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Abstract

Members of the Bcl-2-protein family are key controllers of apoptotic cell death. The family is divided into
antiapoptotic (including Bcl-2 itself, Bcl-xL, Mcl-1, etc.) and proapoptotic members (Bax, Bak, Bim, Bim,
Puma, Noxa, Bad, etc.). These proteins are well known for their canonical role in the mitochondria,
where they control mitochondrial outer membrane permeabilization and subsequent apoptosis.
However, several proteins are recognized as modulators of intracellular Ca®* signals that originate from
the endoplasmic reticulum (ER), the major intracellular Ca**-storage organelle. More than 25 years ago,
Bcl-2, the founding member of the family, was reported to control apoptosis through Ca** signaling.
Further work elucidated that Bcl-2 directly targets and inhibits inositol 1,4,5-trisphosphate receptors
(IP3Rs), thereby suppressing proapoptotic Ca** signaling. In addition te Bcl-2, Bel-xL was also shown to
impact cell survival by sensitizing IPsR function, thereby promoting pro_ irvival oscillatory Ca’ release.
However, new work challenges this model and demonstrates that B 1-2 < nd Bcl-xL can both function as
inhibitors of IPsRs. This suggests that, depending on the cell con*c~* uui-xL could support very distinct
Ca’* patterns. This not only raises several questions but also op :n_ neww possibilities for the treatment of
Bcl-xL-dependent cancers. In this review, we will discuss the -im.'arities and divergences between Bcl-2
and Bcl-xL regarding Ca** homeostasis and IPsR modulation . -om both a molecular and a functional point
of view, with particular emphasis on cancer cell death resis”ance nechanisms.
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1 Introduction

The B cell lymphoma 2 (Bcl-2)-protein family exerts control over mitochondrial dynamics and apoptosis
[1, 2]. The family is named after its founding member, the proto-oncogene BCL2, which was identified in
the 1980s at the chromosomal breakpoint of the t(14;18) translocation in human follicular B cell
lymphomas, the most common blood cancer in humans [3]. The gene was basically named B-cell
lymphoma 2 because it was the second oncogene identified at a breakpoint of translocations in B-cell
lymphomas [4]. In the next decades, more Bcl-2-related proteins were discovered, and the family
currently includes approximately 30 members [5]. Most of the characterized Bcl-2-family members are
known to interact with each other at the mitochondrial membranes to promote or inhibit apoptosis
according to the cellular context [2, 6, 7].

1.1 The proapoptotic Bcl-2-family proteins and their role in apoptosis

The Bcl-2 family of proteins is classified according to their structui< and function as antiapoptotic and
proapoptotic proteins (Fig. 1). They are characterized by the prese. ~e of one to four Bcl-2 homology (BH)
motifs, labeled BH1 to BH4 [2]. Proapoptotic Bcl-2-famil;, mcmbers are divided into multidomain
effectors and BH3-only proteins. On the one hand, multidc Mai'. effectors (Bak & Bax) possess four BH
domains and directly execute mitochondrial outer memb:ane Lermeabilization (MOMP). On the other
hand, BH3-only proteins contain one single BH3 doma » an | permit Bax/Bak activation. The multidomain
proapoptotic proteins Bak and Bax and most of th. antiapoptotic Bcl-2-family members, such as Bcl-2
itself, are characterized by the presence of fo: « B domains and one transmembrane domain (TMD). The
proteins are organized from the N- to C-terminus . < follows: BH4 domain, BH3 domain, BH1 domain, BH2
domain and TMD (Fig. 1). The function of the < proteins critically depends on their organization, as BH3-
BH1-BH2 domains form a hydrophobic c’e1., sometimes referred to as the binding groove, that can
interact with the BH3 domain of othe. b.'-z-family members [2, 6].

Bak and Bax are proteins that din ~ctly initiate apoptosis. Inactive in healthy cells, Bak and Bax are
activated by BH3-only proteins ti.at are highly expressed upon cell stress. BH3-only proteins are
classically divided into twe groips: BH3-only activators (Bim & Bid) and sensitizers (Bik, Puma, Noxa,
etc.). The former are a.=2c. =ctivators of Bax/Bak, while the latter sensitize Bax/Bak activation by
inhibiting antiapoptotic Bcl- -family members (Fig. 2a) [2, 6]. Inactive Bax proteins reside in the cytosol
due to continuous retro-translocation by B-cell lymphoma-extra large (Bcl-xL) [8], while Bak
constitutively resides at the outer mitochondrial membrane (OMM), where it is inhibited by the voltage-
dependent anion channel (VDAC) 2 [9]. Bax and Bak are directly activated by BH3-only activators Bim and
tBid (Fig. 2a). These two proteins may have distinct roles since Bim preferentially activates Bax, whereas
tBid preferentially activates Bak [10]. This preferential activation has important consequences for
therapeutic treatments since various cancer cell types may rely specifically on the Bax/Bim or on the
Bak/Bid duo [10]. Activation of Bax by BH3-only activators modifies its conformation and releases its C-
terminal a9 helix from its own hydrophobic pocket. This helix therefore anchors Bax in the OMM [11] via
a process that likely involves Bak and VDAC2 [12]. Instead, activation of Bak triggers its escape from
VDAC2 [9]. Activated Bax/Bak undergoes dimerization by mutual interactions between their BH3 domain
and the hydrophobic groove of another Bax/Bak protein [13]. Eventually, Bax/Bak dimers assemble into



larger oligomeric complexes that cause MOMP and the release of cytochrome ¢ and SMAC/Diablo in the
cytosol. These proapoptotic factors thereby trigger the formation of the apoptosome and the activation
of the caspases that execute the apoptotic program [2, 6, 7]. Of note, ongoing and unrestricted Bax/Bak
oligomerization not only results in mitochondrial OMM rupture but also in permeabilization of the inner
mitochondrial membrane (IMM), thereby causing the release of mitochondrial DNA and leading to
subsequent proapoptotic STING/cGAS signaling [14, 15]. In contrast, limited Bax/Bak activation can result
in MOMP in a subset of mitochondria that is sufficient to elicit caspase activity but not sufficient to set
off apoptosis. As a consequence, cell survival in the presence of caspase activity results in cellular stress
and genomic alterations due to DNA damage. This so-called ‘minority MOMP’ promotes cell
transformation and triggers the formation of malignant cells [16]. As such, MOMP should not be
considered the point-of-no-return in apoptosis, as this clearly depenc s on the cellular context and the
extent of MOMP occurring among the mitochondrial population in cells |,' Moreover, very recent work
directly compared Bax/Bak-cluster formation [17]. In cells exposed to ¢ poptotic triggers, Bak protein
clusters and pores very rapidly arise, though they are smaller t'1an -lusters and pores formed by Bax
proteins, which are much more slowly assembled. Furthermor«, Be..: and Bak also exert mutual impacts
on each other. Bak accelerates Bax pore formation by form‘ag “oc; for the mitochondrial recruitment of
Bax, while Bax decelerates Bak pore formation, thereby pr.~uting the formation of larger Bak pores
[17].

In the canonical model of apoptosis induction des.-ibeu above, multidomain effectors (Bax & Bak) are
activated by BH3-only activator proteins (Bim x Bi l). Iri healthy cells, these activators are scaffolded and
inhibited by antiapoptotic family members (Bci ?, Bcl-xL, Mcl-1, etc.) to prevent cell death. However,
BH3-only sensitizers (Bik, Puma, Noxa, etc., ~an repress the antiapoptotic Bcl-2-family proteins without
direct activation of Bax/Bak (Fig. 2a). 'n « e classical model, the binding of BH3-only sensitizers to
antiapoptotic Bcl-2-family proteins ci5,)lac_s and releases BH3-only activators from the antiapoptotic
proteins, enabling them to directl a.‘ivate Bax/Bak. In addition, allosteric mechanisms have emerged,
indicating that the binding of B+ 1. the Bid/Bcl-xL complex changes its conformation, allowing Bid to
activate Bax, although Bid is till attached to Bcl-xL [18]. In any case, both BH3-only proapoptotic
activators and sensitizers a e us 1ally highly expressed upon cell stress to trigger apoptosis. The different
roles of the two categoric~ o1 BH3-only proteins induce cell death by both activation of Bak/Bax and
inhibition of antiapoptotic P _I-2 proteins [2, 6, 7].

However, this canonical model may require further consideration as the classification in BH3-only
activators and pro-sensitizers becomes increasingly more difficult to maintain [19, 20]. In one alternative
model (Fig. 2b), BH3-only proteins have been proposed to activate Bax/Bak indirectly by acting
exclusively as BH3-only sensitizers [21, 22]. This model is based on evidence indicating that Bax and Bak
could be activated in the absence of interaction with BH3-only proteins [22]. Furthermore, the BH3-only
activators Bim and Bid could be able to inhibit the antiapoptotic proteins Bcl-xL and Mcl-1 while being
unable to stimulate Bak and Bax in the absence of these antiapoptotic proteins [21]. Hence, Bax/Bak
would be spontaneously active upon their release from antiapoptotic Bcl-2-family proteins. In another
alternative model (Fig. 2b), BH3-only proteins would not have any direct activator function, as Bax/Bak
would undergo activation at the OMM by mitochondrial lipids. Similar to the previous model, the
Bax/Bak activation process is prevented by antiapoptotic Bcl-2-family members that need to be



counteracted by BH3-only proteins to initiate Bax/Bak activation [20, 23]. Finally, BH3-only proteins may
also directly execute MOMP without the need for Bax and Bak to be present. Indeed, a recent study
demonstrated that helix a6 of truncated Bid can perform MOMP by acting as a pore-forming region [24],
a feature that can also be counteracted by antiapoptotic Bcl-2-family members.

In conclusion, the Bcl-2 family encompasses several pro- and antiapoptotic proteins, classified in
different categories according to their structure and function. These proteins are inserted in the OMM
where they interact with each other, regulating Bax/Bak activity and ultimately MOMP. The expression
of proapoptotic BH3-only and of antiapoptotic family members is highly dynamic and depends on the
presence of pro- or antiapoptotic signaling [2]. Overall, it is clear that tight regulation of all Bcl-2-family
proteins is necessary to balance cell death and survival.

1.2 The antiapoptotic role of Bcl-2 and Bcl-xL in cancer

Bcl-2-family proteins have been extensively studied in the cor*=xt o/ cancer, a disease characterized by
dysregulated cell death pathways. Upregulated BCL2 ex,+ession was originally described and
investigated in hematopoietic cancers such as diffuse large = cell lymphoma. Moreover, other genetic
and nongenetic alterations (such as modified transcri.,..on/translation due to other oncogenic factors,
posttranslational modifications, and miRNA-mediat2u ces,ulation) of other Bcl-2-family members have
also been reported in various cancer types. Wr.uc do 'nregulation of proapoptotic Bcl-2-family proteins
has rarely been observed, upregulation oi 3 tiapoptotic family members has been significantly
documented in both blood and solid ca~cers [z, 19]. In a widespread study of over 3000 samples
representing 26 tumor types, MCL1 (M.'-1) and BCL2L1 (Bcl-xL) were highlighted among the most
frequently amplified genes, especiallv ir breast and lung cancers [25]. Such genetic alterations of
antiapoptotic Bcl-2-family members are \ arely tumorigenic per se. In fact, overexpression experiments
have shown that the tumorigenic “ntiapoptotic effect of antiapoptotic Bcl-2-family proteins is usually
compensated by an anti-proliferati. = effect. Bcl-2 and Bcl-xL, in particular, have been shown to promote
the resting GO phase and d.i.v e GO to S transition [26-28]. This mechanism is likely related to the
antiapoptotic functions . f t. = r,/oteins since quiescent cells are commonly more resistant to cell death.
The paradoxical consequenc  is that overexpressed Bcl-2 can act as a tumor suppressor in some cancers,
especially during the early stages [28-31]. Dysregulated antiapoptotic Bcl-2-family proteins become
oncogenic when they encounter another amplified oncogene, usually MYC [32]. Myc is also quite
paradoxical in the context of cancer since it combines hyperproliferative and proapoptotic functions.
Although the pro- and antitumorigenic effects of Myc and Bcl-2 vary according to the context, the
combination of the two generally synergistically amplifies their oncogenic capacities. Hence,
overexpressed or overactivated Myc with Bcl-2/Bcl-xL is recognized as a powerful tumorigenic
combination [19, 28].

Interfering with the interaction between the hydrophobic cleft of antiapoptotic proteins and the BH3
domain of proapoptotic proteins has emerged as a promising approach to antagonize the activity of
antiapoptotic Bcl-2-family proteins in cancer. A new class of drug, termed BH3 mimetics, able to
specifically and selectively target the hydrophobic groove of Bcl-2, Bcl-xL and/or Mcl-1 has been



developed [2]. These small molecules display great specificity and efficiency both in vitro and in vivo, and
several are presently the subject of clinical trials (Table 1). The effectiveness of these molecules is based
on the fact that the targeted cancers have a specific feature termed “primed for death”. Those cancers
usually express high levels of proapoptotic Bcl-2-family proteins due to ongoing oncogenic stress and
thus can only survive by the virtue of concomitant upregulation of antiapoptotic Bcl-2-family members.
BH3 mimetics that target the hydrophobic cleft of antiapoptotic members and thus release proapoptotic
BH3-only proteins are therefore highly effective in killing cancer cells while sparing healthy,
nonmalignant cells [2, 33, 34]. Thus, new compounds are being developed, as well as innovative
techniques to validate their efficacy and specificity in vitro and in vivo [35]. Many of these drugs are
currently under clinical trial and are starting to fulfill their promises (Table 1). The selective Bcl-2
inhibitor venetoclax/ABT-199 became the first BH3 mimetic approv:d for the treatment of human
cancer, namely, relapsed chronic lymphocytic leukemia (CLL), in 2016 Ti.ts, Bcl-2 inhibitors have been
explored in advanced clinical trials for other hematological cance- ty) es. On the other hand, BH3
mimetics selectively targeting Bcl-xL and Mcl-1 have proven v:ry sromising in the context of solid
cancers [2, 34, 36]. For this reason, dynamic BH3 profiling of natic..c tumors has been proposed to be
systematically applied [33]. This approach consists of collect’ng “ui.ior biopsies, culturing cancer cells and
assessing their sensitivity to proapoptotic Bcl-2-family ~zmbers in combination with classical
chemotherapeutics. Hence, this would permit the precd:z*ion of responses to treatment, the anticipation
of potential resistance and the determination of *h. best drug combination to propose individually
adapted treatments for patients [33].

Despite the strong efficiency and selectivity of b. '3 mimetics, the clinical use of such drugs to target Bcl-
xL has been quite challenging compared to .>ase targeting other antiapoptotic Bcl-2-family proteins. BH3
mimetics inhibiting Bcl-xL (including T.cl - ‘Pcl-xL & Bcl-2/Bcl-xL/Mcl-1 inhibitors) are indeed very
effective in vitro and in vivo [37-39]. ' . ve . er, the application of such compounds in the human clinic is
still limited due to the crucial role o, Bcl-xL in the survival of platelets [40]. Considering that the high
sensitivity of these BH3 mimetic. m« ' reduce the concentrations used in humans, the BH3 mimetic ABT-
263 targeting both Bcl-xL an.' Br1-2 has been clinically evaluated. However, the first trials have
unfortunately been mark:d L/ the frequent occurrence of deleterious side effects, particularly
thrombocytopenia [41, 4.} Ui note, no specific Bcl-xL inhibitor has been selected for clinical trials [36].
Considering the limitation- Jf these compounds regarding the highly Bcl-xL-dependent platelets, a new
class of compounds has been recently developed based on the modifications of BH3-mimetic Bcl-xL
antagonists. Proteolysis-targeting chimeras (PROTACs) are molecules that degrade a specific protein
through recruitment of an E3 ligase that ubiquitinates the protein and sends it to the proteasome [43].
The interest of this system is that it permits the recruitment of particular E3 ligases, including tissue-
specific ligases. Indeed, this approach is of particular interest in the context of Bcl-xL. The first PROTAC
molecule validated to target and degrade Bcl-xL was named DT2216. This compound encompasses an
ABT-263-like backbone (to target Bcl-xL) combined (though a linker sequence) to a molecular structure
recruiting the Von Hippel-Lindau (VHL) E3 ligase, an E3 ligase poorly expressed in platelets. Fascinatingly,
the application of DT2216 in vitro and in vivo has been extremely successful in killing cancer cells and
showed no toxicity to platelets [44]. This outcome is even more surprising since DT2216 is based on the
molecular structure of ABT-263, which is known to impair platelet survival. In fact, the high efficiency



and specificity of the compound provides an effective antitumor effect at substoichiometric
concentrations, thereby sparing the platelets. Hence, other PROTAC-targeting Bcl-xL — with another BH3
mimetic backbone or another E3 ligase-addressing signal — have been developed and have been effective
in a wide variety of cancer models [43]. These PROTAC molecules might become the most notable
achievement of the last decade for Bcl-xL cancer therapies.

The dysregulation of the expression of Bcl-2-family proteins is therefore a hallmark of cancer. Tumor
cells are often characterized by a dependency to one of or more antiapoptotic Bcl-2-family members,
compensating the high expression levels of proapoptotic members in response to oncogenic signaling.
This “primed for death” property has spurred the development of novel precision anti-cancer
pharmacological tools that selectively and efficiently kill cancer cell by acting as BH3 mimetics,
antagonizing antiapoptotic Bcl-2-family proteins [33]. These compound. Fave a great potential for cancer
care and are currently investigated for use in human clinics.

2 Bcl-2 counteracts proapoptotic ca* signaling and apop*1sis «nrough inositol 1,4,5-
trisphosphate receptor (IP3R) inhibition

Beyond the well-established role of Bcl-2 and Bcl-xL in the regu.ation of apoptosis at the mitochondria,
these proteins appear to be involved in an increzsi"ig number of processes, including autophagy,
regulation of transcription and DNA repair [451 | '=re, we will focus on apoptosis regulation at the
endoplasmic reticulum (ER) and at the mitoct nd'ia through modulation of IP;R-mediated Ca** signaling
by antiapoptotic Bcl-2-family proteins, particulariy, Bcl-xL.

2.1 IP;R functions at mitochondria-a:so.‘aved ER membranes (MAMs)

IP3Rs are intracellular Ca**-release c~annels located at the ER membrane. IPsRs open upon binding of IPs,
produced through activation cf ph..spholipase C and the subsequent hydrolysis of phosphatidylinositol
4,5-bisphosphate in resporse "2 an extracellular stimulus. The ensuing Ca®* release from the ER, the
main intracellular Ca®* s re, *~ the cytosol can lead to the initiation of a plethora of cellular processes,
including neuronal transmis:ion, muscle contraction, gene transcription, cell proliferation and apoptosis
[46-48]. Three IP3R isoforms exist, IP;R1, IP;R2 and IP3R3 (encoded in humans by the genes ITPR1, ITPR2,
and ITPR3, respectively), which exhibit strong sequence homology [49, 50]. IPsRs are ubiquitously
expressed proteins, but the expression levels of each isoform vary according to tissue type, subcellular
location and stage of development [51, 52]. Although the three IP3;R isoforms are very similar, they
exhibit different affinities for IPs, as well as for Ca®* and ATP which both are main regulators of the
channel [53-55]. Functional channels are made of four IP;R proteins that together form a large
tetrameric complex. All four subunits must bind IP; before channel opening can occur [56]. While the
majority of IP;Rs are mobile in the ER membrane and nuclear envelope, recent work has demonstrated
that significant numbers of active IP;Rs are immobile and located close to ER-plasma membrane
junctions. These channels are tethered to actin filaments beneath the plasma membrane due to KRas-
induced actin-interacting protein (KRAP), forming IP3R clusters that are “licensed” to respond to IP; and
generate Ca” puffs [57, 58]. In addition, a subset of all IP;R channels present in cells are located in



specialized areas, the MAMs, where ER and mitochondrial membranes reside in close apposition [59].
MAMs serve as functional contact sites that enable signaling microdomains for lipids, reactive oxygen
species and Ca®' [60]. At these ER-mitochondrial contact sites, Ca”" released via IPsRs is transferred from
the ER to the mitochondria in a “quasi-synaptic” manner [61] and transported across the OMM through
VDAC [62, 63]. MAMs form Ca”*" microdomains [64] where a number of specific proteins are expressed
that tightly regulate Ca’* fluxes or physically tether the contact sites [65-67]. As such, IP3Rs and VDACs
are physically coupled via the chaperone glucose-regulated protein 75 (GRP75), forming the base of a
large protein complex also involving other actors, such as DJ-1 [68], transglutaminase type 2 [69] and
Tespal [70]. In addition, other protein partners, such as mitofusin 2 [71], TOM70 [72] and Bok [73], were
identified for tethering the MAM while supporting IP;sR-mediated Ca** fluxes. IP3Rs themselves
participate in the establishment of contact sites, independently of their Ca**-driving activity [74].

MAMs therefore form unique contact sites for ER/mitochondrial Ca®" signaing. These Ca®* transfers are
essential for two opposite but essential processes, cell survival and ~e,!  :ath [66, 75]. On the one hand,
Ca’* that enters the mitochondria is transported from the inter,"em srane space to the mitochondrial
matrix through the mitochondrial Ca®* uniporter (MCU) expressc in the inner mitochondrial membrane
[76, 77]. Since Ca’* is a cofactor of several enzymes of tt.» citiic acid cycle (pyruvate dehydrogenase,
isocitrate dehydrogenase and a-ketoglutarate dehydrogerase,, basal mitochondrial Ca®* dynamics are
necessary to sustain cell survival [78-80]. Oscillatory C- " release is optimal to promote mitochondrial
bioenergetics [81], and constant IP;R-mediated Ca’ transfer to the mitochondria should be maintained
to avoid a high AMP/ATP ratio leading to auto’,nag/ [8.]. On the other hand, excessive Ca®* uptake in the
mitochondria leads to apoptosis induction. Thus, PR activity is directly modulated by cell stress sensors
[83]. During the early phases of ER stress, *he unfolded protein response regulator GRP78/BiP detach
from IP3R to bind misfolded proteins, tt er->v allowing ER-resident protein 44 (ERp44) to interact with
the channel. The binding of ERp44 tc .2-h .uppresses IP;R-driven Ca* release [84, 85]. However, upon
prolonged stress, the ER oxidase 1la ‘ERO1a) and the inositol-requiring enzyme 1a (Irela) generate
proapoptotic Ca** fluxes by fostc-ing IP;R expression or activity [86, 87]. In addition, tumor suppressors
such as phosphatase and ten.‘n Fomolog (PTEN) or promyelocytic leukemia protein (PML) are also
known to promote IP;R-me diat. d cell death [88-90]. Then, the Ca’* released in the MAM is transferred
to the mitochondria, an.' excessive mitochondrial Ca** triggers the opening of the mitochondrial
permeability transition pcr~. (mPTP), eventually leading to the release of proapoptotic factors such as
cytochrome ¢ into the cytoplasm [91]. This process is mediated through Ca”*, which binds to the B
subunit of the F,Fy-ATP synthase, inducing a conformational change in ATP synthase [92]. The F;Fy-ATP
synthase is believed to turn itself into the mPTP upon binding excessive Ca** [93, 94]. In addition, Ca**
also targets the diphosphatidylglycerol cardiolipin of the IMM, leading to the disruption of respiratory
chain complex Il and the generation of excessive reactive oxygen species (ROS) [95]. In turn,
proapoptotic factors released from mitochondria, such as cytochrome ¢ and ROS, can stimulate IP;R
activity and amplify apoptosis induction [96, 97].

It is also important to note that the three IP;R isoforms display very distinct characteristics. Although
recent data indicate that the three isoforms release similar Ca** puffs [98], it has been extensively
documented that the spatiotemporal Ca®* dynamics strongly differ from one IP3R isoform to another. It is
typically assumed that IP;R1 and IP;R2 generate oscillatory Ca®* signaling, while IPsR3 engenders



monophasic Ca®* transients [55, 99]. These divergences are indeed very significant in the context of cell
death and survival and have provided a first explanation for the strong implication of IP;R3 in Ca*'-
dependent cell death [89, 100-102]. Moreover, depending on the cell type, certain isoforms can exhibit a
specific localization and function at the ER-mitochondria contact sites. Comparative analysis using cell
models with genetic deletion of all three isoforms and reconstituted with one single isoform revealed
that while the three IPsR isoforms can be expressed at the MAMs, the type 2 and type 3 IP;R isoforms
are predominant in these regions [74]. On the other hand, IP;R1 resides essentially near the plasma
membrane. Moreover, the study demonstrated that IP;Rs have a structural role at the contact sites and
support the correct architecture of the MAMs. This work also determined that among the different
isoforms in the MAMs, IP;R2 is the most effective in delivering Ca’* to the mitochondria [74].
Nevertheless, the best described isoform at the ER-mitochondria conta t sites is IP;R3, and this protein is
even considered a MAM marker [103]. IP3R3 is particularly enriched in MA, 1s [74, 100] and preferentially
transmits apoptotic Ca®* signals into mitochondria, even when it is 1 ot ti e predominant isoform in the
whole cell [100]. Of note, IP;R3 does not exclusively mediate p'oap ptotic Ca** signaling but can also
promote prosurvival Ca®* transfer at MAM s to sustain mitochordria: Sioenergetics [72].

By mediating Ca®* flux from the ER to the cytosol, IPsR ¢ann:ls participate in a plethora of cellular
processes, including cell death and survival. Appropriate re sula:‘on of IP;R-mediated Ca®* release is thus
essential for cell function. Several mechanisms under' e ,u~h tight control, including a still expanding list
of IP;R-accessory proteins. Among these interacting aroweins, several antiapoptotic members of the Bcl-2
family have emerged as critical modulators of (PsF's Ca®*-flux properties. We will now discuss how Bcl-2
and Bcl-xL can control cell death and survival thr. 'igh regulation of Ca** signaling.

2.2 The regulation of IP;R by Bcl-2

Beyond their canonical role in scai: ~lding proapoptotic Bcl-2 proteins, antiapoptotic Bcl-2-family proteins
have also emerged as modulators ~f intracellular Ca®* homeostasis and dynamics. Currently, it is clear
that antiapoptotic Bcl-2-far..;, miembers can form complexes with IP;sRs and VDAC1 channels, thereby
impacting Ca”* flux fror. “he =R und Ca”" transfer to the mitochondrial matrix [104].

The first Bcl-2-family preo*cin identified for its capacity to bind IPsR was Bcl-2 itself [105, 106].
Endogenous Bcl-2 interacts with the three IP;R isoforms in various cell types [105, 107-109]; though the
functional impact of Bcl-2 on distinct IPsR isoforms has not yet been systematically analyzed.
Importantly, Bcl-2 directly inhibits IPsRs, thereby suppressing sustained, proapoptotic Ca®* signals that
arise from ER Ca” stores [105, 107, 108, 110, 111]. Accordingly, multiple cancer cell types depend on
IP3R inhibition by Bcl-2 for their survival, especially B-cell ymphomas [109, 112-114].

Additionally, Bcl-2 can also regulate ER Ca”* release indirectly by contributing to a negative feedback
mechanism that desensitizes activated IP;R1s [115]. Bcl-2 scaffolds a protein complex comprising the
Ca’*/calmodulin-dependent phosphatase calcineurin, the protein DARPP-32 (dopamine- and cAMP-
regulated phosphoprotein of 32 kDa) and the protein phosphatase 1 (PP1) in proximity to IPsR.
Depending on which plasma membrane receptors are stimulated, the activation of intracellular signaling
pathways results in the generation of IP; as well as in the activation of protein kinases such as protein



kinase A (PKA). While IP; directly triggers IPsR, PKA sensitizes IP3;R via its phosphorylation at Ser1755.
Sensing the Ca’* rise, calcineurin is activated and initiates negative feedback by dephosphorylating
DARPP-32. Dephosphorylated DARPP-32 then releases PP1, withdrawing its inhibition. Finally, PP1
removes the PKA-mediated phosphorylation of IP3R, leading to a desensitization of the channel [115]. Of
note, this interplay between Bcl-2 and PKA has only been deciphered for the IP;R1 isoform. Hence, the
relevance of this mechanism for controlling the IP;R2 and IP;R3 isoforms, which lack consensus PKA-
phosphorylation sites [52, 116], remains largely unknown. However, forskolin, which evokes PKA
activation, not only increases the open probability of IPsR1 but also of IP;R2 channels [117]. The
stimulation of IP;R2-mediated Ca®* fluxes by PKA appeared to be dependent on Ser937. Also, IPsR3 can
be phosphorylated by PKA though without major functional impact on agonist-evoked Ca®* signals [118].

A capacity of Bcl-2 to lower the Ca**-store content was originally propos . to account for the decrease in
IP;R-driven Ca®* release [119, 120]. In fact, several different mechar:sn.: by which Bcl-2 can directly or
indirectly mediate ER Ca’* leakage have been described [1271. i~_juding the inhibition of the
sarco/endoplasmic reticulum Ca-ATPase (SERCA) [122], increase ! Ca * leakage through sensitized IP;R
channels [123] hyperphosphorylated by PKA [124] or directly hy -reating cation-selective channels in the
ER membrane [125]. Nevertheless, further investigations ¢ =arl\ demonstrated that Bcl-2 can suppress
Ca’*-driven apoptosis without altering the ER Ca”* store cc.itei.* [105, 107, 108, 110, 126]. To date, the
varying impact of Bcl-2 on steady-state [Ca*"]ex among diiferent cell models and research groups remains
poorly understood. One obvious reason could be " at ve effect of Bcl-2 on steady-state ER Ca* levels
depends on its protein levels. Another reason _oul | be that Bcl-2 affects ER Ca** levels indirectly through
accessory proteins such Bax Inhibitor-1 (BI-1) o, ©I1SD2/Naf-1 [104, 127-130]. Hence, the effect of Bcl-2
on basal [Ca®'];: would depend on the presc.nce or absence of these other proteins. Similarly, regulation
of ER stores by Bcl-2 could be depende 1t ¢ ~ its posttranslational modifications since these alterations
modulate the function of the prote’., "1_Z|. Likewise, occurrence of these modifications would also
depend on the presence or absenca ¥ other proteins. Moreover, the capacity of Bcl-2 to regulate Ca**
homeostasis is strongly depende ~t .~ other members of the Bcl-2 family of proteins, whose expression
and activity vary according to "Il stress. In fact, most pro- and antiapoptotic Bcl-2-family members are
expressed at the ER memb ane., and many of them, such as Bcl-xL, Mcl-1, Bax, Bak, and Bok, modulate
Ca”** homeostasis and/or uirecdy regulate IPsRs [104, 132-134]. As such, cells in which the balance of
antiapoptotic over proapcr.otic proteins is high, such as Bax/Bak double knockout cells, were initially
reported to display a decreased steady-state [Ca**]e [135]. Indeed, Bax and Bak have been particularly
studied in this context since their depletion or overexpression have major consequences on basal
[Ca*]er. Although it is still not clear whether these proteins prevent [124, 135, 136] or favor [137, 138]
ER Ca’* store depletion, they always exert the opposite effect of Bcl-2 on [Ca**]gr. It is thus assumed that
Bax and Bak present at the ER are targeted by Bcl-2 and diminish the pool of free Bcl-2 available in ER
membranes. Thus, they compete with IP3R for Bcl-2 binding, ultimately governing the capacity of Bcl-2 to
regulate IP;R-mediated Ca’' release [124, 138]. Interestingly, the activity of Bax/Bak at the ER relies, like
at the mitochondria, on BH3-only proteins such as Bid, Bim, Bik or Bad [139-142]. Overall, these reports
suggest that pro- and antiapoptotic Bcl-2-family members can interact together and neutralize/activate
each other at the ER membranes in a similar fashion as they do at the mitochondrial membranes.
Furthermore, the possible interplay between Bcl-2 expressed at the ER membranes and mitochondrial



Bax [141] suggests that the pro- and antiapoptotic pathways of the Bcl-2 family of proteins at the ER and
at the mitochondria could be tightly connected. We therefore propose that in the narrow environment
of the MAMs, Bcl-2-family proteins present in those membranes mutually regulate ER Ca*'
homeostasis/IP3R activity on the one hand and mitochondrial permeability on the other hand, eventually
supporting or preventing apoptosis according to the cellular context.

Irrespective of the diverging mechanisms, Bcl-2 is thus acknowledged as an important IPsR modulator.
More interestingly, modulation of IP;R-driven Ca** signaling by Bcl-2 has emerged as a promising target
for cancer therapies.

2.3 Molecular determinants underlying IP;R/Bcl-2 complex formation

As stated above, IP3R channels are tetrameric. Each monomer is ot rani; ed into three large functional
regions: the N-terminal ligand-binding domain (LBD) (amino acic's 1-304 for mouse IP3;R1), the central,
modulatory region (a.a. 605-2216), and the C-terminal region {1.a. 2217-2749) (Fig. 3). The LBD consists
of the IPs-binding core (IBC) and the suppressor domain (SD'. 1. = C-terminal region consists of six TMDs,
whereby the 5" and 6™ TMDs form the channel pore and a cy.~solic tail [143]. This overall organization is
similar among the three IP3;R isoforms. Recently, mor. ‘nsights into the structure of the IP3R channel
were obtained from cryo-EM analyses of the full-le3g.+ t~.trameric IP3R1 and IP;R3 channels [144-148].
Recent insights provided by the publication ¢ Jhesc structures to our understanding of the channel
function were recently discussed [149].

Furthermore, beyond the functional domaii.- of the channel, it is well established that the IP;R1 can be
experimentally divided into five reprocu-ihle proteolytic fragments, generated upon controlled
trypsinization of the channel (Fig. 3). 7. se “.ve fragments (labeled Fragment 1 to Fragment 5) [150] have
proven to be an excellent tool for Ae.inhering the binding sites of different IP;R partners to the channel
[107, 151, 152]. This strategy has .<en applied with success for Bcl-2-family proteins [107, 110, 151,
153]. First, the Fragment 3, which .orresponds to the middle part of the central, modulatory region of
IPsR1, was identified to bira L-l-2 (a.a. 923-1581) [107]. Moreover, a conserved segment of 20 amino
acids in the Fragmen* 2 (J ''hoed Fragment 3al; a.a. 1389-1408) has been identified as a critical
determinant of the interacti>n of IP3R1 with Bcl-2 [107]. This amino acid stretch is present in all three
IP3R isoforms, enabling the binding of Bcl-2 to the central, modulatory regions of all three isoforms [110].
These amino acids are also highly conserved among IPsR orthologues, including the IP;R from the
unicellular organism Capsaspora owczarzaki, which is capable to bind human Bcl-2 [154]. Moreover, a
peptide based on the Fragment 3al of IPsR1 (IDP, for IPsR-derived peptide) is capable of disrupting Bcl-
2/1P3R complexes and reversing Bcl-2-mediated inhibition of IP3;R by binding to Bcl-2’s BH4 domain [110,
155]. Interestingly, since this sequence is conserved among the three IP;R isoforms, the IDP is not only
able to prevent the binding of Bcl-2 to the IP;R1 but also to the other isoforms [109]. Nevertheless, it
later appeared that the interaction between Bcl-2 and IP;Rs is more complex and relies in fact on
multidomain binding determinants. Hence, Bcl-2 binds to the Fragment 5 (a.a. 1932-2749), especially to
a segment consisting of the 6™ TMD and the C-terminal tail (a.a. 2512-2749) [151]. Finally, by discovering
that IP3R1 channels lacking a.a. 1389-1408 could still be inhibited by Bcl-2, and our group recently
identified that Bcl-2 could also interact with the LBD [111]. Interestingly, Bcl-2 and IP; displayed mutual



competition to bind the LBD of IP;R. Consequently, in the presence of a high concentration of IP;, Bcl-2
binding to the LBD was impaired, while Bcl-2 failed to inhibit IP;Rs opened by high [IPs]. Conversely, Bcl-2
was more efficient in inhibiting IP3Rs at low [IP;] [111]. Consistently, overexpression of Bcl-2 only
suppressed Ca’* signals elicited by low/medium [agonist] but not those elicited by high [agonist]. An
interesting consequence of the competition between IP; and Bcl-2 towards binding to the LBD is that one
Bcl-2 molecule per channel could be theoretically sufficient to inhibit IP3R, as all four subunits have to be
occupied by IP; to open the channel [56].

At the level of Bcl-2, the interaction with IPsR is also quite complex since multiple domains of Bcl-2
interact with the channel. Basically, the N-terminal BH4 domain of Bcl-2 binds to the LBD [111] as well as
to the Fragment 3 [110, 155] of IP5R, whereas the C-terminal TMD of Bcl-2 binds to the Fragment 5 [126].
Both the BH4 domain and the TMD of Bcl-2 are necessary for the proj er interaction and modulation of
IPsR. However, among these two domains, the BH4 domain clearly arnecs to be the most prominent
[110, 111, 126]. In fact, peptides representing the BH4 domain of Bcl 2 ari. able to bind to IP;Rs (and the
purified Fragment 3 of IPsR) and are sufficient to completely ir nibi. IP;R channel opening [110]. This
mechanism appeared to be strongly conserved during evolutic* since BH4 domains of Bcl-2 orthologues
from different classes of vertebrates can also act as inhibito s ¢ mammalian IP3Rs [156]. In addition, the
TMD is also significant for the inhibition of IP;Rs by Bcl-2 [1.7". In living cells, the TMD is necessary for
Bcl-2 to bind and completely inhibit the channel. Peptia. s representing the TMD are also able to inhibit
the channel by themselves in permeabilized cells bu: 1. a'ower extent compared to BH4 peptides [126].
The inhibitory capacity of the TMD is actually 'uv. 2r (han that of the BH4 domain. This is supported by
the fact that, in patch-clamp experiments, a p.-if.ed Bcl-2 protein deleted from its TMD is as efficient as
full-length Bcl-2 in abrogating IPsR single-cannel openings [111, 153]. In conclusion, we have proposed a
model in which the TMD anchors Bcl-2 ir .~e \.,embrane of the ER, where it serves to “concentrate” Bcl-
2 in proximity to IP;R. Hence, the TMD mc derately inhibits IPsR but facilitates the positioning of the BH4
domain in the close proximity of itz binuing sites on the channel [126]. Interestingly, the hydrophobic
cleft (made of the BH1, BH2 anu. BH> domains) located between the BH4 domain and the TMD is
apparently not involved in the -egulation of IP;Rs [157]. Consequently, BH3 mimetics such as
venetoclax/ABT-199, a seleru.= L.I-2 inhibitor that targets the hydrophobic cleft, do not have a major
impact on Bcl-2’s abili”, tc¢ inkibit IP;Rs [157, 158]. However, BH3 mimetics, including ABT-737 and
venetoclax, appear to stabiize the Bcl-2 protein [159, 160]. Detailed analysis of IP;sR channel gating
suggests that allosteric modulation of the BH4 domain through Bcl-2’s hydrophobic cleft might exist,
thereby subtly impacting the efficiency by which Bcl-2 inhibits low-level IP3R single channel activity [160].

The capacity of Bcl-2 to bind and inhibit the activity of IP3Rs was extensively examined and exploited in
the context of cancer [161, 162]. Indeed, many cell cancer models, in particular B cell lymphomas, are
addicted to Bcl-2, which prevents proapoptotic Ca®" signaling. These cancers are also considered “primed
for death” since inhibition of Bcl-2 directly triggers cell death. To study this mechanism, a stabilized,
proteolysis-resistant, and cell-permeable version of the IDP, dubbed BIRD-2 (Bcl-2/1P; receptor disruptor-
2), was developed [112]. This molecule disrupts the Bcl-2/IP; interaction and provokes cell death by itself
in a variety of Bcl-2-dependent cancer cell models, including diffuse large B-cell lymphoma (DLBCL) and
chronic lymphocytic leukemia [109, 112, 114, 163, 164], follicular lymphoma and multiple myeloma
[165]. It also enhances cisplatin-induced Ca®* signaling and cell death in ovarian cancers [166] and



synergistically kills small-cell lung cancer cells in combination with the BH3 mimetic ABT-263 [167]. BIRD-
2-induced cell death is dependent on IP;R isoform expression levels, whereby BIRD-2 sensitivity
correlated with IP;R2 protein levels among different DLBCL cell models [109, 113, 114]. Furthermore,
lowering IP3R2 levels using siRNA in a BIRD-2-sensitive cell model decreased the sensitivity to BIRD-2,
while increasing IPsR levels in a BIRD-2-resistant cell model augmented its sensitivity to BIRD-2 [109].
Interestingly, IP3R2 is recognized as the most efficient IP;R isoform in establishing ER-mitochondrial
contact sites and mediating ER-mitochondrial Ca** transfers [74]. Ultimately, disrupting the IPsR/Bcl-2
interaction in such cancer cells triggers excessive IP;R-mediated Ca” release, resulting in Bax/Bak-
independent mitochondrial Ca** overload, rapidly followed by mPTP opening, release of cytochrome ¢
and induction of apoptosis [164].

Furthermore, there is an interesting reciprocal sensitivity of B-cell ly- ‘ohomas to BIRD-2 versus BH3
mimetics (such as venetoclax, navitoclax or HA14-1, etc.) [114, 163, 1%5,. This suggests that some cancer
cells may require Bcl-2 at the mitochondria, preventing Bax/Bak ~cu ~.ion via the hydrophobic cleft,
while others require Bcl-2 at the ER, impeding cytotoxic Ca**-sign ling events via their BH4 domain. This
indicates some kind of separation of the domains of Bcl-2 acro: Ying to their functions and interactions,
with Bak/Bax on the one hand and IPsRs on the other hand. Nevt rtheless, this simplistic division may not
be completely exact since noncanonical interaction mech nisi.'s between Bax and Bcl-2’s BH4 domain
are also possible [168]. In any case, combining (ir'gs targeting both the BH4 domain and the
hydrophobic groove could be an approach to pote:tiali.e the effect of these molecules and potentially
prevent Bcl-2-dependent cancer from escapir.g ¢/ Il death [114, 163, 165]. In fact, the combination of
BIRD-2 and BH3 mimetics at low concentratio.’s resulted in synergistic cell death. Consequently, in
addition to the new BH3 mimetics under .'evelopment, new drugs targeting Bcl-2’s BH4 domain are
being investigated. For instance, BDA-3€6, o <mall molecule efficient against lung cancer, was identified
as a putative selective Bcl-2 inhibitor .. gelng the BH4 domain [169]. This drug was originally described
to conformationally change Bcl-2 i'.to 2 proapoptotic protein with an exposed BH3 domain that triggers
Bax activation. However, our grc 'o . ~cently demonstrated that BDA-366 induced apoptotic cell death in
CLL and DLBCL, though indepc.~dently of Bcl-2-protein levels [159, 170]. Additionally, BDA-366-based
alternative molecules werc ide atified by molecular modeling approaches [171], yet these molecules
failed to provoke cell dea™ 11 Bcl-2-dependent cancer cell models [172]. Recently, another screening
endeavor using computer-~-sisted and biophysical approaches resulted in the identification of DC-B01 as
a novel Bcl-2 inhibitor that directly targets Bcl-2’s BH4 domain [173]. DC-BO1 induced mitochondria-
mediated apoptosis in a Bcl-2-dependent manner and suppressed in vivo tumor growth of lung cancer
cell models. At the mechanistic level, DC-BO1 perturbed the Bcl-2/cMyc complex and abrogated pro-
oncogenic cMyc-driven transcriptional processes. However, it remains to be established whether DC-B01
can also disrupt IP;R/Bcl-2 complexes and thus elicit apoptosis through Ca®*-driven pathways. In any
case, BIRD-2 has proven its efficacy in vitro and in vivo [165], supporting the development of BH4-domain
antagonists as promising anticancer therapeutic agents [161, 162, 172].

From the above it appears that the interaction of Bcl-2 with IP; is complex as it involves distinct
domains/regions of both proteins. Further work is therefore needed to elucidate the full-length IPsR/Bcl-
2 complex to exactly understand its binding characteristics and stoichiometry. In any case, analyzing the
molecular determinants underlying the IP;R/Bcl-2 complex has permitted the development of peptide



tools such as BIRD-2 that can efficiently kill Bcl-2-dependent cancer cells by intracellular Ca** overload as
a consequence of disrupting IP3R/Bcl-2 complexes. As such, BH4-domain-antagonizing compounds may
form promising anti-cancer tools eliciting Ca**-driven apoptosis.

3 The role of Bcl-xL in ER/mitochondria Ca** signaling

Bcl-xL is probably the best described antiapoptotic Bcl-2-family protein after Bcl-2 itself. The protein was
discovered nearly a decade after Bcl-2 and identified as another cell death regulator [174]. Bcl-xL was
designated “extra large” because its gene (BCL2L1) also encodes a smaller isoform named Bcl-xS (B-cell
lymphoma-extra small) [174]. The protein Bcl-xL shares approximately 65% similarity with Bcl-2 and has a
comparable molecular weight (26 kDa). It also has a similar structure \ 'ith the same organization of the
functional BH domains [19] (Fig. 1). As a member of the Bcl-2 family ~* nrc*eins, Bcl-xL has been widely
investigated for its antiapoptotic role in cancer. However, other ev.den.e has demonstrated that this
protein possesses a large number of noncanonical functions, in:lua,1g in noncancerous cells, such as
neuronal function and development [175].

3.1 Bcl-xL regulates IPsRs to promote cell survival

In line with the role of Bcl-2 as a regulator of I+ _Rs, Bcl-xL emerged as a putative IP;R modulator.
Interestingly, the first study that investigated he ' alationship between these two proteins reported that
overexpression of Bcl-xL reduced the expressic~ of IP;R1 [176]. This effect was explained by the
inhibition of mitochondrial oxidative phos, horylation upon Bcl-xL overexpression, resulting in the
reduced binding of the transcription fac o N"AT to the IP;R1 promoter. However, such an effect of Bcl-
xL on IP3R expression was not obselve.' in subsequent studies by other groups, regardless of the cell
model considered [177-179], and icl-x' was demonstrated to stimulate oxidative phosphorylation (see
section 4.1).

Until recently, Bcl-xL was, i1 ¢ ntrast to Bcl-2, predominantly seen as a sensitizer of the IP;R [177]. In
patch-clamp assays, reco. “bi. ~:it Bel-xL increased the open probability of single IP;R1 channels gated by
low concentrations of IP; jut did not exhibit any effect at high [Ca®*]. Moreover, in DT40 cells,
overexpression of Bcl-xL did not affect agonist-induced IP;R-mediated Ca** release but did promote
spontaneous Ca”* oscillations. Accordingly, this oscillatory pattern — usually considered prosurvival —
resulted in enhanced mitochondrial energetics and augmented cell viability [177]. Equivalent findings
were later obtained in distinct DT40 cell lines expressing only one of the three IP; isoforms [180]. The
authors later provided more insights by exploring IPsR modulation by Bcl-xL in a comprehensive
electrophysiology study [181]. They demonstrated that Bcl-xL has in fact a dual role, activating the
channel at low concentrations (with a maximal potentiating effect at 1 uM) but inhibiting it at higher
concentrations (10 uM or more). This bell-shaped regulation of IP;Rs suggested that Bcl-xL could execute
various cellular functions according to its levels of expression.

Furthermore, the conclusions of the functional experiments were strengthened by detailed molecular
interaction studies. First, coimmunoprecipitation (co-IP) studies from DT40-3KO cells (i.e. depleted from



the three endogenous IP;R isoforms) reconstituted with a single specific IPsR isoform and overexpressing
Bcl-xL allowed to determine that Bcl-xL can interact with the three isoforms. It was also established using
co-IP that endogenous Bcl-xL interacts with endogenous IPsR3 in COS cells [177]. Next, using
recombinant purified IP;R fragments (Fig. 3), the authors showed through pull-down assays that Bcl-xL
can bind the C-terminal Fragment 5 [177, 181] and, to a lesser extent, the Fragment 3al [181] — which is
essential for Bcl-2/IP5R interaction [107] — of IP3R, but not the N-terminal LBD [177]. Using similar pull-
down assays, we also measured that, contrary to Bcl-2, Bcl-xL had a noticeably stronger binding to the C-
terminal Fragment 5 (more precisely to the Fragment 5b+ but not to the Fragment 5b, indicating the
involvement of the 6 TMD) than to the Fragment 3 of IP5R [151]. Fascinatingly, two BH3-like domains in
the Fragment 5 of the channel (dubbed H1 and H4, for helixes 1 and 4) were identified as two major
binding sites for Bcl-xL [181]. A BH3 mimetic (ABT-737) was able to dis upt the interaction between Bcl-
XL and those helixes, revealing that Bcl-xL binds the BH3-like domains ir, 'P3R through its hydrophobic
cleft, apparently in a similar way as it does with the BH3 domains of ,'roa} optotic Bcl-2-family members.
In addition, the authors demonstrated that the bell-shaped regu’atic » of the channel is dictated by the
various binding sites targeted by Bcl-xL on the channel. Expli~.tly, Zcl-xL stimulates channel activity by
interacting with the two BH3-like domains in the C-termrinc.=, whereas it switches to its inhibitory
function when binding to one of the BH3-like domains anu *< the Fragment 3al. Finally, the authors
were able to verify that disturbing the Bcl-xL/IP3R inter=:tion by specifically targeting the BH3-like helixes
strongly impeded Bcl-xL’s antiapoptotic function [*&. . ronvincingly linking the molecular interaction
studies with Bcl-xL’s functional regulation of the _ran.al.

Furthermore, in line with the role of the hydrop..~bic cleft of Bcl-xL described for its interaction with the
IPsR channel, we determined that the BHa domain of Bcl-xL was likely not involved in this interaction
[110]. Our group scrutinized in detail the rr. ~ of the BH4 domains of Bcl-2 and Bcl-xL in their interaction
with IP;Rs [110, 182-184]. In the BH” ‘ai..4in of Bcl-2, a number of residues critical for the inhibitory
effect of the protein were identifi 2a. Among them, lysine 17 (K17) is of particular interest [110]. This
residue is especially well conscrve in Bcl-2 orthologs but not in other antiapoptotic Bcl-2-family
proteins. In Bcl-xL and Bcl-w o *hol»gs, this positively charged lysine residue is replaced by a conserved
negatively charged asparta e [1.°4], namely, D11 in Bcl-xL. Fascinatingly, mutating K17 into an aspartate
in Bcl-2’s BH4 domain re~ders the protein unable to bind and modulate IPsRs, therefore impairing
protection against IP;R-me~.ated cell death. Inversely, mutating D11 into a lysine in Bcl-xL's BH4 domain
(which displays poor IPsR-binding properties by itself) made it as effective as Bcl-2’s BH4 domain to bind
and regulate IP;Rs [110]. These molecular divergences provide a rationale for the distinct actions of Bcl-2
and Bcl-xL towards IP3R.

Thus, until recently, functional and structural evidences pointed to major differences in the regulation of
IPsR by Bcl-2 versus Bcl-xL. Although both have a clear antiapoptotic effect, the former has been shown
to diminish proapoptotic Ca®* fluxes while the latter has been reported to stimulate prosurvival Ca**
signaling. However, more recent findings indicate that also Bcl-xL is capable of inhibiting IPsR activity
thereby preventing Ca**-driven apoptosis. This novel feature of Bcl-xL will be developed in the next
section.



3.2: Bcl-xL is an inhibitor of IP;R activity, thereby preventing Ca**-mediated apoptosis

The first evidence suggesting an inhibitory role of Bcl-xL on IPsRs originated from the exhaustive
characterization of Ca®* signaling and apoptosis in Bcl-xL-knockout MEFs [185, 186]. The authors
observed that the loss of Bcl-xL resulted in an increase in IPsR-driven Ca®* release, pointing to an
inhibitory effect of Bcl-xL. However, they also measured an augmented [Ca2+] in the ER of Bcl-xL” MEFs.
They therefore concluded that the reduced IP;R-mediated Ca®* response in WT MEFs compared to Bel-xL
’~ MEFs is the indirect consequence of the lower amount of Ca** in the ER of WT MEFs [185].

New clues pointing to a direct inhibitory effect of Bcl-xL later arose from the work of our group
concerning the ryanodine receptors (RyR) [187-192], a class of Ca**-release channels structurally and
evolutionarily related to IP;Rs [149, 193]. We first established that Bcl- 2 interacts with and inhibits RyRs
[187, 190], as it does with IP;Rs. Moreover, we also demonstrated that Bc: vL binds RyRs to dampen Ca®
release [189]. In this study, we identified a critical lysine residue (K.'7) it the BH3 domain of Bcl-xL. In
silico structure superposition of Bcl-2 and Bcl-xL revealed that ¥87 .- spatially constrained in a similar
position as K17 of Bcl-2 (Fig. 4). Mutating this K87 into an as-arta.c (K87D) abrogated the capacity of
Bck-xL to bind and regulate RyRs [191].

In our recent work, we focused on the characterization ¥ IP;R regulation by Bcl-xL. First, we
demonstrated using multiple techniques that Bcl-xL is 70l~ to bind to the LBD of IP3R [178], similar to
Bcl-2 [111]. Next, we used our insights obtained f. "\m e regulation of RyRs by Bcl-xL to demonstrate
that the K87 of Bcl-xL is also critical for the ir cera :tion of Bcl-xL with IPsR. The K87D mutation severely
impeded the binding of Bcl-xL to IP;R, including *o the LBD and Fragment 3 [178]. Interestingly, K87 is
located on the opposite side of Bcl-xL's hyc-ophobic cleft, not in the binding pocket itself (Fig. 4). This
suggests that the interaction of Bcl-x! va» IP;R may not exclusively involve binding through the
hydrophobic cleft. Interestingly, a rec:i.* s..dy identified a “double bolt” interaction between Bcl-xL and
Bim, namely, via Bcl-xL’s hydropho’sic ~left and lysine 185 [194], validating the idea that multiple regions
of Bcl-xL can be required for bina’ng .~ one single partner.

At the functional level, we fc, ~o...trated that Bcl-xL does not systematically sensitize IPsRs but can also
have a major inhibitor;, -oi. Cverexpression of Bcl-xL in a variety of cell lines resulted in diminished
agonist-induced IP;R-driven Ca®* release. Likewise, the application of purified Bcl-xL proteins in patch-
clamp experiments reduced the open probability (Py) of single IPsR channels directly elicited by
physiological concentrations of [P;. Interestingly, we also observed in these -electrophysiology
experiments that high [IP;] abolished Bcl-xL’s inhibitory effect [178]. This outcome is noteworthy
because it is similar to what we previously observed in the context of IPsR regulation by Bcl-2. In that
case, this effect was attributed to competition between Bcl-2 and IP; for binding the LBD of IP;R [111]. As
we have shown that Bcl-xL also binds to the LBD, we propose that a similar mechanism may occur in the
context of the Bcl-xL/IPsR interaction. In addition, consistent with our interaction studies, we also
determined that the Bcl-xL**"®

upon overexpression in cells or when purified for electrophysiology experiments, confirming the critical

mutant is severely impaired in its capacity to regulate IPsR activity, either

role of this residue. Another significant molecular determinant we identified is the TMD of Bcl-xL. While
a purified Bcl-2 protein depleted of its TMD (Bcl-2"™P) is absolutely capable of efficiently diminishing the
P, of IP3R, the purified Bcl-xL“™P fails to inhibit IPsRs despite proper a-helical folding [178]. This indicates



that, contrary to Bcl-2’s TMD, Bcl-xL's TMD might be an important and unappreciated molecular
determinant for the interaction of Bcl-xL with IP;Rs and not only serve to anchor the protein in the ER
membrane. Until now, Bcl-xL's TMD has been essentially known for its role in the oligomerization of the
protein [195]. Bcl-xL usually exists in both a membrane-bound state and a soluble cytosolic state. Upon
apoptosis induction, the cytosolic form shifts from conformation and relocates to the mitochondrial
membrane, where it can exert its antiapoptotic function [196]. Bcl-xL dimers are soluble in the cytosol
since the TMDs are sequestered in the protein complex, while monomers are anchored in membranes
through the TMD [195]. Although the membrane-inserted form of Bcl-xL is very likely the state required
for interaction with the IP3R (as it is for interaction with mitochondrial proteins), a mutated Bcl-xL
protein unable to dimerize appears severely hampered in its capacity to modulate mitochondrial Ca**
uptake [197], suggesting that Bcl-xL homodimers may also be involved " the regulation of Ca** channels.
Overall, our data highlighting Bcl-xL’s inhibitory function of IP3R [178] chai.~nge Bcl-xL’s sensitizing effect
described in earlier publications [177, 181]. However, our observtior 5 may be consistent with an
inhibitory effect reported at high [Bcl-xL] [181]. It is nonetheless suryising that we did not observe any
sensitization using purified Bcl-xL proteins in patch-clamp expe'ime...s. In our hands, both Bcl-2 and Bcl-
XL diminish the P, of the channel in a similar fashion. Furthe.n.~re, either at low [IP;] or at low [Bcl-xL] —
likely the best conditions to visualize a sensitization of "2 channel — we did not measure any
augmentation of the Py. In any case, we postulate tha* 2ci-xL may mediate various types of modulation
of the IPsR, either sensitizing prosurvival Ca®* sg irg or inhibiting proapoptotic Ca** signaling,
potentially dependent on its expression levels 7...'/0, ather yet poorly defined parameters such as post-
translational modifications, accessory proteins, ot ..

Another point that will need to be clarifie ! to elucidate the dual role of Bcl-xL towards IP3Rs is the
capacity of Bcl-xL to regulate Ca®* homr os.sis. As mentioned above, the work of Li and White clearly
demonstrates the essential role of Bc' .1, i.> “ne maintenance of ER Ca”* stores [185], likely by promoting
enhanced basal IPsR activity in res*in.~ cens [177, 180]. The ability of Bcl-xL to lower ER Ca®" stores has
been observed in several studies |.77, 180, 185, 198, 199] but not systematically [178, 180, 189]. This
discrepancy is very interestint bec_use a similar discrepancy was also reported for Bcl-2 (see section
2.1). Moreover, Bcl-2-mediz e reuuction of [Ca®*]er has been related to a sensitization of IPsRs. While it
is evident that Bcl-2 sur . ves“es .arge IP;R-driven proapoptotic Ca”" fluxes [105, 110, 111, 155], Bcl-2 was
also shown to amplify IP;R- nediated prosurvival oscillatory Ca** release [123, 198, 200]. This ability of
Bcl-2 to favor such oscillatory Ca** signaling was not consistently observed and appeared limited to the
context of reduced steady-state [Ca*"]ek [123, 198]. The authors of these studies therefore established
that Bcl-2 depleted the Ca’* stores via this enhanced IP;R activity. Hence, these observations strongly
converge to the findings reported for Bcl-xL [177, 180]. It is striking that comparable dual mechanisms —
sensitization versus inhibition of IP;R — were reported for both Bcl-2 and Bcl-xL as well as the relationship
between sensitization and altered Ca®* stores. This suggests an important functional similarity of the two
proteins in their regulation of IPsR activity and Ca** homeostasis. Furthermore, most of the mechanisms
proposed in section 2.1 to account for the Bcl-2-mediated reduction of Ca** stores are also valid for Bcl-
xL, including sensitization of IP3R at steady-state [IP;] [177], formation of ion channels by Bcl-xL itself
[201], interaction of Bcl-xL at the ER with proteins involved in the regulation of [Ca®*]e such as BI-1 [128],
CISD2 [127] or other Bcl-2-family proteins [142]. Similar to Bcl-2, the nonsystematic observation of an
effect of Bcl-xL on Ca®* stores indicates that such mechanisms might depend on the level of expression of
Bcl-xL or vary depending on the presence/absence of the abovementioned partners. While most Bcl-2



and Bcl-xL partners mentioned above are shared between both proteins, interaction and/or regulation
by some other partners are rather specific to either Bcl-2 or Bcl-xL. This is the case with the proto-
oncoprotein K-Ras [202]. This protein can bind to both Bcl-2 and Bcl-xL, but only the protein kinase C-
phosphorylated K-Ras can block Bcl-xL sensitization of IP3Rs, limiting cell survival [202, 203]. Another
example is the ER pseudoproteases iRhom1 and iRhom2 [204]. These proteins critically support IP;R-
mediated cell death induced by ER stress. iRhoms bind to both IPsRs and Bcl-2 and in this way prevent
the inhibition of IPsR-driven Ca®" flux by Bcl-2 upon ER stress. However, iRhoms neither interact nor
regulate Bcl-xL [204].

Regarding the consequences of the inhibition of IPsR by Bcl-xL on cell death and survival, our recent data
demonstrate that Bcl-xL can prevent proapoptotic Ca** signaling. To study this mechanism, we used
staurosporine (STS), which has been previously recognized for provokirz Ca**-driven apoptosis [91, 205].
STS provokes transient mitochondrial depolarizations and flickering mPTP openings, therefore
generating microdomain oxidative bursts and subsequent oxidizatior of \?3Rs at the MAMs [206]. Thus,
the oxidation of IP;Rs elicits proapoptotic IP;R-driven Ca®* release * “he .nitochondria. Interestingly, STS-
induced cell death relies on Bax and Bak, but they are only asti "ated by excessive mitochondrial Ca**
uptake, not by flickering mitochondrial depolarizations or mPTF ~penings [206]. However, we validated
that STS-induced apoptosis depends on IPsR, which is ¢ sen: in Hela-3KO cells. We subsequently
demonstrated that overexpressing Bcl-xL dampened STS-inviuce ¥ Ca** release and STS-induced apoptosis
in wild-type Hela cells but not in HelLa-3KO cells. This confirmed that Bcl-xL, like Bcl-2, can suppress
proapoptotic Ca®* flux (Fig. 5a). Interestingly, the Ecl-x=* ° mutant was not able to prevent such IPsR-
mediated proapoptotic mechanisms, suggesti'ig \hat K87 is essential for Bcl-xL binding to IPsR [178].
These results can appear at odds with the woi.* of White and Li. Using Bcl-xL”” MEFs reconstituted with
either ER-targeted or mitochondria-targe.~d Bcl-x, these authors have shown that Bcl-xL expressed at
the ER does not provide any antiapop.otic arotection in response to various cell death inducers,
including the IP;R-mediated apoptosis inc ucer STS [185]. However, it should be kept in mind that the
distinction between ER and mitochctdric' membranes can be challenging in the context of Ca** transfer
at the MAMs. In these areas, ER ¢ d n.'tochondrial proteins are in close proximity, with IP;R and VDAC
physically tethered [207]. Hence, ." is not impossible that one pool of Bcl-xL protein could relocate from
one membrane to another urai, v=rious stimuli and synergistically control IP3R and VDAC channels (see
section 3.3).

In any case, we hypothesize. as proposed above, that Bcl-xL-mediated inhibition of IP;R-driven apoptotic
Ca’* fluxes could rather be specific for cancer cells. This claim is supported by our findings in MDA-MB-
231 cells, triple-negative breast cancer cells that express high levels of Bcl-xL and were identified to be a
highly Bcl-xL-dependent cell line [208]. Knockdown of Bcl-xL resulted in increased IP;R-driven Ca®*
release, thereby revealing that IP3;R inhibition occurs by endogenous Bcl-xL, at least in MDA-MB-231
cells. Moreover, MDA-MB-231 cells are resistant to STS-induced apoptosis though decreasing Bcl-xL
expression renders them sensitive to STS, thereby provoking cell death [178]. Thus, these results
established for the first time that endogenous Bcl-xL can dampen IP;R-mediated Ca®* signaling and
protect cells against IP;R-dependent apoptosis. This work also raises questions regarding the role of IP3R-
driven Ca** release and Bcl-xL in cancer. Indeed, ER-mitochondrial Ca®* signaling has emerged as a
fascinating prospect for cancer therapies [65, 209, 210]. Many chemotherapeutics, such as cisplatin,
arsenic trioxide, and resveratrol, directly or indirectly affect Ca®" flux, leading to cytotoxic mitochondrial
Ca’* overload [209]. It would be interesting to determine whether the BH3 mimetics, by targeting Bcl-xL,



beyond acting via the canonical Bcl-2-family pathway, also stimulate proapoptotic Ca** fluxes to kill
cancer cells.

In conclusion, we propose that Bcl-xL may support either a sensitizing or an inhibitory effect of IP3R-
mediated Ca®* release according to its level of expression and/or to the cellular context. In healthy cells,
low protein levels of Bcl-xL would sensitize IP;R-driven prosurvival oscillatory ca® signaling and
mitochondrial metabolism, while upon ER stress or in cancer cells, high protein levels of Bcl-xL would
inhibit IP;Rs and proapoptotic Ca®* fluxes. Hence, both mechanisms would improve cell survival. Of note,
IPsR regulation by Bcl-xL could be more complex, particularly in cancer cells in which different levels of
expression and isoforms of IPsR, especially IPsR3, can promote either proapoptotic or prosurvival Ca**
signaling [211, 212]. We therefore do not exclude the possibility that Bcl-xL could also support
prosurvival Ca** signaling in cancer cells.

3.3 Bcl-xL is a regulator of ER/mitochondria Ca** signaling, there %y p. omoting cellular metabolism and
cell survival

Ca’* release through IP5Rs is not an isolated process but the ."isc,er of multiple specific cellular functions.
The effects mediated by Bcl-xL at the level of IP;R must he seen in the wider context of ER/mitochondria
Ca’* transfer and mitochondrial metabolism (Fig. 5). %.¢ t 1@ MAMs, Ca”** release from IP5Rs is directly
linked to mitochondrial Ca** uptake through VP A€, *he counterpart channel of IPsRs in the OMM [59].
Interestingly, VDACs are also linked to RyR ii. na'cicular cell contexts, such as cardiomyocytes [213]. In
vertebrates, there are three VDAC isoforms — VD~71 to VDAC3 — coded by three different genes. VDAC1
and VDAC2 are the best documented isof~rn.- and among the most abundant proteins expressed in the
OMM [214]. Among the three VDAC isoform:, VDACL is the only isoform that forms complexes with IP3R
at MAM s and transfers proapoptotic -a- -ignals from the ER to mitochondria [102].

VDAC is a nonspecific voltage-de ne, 1ent channel known for its crucial role in mitochondrial metabolite
transport. Originally known as ~ mirochondrial porin due to its B barrel structure, it was renamed after
the discovery of its capaci.y t. transport anions under specific voltages. Hence, its closed and open
states are defined in ternm.. o1 lux of anions [215, 216]. The electrical characteristics of VDACs are mostly
based on the VDAC1 isoforr. [62, 216-218]. VDAC2 displays similar properties [219, 220], while VDAC3 is
poorly voltage-dependent [220]. The characterization of the channel has been mainly performed in
planar lipid membranes [62, 216-218, 220-222]. VDAC exhibits a bell-shaped voltage-dependence with
gating at resting, moderate potentials (between -30 to +30 mV). In this open state, the channel has a
high conductance for negatively-charged ions, mitochondrial metabolites and respiratory substrates. At
higher (> 40 mV) and lower (< -40 mV) applied voltages, VDAC becomes less permeable to anions. In this
closed state, the channel is about 50% less permeable to anions and totally impermeable to negatively-
charged molecules [214, 217, 218, 220, 223-225]. It is important to note that the channel adopts
different closed states, dependent on the applied voltages, with a so-called “negatively closed” state for
voltages < -40 mV and “positively closed” state for voltages > 40 mV [215, 216]. Concerning Ca”* fluxes
through VDAC, the mechanism is rather paradoxical. In fact, the channel exhibits a higher permeability
for cations in its closed states, particularly in the “negatively closed” conformation. In this latter state,



Ca®* permeability is increased about four times compared to the open state [216]. It has been proposed
that these different states of VDAC have different structural conformation, particularly at the level of the
ion selectivity filter [215, 225]. Nevertheless, the physiological relevance of this process has been
debated due to the difficulty to demonstrate the existence of a membrane potential across the OMM
[214, 225]. Moreover, some studies suggest that voltage-dependent gating of VDAC is negligible in
physiological conditions compared to its regulation by other factors such as accessory proteins [224,
225]. Indeed, a large number of molecules able to interact with the channel and to modulate its gating
properties have been identified [224], including NADH [226], hexokinases [222], tubulin [227], a-
synuclein [228] and Ca”" itself [229]. Since the channel is usually open in steady-state conditions, it is not
surprising that most VDAC regulators do close the channel.

Due to the importance of metabolites and Ca* fluxes between the cyto .~l and the mitochondria, VDACs
have been involved in numerous biological processes, including ref,dia“ion of cell death and survival.
Accordingly, several Bcl-2-family proteins interact with VDAC, the-av ' :egulating its gating [104, 224,
230]. However, whether VDAC opening or closure contributes tu apc ptosis has been strongly debated
[223, 230]. Nowadays, opened VDAC is generally accepted as 1. @ prosurvival state of the channel. The
current model is that gated VDAC promotes a large flux of ‘etz Yolites while sustaining the limited Ca**
uptake necessary to maintain mitochondrial bioenergetics /"ig. Z3). Contrariwise, VDAC in its closed state
stimulates cell death by impeding metabolic fluxes i nr, supporting wide cytotoxic Ca** entry into the
mitochondria (Fig. 5b) [214, 216].

Among all Bcl-2-family members, the best-in ec.igated protein interacting with VDAC is Bcl-xL. Since
VDAC and Bcl-xL are predominantly expre.sed in t..e same organelle, the interaction between these two
proteins at the mitochondria was discovz-=a 'ng before the interaction involving IP3;R at the ER [231,
232]. Nevertheless, the role of Bcl-xL in «ipe ning versus closure of VDAC has been intensely discussed
[230]. In accordance with the modec deicted above, Bcl-xL has been described to promote the open
configuration of the channel, thei.fore facilitating prosurvival metabolite exchanges [232, 233]. On the
other hand, Bcl-xL has also been i1, nlicated in the closure of the channel [221, 231], thereby preventing
the proapoptotic release of 2, 2¢...ome ¢ [231, 234]. The concept of cytochrome c release through VDAC
pores has been highly .on.ovrsial since the diameter of the channel pore is not sufficient for the
passage of proteins [235 236]. Furthermore, the channel initially appeared dispensable for
mitochondrial cell death since fibroblasts depleted for the three VDAC isoforms exhibited equivalent
viability and cytochrome c release than WT cells [237]. Afterwards, the capacity of VDAC to homo- or
hetero-oligomerize (with other proteins such as Bax) was revealed. Furthermore, these VDAC oligomers
display unique structural conformations and noticeable larger pores that can account for the passage of
large molecules, including cytochrome ¢ [223, 235, 238, 239]. The assemblage of these oligomers is
usually a consequence of amplified VDAC expression and is strongly associated with apoptosis induction.
Overexpression and oligomerization of VDAC has been observed in many diseases, such as cancer, and is
responsible for aberrant and pathological Ca** signaling [104, 224, 240]. Proapoptotic drugs commonly
used in research are also known to trigger such VDAC oligomerizations [224]. In addition, recent data
demonstrated that oxidative stress promotes the release of small mitochondrial DNA (mtDNA) through
pores formed by VDAC oligomers, with this mtDNA amplifying such oligomerizations [241]. Interestingly,
Bcl-2 and Bcl-xL appear to dampen such VDAC oligomerization [239, 242], thereby validating the role of



Bcl-xL in inhibiting cytochrome c release through VDAC [231]. Overall, the different oligomeric states of
VDAC likely explain the discrepancies regarding Bcl-xL-mediated closure or opening of the channel. Bcl-xL
would increase channel gating to stimulate prosurvival metabolic transfers, whereas it would diminish
channel opening/oligomerization upon high VDAC expression to prevent the release of proapoptotic
mediators [230].

Since before VDAC was recognized as the major Ca®* transporter in the OMM [62], contradictory reports
were published regarding the prosurvival vs. proapoptotic role of Ca** influx into mitochondria [230]. The
discrepancy could easily be elucidated by the opposite roles of Ca?* depending on its concentration and
spatiotemporal dynamics. Indeed, basal mitochondrial Ca** levels are required to support mitochondrial
bioenergetics [80] but excessive mitochondrial Ca®* levels trigger apoptosis in the mitochondria [95,
243]. Similar conflicting data emerged concerning the ability of anti-a..ptotic Bcl-2-family proteins to
modulate VDAC gating and prevent apoptosis, either by facilitatirg < nnpeding mitochondrial Ca*'
uptake [184, 186, 230]. Hence, Bcl-xL was described to either ~0.>~.e [197, 244, 245] or prevent
mitochondrial Ca®* uptake [184, 199, 246]. In fact, both schemes ¢2n a :count for the antiapoptotic effect
of Bcl-xL. From our own data, we believe that Bcl-xL can switc, the channel in an open conformation,
thereby preventing proapoptotic Ca** signaling and favoring met. bolite exchanges (Fig. 5a). On the other
hand, studies showing that Bcl-xL stimulates mitochondrial Ca* =ntry also reported that this Ca* fosters
mitochondrial metabolism [177, 244]. Nevertheless, n .hat context, the global underlying mechanism
remains difficult to conceptualize since increased ~a“ uptake should imply a closure of VDAC [216].
Then, how can a situation leading to an iraibition of metabolite exchanges account for improved
mitochondrial bioenergetics? Again, an answer 1. Ay be found in the distinct properties and regulation of
the VDAC monomers versus oligomers. It is ."ill an open question whether VDAC oligomers are present in
MAMs in contact with IPsR-driven proap >p.c *ic Ca** fluxes. Nevertheless, several evidences suggest that
VDAC regulation inside and outside tk < M. .1 might be different [225]. Another explanation is that Bcl-xL
could trigger prosurvival, oscillator; L>*" release by the IPsR while keeping VDAC in a prosurvival (open)
state. This means that VDAC in i*s i.'v Ca** permeability state could still allow the passage of the IP;R-
mediated Ca’* flux, when the J3%" release is stimulated by Bcl-xL. This is not impossible since VDAC is
massively expressed in tte CVIM: prosurvival Ca®* released by one IP;R channel could thus be
transferred into the mito.houdria through many VDAC channels in their low Ca®* permeability state.
Another hypothesis is that Fcl-xL controls VDAC gating in a subtler way than just regulating opening and
closure. One could hypothesize that Bcl-xL could convert the Ca** signal released through VDAC to a
prosurvival pattern. However, analyzing such modulation remains challenging due to the difficulty to
measure Ca’* signaling through VDAC without being influenced by other ER/mitochondrial Ca**-transport
systems.

Globally, increased or decreased mitochondrial Ca** uptake can rely on various mechanisms beyond
VDAC itself. This comprises the upstream modulation of IP;R-dependent Ca** release or the downstream
regulation of MCU opening. Of note, MCU, in contrast to VDAC, is highly selective for Ca** [77]. To
validate that the effects mediated by Bcl-xL directly target VDAC, peptides derived from VDAC's N-
terminal region that represent the Bcl-xL-binding part of the channel have been largely used. These
peptides are able to compete with Bcl-xL and specifically disrupt the VDAC/Bcl-xL interaction, thereby
impeding Bcl-xL’s function towards VDAC [104, 184, 186, 245], in the same way that the BIRD-2 peptide



disrupts IP3R/Bcl-2 binding. At the level of Bcl-xL, the region that accounts for the interaction with VDAC
is the BH4 domain [184, 234]. Similar to what was observed with Bcl-2’s BH4 domain and IP5R [110], the
BH4 domain of Bcl-xL is able to bind and inhibit VDAC activity by itself [184, 234]. Interestingly, Bcl-2’s
BH4 domain is not able to modulate VDAC [184], suggesting that the conserved aspartate residue
present in Bcl-xL (D11) but not in Bcl-2’s BH4 domain (see section 3.1) is critical for the interaction with
VDAC. These observations indicate that the BH4 domains of each protein have specific targets, although
both are involved in modulating ER/mitochondria Ca®* signaling. In addition, peptides derived from the
BH4 domain of Bcl-xL were also used in cancer cell models exhibiting high expression levels of Bcl-xL to
disrupt the endogenous VDAC/Bcl-xL interaction [246].

Overall, it is striking to realize that one single protein, Bcl-xL, is able to regulate two completely different
channels that are sequentially involved in the same pathway (Fig. 5). It I also curious that the capacity of
Bcl-xL to open or close the channel has been highly discussed for bccn (°;h and VDAC. Considering the
global scheme, one obvious question arising is whether Bcl-xL car ~lsc ~rectly regulate MCU. Although
Bcl-xL has also been found in the IMM [247], no other evidence he= po nted to this direction for now.

4 Relevance of Bcl-xL-mediated regulation of Ca®* sigr.alin_ for Bcl-xL-dependent cancer cells

Bcl-xL was established long ago as a major antiapopiotic ~. otein with a malignant role in cancer [248-
251]. However, the recent evidences of the apt’cud'e o/ the protein to regulate IPsR and Ca®* signaling
open new avenues to develop anti-cancer strai cles.

4.1 The tumorigenic functions of Bcl-xL

As indicated in section 1.2, Bcl-2 has 7 . ~ra.oxical role in cancer. Although it has been clearly established
as a tumorigenic protein, it is some tin.=s recognized as a favorable prognostic marker. In fact, high Bcl-2
expression is mostly associated vii, poor prognosis in leukemias [252-254] while it is rather a good
prognostic marker in solid car.~ers (30, 31, 255, 256]. This is not the case with Bcl-xL, which has an
established and recognizec mai'gnant function in many kinds of tumors. The difference between Bcl-2
and Bcl-xL can be explainc by two main reasons. First, Bcl-xL-dependent cancers are characterized by
their powerful metastati~ features [257-260]. Although both Bcl-2 and Bcl-xL support tumor
invasiveness, Bcl-xL is likely able to promote metastasis by itself (See section 4.2) while Bcl-2’s invasive
role appears more complex and may depend on other protein partners [261]. Second, Bcl-xL by itself has
a more potent antiapoptotic effect than Bcl-2 [262]. Bcl-xL, when overexpressed, provides more efficient
protection against a wide range of various apoptotic stimuli than Bcl-2 overexpressed at the same level.
In a breast cancer cell line, for example, it has been calculated that Bcl-xL is ten times more effective
than Bcl-2 in protecting cells from apoptosis. This effect has been attributed to the capacity of Bcl-xL to
prevent apoptosis originating from different organelles, contrary to Bcl-2 [262], and even more to the
capacity of Bcl-xL to inhibit both Bax and Bak, while Bcl-2 only targets Bax [263]. Hence, high Bcl-xL
expression has been recognized as a marker of poor prognosis in a large number of cancers, including
breast, urothelial, hepatocellular, colorectal, bladder, gastric, esophageal, tongue and pancreatic



carcinoma [246, 257, 264-274], melanoma [275], osteosarcoma [276], follicular lymphoma [277, 278]
and acute myeloid leukemia [279].

Several studies have pointed out that the antiapoptotic and invasive features provided by Bcl-xL in
cancer cells are two completely independent mechanisms [179, 259, 280]. In fact, the metastatic
function provided by Bcl-xL appears to be the most significant. Accordingly, the genetic ablation of Bcl-xL
in pancreatic neuroendocrine cancer attenuates tumor invasiveness without affecting cancer survival
and growth [281]. Conversely, when overexpressed in nonmalignant glioma cells, Bcl-xL was shown to
strongly enhance metastatic potential but not primary tumor growth [259]. These observations suggest
that other oncogenic proteins may protect cancers from cell death, while the metastatic function
specifically relies on Bcl-xL. Furthermore, there is also an interesting time-dependent dissociation
between the antiapoptotic and invasive functions of Bcl-xL. When ov: -expressed in malignant glioma
cells, Bcl-xL provides protection against apoptosis upon its expressio. . whereas it only induced an
invasive phenotype after a prolonged time [179]. The distinction b~*w._~*, these two tumorigenic effects
has been explained by the different sites of action of Bcl-xL. Bel-.'l. pr 2vents apoptosis when present at
the mitochondria, while it exerts metastatic function through e, igzenetic modification of genes involved
in epithelial-mesenchymal transition (EMT) [280]. However, mar y studies have demonstrated that Bcl-xL
can also control cell migration at the mitochondrial Irvel ‘see section 4.2), suggesting that the
mechanisms used by Bcl-xL to promote tumor inva:iv.n~ss are multiple and involve more than one
cellular localization. Overall, although the antiapofr*otic and metastatic roles of Bcl-xL can be separated
into two independent mechanisms, they rem~.n g iite connected in their final purpose. Thus, promoting
invasiveness through EMT induction is also a mc*hod employed by Bcl-xL to aid cancer cells in avoiding
apoptosis [282]. This Bcl-xL-mediated surv. ‘al/invasiveness relationship has been validated in a wide
systematic analysis of Bcl-2-protein defercncies for their survival in an extensive number of cancer
lines [208]. In this study, a gene set e'...~h...ent analysis revealed that the top four pathways enriched in
Bcl-xL/Mcl-1-dependent cell lines ai. related to EMT. Furthermore, upon transition to an invasive
mesenchymal state, this dual dej. =nJ=nce is lost and shifted to a dependency on Bcl-xL only [208].

The antiapoptotic role of Br: . ._comes particularly prominent in the context of anticancer therapies.
Overexpression of Bcl-¥ ha. he’.n clearly documented as a mechanism employed by tumors to avoid cell
death induced by chemoth rapy [248, 283, 284], radiotherapy [285] or targeted therapies such as
tyrosine kinase inhibitors |286]. Activation of the NF-kB pathway has been observed in leukemia and
solid cancer to account for this upregulation of Bcl-xL [287-289]. Eventually, overexpressed Bcl-xL inhibits
classical apoptosis at the mitochondria, thereby protecting cells against anticancer treatments [290].
Overexpression of Bcl-xL has also been observed in the context of resistance to BH3 mimetics, namely, in
the case of Bcl-2-dependent B cell lymphomas that have acquired resistance to venetoclax [291, 292].
Several mechanisms have been involved in this upregulation, including the activation of the
phosphoinositide 3-kinase (PI3K)/AKT/mTOR pathways [292] and of the elF4F translation initiation
complex [293] as well as the downregulation of miRNA targeting Bcl-xL's mRNA [294]. Here,
overexpressed Bcl-xL binds and inhibits proapoptotic Bim proteins released in the presence of
venetoclax, thereby preventing apoptosis [292]. In addition, our recent data demonstrate that inhibition
of IP;R-mediated Ca®* signaling can also be a method employed by Bcl-xL to provide resistance to cell
death stimuli, at least to STS [178], which has been shown to provoke intracellular Ca** fluctuations in



breast cancer cells [295] and IP;R-mediated Ca**-dependent apoptosis [178]. In any case, specifically
targeting Bcl-xL in such resistant cancer cells effectively reduces their tumorigenic characteristics and
sensitizes them to die upon chemotherapy or radiotherapy treatment in vitro [296-298] as well as in in
vivo xenograft models [37, 282, 286, 299]. The combination of classical anticancer therapy and Bcl-xL
inhibitors might thus be a novel promising approach to treat Bcl-xL-expressing cancers and avoid
resistance mechanisms [300].

4.2 Bcl-xL promotes metastasis invasion

Beyond its antiapoptotic role in cancer, Bcl-xL also impacts cell migration and metastasis invasion. In
oncology, Bcl-xL is very well known as a highly prometastatic protein ar.. consequently, as a marker of
poor prognosis [264-266, 268, 274, 277]. Mechanistically, the me.nc.'s used by Bcl-xL to promote
invasiveness are as diverse as the classes of cancer. Bcl-xL transloc~*=s :~ che nucleus, where it regulates
the expression of genes involved in EMT [280]. Accordingly, lonF-u>rm axpression of Bcl-xL promotes the
expression of matrix metalloproteinase (MMP)-2 and transfor. ~ing growth factor (TGF)-B, which are
both involved in cell migration [179]. However, Bcl-xL is r. astly present in the mitochondria, where it
also exerts its metastatic activity, mostly through the -egu.~tion of mitochondrial metabolism. In
addition, Bcl-xL has been reported to stimulate mi orncndrial fission and fusion dynamics [301], a
mechanism that supports the migration and invasic. of ureast cancer cells [302].

Mitochondrial metabolism in cancer cells is sig. if'cantly different from that in nonmalignant cells. One of
the most frequent metabolic alterations, known as the Warburg effect, is a switch from oxidative
phosphorylation to glycolysis, even in r_ndicons when oxygen is not limiting [303]. This enhanced
aerobic glycolysis was found to be direct!/ involved in metastatic development [261, 304-306] and has
been recognized as a poor prognosic marn2r in many tumors [307-309]. However, some recent data have
demonstrated that cancers can in “eality switch from one bioenergetic pathway to another [310, 311].
This metabolic plasticity has heen nroposed to allow the tumors to adjust their bioenergetics to the
different stages of their de'.<.~n...ent and to adapt to restrictions in nutrients and oxygen [261, 310].
Moreover, recent insig'..< I, ~ve pointed out the importance of oxidative phosphorylation in metastasis
[261, 312, 313]. Indeed, Bcl- ‘L is very active at the mitochondria and substantially fosters bioenergetics.
In addition to the regulation of metabolite and Ca®* transport through VDAC mentioned above, Bcl-xL
also acts by regulating mitochondrial homeostasis [314], stabilizing membrane potential [314, 315],
increasing metabolic fitness [316], facilitating adenine nucleotide translocation [317] and improving the
activity of the F;Fo-ATP synthase [247, 315]. This latter mechanism is interesting because it has been
observed in neurons [247, 315] but is absent in breast cancer cells [316], suggesting that the mechanisms
of action of Bcl-xL beyond Bax/Bak regulation could be specific to tissues, or even specific to tumorigenic
versus non-tumorigenic cell context. In any case, many of these actions participate in amplifying
oxidative phosphorylation. The extra ATP generated through this process is believed to fulfill the
metabolic requirements necessary for the structural changes of the cells undergoing metastasis [318].
However, this is not the ATP generated by the stimulation of oxidative phosphorylation that is most
crucial for cancer invasion but produces ROS [261, 312, 319-321]. ROS are normally and continuously
produced by the electron transport chain during mitochondrial respiration. They are intrinsically



cytotoxic, but cancer cells have managed to cope with high levels of ROS and to use them for their own
benefit [313]. ROS are highly diffusible molecules, although only at short range, that are able to
inactivate protein tyrosine phosphatases by oxidizing their cysteine residues [312, 322, 323]. The best-
known example is the phosphatase PTEN, a notable tumor suppressor [322]. Therefore, ROS are involved
in the modulation of various protein tyrosine phosphatase-dependent signaling pathways, including the
PI13K/Akt/MMP-2, mitogen-activated protein kinase (MAPK), NF-kB, focal adhesion kinase (FAK), and
TGF-B pathways [261, 312, 321-324]. Modulation of these pathways stimulates the malignant features of
the tumor cells in general and metastatic invasion in particular [261, 313]. Indeed, Bcl-xL was reported to
stimulate ROS production in cancer cells [246, 325, 326] while also protecting the cells from ROS-
associated toxicity [325, 327]. Notably, in addition to stimulating mitochondrial respiration, Bcl-xL also
generates ROS indirectly by inhibiting Bak and Bax, which are knowr to target the electron transport
chain to limit ROS production [199, 326].

The fact that Bcl-xL promotes cancer invasion is also interesting sir~= . process relies strongly on Ca*'
signaling [328, 329]. We have already extensively described in thy pre vious sections how Bcl-xL controls
Ca’* signaling and cell death. On the other hand, regulation o, ©a** signaling by Bcl-xL also influences
invasiveness [318]. Metastasis is based on cell migration, a :roce ss that is highly supported by Ca** [330,
331]. This process depends on the spatiotemporally regula*ed action of multiple Ca**-dependent
effectors triggered following the activation of various C~ * channels (voltage-gated Ca”" channels, ORAI1
channels, transient receptor potential channels, IP23s, e.c.). Ca**-dependent effectors (Ca**/calmodulin-
dependent protein kinase Il, myosin light cha’n ki 1ase, calpain, etc.) mediate several cellular functions,
such as the reorganization of the cytoskeletc ~. focal adhesions and extracellular matrix, that are
necessary for the movements of the cell [3.%. 330]. Beyond these wide-ranging Ca**-dependent effects,
tumor invasion also relies on ER/mitochc nr.i '~ Ca®* signaling and mitochondrial metabolism [318, 329]. It
was proposed that Bcl-xL exerts its 7..:*ap 2 ptotic function by sensitizing IPsRs to elicit prosurvival Ca®*
oscillations from the ER to the mitr.cr, ~ndria, therefore fostering mitochondrial bioenergetics [177]. This
work is in line with studies that rep ~rted that Bcl-xL promotes Ca** flux through VDAC [186] and may
account for the capacity of C-l-x. to stimulate oxidative phosphorylation [244]. Therefore, Bcl-xL-
stimulated IPsR/VDAC-drive n Ca’* signaling can theoretically promote the generation of ATP and ROS to
favor cell migration. Acce dingly, Ca®* uptake in the mitochondrial matrix through the MCU strongly
correlates with cancer in''~.,iveness [332]. However, our group and others have reported that Bcl-xL
inhibits IP;R/VDAC-mediated Ca** flux [178, 184, 246]. Recently, another group demonstrated that Bcl-xL
inhibition of mitochondrial Ca** uptake in breast cancer cells can also lead to an improvement of
respiration and ROS production and thus cell migration. This effect appears to rely specifically on the
inhibition of VDAC by Bcl-xL since disruption of the Bcl-xL/VDAC complexes prevented breast cancer cell
mobility [246]. These findings support the model whereby Bcl-xL prevents Ca** flux though VDAC while
promoting metabolite exchanges to support bioenergetics (see section 3.3). Hence, the role of Bcl-xL at
the ER-mitochondrial interface in controlling Ca** flux from the ER to mitochondria by targeting IPsRs
and/or VDAC1 channels requires further study. This role of Bcl-xL at the MAMs may account for
increased invasive features as well as increased cell death resistance of cancer cells with upregulated Bcl-
xL protein levels.



Overall, Bcl-xL is obviously a critical regulator of cell death and survival in cancer cells but the functions
of this protein extend further, including stimulation of invasion/migration. Therefore, Bcl-xL has a large
interactome and multiple mechanisms of action to foster tumorigenesis. However, we assume that these
mechanisms may be specific to well-defined tumor types or to certain stage of tumor development (i.e.
some tumors become invasive at later stages). Yet, the fact that Bcl-xL-mediated control of Ca** signaling
may regulate apoptosis as well as invasiveness suggests that some of these mechanisms of action could
be interconnected.



Concluding remarks

In the last three decades, the molecular mechanisms underlying the cellular functions of Bcl-xL and how
these contribute to the neoplastic behavior of cancer cells have extensively increased. Nevertheless,
treating Bcl-xL-dependent cancers remains a challenging matter. Despite the development of new kinds
of drugs, such as BH3 mimetics that target Bcl-xL very selectively and efficiently, the application of such
tools in human therapies remains challenging. Thus, the development of new innovative approaches to
target Bcl-xL in cancers is crucial. One interesting example is the recently developed PROTAC molecules
targeting Bcl-xL. Moreover, peptides or other molecules targeting ER/mitochondrial Ca** signaling,
especially the regulation of IP;R and VDAC by Bcl-xL, may be promising. Indeed, more research will be
necessary to improve our understanding of the modulation of these twe channels by Bcl-xL.
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Figure legends

Figure 1: Structure and function of Bcl-2-family proteins

The Bcl-2 family of proteins is classified into antiapoptotic and proapoptotic proteins characterized by
the presence of one to four Bcl-2 homology (BH) domains. The antiapoptotic proteins consist exclusively
of multidomain effectors, while proapoptotic proteins can be further subdivided into multidomain
effectors and BH3-only proteins. The BH3-BH1-BH2 domains of Bcl-2-like proteins form a hydrophobic
cleft that targets the BH3 domain of many proapoptotic Bcl-2-family proteins. BH3 mimetics can prevent
this effect by acting as a ligand for the hydrophobic cleft. Most Bcl-2-family proteins have a
transmembrane domain (TMD) that permits anchoring in the ER and -~dter mitochondrial membranes
(the red asterisk indicates proteins without TMD).

Figure 2: Bax/Bak activation models

a) Canonical direct activation model: BH3-only proteins arc div' ded into activators and sensitizers with
different functions. BH3-only activators (such as Bim) ca'/ dirc<tly activate Bax/Bak, while sensitizers
prevent Bax/Bak inhibition by antiapoptotic Bcl-2-fan il* p-oteins. b) Indirect activation model: All BH3-
only proteins act as sensitizers by preventing Bax/"“ak ninibition by antiapoptotic Bcl-2-family proteins.
Several lines of evidence and hypotheses hav: be 2n reported to account for the activation of Bax/Bak
without direct interaction with BH3-only proteir..

Figure 3: IP;R structure, regions and d~m¢ ir;: interaction sites for Bcl-2 and Bcl-xL

a) Schematic representation of a t<trai. eric IPsR channel (two of the four IP;R monomers are shown for
easier representation). IP3;R is o1 aniced into three functional regions: the ligand-binding domain, the
central, modulatory region anau *hr. C-terminal region. The C-terminal region contains transmembrane
domains (TMDs) that form -he c¢hannel pore. b) Linear representation of one IP;R monomer. In addition
to the three functional 1 gions, the channel is divided into five stable proteolytic fragments. The
numbers indicate the ami~.o acids of each region/domain/fragment in mouse IP;R1. The identified
interaction sites for Bcl-2 and Bcl-xL are displayed.

Figure 4: Bcl-2/Bcl-xL three-dimensional superposition

In silico representations of Bcl-2 and Bcl-xL three-dimensional structures. The lysine residues involved in
the interaction with IP3;Rs are indicated. The superposition of the proteins illustrates that K87 of Bcl-xL is
constrained in a similar position as K17 of Bcl-2. Image taken from our previously published work [189];
this work is licensed under a Creative Commons Attribution 4. O International License.

Figure 5: Regulation of cell death and survival by Bcl-2-family proteins and Ca®* signaling



Schematic overview highlighting the canonical and noncanonical regulation of cell survival (a) and cell
death (b) by Bcl-2-family proteins. a) In healthy conditions, antiapoptotic Bcl-2-family members (Bcl-2,
Bcl-xL, etc.) support mitochondrial bioenergetics and tightly control Ca®* transfer at the ER-mitochondria
interface through modulation of Ca®* channels. b) Upon cell stress, the expression of proapoptotic Bcl-2-
family members switches the balance of Bcl-2-family proteins from predominantly antiapoptotic to
predominantly proapoptotic. The latter members trigger canonical apoptotic pathways (Fig. 3). ER stress-
triggered mechanisms also sensitize IP; receptors and generate proapoptotic Ca** fluxes. See text for
more information. ER: endoplasmic reticulum, MAM: mitochondria-associated membranes, IP;R: inositol
1,4,5-trisphosphate receptor, VDAC: voltage-dependent anion channel, MCU: mitochondrial Ca®*
uniporter, mPTP: mitochondrial permeability transition pore.

Table 1: Overview of BH3 mimetics inhibiting antiapoptotic Bcl-2 .. mn, proteins and their use in
clinical trials.

Information is up-to-date on March 1%, 2022. JVo.~ details are available from
https://www.clinicaltrials.gov/.



Inhibitor

Clinical trials reported

Context of clinical trials

A-1155463

A-1210477

A-1331852

ABT-199
(venetoclax)

ABT-263
(navitoclax)

ABT-737

AMG-176

APG-1252
(palcitoclax)

AZD0466

AZD4320

AZD5991

BCL2-32

BM-1197

BTSA1

Bcl-xL

Mcl-1

Bcl-xL

Bcl-2

Bcl-2/
Bcl-xL/
Bcl-w

Bcl-2/
Bcl-xL/
Bcl-w

Mcl-1

Bcl-2/

Bcl-xL

Bcl-2/
Bcl-xL

Bcl-2/
Bcl-xL

Mcl-1

Bcl-2/
Bcl-xL

Bcl-2/
Bcl-xL

Bax

Phase I: 98 trials, phase
I/1l: 69 trials, phase Il: 113
trials, phase lI/111: 4 trials,
phase lll: 34 trials, phase
IV: 2 trials

Phase I: 19 trials, phase
I/11: 7 trials, phase II: 5
trials, phase Ill: 2 trials

Phase I: 3 trialr

Phase I: - trials, phase /11
3 trials

Nhase I: 1 trial, phase I/11: 2
“vials

Phase I/Il: 2 trials

most types of hematologic cancers, breast carcinoma,
chondrosarcoma, colorectal cancer, gastric cancer,
lung carcinoma, neuroblastoma, pancreatic
adenocarcinoma, } nstate carcinoma

acute lympkr o, ~suc & myeloid leukemia, chronic
lymphocytic ‘auk 2mia, hepatocellular carcinoma, lung
carcinoma, melanoma, myelofibrosis, non-Hodgkin's
lymplhiome ovarian cancer, peripheral T-cell

lympho. ‘a, prostate cancer

acute myeloid leukemia, non-Hodgkin lymphoma,
multiple myeloma, chronic myelomonocytic leukemia,
myelodysplastic syndrome

non-Hodgkin lymphoma, myelofibrosis,
neuroendocrine tumors, lung carcinoma

non-hodgkin lymphoma, multiple myeloma, advanced
solid tumors

acute myeloid leukaemia



S44563

S55746

563845

564315
(MIK665)

565487

UMI-77

WEHI-539

Bcl-2/
Bcl-xL

Bcl-2

Mcl-1

Mcl-1

Bcl-2

Mcl-1

Bcl-xL

Phase I: 4 trials, phase /11

1 trial

Phase I: 2 trials, phase /11

1 trial

acute myeloid leukaemia, multiple myeloma, non-
Hodgkin lymphoma

acute myeloid leukaemia, chronic lymphocytic
leukemia, multipl ' myeloma, non-Hodgkin lymphoma
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