).
This regulation was later shown to control cell invasiveness in
estrogen receptor alpha (ERa)-negative breast cancer cells (Wang
et al., 2007). A recent study delineated the regulation of gene
transcription by extra-mitochondrial Bcl-2 proteins, notably
Bcl-2, Bcl-xL, and Mcl-1. In fact, these proteins engage a BH
domain found in SUFU, the tumor suppressor and antagonist
of GLI DNA-binding proteins. By doing so, they promote
SUFU turnover, impede its interaction with GLI and allow the
expression of GLI target genes (including Bcl-2, Bcl-xL and
Mcl-1) thus prompting the survival and growth of cancer cells
(Wu et al., 2017).

CONCLUDING REMARKS

Bcl-2 family proteins are arguably one of the main regulators
of the mitochondrial outer membrane permeability. Since their
discovery it became abundantly clear that the vast majority of
these proteins can localize in multiple subcellular compartments
where they not only remotely control MOMP but also participate
in additional non apoptotic functions (Bonneau et al., 2013).
Although structurally related, Bcl-2 family proteins present
important differences in their subcellular localizations, which
were attributed to subtle intramolecular variations of their TM
amino acid composition. These observations led to a rather
predeterministic view of Bcl-2 family intracellular distribution
in which once synthetized, these proteins were directly targeted
to precise subcellular compartments (Kaufmann et al., 2003).
However, more recent data proposed that at least part of the Bcl-2
family can translocate and change their subcellular localizations
depending on the cellular status and apoptotic stimuli (Edlich
et al,, 2011; Todt et al., 2013, 2015). How exactly Bcl-2 proteins
navigate through the intracellular membrane network remains
currently unexplained. Two recent reports demonstrated that at
least the pro-apoptotic Bax and Bak can localize to lysosomes
and peroxisomes respectively (Oberle et al., 2010; Guan et al.,
2015; Fujiki et al, 2017). Peroxisomes are critical in ER-
mitochondria protein exchanges and lysosomes are derived from
ER and Golgi membranes. Thus, it is tempting to speculate
that Bcl-2 proteins trafficking may occur through vesicular
transport inside the cell. However, further studies are expected
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to reveal the exact mechanisms of Bcl-2 family subcellular
dynamics.

Is there a difference between subcellular distribution of Bcl-
2 proteins between normal and cancer cells and if so, does this
difference contribute to cancer progression or chemoresistance
represents another open question. Early studies suggested
that Bcl-2 is similarly distributed in normal peripheral blood
lymphocytes and CLL cells (de Jong et al., 1994). However,
more recently, differences in the intracellular distribution have
been observed for individual Bcl-2 homologs. For example,
nuclear localization of Bcl-2 and Bcl-xL was observed in various
cancer cells including breast cancer, endometrial carcinoma,
squamous cell carcinoma, and astrocytoma (Chan et al., 1995;
Mosnier et al., 1996; Choi et al.,, 2016). Interestingly, nuclear
Bcl-xL localization was found to correlate with epithelial-
mesenchymal transition and increased metastasis formation.
Thus, it would be of interest to further analyse the molecular
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