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Abstract 

The Bcl-2-family proteins have long been known for their role as key regulators of apoptosis. 

Evidence has shown that overexpression of various members of the family is associated with 

oncogenesis and cancer therapy resistance. Its founding member, anti-apoptotic Bcl-2 regulates cell 

death at different levels, whereby Bcl-2 emerged as a major drug target to eradicate cancers through 

cell death. This resulted in the development of venetoclax, a Bcl-2 antagonist that acts as a BH3 

mimetic. Venetoclax already entered the clinic to treat relapse chronic lymphocytic leukemia 

patients. Here, we discuss the role of Bcl-2 as a decision-maker in cell death with focus on the recent 

advances in anti-cancer therapeutics that target the BH4 domain of Bcl-2, thereby interfering with 

non-canonical functions of Bcl-2 in Ca2+-signaling modulation. In particular, we critically discuss 

previously developed tools, including the peptide BIRD-2 (Bcl-2/ IP3R-disrupter-2) and the small 

molecule BDA-366. In addition, we present a preliminary analysis of two recently identified 

molecules that emerged from a molecular modelling approach to target Bcl-2’s BH4 domain, which 

however failed to induce cell death in two Bcl-2-dependent diffuse large B-cell lymphoma cell 

models. Overall, antagonizing the non-canonical functions of Bcl-2 by interfering with its BH4-domain 

biology holds promise to elicit cell death in cancer, though improved tools and on-target 

antagonizing small molecules remain necessary and to be designed. 
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1. Canonical functions of Bcl-2 in control of apoptotic cell death: BH3 profiling and BH3 

mimetics 

The Bcl-2-protein family, consisting of both anti- and pro-apoptotic members, critically controls the 

survival of cells by enabling or preventing the onset of apoptosis [1,2] (Figure 1 A). This is a non-

inflammatory, coordinated cell death process involving cell shrinkage, DNA fragmentation, 

membrane blebbing without plasma membrane permeabilization and the clearance of apoptotic 

bodies by phagocytic cells [3]. These processes are all mediated by the cleavage and activation of 

cysteinyl-aspartate proteases (caspases). Intrinsic stimuli such as DNA damage, endoplasmic 

reticulum (ER) stress, and extensive starvation influence the balance, localization and activity of Bcl-

2-family proteins, which control apoptosis through regulation of mitochondrial outer membrane 

permeabilization (MOMP). MOMP is mediated by BAX and BAK, Bcl-2 family proteins, containing 

multiple Bcl-2-homology (BH)-domains, that form proteinaceous pores in the mitochondrial outer 

membrane [2,4]. The formation of such pores enables the release of the mitochondrial 

intermembrane space proteins (cytochrome c and Smac/DIABLO) that, in their turn, induce apoptotic 

caspase activity in the cytosol [5,6].  

The activity of these pro-apoptotic BAX and BAK is controlled by a complex network of protein 

interactions that take place at the mitochondria outer membrane [1,7]. Activator BH3-only proteins 

such as Bim and tBid directly trigger BAX/BAK-pore formation. However, anti-apoptotic Bcl-2-family 

members such as Bcl-2, Bcl-xL, and Mcl-1 counteract this process by binding and neutralization of 

pro-apoptotic Bcl-2-family members [8]. This inhibitory process of anti-apoptotic Bcl-2 proteins 

depends on their hydrophobic cleft, formed by the BH3-BH1-BH2 domains, that binds the 

hydrophobic face of the amphipathic alpha-helical BH3 domain (Figure 2) [9]. The aforementioned 

interaction enables anti-apoptotic Bcl-2 proteins to inhibit BAX/BAK pore formation both through 

inhibition of activator BH3-only proteins as well as inhibition of the homodimerization of BAX/BAK 

[10]. Yet, the inhibitory activity of anti-apoptotic Bcl-2 can be counteracted by sensitizer BH3-only 

proteins, such as Bad and Bik, which are not able to directly activate Bax/Bak. It is clear that not only 

the BH3 domain-hydrophobic cleft interaction, but also alternative molecular interactions elicit 

complex formation between pro- and anti-apoptotic Bcl-2-family members [11]. The resulting 

complexity of interaction establishes an important feature of the Bcl-2-family-interaction network, 

namely the variable selectivity of each member for each interaction partner [1]. Hence, while Bim 

and tBid can inhibit all anti-apoptotic Bcl-2-family members, Bad mainly antagonizes Bcl-2, Bcl-xl and 

Bcl-w, and Noxa mainly Mcl-1 and Bfl-1 [12]. These features are likely to impact the efficacy of 

chemotherapeutic drugs designed to interfere with the Bcl-2 family network [13,14].  

The cellular functions of Bcl-2 proteins have been linked to cancer ever since its founding member, 

Bcl-2, was identified as an inhibitor of apoptosis. Its discovery was linked to the t(14;18) 

chromosomal translocation that was observed in human follicular lymphoma cancer models, which 

enabled its Bcl-2 upregulation [15]. Throughout the years, additional mechanisms by which Bcl-2 is 

upregulated in cancer have emerged, such as the downregulation of microRNAs that target Bcl-2 

mRNA’s in chronic lymphocytic leukemia (CLL) [16]. Its upregulation helps cancer cells to circumvent 

the pro-apoptotic challenges related with oncogenesis such as increased metabolic demands and 

genomic aberration [17]. Nowadays, upregulation of distinct anti-apoptotic Bcl-2-family members 

has been observed in a broad variety of cancer types with numerous reports of Bcl-2-dependent 

cancers [2,18,19].  

Seminal work by Letai and co-workers has revealed that cancer cells are primed to death and as such 

addicted to anti-apoptotic Bcl-2-family members [18]. Indeed, due to ongoing oncogenic stress, 

cancer cells display augmented levels of pro-apoptotic BH3-only proteins, which would elicit 
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apoptosis if they were not neutralized by anti-apoptotic Bcl-2 proteins. BH3 profiling is a functional 

approach that uses distinct sets of BH3-peptides, derived from various sensitizer BH3-only proteins 

(e.g. Bad, Hrk and Noxa), that antagonize distinct anti-apoptotic Bcl-2-family members (e.g. Bcl-2, Bcl-

xl and Mcl-1) to determine the unique dependency of a cancer cell type towards a certain anti-

apoptotic Bcl-2-family member [10,20]. Furthermore, BH3 profiling has been taken to the next level 

via “high throughput dynamic BH3 profiling”, which enables a quick, accurate and early identification 

of effective chemotherapeutic treatments in patients [21,22]. The technique opens the avenue for 

combinatorial regiments various BH3 mimetic drugs as well as an early identification of successful 

therapeutic intervention. 

Another outcome of the Bcl-2-family network has been the development of small molecule drugs 

that mimic the BH3 domain of pro-apoptotic sensitizer BH3-only proteins, generally referred to as 

BH3-mimetics [10]. The first drugs developed were ABT-737 and the orally available compound ABT-

263 (navitoclax), which mimicked Bad’s BH3 domain and thus inhibited both Bcl-2 and Bcl-xL [23,24]. 

These drugs proved effective in killing several Bcl-2-dependent cancers in preclinical models but their 

application in patients was limited as a consequence of thrombocytopenia due to the inhibition of 

Bcl-xL, which is essential for platelet survival [25]. This prompted the development of the selective 

Bcl-2 inhibitor ABT-199/venetoclax, which was shown to effectively and selectively kill CLL cells while 

sparing platelets [26,27]. Nowadays, venetoclax has entered the clinic to treat relapsed CLL patients 

and it is in advanced stage for the treatment of other cancer types, often in combination with other 

chemotherapeutic regiments. Interestingly, complementary dynamic BH3 profiles can be used to 

predict the cooperativity of BH3 mimetic drugs like venetoclax and other chemotherapeutics as was 

done for the multi-kinase inhibitor TG02 in acute myeloid leukemia [28]. Meanwhile, BH3 mimetic 

antagonists of other anti-apoptotic proteins have been developed such as A-1155463 and A-1331852 

for Bcl-XL or S63845, AMG 176, and AZD5991 for Mcl-1 [29]. Finally, it is important to note that these 

drugs, despite being high affinity and selective inhibitors of Bcl-2 proteins, can also elicit “off-target” 

responses that affect cell survival. For instance, venetoclax has been shown to impair the 

mitochondrial metabolism and respiration by activating an integrated stress response and the ATF4 

transcription factor, independently of any Bcl-2-family member [30].  

 

2. Non-canonical functions of Bcl-2 in cell fate decisions: Ca2+ signaling modulation 

It has become increasingly clear that, beyond the interactions within the Bcl-2-family, Bcl-2 proteins 

also partner with non-Bcl-2-family members, thereby regulating cell fate in non-canonical manners 

[31]. A key feature of the non-canonical regulation of cell fate is the impact of Bcl-2-family proteins 

on Ca2+ homeostasis and dynamics [32] (Figure 1 B). Here, the ER plays a central role as the main 

intracellular Ca2+-storage organelle. The intimate link between Ca2+ signaling and cell death, primarily 

switched on at the level of the mitochondria, is not surprising. Indeed, the ER and mitochondria are 

in fact intimately connected through contact sites that are established by mitochondria-associated 

ER membranes (MAMs) [33]. At these sites, Ca2+ fluxes originating from the ER can be transmitted to 

the mitochondria quasi-synaptically via contact sites that contain inositol 1,4,5-trisphosphate 

receptors (IP3Rs) [34]. These are tetrameric intracellular Ca2+-release channels located at the ER that 

enable the flux of Ca2+ from the ER lumen upon binding of IP3 [35]. The particular channels exist in 

three isoforms and are composed of several structural domains [36]. IP3 binding occurs at the N-

terminal region of the channel resulting in opening of the Ca2+-channel pore located at the C-terminal 

part of the channel. The activation of IP3Rs leads to increased local Ca2+ concentrations in the vicinity 

of the channels. At the level of the MAMs, these high [Ca2+] microdomains are able to overcome the 

inherent low affinity of Ca2+ transport across the mitochondrial inner membrane through the 
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mitochondrial Ca2+ uniporter complex [37]. Transport of Ca2+ over the mitochondrial outer 

membrane at the MAMs occurs via voltage-dependent anion channels type 1 (VDAC1), which are 

non-selective, high-conductance channels [38,39]. Evidently, IP3Rs and VDAC1 reside in a multi-

protein complex that involves the chaperone GRP75 and spans the ER-mitochondrial membranes, 

thereby directly enhancing Ca2+ flux into mitochondria [40]. IP3R3 isoform was proposed to be the 

main deliverer of Ca2+ to the mitochondria by its preferred location at the MAMs, though recent 

work has challenged this, and demonstrate that all three IP3R isoforms are involved in Ca2+ flux to the 

mitochondria with IP3R2 being most efficient [41].  

Through these ER-mitochondrial Ca2+ fluxes, cell fate processes at the mitochondria are turned on or 

off. Basal and low-level Ca2+ oscillations from the ER into the mitochondria are known to stimulate 

mitochondrial bioenergetics, thereby promoting survival and suppressing autophagy [42]. 

Alternatively, excessive Ca2+-release events can trigger mitochondrial Ca2+ overload, thereby driving 

the opening of the mitochondrial permeability transition pore (mPTP) followed by mitochondrial 

swelling and consequently, cell death [43]. Excessive mitochondrial Ca2+ can promote mPTP opening 

both directly by targeting the mPTP and indirectly as a result of Ca2+ binding to cardiolipin followed 

by its dissociation from respiratory complex II of the electron transport chain, resulting in its 

disassembly and unrestricted reactive oxygen species production [44,45]. Generally, mechanisms 

that prevent mitochondrial Ca2+ overload have been associated with apoptosis resistance, a feature 

that favors neoplastic behavior and oncogenesis. Yet, basal Ca2+ transfers are essential for the 

survival of cancer cells in order for them to sustain the production of metabolites, enabling proper 

survival of new cells produced during the cell cycle. B-cells lacking IP3Rs consistently display two 

features with regards to apoptosis: first, they are more resistant to cell death stimuli; second, they 

display augmented basal autophagic flux due to reduced mitochondrial bioenergetics [46]. A detailed 

discussion on the role of ER-mitochondrial Ca2+ fluxes underlying cancer hallmarks and oncogenesis 

has been provided in recent reviews [33,47,48]. Here, we will focus on the role of Bcl-2 in cell fate 

decisions through Ca2+-signaling modulation as well as the targeting methods that have emerged 

from it. 

In the last two decades, IP3R channels have emerged as key targets of several anti-apoptotic Bcl-2 

family members, thereby controlling ER Ca2+ homeostasis and dynamics. First hints came from a 

study on T cell models in which Bcl-2 overexpression enabled cells to retain the ER Ca2+ pool when 

challenged with H2O2 [49] or thapsigargin, an irreversible blocker of (sarco-/endoplasmic reticulum 

Ca2+-ATPases) SERCA [50]. Bcl-2 was demonstrated to mediate reductions in ER Ca2+-loading and 

reduced pro-apoptotic Ca2+ flux from the ER [51]. Evaluation of ER Ca2+ concentrations upon Bcl-2-

overexpression revealed increased Ca2+ leakage from the organelle leading to a reduced ER Ca2+ 

filling state, thereby protecting the cells against cell death induced by ceramide. Different 

mechanisms elucidating this Bcl-2 controlled ER Ca2+ leakage have been put forward. For one, 

increased IP3-sensitization of IP3R, caused by protein kinase A (PKA)-dependent phosphorylation of 

Ser1755, which is known to increase basal ER Ca2+ leak, is decreased upon Bcl-2 knockdown [52]. 

Another ER Ca2+ leak-promoting target of Bcl-2 is Bax inhibitor-1. The Ca2+-permeable channel Bax 

inhibitor-1, acts as a H+/Ca2+ exchanger that was proposed to be essential for Bcl-2-mediated ER Ca2+ 

leak [53–55]. Bcl-2’s BH4 domain was found to play a central role in this regulation, considering that 

BH4-truncated Bcl-2 was unable to bind Bax inhibitor-1 [56]. Moreover the BH4 domain of Bcl-2, on 

its own, is capable of promoting Bax inhibitor-1 oligomerization and Ca2+ leak activity [54]. Nutrient-

deprivation autophagy factor-1 (Naf-1, also referred to as Cisd2) was also proposed to be required 

for the decrease in ER Ca2+-store content provoked by Bcl-2 [57,58]. Of interest, Naf-1 resides in a 

protein complex with IP3Rs and Bcl-2, whereby Naf-1 binding to Bcl-2 in part occurs at the level Bcl-

2’s BH4 domain [59]. Conversely, there have been several reports indicating that Bcl-2 suppresses 
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Ca2+ flux from the ER without affecting the steady-state ER Ca2+ levels [60–64]. Altogether, these 

observations implied that Bcl-2 could directly affect ER Ca2+-release channels, such as IP3Rs and 

ryanodine receptors (RyRs). Subsequent work revealed that Bcl-2 could functionally interact with 

IP3Rs and directly suppress Ca2+-flux through the channel without lowering steady-state ER Ca2+ 

levels. A very convincing piece of evidence was provided through direct single-channel 

measurements, in which purified Bcl-2 proteins could reduce the open probability of purified IP3Rs 

proteins that had been reconstituted into lipid bilayers [60].  

Further research identified the molecular determinants underlying IP3R/Bcl-2 complex formation. At 

the level of IP3Rs, three Bcl-2-binding sites were identified: i. a stretch of 20 amino acids located in 

the central, modulatory region of IP3Rs (aa 1389-1408 in IP3R1), ii. the ligand-binding domain of IP3R1 

(aa 226-604 in IP3R1, i.e. the minimal region responsible for IP3 binding), and iii. the 6th 

transmembrane domain of IP3R1. At the level of Bcl-2, the N-terminal BH4 domain and the C-terminal 

transmembrane domain were identified as being decisive for inhibiting IP3Rs in cellulo. Ivanova et al 

(2016) demonstrated that venetoclax, a selective BH3 mimetic Bcl-2 antagonist occupying Bcl-2’s 

hydrophobic cleft, or mutating Bcl-2’s hydrophobic cleft did not interfere with the interaction of Bcl-2 

with IP3Rs. Moreover, Bcl-2 loaded with venetoclax or Bcl-2 with mutations in its hydrophobic cleft 

remained capable of inhibiting IP3R-mediated Ca2+ release [65]. Consistent with this, venetoclax did 

neither provoke Ca2+ release by itself in a variety of cell models nor provoked deranged Ca2+ signaling 

that was elicited by physiological agonists [66,67]. Instead, the inhibition of IP3R-mediated Ca2+ flux 

as well as the protection against staurosporine-induced apoptosis by Bcl-2 was severely impaired 

upon deletion of Bcl-2’s transmembrane domain. They also established that the transmembrane 

domain of Bcl-2 is sufficient for IP3R binding an inhibition. Bcl-2’s transmembrane domain likely 

assists in inhibiting IP3R channels by concentrating Bcl-2 in the proximity of the channel. This 

increased Bcl-2 concentration near the Ca2+-channel thereby would allow the BH4 domain to reach 

its binding site effectively inhibiting IP3R-mediated Ca2+ flux despite its low affinity binding. The BH4 

domain by itself can target two sites in IP3Rs, namely the central, modulatory region and the ligand-

binding domain [68]. Delivery of only the BH4 domain, as a synthetic peptide, is sufficient to suppress 

Ca2+ flux through IP3Rs and to prevent IP3R/Ca2+-driven apoptosis, e.g. in T cell models exposed to 

strong T-cell receptor stimulation or in adherent cells exposed to staurosporine [64]. Moreover, Bcl-2 

binding to the ligand-binding domain also antagonized its ability to bind IP3 [69]. Since four IP3 

molecules are required to bind to one IP3R tetramer to open the channel, one Bcl-2 protein 

occupying the ligand-binding core of one IP3R monomer could be sufficient to inhibit the opening of 

that particular channel. Furthermore, the α-helical structure of the BH4 domain was shown to be 

essential in its IP3R inhibitory functioning with residue Ile14 and Val15 playing a predominant role in 

its formation [70]. Another residue, Lys17, also plays a key role in the BH4 domain of Bcl-2 as an 

essential determinant for the Bcl-2/ IP3R interaction. The Lys17 residue distinguishes Bcl-2’s BH4 

domain from that of other anti-apoptotic Bcl-2 proteins like Bcl-xL and it is most likely responsible for 

the divergence in their functioning [64]. By comparison, the Bcl-2-binding site in IP3Rs is conserved 

among all three isoforms, although it remains to be established whether all IP3R isoforms are equally 

modulated by Bcl-2. In addition, the sequence of the Bcl-2-binding site that is centrally located in the 

IP3R is also present in RyRs, another class of tetrameric intracellular Ca2+-release channels mainly 

present in excitable cells. As such, Bcl-2 also binds to RyRs via its BH4 domain, thereby suppressing 

RyR-mediated Ca2+ release [71].  

Bcl-2’s impact on IP3R channel functioning is even further complicated by the influence of other 

proteins. For example, in T-cells, Bcl-2 has been found to dock calcineurin (CaN) and DARPP-32, an 

inhibitor of protein phosphatase 1 that is regulated by PKA and CaN, onto IP3Rs [72,73]. The resulting 

multiprotein complex is thought to create a negative feedback loop by decreasing the PKA-mediated 
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phosphorylation of IP3R channels, resulting in an inhibition of IP3R-mediated Ca2+ flux. It is crucial that 

we get a grasp on the complexity of the non-canonical functions of Bcl-2 as the research may be 

decisive for any Bcl-2 targeting endeavor in search of novel cancer treatments. 

 

3. Targeting Bcl-2 via its BH4 domain: controlled cancer cell death  

 

I. BIRD-2 

Currently, there are no effective anti-cancer drugs designed to target Bcl-2’s BH4 domain or its 

interaction with the IP3Rs. However, the concept of BH4 domain targeting tools is on the rise with 

promising results from several compounds that were designed to inhibit the Bcl-2/ IP3Rs interaction. 

The concept that Bcl-2 binding to IP3Rs exerted anti-apoptotic effects by suppressing Ca2+ release was 

further grounded by elegant studies using IP3R-derived peptides (IDPs) [74]. These IP3R-derived 

peptides represent the Bcl-2-binding site in the central, modulatory region of the IP3Rs and were 

developed by fusing amino acid 1389-1408 of IP3R1 to a TAT sequence. By targeting Bcl-2’s BH4 

domain, the peptides are able to disrupt Bcl-2 binding to IP3Rs. In T-cell models, application of cell-

permeable versions of such peptides could revert the inhibition on IP3R-mediated Ca2+ release by Bcl-

2 and subsequent apoptosis in response to strong T-cell receptor stimulation [75]. In following 

research, stabilized forms of cell permeable IDPs, called BIRD-2 (Bcl-2 / IP3 Receptor Disrupter-2) 

were developed and assessed in Bcl-2-dependent cancer models [76]. The stability of the IDP was 

increased by a small modification of the originally discovered IDP, replacing two amino acids that 

may form a protease cleavage site. BIRD-2 was able to kill a wide variety of Bcl-2-dependent cancer 

types without the need for additional cell stimulus both in vitro and in vivo. This includes primary CLL 

cells from patients [75], established diffuse large B-cell lymphoma (DLBCL) cell lines [74], small cell 

lung cancer (SCLC) [77], multiple myeloma, follicular lymphoma [76] and ovarian cancer [78]. In these 

cells, BIRD-2 triggered spontaneous IP3R-mediated Ca2+ signaling and excessive Ca2+ oscillations, 

which in their turn provoked cell demise through apoptosis (Figure 2). In primary human CLL cells, 

BIRD-2 treatment was found to increase phosphorylation of residue Ser1755 in IP3R1 [73]. This 

indicates that BIRD-2 may alleviate the negative feedback regulation of Bcl-2, CaN, and DARPP-32 on 

IP3R1, thereby augmenting the sensitivity of IP3R1 towards IP3 and thus potentially underlying the 

increased basal ER Ca2+ leak provoked by BIRD-2 treatment [52]. Compelling results also report that 

local BIRD-2 treatment markedly reduces tumor growth of mouse xenografts [76]. Non-cancerous 

lymphocytes, alternatively, did not display such a Ca2+ signaling-induced apoptosis upon treatment 

with BIRD-2. 

At first, store-operated Ca2+ entry (SOCE) was thought to be an important process in BIRD-2-induced 

cell death since it is known to promote ER Ca2+ release. By contrast, it was later revealed that BIRD-2-

induced cell death does not require SOCE but rather ER Ca2+ store filling in general [79]. This 

conclusion was supported by a knock-down experiment of STIM1, a protein highly involved in SOCE, 

showing no significant effect of STIM1 on BIRD-2-induced cell death. However, using the extracellular 

Ca2+ chelator EGTA, extracellular Ca2+ was found to play a crucial role in BIRD-2-induced apoptosis. 

The molecular mechanism mediating this interplay remains elusive.  

The mechanisms that render DLBCL cells sensitive to BIRD-2 and thus potentially primed to death at 

the level of the ER appear to depend on two factors: i. the high expression levels of type 2 IP3R 

isoforms [74]; and ii. the constitutively ongoing IP3 signaling downstream of the B-cell receptor [80]. 

The fact that BIRD-2 sensitivity correlates with IP3R2 expression is fascinating, since IP3R2 is not only 

the IP3R isoform with the highest sensitivity to IP3 but it is also the one that may be most efficient in 
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propelling Ca2+ towards the mitochondria [81]. Hence, similarly to the concept of “primed to death” 

and Bcl-2 addiction at the level of the mitochondria, we hypothesize that cancer cells may also be 

“primed to death” at the level of the ER and thus addicted to ER-related functions of Bcl-2, in 

particular in cancer cells with elevated basal IP3 signaling and high levels of IP3R2 [17]. Evidently, the 

BIRD-2-induced caspase-dependent cell death in DLBCL and CLL was very recently shown to be 

caused by BIRD-2-induced mitochondrial Ca2+ overload [82]. Both cyclosporine A, which desensitizes 

mPTP towards Ca2+, and ruthenium265, a novel inhibitor of mitochondrial Ca2+ uptake [83], 

effectively prevented BIRD-2-induced apoptosis, indicating the involvement of Ca2+ overload-

dependent activation of mPTP. Instead, BIRD-2-induced cell death did not depend on the presence of 

Bax/Bak and Bim proteins. Alternatively, in some cancers such as SCLC and multiple myeloma cells, 

the BIRD-2 induced cell death was demonstrated to be independent from caspase activity but rather 

involved the activation of Ca2+-sensitive proteases (calpains) [76,77]. Moreover, there appears to be a 

negative correlation between the level of mito-priming/mito-addiction to Bcl-2 that can be targeted 

by BH3 mimetics such as venetoclax versus ER-priming/ER-addiction to Bcl-2 that can be exploited by 

BH4 antagonists such as BIRD-2. Indeed, cancer cells displayed a reciprocal sensitivity towards 

venetoclax versus BIRD-2. Hence, cancer cells that were less sensitive to venetoclax were more 

sensitive to BIRD-2 and vice versa [76,84]. Although BH3 mimetics and BIRD-2 target Bcl-2 via distinct 

mechanisms, there seems a synergistic interplay between BIRD-2 and BH3 mimetics when co-

incubated in cancer cells at low concentrations. The observed synergistic apoptotic effect between 

venetoclax and BIRD-2 might be explained by a convergence in their mode of action, whereby low 

concentrations of BIRD-2 provoke an increase of Bim-protein levels [76,84]. This Bim upregulation by 

low [BIRD-2] appeared to be dependent on Ca2+ signaling, as cell-permeable Ca2+-buffering agents 

such as BAPTA-AM could prevent Bim upregulation by BIRD-2. These findings suggest that the 

integral role of Bcl-2 in cancer cell survival, either at the mitochondria via its hydrophobic cleft or at 

the ER through its BH4 domain, can be exploited in future cancer therapies. However, the reasons 

why certain DLBCL cancer cells upregulate IP3R2 remain elusive, but it may be linked to mitochondrial 

metabolism and metabolic demands. 

Still, cancer cells with acquired resistance to venetoclax, e.g. by culturing venetoclax-sensitive cancer 

cells for prolonged times with increasing venetoclax concentrations, do not become sensitized to 

BIRD-2 [85]. This correlated with lack of changes in IP3R-expression levels, including IP3R2, the key 

channel for BIRD-2 sensitivity. Furthermore, cells with acquired venetoclax resistance displayed 

upregulation of Bcl-XL and the cells could become resensitized to venetoclax through antagonizing 

Bcl-XL using BH3 mimetic compounds that selectively targeted Bcl-XL. Other studies report additional 

compensatory mechanisms linked to acquired venetoclax resistance being the upregulation of Mcl-1 

as well as substantial AKT activation along with the upregulation of Bcl-XL [86,87]. Interestingly 

HA14-1, another BH3 mimetic drug that also targets sarco/endoplasmic reticulum Ca2+-ATPases 

(SERCA), was demonstrated to potentiate BIRD-2-induced ER Ca2+ release as well as the resulting cell 

death in both primary patient-derived B-CLL cells and in BIRD-2-sensitive DLBCL cells when 

administered at sub-lethal levels [88,89]. As of yet, HA14-1 is not used to treat cancer patients, due 

to its adverse effects on platelet survival and cellular homeostasis as a result of the inhibition of 

SERCA. Furthermore, BIRD-2 can also be used for chemotherapeutic treatment of cancers other than 

DLBCL or CLL. For example, SCLC cells overexpress Bcl-2 but they are also known to rapidly develop 

chemotherapeutic resistance, resulting in less effective long-term therapies. However, by targeting 

multiple functional domains of Bcl-2, BIRD-2 induced cell death in SCLC was demonstrated to work 

synergistically with the BH3 mimetic drug navitoclax (ABT-263) [77]. These data indicate the great 

potential of combining Bcl-2-targeting drugs with different properties to enhance BIRD-2-induced cell 
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death [90]. Altogether, these are compelling results for strong potential of BH4-domain-targeting 

therapeutic in anti-cancer strategies, alongside the already established BH3-mimetic therapies. 

Additionally, BH4 domain-targeting therapeutics could also prove advantageous when incorporated 

in chemotherapeutic strategies that target proteins other than Bcl-2 family members. A good 

example of this is the Bruton's tyrosine kinase inhibitor, Ibrutinib, which is effective in B-cell 

malignancies and has been approved for use in both CLL and mantle cell lymphoma [91]. However, in 

recent years several cancers with resistance to the highly effective drug have turned up [92]. 

Interestingly, ibrutinib resistance is likely linked to increased IP3 generation as a result of the 

concurrent increase in phospholipase C (PLCγ) signaling. Accordingly, BIRD-2 was able to induce cell 

death in such ibrutinib-resistant cells and ibrutinib was shown to enhance BIRD-2-induced cell death 

in a series of human myeloma cell lines upon cotreatment [76]. Moreover, BIRD-2 was demonstrated 

to enhance the effectiveness of cisplatin treatment on ovarian cancer [78]. Their synergy is not 

surprising considering Bcl-2 family proteins and their role in the intrinsic apoptosis pathway heavily 

influence the mode of action of the well-established chemotherapeutic drug. Patients that are 

undergoing long-term cisplatin treatment often display resistance to the drug over time. While the 

mechanism of cisplatin resistance in ovarian cancer is not fully understood, cisplatin-resistance is 

known to often involve dysregulated Bcl-2 expression levels in multiple types of cancer [93,94]. In 

ovarian cancer cells, cisplatin is known to induce pro-apoptotic Ca2+ flux [95]. These apoptotic Ca2+ 

fluxes from the ER as well as mitochondrial Ca2+ overload induced by cisplatin were reportedly 

enhanced upon BIRD-2 treatment [78]. A synergistic effect was also observed with the BH3-mimetic 

drugs ABT-263 (navitoclax) and ABT-737, enhancing cisplatin sensitivity in multiple carcinomas 

[96,97]. These results demonstrate the possibilities of BH4-antagonizing tools and their potential in 

combinatorial anti-cancer treatments with other Bcl-2 antagonist such as BH3 mimetics or with other 

anti-cancer therapeutics such as ibrutinib and cisplatin. 

II. BDA-366 

Of course, peptides have limited therapeutic applicability, certainly, if they ought to be added at 

several micromolar concentrations in order to elicit a cell death response. Therefore, small molecule 

BH4-domain antagonists of Bcl-2 with increased potency would have enormous potential to target 

Bcl-2’s functions at the ER and target “ER-primed” cancer cells. About 5 years ago, BDA-366 was 

identified in a screening as a BH4-domain antagonist that could kill Bcl-2-dependent lung cancer cells 

as well as multiple myeloma cells [98,99]. It was believed that by binding to the BH4 domain, BDA-

366 triggered a conformational change in Bcl-2, thereby exposing its BH3 domain and turning it into a 

pro-apoptotic protein [100]. As such, BDA-366 sensitivity was proposed to correlate with Bcl-2-

expression levels, whereby cancer cells with the highest Bcl-2-protein levels displayed the highest 

sensitivity to BDA-366. There were also claims that BDA-366 could disrupt IP3R/Bcl-2 complexes, 

thereby augmenting basal cytosolic Ca2+ concentrations [98]. However, recent work has challenged 

BDA-366 as an “on target” inhibitor of Bcl-2. Cell death induced by BDA-366 was. First evidence that 

BDA-366-induced cell death was not via selective Bcl-2 antagonism was obtained in acute 

lymphoblastic leukemia cells and in cell models with engineered Bcl-2 dependence, indicating that 

BDA-366 triggered MOMP-dependent apoptosis independently of Bcl-2 [101]. This has been further 

scrutinized in panel of DLBCL cell lines and primary CLL cell models, whereby apoptotic sensitivity to 

BDA-366 did not correlate with Bcl-2-protein levels in the respective cancer cells [102]. In fact, even 

cells lacking Bcl-2 displayed high sensitivity towards BDA-366. In in vitro assays monitoring the Bax-

dependent permeabilization of liposomes, BDA-366 could neither directly activate or sensitize Bax-

pore formation nor convert anti-apoptotic Bcl-2 into a pro-apoptotic protein that could activate Bax. 

Moreover, BDA-366 also did not affect intracellular Ca2+ homeostasis in B-cell cancer cells. Finally, it 
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appeared that BDA-366 provoked Mcl-1 downregulation as well as Bcl-2 dephosphorylation without 

affecting Bcl-2- and Bcl-xL-protein levels. This feature could be related to its chemical structure as an 

anthracycline. This class of drugs elicits DNA damage and has already been used in the clinic to 

induce apoptosis in cancers cells. Such compounds are also known to reduce Mcl-1 levels [102]. 

Interestingly, DLBCL cells that acquired resistance towards venetoclax through prolonged exposure 

reportedly display cross-resistance towards BDA-366 [85]. Nevertheless, due to the discrepancy 

surrounding BDA-366’s mode of action, any results concerning cross-resistance between BDA-366 

and venetoclax may be unrelated to Bcl-2.  

III. Novel approaches 

A. screening 

A high throughput cell-death screen, aimed at identifying BIRD-2 mimicking compounds, identified 

several interesting compounds that induced cell death in Bcl-2 positive multiple myeloma cells was 

carried out by the Distelhorst lab [103]. This compound screening consisted of a caspase activity 

assay, an MTS cell viability assay, and cytoplasmic Ca2+ measurements. Upon further testing, one lead 

compound stood out, provoking excessive Ca2+ signaling and cell death in both primary CLL and 

Jurkat cells, while not being toxic towards normal human lymphocytes. Moreover, the lead 

compound was also shown to induce cell death in small cell lung cancer, histiocytic lymphoma, 

multiple myeloma, and acute lymphoblastic leukemia. Excitingly, they also quantified the synergy 

between the lead compound and the BH3-mimetic drug venetoclax was quantified as well, 

demonstrating synergistic apoptotic effects in combination experiments. These preliminary findings 

underpin the feasibility of therapeutically targeting Bcl-2’s non-canonical function using small 

molecules, although the structures of these compounds remain elusive. However, further evidence 

that these molecules are binding to Bcl-2 BH4 domain and disrupt IP3R/Bcl-2 complexes thereby 

triggering pro-apoptotic Ca2+ signaling ought to emerge. Yet, for further pharmaceutical development 

of clinically relevant compounds, it will be important to identify compounds that are targeting Bcl-2’s 

BH4 domain, display sufficient potency and act in the nM range. For instance, the lead compound 

identified by the Distelhorst lab needed to be applied at 5 µM to kill about 50% of the multiple 

myeloma cells, making its use in therapeutically relevant regiments in patients very challenging.  

B. Molecular modeling 

In an independent work posted on bioRxiv (a preprint server for biology), a virtual screening of the 

SCUBIDOO database was performed to identify high affinity ligands of the BH4 domain of Bcl-2 [104]. 

The screening approach used BDA-366 as the standard, since it was the only reported small molecule 

to selectively bind Bcl-2’s BH4 domain at that time, thereby yielding 11 presumed high-affinity 

ligands. The top three ranked compounds were compound 38831, 139068, and 138967, all with 

higher Bcl-2-binding affinities compared to BDA-366 in all of the performed virtual analyses (e.g. QM-

polarized docking, induced-fit docking with QM/MM optimization, and molecular dynamics 

simulation using normal model analysis). However, the study did neither include biophysical 

interaction studies nor cell death studies [104]. Furthermore, we recently demonstrated that while 

BDA-366 could kill Bcl-2-dependent cancer cells, it acted independently of Bcl-2 [102]. Thus, also 

compounds based on BDA-366 ought to be critically evaluated whether they are bona fide BH4-

domain antagonists and can kill cancer cells in a Bcl-2-dependent manner. 

Therefore, we synthesized two of the top three ranking compounds (138967 and 139068) by the acid 

amine coupling reaction between 3-cyclohexylisoxazole-5-carboxylic acid and corresponding N-

methylamines in the presence of HOBT, EDCl and DIPEA in DMF as depicted in the scheme presented 

in Scheme 1. The structures of these compounds were characterized by 1H NMR, 13C NMR analyses 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



and mass spectrometry (HRMS) (see info presented in Supplementary Material), validating their 

molecular identity.  

N
O

O

OH

+ N
R

H
HOBt, EDCl

DIPEA, DMF

0 oC - rt, 30 min

N

O

O

N

R

138967 (70% yield)

R=
N

NS OH
R=

139068 (40% yield)

 

Scheme 1. Chemical syntheses of 139068 and 138967 with indication of their yield. 

Next, we scrutinized the compounds for their ability to elicit cancer cell death in two Bcl-2-

dependent cancer cell models, thereby providing a preliminary analysis of their potential use to 

target Bcl-2-dependent cancers. Hence, we assessed the cell-death properties of compounds 139068 

and 138967 in SU-DHL-4 and OCI-LY-1 cells using flow cytometry analysis of annexin V-FITC/7-Amino 

Actinomycin D (7-AAD)-stained cells, according to previously established methods [74,80]. We have 

chosen SU-DHL-4 and OCI-LY-1 for the following rationale: (i) SU-DHL-4 cells display the highest 

IP3R2-expression levels and are highly sensitive to BIRD-2 treatment [74], while (ii) OCI-LY-1 cells 

display the lowest IP3R2-expression levels and  are rather resistant to BIRD-2 treatment. Thus, it is 

expected that a BH4-domain-targeting molecule would provoke cell death, at least in SU-DHL-4 cells; 

although if the molecules can trigger a conformational switch turning Bcl-2 into a pro-apoptotic 

protein, both cell models could be killed by the compounds. Additionally, both cell lines can also be 

distinguished via their sensitivity towards BH3 mimetic drugs, with higher levels of venetoclax-

induced apoptotic cell death in OCI-LY-1 cells when compared to SU-DHL-4 cells. However, the two 

synthesized BH4-binding compounds, applied for 24 hours at different concentrations (up to 30 µM) 

did not induce apoptosis in the DLBCL models (Figure 3), while venetoclax, the positive control, could 

provoke cell death in both cancer cell models using exactly the same conditions. Hence, this first 

analysis argues that these compounds tested in conditions in which venetoclax did trigger cell death 

could not kill Bcl-2-dependent cancer cells and thus likely do not serve as BH4 inhibitors or at least 

not as therapeutically relevant BH4-domain inhibitors. Indeed, it remains to be determined whether 

the compounds can bind to Bcl-2’s BH4-domain in vitro and whether the molecules could enter the 

cell models used here. However, it is important to remind that these molecules have emerged from 

modeling approaches using BDA-366 as a molecule targeting Bcl-2’s BH4 domain. Since we and 

others have shown that BDA-366 is not a bona fide Bcl-2 inhibitor, it may not be surprising that these 

compounds are not bona fide Bcl-2 inhibitors. Thus, the first bona fide BH4-domain inhibitor of Bcl-2 

remains to be developed.  

 

Conclusions 

Anti-apoptotic Bcl-2 exerts important non-canonical anti-apoptotic functions at the level of the ER 

Ca2+ stores. At the molecular level, the BH4 domain of Bcl-2 is a key determinant in this process by 

binding IP3R channels and inhibiting their Ca2+-flux properties. As such, Bcl-2 protects cells at the level 

of the ER by suppressing pro-apoptotic Ca2+ fluxes that can provoke cell death through mitochondrial 

Ca2+ overload and/or calpain activation. Cancer cells appear to be addicted for their survival to these 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



ER-related functions of Bcl-2, particularly cancer cells with chronic IP3 signaling and high expression 

levels of IP3R2. Cell-permeable IP3R-derived peptides corresponding to the Bcl-2-binding site on IP3Rs, 

including stable variants such as BIRD-2, provide a unique way to target the BH4 domain of Bcl-2 and 

kill a broad range of cancer cell types by disassembling IP3R/Bcl-2 complexes and triggering 

intracellular Ca2+ overload. Furthermore, BIRD-2 could also potentiate the cell death induced by BH3 

mimetics, the Bruton's tyrosine kinase inhibitor, Ibrutinib, and of chemotherapeutic regiments such 

as cisplatin. While these peptides are promising tools, they may also have limitations for in vivo use. 

Therefore, small molecules targeting the BH4 domain of Bcl-2 ought to be developed. However, we 

found in previous work that BDA-366, a presumed BH4-domain antagonist, did not interfere with Bcl-

2’s anti-apoptotic properties and provoked cancer cell death independently of Bcl-2. Here, we also 

report that two potential BH4 domain inhibitors, identified from a recent virtual screening based on 

BDA-366, were not effective in killing Bcl-2-dependent DLBCL cancer cell models. Overall, small 

molecules that target the BH4 domain of Bcl-2, thereby interfering with non-canonical functions of 

Bcl-2, hold great potential as means for alternative cell death strategies in cancer, including in 

combinatorial approaches with BH3 mimetics. Yet, the first bona fide small molecule BH4-domain 

inhibitor of Bcl-2 remains to be identified. 
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Legend 

Figure 1: A schematic overview on the canonical and non-canonical functioning of B-cell lymphoma 

2 (Bcl-2) in the regulation of cell death and survival. (A) The complex molecular network of the Bcl-2 

family in the intrinsic apoptosis pathway. Intrinsic death stimuli such as DNA damage and ER stress 

trigger activator and sensitizer BH3-only family member functioning. In their turn, activator BH3-only 

proteins (e.g. Bim and tBid) stimulate pore-forming Bcl-2 family members Bax/Bak to form 

proteinaceous pores in the mitochondrial outer membrane (MOM), while sensitizer BH3-only 

proteins (e.g. Bim and tBid) inhibit anti-apoptotic Bcl-2 family members. These anti-apoptotic Bcl-2 

family members (e.g. Bcl-2, Bcl-xL and Mcl-1) via their hydrophobic cleft neutralize both the pro-

apoptotic activator BH3-only family members and pore-forming Bax/Bak. Activation and 

oligomerization of Bax/Bak provokes mitochondrial outer membrane permeabilization (MOMP), 

thereby releasing of cytochrome C and Smac/DIABLO into the cytosol. The release of cytochrome C 

enables the formation of the apoptosome and consequently the activation of executioner caspases. 

The cleavage and activation of these caspases then implements the coordinated cell death process. 

(B) Bcl-2 modulation of Ca2+ transfer at the level of the mitochondria-associated ER membranes 

(MAMs). The aforementioned Ca2+ transfers from the ER into the mitochondria are enabled by a 

multi-protein complex spanning the MAMs that is made up of inositol 1,4,5-trisphosphate receptor 

(IP3R) channels and voltage-dependent anion channels type 1 (VDAC1) coupled by Grp75 (not shown) 

along with the mitochondrial calcium uniporter (MCU) complex located on the inner mitochondrial 

membrane. These ER-mitochondrial Ca2+ transfers critically control the outcome of cell death and cell 

survival decisions. On one hand, a continuous oscillatory influx of Ca2+ from the ER into the 

mitochondria (green arrow) promote ATP-production, mitochondrial bioenergetics and thus cell 

survival (left). On the other hand, mitochondrial Ca2+-overload elicits cell death through opening of 

the mitochondrial permeability transition pore (mPTP), involving direct actions of Ca2+ and indirect 

actions of Ca2+ via ROS produced upon disintegration of respiratory complex II upon dissociation of 

cardiolipin. This facilitates the flow of ions and H2O into the mitochondrial matrix resulting in 

mitochondrial swelling and rupture of the MOM. The rupture of the mitochondria and the resulting 

release of cytochrome C and Smac/DIABLO prompt a plethora of processes eventually leading to cell 

death. Created with BioRender.com.  

Figure 2: Schematic representation of the anti-apoptotic Bcl-2 protein, including 4 Bcl-2 homology 

(BH) domains and a transmembrane domain (TMD) along with its functionality at both the ER (left) 

and the mitochondria (right). The different domains of Bcl-2 and the number of their delineating 

amino acid residues are indicated. Via its BH4 domain, Bcl-2 inhibits the pro-apoptotic release of Ca2+ 

from the ER lumen mediated by the IP3 receptor (IP3R), a function that is inhibited by BIRD-2 

peptides. At the mitochondrial outer membrane, Bcl-2 suppresses Bax/Bak-pore formation through 

its hydrophobic cleft via inhibition of both the Bax/Bak proteins themselves as well as the activator 

BH3-only proteins that facilitate Bax/Bak pore formation, a function that is inhibited by BH3-mimetic 

drugs. Consequently, the release of cytochrome C (CytC) and Smac/DIABLO into the cytosol followed 

by apoptosis resulting from Bax/Bak-pore formation is also inhibited by BH3-mimetic drugs.  

Figure 3: Cell Death analysis of putative BH4-domain inhibitors in DLBCL cell lines. Cell death was 

measured using cytometry analysis of Annexin V-FITC/7-AAD-stained cells treated with the different 

compounds or vehicle for 24 hours (10.000 cells analysed). Cells that stained negative for both 

Annexin V-FITC and 7-AAD were considered as viable. (A) A representative dot plot of SU-DHL-4 cells 

treated with compound (139068, and 138967), vehicle, BIRD-2 or ABT-199. (B-E) The quantitative 

analysis of % of living cells (Annexin V-FITC negative and 7-AAD negative) on each of the two 

evaluated cell types (SU-DHL-4 and OCI-LY-1) either for compound 139068 (B and D) or compound 
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138967 (C and E). The means standard deviation from 3 independent experiments are displayed. 

BIRD-2 and venetoclax were used as benchmark tools for cell death in these cell models. For a 

detailed discussion of the materials and methods, we refer to Bittremieux et al. (2019) [68]. Flow 

cytometry data were analyzed using FlowJo™ v10.7. 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



The authors declare that there is no conflict of interest. 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



CREDIT author statement 

Ian de Ridder: writing – original draft and integration of comments; conceptualization 

Martijn Kerkhofs: writing – critically revision and editing; methodology; investigation; 

conceptualization 

Santhini Pulikkal Veettil: writing – part of original draft; methodology; investigation; validation 

Wim Dehaen: writing – critically revision; supervision; methodology; validation 

Geert Bultynck writing – original draft and further revision and editing; original design of work; 

conceptualization; supervision; funding acquisition 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Highlights 

 Anti-apoptotic Bcl-2 prevents cell death through its mitochondrial and endoplasmic 

reticulum functions. 

 Anti-apoptotic Bcl-2 via its BH4 domain prevents pro-apoptotic, IP3 receptor-driven Ca2+ 

signaling. 

 Tools that target Bcl-2’s BH4 domain such as BIRD-2 elicit cell death in several cancer cell 

types. 

 Targeting Bcl-2’s BH4 domain in anti-cancer strategies is complementary with BH3 mimetics. 

 BDA-366 was proposed as the first small molecule BH4-domain antagonist, yet triggers cell 

death independently of Bcl-2. 

 The first bona fide BH4-domain antagonist small molecule still needs to emerge. 
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Figure 1: A schematic overview on the canonical and non-canonical functioning of B-cell lymphoma 2 (Bcl-2) in the 
regulation of cell death and survival. (A) The complex molecular network of the Bcl-2 family in the intrinsic apoptosis 
pathway. Intrinsic death stimuli such as DNA damage and ER stress trigger activator and sensitizer BH3-only family 
member functioning. In their turn, activator BH3-only proteins (e.g. Bim and tBid) stimulate pore-forming Bcl-2 family 
members Bax/Bak to form proteinaceous pores in the mitochondrial outer membrane (MOM), while sensitizer BH3-
only proteins (e.g. Bim and tBid) inhibit anti-apoptotic Bcl-2 family members. These anti-apoptotic Bcl-2 family 
members (e.g. Bcl-2, Bcl-xL and Mcl-1) via their hydrophobic cleft neutralize both the pro-apoptotic activator BH3-
only family members and pore-forming Bax/Bak. Activation and oligomerization of Bax/Bak provokes mitochondrial 
outer membrane permeabilization (MOMP), thereby releasing of cytochrome C and Smac/DIABLO into the cytosol. 
The release of cytochrome C enables the formation of the apoptosome and consequently the activation of 
executioner caspases. The cleavage and activation of these caspases then implements the coordinated cell death 
process. (B) Bcl-2 modulation of Ca2+ transfer at the level of the mitochondria-associated ER membranes (MAMs). 
The aforementioned Ca2+ transfers from the ER into the mitochondria are enabled by a multi-protein complex 
spanning the MAMs that is made up of inositol 1,4,5-trisphosphate receptor (IP3R) channels and voltage-dependent 
anion channels type 1 (VDAC1) coupled by Grp75 (not shown) along with the mitochondrial calcium uniporter (MCU) 
complex located on the inner mitochondrial membrane. These ER-mitochondrial Ca2+ transfers critically control the 
outcome of cell death and cell survival decisions. On one hand, a continuous oscillatory influx of Ca2+ from the ER 
into the mitochondria (green arrow) promote ATP-production, mitochondrial bioenergetics and thus cell survival 
(left). On the other hand, mitochondrial Ca2+-overload elicits cell death through opening of the mitochondrial 
permeability transition pore (mPTP), involving direct actions of Ca2+ and indirect actions of Ca2+ via ROS produced 
upon disintegration of respiratory complex II upon dissociation of cardiolipin. This facilitates the flow of ions and H2O 
into the mitochondrial matrix resulting in mitochondrial swelling and rupture of the MOM. The rupture of the 
mitochondria and the resulting release of cytochrome C and Smac/DIABLO prompt a plethora of processes eventually 
leading to cell death. Created with BioRender.com.  
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Figure 2: Schematic representation of the anti-apoptotic Bcl-2 protein, including 4 Bcl-2 homology (BH) domains 
and a transmembrane domain (TMD) along with its functionality at both the ER (left) and the mitochondria (right). 
The different domains of Bcl-2 and the number of their delineating amino acid residues are indicated. Via its BH4 
domain, Bcl-2 inhibits the pro-apoptotic release of Ca2+ from the ER lumen mediated by the IP3 receptor (IP3R), a 
function that is inhibited by BIRD-2 peptides. At the mitochondrial outer membrane, Bcl-2 suppresses Bax/Bak-pore 
formation through its hydrophobic cleft via inhibition of both the Bax/Bak proteins themselves as well as the activator 
BH3-only proteins that facilitate Bax/Bak pore formation, a function that is inhibited by BH3-mimetic drugs. 
Consequently, the release of cytochrome C (CytC) and Smac/DIABLO into the cytosol followed by apoptosis resulting 
from Bax/Bak-pore formation is also inhibited by BH3-mimetic drugs.  

 

 

 

  



 

Figure 3: Cell Death analysis of putative BH4-domain inhibitors in DLBCL cell lines. Cell death was measured using 
cytometry analysis of Annexin V-FITC/7-AAD-stained cells treated with the different compounds or vehicle for 24 
hours (10.000 cells analysed). Cells that stained negative for both Annexin V-FITC and 7-AAD were considered as 
viable. (A) A representative dot plot of SU-DHL-4 cells treated with compound (139068, and 138967), vehicle, BIRD-
2 or ABT-199. (B-E) The quantitative analysis of % of living cells (Annexin V-FITC negative and 7-AAD negative) on 
each of the two evaluated cell types (SU-DHL-4 and OCI-LY-1) either for compound 139068 (B and D) or compound 
138967 (C and E). The means standard deviation from 3 independent experiments are displayed. BIRD-2 and 
venetoclax were used as benchmark tools for cell death in these cell models. For a detailed discussion of the materials 
and methods, we refer to Bittremieux et al. (2019) [68]. Flow cytometry data were analyzed using FlowJo™ v10.7. 


