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Abstract
Circumvention of apoptotic machinery is one of the distinctive prop-

erties of carcinogenesis. Extensively established key effectors of

such apoptotic bypass mechanisms, the antiapoptotic BCL-2 (apop-

tosis regulator BCL-2) proteins, determine the response of cancer

cells to chemotherapeutics. Within this background, research and

development of antiapoptotic BCL-2 inhibitors were considered to

have a tremendous amount of potential toward the discovery of

novel pharmacological modulators in cancer. In this review, mile-

stone achievements in the development of selective antiapoptotic

BCL-2 proteins inhibitors for BCL-2, BCL-XL (BCL-2-like protein 1),

and MCL-1 (induced myeloid leukemia cell differentiation protein

MCL-1) were summarized and their future implications were dis-

cussed. In the first section, the design and development of BCL-

2/BCL-XL dual inhibitor navitoclax, as well as the recent advances

and clinical experience with selective BCL-2 inhibitor venetoclax,

were synopsized. Preclinical data from selective BCL-XL inhibitors,

which are currently undergoing extensive testing as a single agent or

in combination with other therapeutic agents, were further summa-

rized. In the second section,MCL-1 inhibitors developed as potential

anticancer agents were reviewed regarding their specificity toward

MCL-1. Explicitly, studies leading to the identification of MCL-1,
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nonselective and selective targeting of MCL-1, and recently initi-

ated clinical trials were compiled in chronological order. Based on

these concepts, future directionswere further discussed for increas-

ing selectivity in the design of prosurvival BCL-2member inhibitors.

K EYWORDS

antiapoptotic BCL-2 proteins, cancer, small molecules, targeted

therapy

1 INTRODUCTION

There are primarily two widely established pathways that can lead to apoptosis: (a) extrinsic pathway and (b) intrin-

sic pathway.1 The extrinsic pathway is triggered by interaction of an extracellular ligand and tumor necrosis factor

receptor family related transmembrane death receptor.2,3 Following this interaction, an adapter binds to the recep-

tor, and this binding leads to procaspase-8 activation via death-inducing signaling complex.4,5 Active caspase-8 fur-

ther initiates caspase-3, which executes apoptosis.1 Intrinsic pathway, on the other hand, occupies the modifications

of the innermitochondrial membrane.1 These alterations then lead to the opening of mitochondrial transition pore via

decreased mitochondrial transmembrane potential and results in the release of proapoptotic proteins to cytoplasm

such as cytochrome c.6 As a widely accepted hallmark of the intrinsic apoptotic pathway, cytochrome c interacts with

Apaf-1 (apoptotic protease-activating factor 1) and procaspase-9, forming the apoptosome.7 Apoptosome activates

procaspase-9, which leads to executioner caspase-3 activation.1

Intrinsic and extrinsic apoptotic pathways are strictly controlled by BCL-2 (apoptosis regulator BCL-2) proteins.8

The founding member of the BCL-2 protein family, BCL-2, was discovered as a part of t(14;18) chromosomal translo-

cation in follicular lymphoma and diffuse large B-cell lymphoma.9,10 Currently, more than 20 members of the BCL-2

protein family have been identified based on BCL-2 homology (BH) regions. BCL-2, BCL-XL (BCL-2-like protein 1),

MCL-1 (induced myeloid leukemia cell differentiation protein MCL-1), BCL-W (Bcl-2-like protein 2), BFL-1 (BCL-2-

related protein A1), and BCL-B (Bcl-2-like protein 10) comprise the antiapoptotic BCL-2 proteins, contain all four BH

domains, and inhibit apoptosis by sequesteringmultidomain prodeathBCL-2 proteins—BAX (apoptosis regulator BAX)

and BAK (BCL-2 homologous antagonist/killer)—or by repressing activator BH3-only proteins—BIM (BCL-2-like pro-

tein 11), BID (BH3-interacting domain death agonist), PUMA (BCL-2-binding component 3), and NOXA (phorbol-12-

myristate-13-acetate-induced protein 1) (Figure 1). Activator BH3-only proteins activate pore-forming effector BAX

andBAKproteins via direct protein–protein interaction,which results in their conformational change andoligomeriza-

tion on the outer mitochondrial membrane.11–14 Besides, preferential activation of BAX by BIM and BAK by BID has

been demonstrated.15

Among these BH3-only proteins, NOXAemerges as a distinctmember due to its restricted binding partners,MCL-1

and BFL-1 compared with BIM and BID, which have the capability of targeting all prosurvival BCL-2 members.16,17

Specifically, NOXA-based targeting of MCL-1 results in sequestration of MCL-1 avoiding its interaction with other

BH3-onlymembers.18 In turn, NOXA–MCL-1 interaction reduces the half-life ofMCL-1 viaNOXA-dependent delivery

to ubiquitination system and degradation, for instance via E3 ubiquitin ligase MULE (MCL-1 ubiquitin ligase E3).17–21

Overall, the selectivity of NOXA toward MCL-1 may seem to generate a weaker capacity for cell death induction

by NOXA. However, this condition could also be translated into increased selectivity when designing specific MCL-1

inhibitors based onNOXA peptide sequence and structure, notably in the setting of cancer.18

The complex network of interactions regulated by the family of BCL-2 proteins guided researchers to use this sys-

tem as a preparatory step for efficient cell death in cancer cells. This step, first termed by Certo et al. as “primed

for death,” primes the cancer cells initially by death signals so that antiapoptotic BCL-2 proteins get occupied with
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F IGURE 1 Protein–protein interactions between proapoptotic and antiapoptotic BCL-2 family proteins dictate
mitochondrial apoptotic response following cellular stress including DNA damage, oxidative stress, growth factor
withdrawal, and metabolic stress. Activator BH3-only proteins (BID, BIM, PUMA, NOXA) directly bind and activate
BAX and BAK, which in turn form multimeric pores in the mitochondrial membrane. Antiapoptotic BCL-2 proteins
sequester activator BH3-only proteins. Upon cellular damage, sensitizer BH3-only proteins bind to antiapoptotic BCL-
2 proteins to displace activators, which are then free to bind and activate BAK and BAX. Mitochondrial outer mem-
branepermeabilization and the translocationof proapoptotic factors such as cytochrome c into cytosol trigger intrinsic
apoptotic pathway

BH3-only proapoptotic BCL-2 proteins (Figure 2A).22 Through changing the number of available BH3-binding sites

on antiapoptotic proteins BCL-2 proteins, a secondary signal via proapoptotic stimuli and BH3 mimetics become a

stronger inducer of cell death as compared to their effects alone on an unprimed cell (Figure 2A). In particular, the

final phase of the mitochondrial priming involves the direct or indirect activation of pore-forming effectors BAX and

BAK via activator BH3-only proapoptotic proteins (Figure 2B). Althoughmitochondrial priming remains as a powerful

tool for overcoming the resistance of antiapoptotic BCL-2 proteins, a clear distinction should be made for identify-

ing the specific antiapoptotic BCL-2, which mediates the resistance phenotype. The solution to this problem could be

accomplished by a novel method called BH3 profiling.23 Briefly, BH3 peptides with known concentrations are fed to

mitochondria, and ameasure ofmitochondrial permeabilization could reveal the antiapoptotic BCL-2 protein, used for

survival purposes. After such a BH3 profiling based identification, the secondary signal in mitochondrial priming using

BH3mimetics could be executed through target-specific approach. Overall, through this combination ofmitochondrial

priming andBH3profiling, addiction of cancer cells to antiapoptotic BCL-2 proteins could be subjugated. In this regard,

a comprehensive summary of the breakthroughs for developing highly specific inhibitors of antiapoptotic BCL-2 pro-

teins is essential for innovative advancements in this area, which prompted this review.

Evasion of apoptosis in response to oncogenic stress is a significant hallmark of carcinogenesis.24 Moreover, over-

expression of antiapoptotic BCL-2 proteins in hematological malignancies and solid cancers was shown to give rise

to chemoresistance in the context of therapies acting through activation of mitochondrial or extrinsic apoptotic

pathways.25–28 Upregulation of antiapoptotic BCL-2 proteins by cancer cells to overcome proapoptotic stress dur-

ing carcinogenesis results in their dependence on these prosurvival signals.Many cancer cells are therefore primed for
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F IGURE 2 Priming cells to death via mitochondria. (A) Due to low BH3-only proapoptotic BCL-2 protein load
resulting in an excess amount of free antiapoptotic BCL-2 proteins in nonprimed cells, induction of cell death through
the combination of chemotherapy and BH3 mimetics treatment is not an efficient process (not shown). Priming via
death signals disentangles this problem principally through saturating excess antiapoptotic BCL-2 proteins with BH3-
only proapoptotic BCL-2 proteins. Further treatment via the combination of proapoptotic stimuli and BH3 mimetics
increases the amount of activator BH3-only proapoptotic protein load. At the final phase, BH3-only proapoptotic
protein based activation of BAX/BAK results in efficient cell death in primed cells. (B) BH3-only proapoptotic pro-
teins (BH3) can induce BAX/BAK activation via two different mechanisms. In so-called the “direct pathway,” activa-
tor BH3-only proapoptotic proteins trigger BAX/BAK through direct binding. In the indirect mechanism, other BH3-
only proapoptotic proteins competewith activator BH3-only proapoptotic proteins orwith BAX/BAK for binding sites
on antiapoptotic BCL-2 proteins. Eventually, this competition releases activator BH3-only proapoptotic proteins and
active BAX/BAK, leading to cell death

apoptosis as antiapoptotic BCL-2 proteins are actively sequestering proapoptotic BCL-2 proteins, which define their

response to conventional chemotherapeutics.26 Thus, antiapoptotic BCL-2 proteins are prominent targets for cancer

therapeutics.

In this review,we summarize the recent advances in smallmolecule therapeutics selectively targeting antiapoptotic

BCL-2 proteins in cancer. In this regard, this review is distinct from other literature summarizing antiapoptotic BCl-2

proteins because it presents a perspective covering the search for the most selective inhibitors of prosurvival BCL-2

members.

2 BCL-2/BCL-XL INHIBITORS

2.1 Designing dual BCL-2/BCL-XL inhibitors

The tertiary structure of antiapoptotic BCL-2 proteins contains two hydrophobic alpha-helices and six or seven amphi-

pathic alpha-helices.29 Amphipathic alpha-helices form the 20 Å long hydrophobic groove that functions as the binding

site for the BH3 domain of proapoptotic BCL-2 proteins. Small molecules that bind within this BH3-binding groove

of antiapoptotic BCL-2 proteins are defined as BH3 mimetics.30,31 Hence, P2 and P4 hydrophobic pockets within the

groove were shown to mediate this interaction employing alanine scanning mutagenesis studies32 (Figures 3 and 4).

Importantly, the interaction of an arginine residue in BCL-XL and BCL-2 and an aspartate residue in proapoptotic

proteins was demonstrated to be critical for the sequestration of proapoptotic BCL-2 proteins by their antiapoptotic

binding partners.33 Several small molecules have been developed to act as specific inhibitors of BCL-2 protein family
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F IGURE 3 Antiapoptotic BCL-2 proteins are targeted by BH3 mimetics through their P2 and P4 hydrophobic
pockets. (A) Dual BCL-2/BCL-XL inhibitor navitoclax bound to the hydrophobic pockets of antiapoptotic BCL-2 pro-
tein is shown (PDB ID: 4LVT). Navitoclax is preferred since no structure is available for monoselective BCL-2 inhibitor
venetoclaxwith BCL-2 protein. (B)Monoselective BCL-XL inhibitor A-11155463 bound to the hydrophobic pockets of
BCL-XL is shown (PDB ID: 4QVX). (C) Selective MCL-1 inhibitor S63485 bound to the hydrophobic pockets of MCL-1
is shown (PDB ID: 5LOF)

members including TW-37, gossypol, apogossypol, HA14-1, BH3l-1, antimycinA, chelerythrine, and obatoclax.34 How-

ever, functional studies utilizing BAX/BAK-deficient mouse embryonic fibroblast (MEFs) demonstrated that these

agents induced cell death both in wild-type (wt) and BAX/BAK-deficient MEFs, indicating that they target additional

pathways other than BCL-2 proteins.35 Therefore, translation of these molecules into clinical use has been primarily

hampered by the lack of specificity and on-target activity.

ABT-737was the first smallmolecule discoveredbyusing structure–activity relationshipNMRscreening of a chem-

ical library of small molecules that bind to the hydrophobic BH3-binding groove of BCL-XL36,37 (Table 1). ABT-737

exerted single-agent activity in small cell lung cancer (SCLC) and lymphoma cells and in vitro tumor models. Other

laboratories and we thoroughly studied the effects of ABT-737 on multiple solid and hematological malignancies as

single agent or in combinationwith chemotherapy, radiotherapy, and targeted therapies.38–50 The poor oral availability

of ABT-737 led to the development of its orally available analog, ABT-263 (navitoclax), which paved the way for clini-

cal trials of the first generation of BCL-2/BCL-XL inhibitors51,52 (Table 1). Navitoclax has Ki values < 1 nM for BCL-2,

BCL-XL, and BCL-W and was shown to induce activation and mitochondrial translocation of BAX through neutraliza-

tion of BCL-2/BCL-XL and trigger cytosolic translocation of cytochrome c in BCL-2-dependent SCLC cell line H14652

(Figures 3A and 4A). Furthermore, navitoclax exerted activity in a panel of cell lines composed of SCLC and hematolog-

ical malignancies with an EC50 value of < 1 𝜇M in sensitive cell lines. Navitoclax elicited effective antitumor response

in H889 SCLC and RS4;11 acute lymphoblastic leukemia (ALL) xenograft models. In H146 SCLC xenografts, treatment
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F IGURE 4 Intermolecular interactions that hold BH3mimetics in the P2 andP4hydrophobic pockets of antiapop-
totic BCL-2 proteins. The structures shown in Figure 3were analyzed by the LIGPLOT software. Evidently, most of the
interactions that hold the inhibitormolecules in the hydrophobic pockets consist of hydrophobic contacts. Positions of
the P2 and P4 pocketswith respect to the inhibitorwere shown for clear presentation of themolecular orientation. (D)
Legend for the LIGPLOT-based analysis

with navitoclax at 50 mg/kg p.o. for 21 days led to complete response (CR) in 22% and partial response (PR) in 44% of

the animals.52 When combinedwith rituximab inDoHH2B-cell lymphoma flank xenograftmodel, navitoclax treatment

resulted in 70% CR and 10% PR. Similarly, navitoclax plus R-CHOP regimen induced an efficient antitumor response

in Granta-519 mantle cell lymphoma xenografts, and navitoclax potentiated the effect of bortezomib in the OPM-2

flank xenograftmodel.Moreover, navitoclax induced complete regression of tumors as large as 1000mm3 in a panel of

SCLC xenografts when administered at a dose of 100mg/kg/day for 21 days.51 The significant dose-limiting toxicity of

navitoclax was thrombocytopenia due to decreased life span of platelets.53,54 This effect was caused by the on-target

inhibition of BCL-XL in platelets, which is the preeminent prosurvival BCL-2 protein in these cells. Treatment of fol-

licular lymphoma cells DoHH-2 and SuDHL-4 in vitro and in vivo with the combination of rapamycin and navitoclax
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TABLE 1 Summary of selected studies utilizing dual inhibition of BCL-2/BCL-XL

Drug Cell line/tissue Concentration Reference

ABT-737 A549NSCLC cell line, primary follicular lymphoma
cells, primary CLL cells, SCLC cell lines,

10 nM–100 𝜇M 36

SCLC xenograft models 25–100mg/kg/day

ABT-737 697, RS4;11, CEM-c1 and SEM-k2 ALL cell lines,
primary ALL cells

10 nM–10 𝜇M 39

ABT-737 LN229, U343, and U87 human glioma cell lines 5 𝜇M 41

ABT-737 Human SCLC cell lines, HeLa, 293T cells,
MCL-1−∖− MEFs

10–100 nM 44

ABT-737 A375, 1205Lu, aHT-144,WM852c,WM115, and
451Lu humanmelanoma cell lines

1.1–10 𝜇M 47

Navitoclax
(ABT-263)

SCLC cell lines, 110 nM–22 𝜇M 51

SCLC xenograft models 100mg/kg/day

Navitoclax
(ABT-263)

SCLC cell lines, leukemia/lymphoma human tumor
cell lines, FL5.12murine cell line, BCL-XL,MCL-1,
and BAX/BAKKOMEFs

0.1 –1000 nM 52

SCLC and ALL xenograft models 100mg/kg/day

Navitoclax
(ABT-263)

SCC25, SCC9, FADU, HN, 786-O, RENCA, Hep3B,
HepG2, A549, Calu-6, DMS-53, H196, H460,
H1299, D54MG, DoHH2, SuDHL4, SKNFI,
HEYA8, OVCAR-3, OVCAR-4, OVCAR-5,
OVCAR-8, SKOV3,MiaPaCa, PANC-1, BxPC3,
PC3, 22RV1, LNCAP, HT-1080, SK-LMS-1, A375,
A431, AGS (CRL-1739), N87, HCT116, DLD1,
SW620, Colo-205, EJ-1, MDA-MB-231,
MDA-MB-435,MCF-7,Mx-1, BT474, K562, and
H1650 human cancer cell lines

1 𝜇M 55

SKOV3 xenograft model 100mg/kg/day

triggered significant apoptotic and antitumor response along with activation of caspase-3.51 Navitoclax also exerted

single-agent activity against DoHH-2, SuDHL-4, and Granta-519 cells with EC50 values of 16, 25, and 299 nM, respec-

tively. Similarly, a systematic evaluation of the efficiency of navitoclax in combination with 19 chemotherapeutic

agents in 46 cell lines representing 16 solid tumor types confirmed that navitoclax potentiated the activity of several

chemotherapy agents with different mechanisms of action55 (Table 1). This effect was particularly synergistic when

navitoclax was combined with DNA-damaging agents (gemcitabine, etoposide, camptothecin, and doxorubicin) and

antimitotic drugs (docetaxel, vincristine). Navitoclax also enhanced the response of docetaxel in SKOV3ovarian cancer

xenografts anderlotinib inNCI-H1650 lung cancer xenograftswhenusedat100mg/kg for14or21days.55 In summary,

preclinical studies demonstrated the potential antitumor effect of navitoclax in cell lines and xenograft models, either

utilized as a single agent or in combination with other chemotherapeutic molecules.

Preclinical findings paved the way for the Phase 1 dose-escalation study that was conducted in 55 patients with

relapsed or refractory lymphoid malignancies in which patients were on two different oral navitoclax schedules

(NCT00406809).56 The first group (38 patients) received navitoclax for 14 days of a 21-day cycle (14/21) at doses of

10, 20, 40, 80, 110, 160, 225, 315, or 440mg/day and the second group (17 patients) received navitoclax continuously

for 21 days of a 21-day cycle (21/21) at doses of 200, 275, 325, or 425 mg/day. Anemia, infection, diarrhea, nausea,

and fatigue were among common toxic effects of navitoclax in patients, although thrombocytopenia and neutropenia

were themost common serious dose-limiting toxicities with Grade 3/4 thrombocytopenia recorded in 29 patients and

Grade 3/4 neutropenia recorded in 17 of 53 patients available for assessment of dose-limiting toxicity. Severe throm-

bocytopenia and neutropenia were managed by dose reduction of navitoclax and filgrastim was administered for per-

sistent Grade 4 neutropenia. Of the 46 lymphoma patients with assessable adenopathy, 21 demonstrated reduction
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in tumor size and ten patients achieved a PR of at least a 50% reduction in tumor size.56 Patients with chronic lym-

phocytic leukemia (CLL) and small lymphocytic lymphoma had the best response to navitoclax treatment with 246

days of median progression-free survival. Moreover, safety and biological activity of oral navitoclax were evaluated

in 29 patients with relapsed or refractory CLL who received navitoclax for 14 days (10, 110, 200, or 250 mg/day) or

21 days (125, 200, 250, or 300 mg/day) (NCT00481091).57 Navitoclax treatment reduced lymphocytosis more than

50% in 19 of 21 patients within days of administration. Nine patients achieved a PR, and seven patients maintained

stable disease for more than 6 months among 26 patients treated with 110 mg/day navitoclax. The significant antitu-

mor activity of navitoclax was recorded in 20 patients with the fludarabine-refractory disease, bulky adenopathy, and

del(17p) CLL.57 Themost common emergent toxic effects were found to be diarrhea, nausea, vomiting, fatigue, throm-

bocytopenia, and neutropenia. Grade 4 neutropenia was managed with dose reduction or administration of filgrastim.

On-target and dose-dependent inhibition of BCL-XL was determined as the primary mechanism for the dose-limiting

thrombocytopenia, and 250 mg/day in a continuous dosing schedule was chosen for the future Phase II studies.57 A

Phase I dose-escalation study was conducted in 47 patients with relapsed or refractory SCLC or pulmonary carcinoid

to evaluate the safety, pharmacokinetics, and efficacy of navitoclax in solid tumors.58 Patients either received a single

lead-in dose (Day 3) or after Day 14 dose on the 14 of 21-day dosing schedule. Navitoclax was overall well-tolerated

and diarrhea, nausea, vomiting, and fatigue were among common adverse effects. Thrombocytopenia was recorded in

all patients due to on-target inhibition of BCL-XL by the drug. Of the 38 patients who were evaluated for antitumor

response, eight had stable disease and one patient with SCLC had a PR that lasted more than 35 months.58 Impor-

tantly, patients with disease control had received highest dose levels, and the median duration of disease control was

5 months. To assess the efficacy of navitoclax in patients with recurrent SCLC after at least one prior treatment, a

Phase IIa study was conducted in 39 patients.59 All patients received an initial lead-in dose of 150 mg/day navitoclax

followed by dose escalation to 325 mg/day with a median treatment duration of 1.3 months. Thrombocytopenia was

the most common toxicity reported in 62% of patients, and Grade 3/4 thrombocytopenia was seen in 41% of patients.

One patient had a PR, and nine patients had stable disease, 16 patients had disease progression, and 16 patients could

not be evaluated.59 Median progression-free survivalwas 1.5months, andmedian overall survival (OS)was found to be

3.2 months indicating limited single-agent activity of navitoclax against advanced and recurrent SCLC. However, navi-

toclaxwas shown to be a potent first-line therapy optionwhen combinedwith rituximab in previously untreated B-cell

CLL cases.60 A total of 188 patients with CLL were enrolled to receive eight weekly doses of rituximab (arm A), eight

weekly doses of rituximab plus daily navitoclax for 12weeks (armB), or eight weekly doses of rituximab plus daily nav-

itoclax until disease progression or unacceptable toxicity (arm C). Thrombocytopenia, neutropenia, leukopenia, ane-

mia, fatigue, and diarrhea were among themost common toxic effects in patients. Thrombocytopenia wasmanaged by

a lead-in administration of 100 mg/day navitoclax for 1 week followed by continuing with the 250 mg/day daily dose.

Temporary discontinuation of drugs, dose reductions, or filgrastim administration was used to manage neutropenia in

patients. The overall response rate was 70% for patients treated in arm C, which was significantly favorable than of

patients treated in arm B or arm A. Of note, two patients in arm C achieved CR and patients with del(17p) had signifi-

cantly better clinical responses when treated with navitoclax.60 Besides thrombocytopenia, navitoclax plus rituximab

therapy was well-tolerated and effective in patients with CLL. These studies conducted in patients with solid tumors

and hematological malignancies provided the key clinical data infrastructure for the evaluation of navitoclax as a new

therapeutic option. Moreover, navitoclax -induced thrombocytopenia was shown to be manageable utilizing lead-in

dosing approach.

BM-1197 is another dual BCL-2/BCL-XL inhibitor with Ki values < 1 nM without binding to MCL-1 at 2 𝜇M.61

Even though BM-1197 induced minimal cell death in wt MEFs, it potently induced apoptosis in MCL-1−/− MEFs fol-

lowing treatment at 100 nM for 16 hr. Disruption of BCL-XL/PUMA interaction, activation of BAX and the release of

cytochrome c, activation of caspase-3 and caspase-9, and poly (ADP-ribose) polymerase (PARP) cleavage accompanied

induction of apoptosis by BM-1197 in MCL-1−/− MEFs. BM-1197 also showed activity in SCLC cells, and treatment

of H146 cells with BM-1197 led to decreased BCL-XL/BIM and BCL-XL/PUMA interactions concomitant with activa-

tion of caspase-3 and caspase-9 and PARP cleavage.61 Also, intravenous administration of BM-1197 (10 mg/kg/day, 5

days per week, for 2 weeks) in H146 and H1963 xenografts led to complete tumor regression in all mice, with most
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mice remained tumor-free after the end of the treatment. Importantly, BM-1197 treatment also resulted in reversible

thrombocytopenia due to its high binding affinity to BCL-XL.

Another dual BCL-2/BCL-XL inhibitor, S44563, was shown to bind BCL-2 with an IC50 of 131 nM and BCL-XL with

an IC50 of 140 nMas determined using fluorescence polarization assay.62 Although treatment of uveal melanoma cells

(MP41, MM26, and MM66) with S44563 resulted in loss of mitochondrial transmembrane potential and apoptosis, a

significant antitumor response was observed only in MP41 patient-derived xenograft (PDX) following intraperitoneal

administration of S44563 (50 or 100 mg/kg/day, 5 days per week, for 2 weeks and 1 week off). Additionally, the com-

bination of S44563 with fotemustine in MP41 PDX led to a better median OS compared with fotemustine or S44563

alone.62 S44563 also increased tumor growth inhibition in MP77 and MM66 uveal melanoma PDXs when used con-

comitantly with fotemustine. Treatment of H146 SCLC cells with increasing concentrations of S44563 activatedmito-

chondrial apoptotic pathway, although H69 and H196 SCLC cells were less sensitive to the drug.63 This significant

antitumor effect of S44563 was also confirmed in H46 xenografts following intraperitoneal administration of S44563

(100 or 150mg/kg/day, 21 days). Adding S44563 to ionizing radiation enhanced cell death response in H69 and H146

cells as well as in xenograft models. Furthermore, S44563 plus ionizing radiation and cisplatin-based chemotherapy

significantly prolonged the survival of mice with H146 xenografts along with a reduction of tumor burden.63 Impor-

tantly, S44563 did not exert any significant toxicity on normal lung tissue. Although preclinical findings are promising

for BM-1197 and S44563, these effects need to be validated in dose-escalation studies and randomized clinical trials.

In summary, dual BCL-2/BCL-XL inhibitors exert antitumor effect with similar efficiencies at biochemical and cellular

level, and cellular dependence on both BCL-2 and BCL-XL particularly in solid tumors underscores the need for con-

current neutralization BCL-2 and BCL-XL along with efficient management of thrombocytopenia and neutropenia.

2.2 Venetoclax:Monoselective BCL-2 inhibitor

BCL-2-selective inhibitor ABT-199 (venetoclax) has been developed to alleviate the dose-limiting thrombocytopenia

due to concomitant inhibition of BCL-XL.64 This discovery was particularly important for the clinical use of the drug

because many patients with hematological malignancies already present with preexisting thrombocytopenia due to

disease burden. The thiophenyl moiety of navitoclax occupies the P4 hydrophobic binding spot of BCL-2, and the 1-

chloro-4-(4,4-dimethylcyclohex-1-enyl)benzene moiety of navitoclax binds to the P2 spot (Figures 3A and 4A). Struc-

tural modification of navitoclax by incorporation of a tethered indole to bind Asp103 of BCL-2 and to fill the P4 spot

along with modification of P2-binding moiety resulted in the synthesis of venetoclax64 (Figures 5A and 5B). Veneto-

clax binds to BCL-2 (Ki < 0.010 nM)with subnanomolar affinity, which is significantly potent than BCL-XL (Ki < 48 nM),

BCL-W (Ki < 245 nM), andMCL-1 (Ki < 444 nM).

Preclinical studies demonstrated that venetoclax induced apoptosis in BCL-2-dependent FL5.12 cells and RS4;11

cells more efficiently than BCL-XL-dependent FL5.12 cells and H146 cells without any killing of BAX−/− BAK−/−

MEFs.64 Moreover, navitoclax treatment led to the efficient killing of non-Hodgkin lymphoma (NHL), acute myeloid

leukemia (AML), and ALL cell lines, particularly in a subset of cells with high BCL-2 expression. In RS4;11 and Toledo

xenografts, navitoclax treatment induced significant maximal tumor growth inhibition and tumor growth delay

compared to vehicle-treated mice.64 Adding venetoclax (100 mg/kg body weight, 14 days) to rituximab and/or ben-

damustine also enhancedantitumor response inDoHH2andGranta-519xenograftmodels. Following the confirmation

of platelet-sparing effects of venetoclax in ex vivo and in vivo, venetoclaxwas shown to trigger apoptosis in 15 primary

samples of CLL cells. Three patients were enrolled in the initial cohort, and a single dose of venetoclax (100 or 200mg)

led to reduced palpable lymphadenopathy in 24 hr and 95% decrease in lymphocytosis without any acute thrombo-

cytopenia as seen in trials with navitoclax.64 In T-cell acute lymphoblastic leukemia (T-ALL) cell lines and primary

pediatric T-ALL samples, venetoclax selectively induced cell death in BCL-2-dependent cell lines as determined by the

BH3 profiling.65 Early T-cell progenitor (ETP) subgroup of established ALL cell lines and primary samples were shown

to constitute the BCL-2-dependent venetoclax-sensitive pool of cells. Similarly, PDX established from ETP-ALL, and

typical ALL patientswere treatedwith venetoclax (100mg/kg/day, oral gavage, 14 days) and it was shown that primary

ETP PDX samples were selectively sensitive to venetoclax with significantly reduced leukemic cells in blood, bone
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F IGURE 5 Chemical structures of important BH3mimetics. All of the structures were retrieved from ChemSpider
database

marrow, and spleen.65 Furthermore, AML cells were treatedwith different concentrations of venetoclax, and IC50 val-

ues of venetoclaxwere found to be ranging from< 10 nM to> 1000 nM,which correlatedwith BCL-2 protein levels.66

Venetoclax treatment (100mg/kg, oral gavage, 14 days) also reduced leukemia burden and promoted prolongedOS in

the MOLM-13 xenograft model. Additionally, primary AML samples were also sensitive to venetoclax treatment with

median IC50 values< 10 nM and there was no difference in ABT-199 response between samples sensitive or resistant

to induction therapy.66 Of note, response to venetoclax was independent of cytogenetic and genetic mutation profile

of primary AML samples except for complex karyotype and JAK2 mutation status. Venetoclax was screened in a

panel of 11 human T-ALL cell lines, and LOUCY T-ALL cell line was found to be the most sensitive cell line with an

IC50 value of 13.9 nM.67 Treatment of LOUCY xenograft tumors with 100 mg/kg for 4 days resulted in reduced

leukemic burden. Also, immature murine T-cell blasts were more sensitive to venetoclax when compared to mature

murine T-cell cells, which was related to increased expression of BCL-2 in immature T-cell tumors. Like murine T-cell

tumors, immature primary T-ALL samples at relapse were found to be highly sensitive to venetoclax, although mature

leukemic cell population was relatively resistant to the drug. This finding underscores the potential of venetoclax

as a therapeutic option in refractory T-cell leukemias. Moreover, the combination of venetoclax with doxorubicin,

L-asparaginase or dexamethasone exhibited a synergistic antitumor effect on LOUCY, ALL-SIL, and Jurkat cells.67
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Venetoclax was shown to decrease cell viability in early immature T-ALL LOUCY cell line with an IC50 value of 18 nM

and the combination of cytarabine and venetoclax synergistically induced apoptosis in LOUCY cells.68 Supporting

these findings, exposure of primary CLL cells to venetoclax resulted in apoptosis with an EC50 value of 7.6 nM.69

Venetoclax at nanomolar concentration induced activation of caspase-9 and caspase-3, as well as PARP cleavage,

which confirmed the activation of the intrinsic apoptotic pathway in these cells. Importantly, venetoclax treatment

caused much less cell death in ex vivo cultured platelets isolated from healthy volunteers compared with ABT-737 or

navitoclax treatment. A comparable effect was also observed in CLL samples directly cultured aswhole blood, inwhich

venetoclax distinctly killed CLL cells without affecting platelets.69 Venetoclax treatment (100 mg/kg, oral gavage)

decreasedWBC counts in C57BL/6 mice transplanted with E𝜇-myc/E𝜇-bcl-2 lymphoma cells within 3 hr of treatment

without any alteration of platelet counts.70 Furthermore, the combination of venetoclax with tamoxifen-induced

efficient antitumor response in 23T, 315T, and 50T Estrogen Receptor (ER)-positive breast cancer xenograft models,

although venetoclax as a single agent did not have any significant effect.28 The examination of platelet counts in

FVB/JN mice treated with venetoclax also confirmed that the platelets were not affected by venetoclax treatment. In

ex vivo cultures of primary AML and MDS/chronic myelomonocytic leukemia (CMML) cells (AML_1, AML_2, AML_3,

MDS_1, MDS_2), venetoclax was shown to exert synergistic effect with 5-azacytidine at low nanomolar dose range

as determined by CellTiter Glo assay.71 Moreover, venetoclax was as potent as navitoclax in AML samples as a single

agent, which pinpointed BCL-2 as the primary antiapoptotic protein for the survival of AML cells. Venetoclax treat-

ment (100 mg/kg/day, 21 days) in a panel of pediatric ALL xenografts led to objective responses in five of 19 samples,

with three CRs and two PRs.72 Interestingly, concurrent inhibition of BCL-2 and BCL-XL was required for efficient

antitumor activity of BH3 mimetics in ALL xenografts except MLLr-ALL (mixed lineage leukemia-rearranged ALL)

xenografts inwhich venetoclax exhibited antitumor activitywith an LC50 less than 5 nM in five of eight samples. Hence,

50:50 mixture of venetoclax and BCL-XL inhibitor A-1155463 induced cell death in ALL xenografts as efficiently as

single-agent navitoclax treatment on an equimolar basis.72 Venetoclax exhibited different IC50 values in 11 AML

cells lines (CMS, CTS, HL-60, MOLM-13, MV4-11, NB4, OCI-AML3, THP-1, U937, CMK, and CMY) ranging from

97 nM to 15 𝜇M.73 Of note, AML cell lines that harborMLL fusion genes or classified as acute promyelocytic leukemia

(APL) were more sensitive to venetoclax. Similarly, primary AML samples cultured ex vivo with an APL phenotype

responded significantly better to venetoclax compared with non-APL AML patient blasts.73 In venetoclax-resistant

OCI-AML3 cells and venetoclax-resistant primary AML patient blasts, venetoclax treatment resulted in decreased

BIM/BCL-2 interaction and increased BIM/MCL-1 interaction along with increasedMCL-1 levels.73 IncreasedMCL-1

in resistant cell lines following venetoclax treatment was due to increasedMCL-1 stability and longerMCL-1 half-life.

Nevertheless, combination of daunorubicin or cytarabine with venetoclax synergistically induced cell death in U937

cells and primary AML samples by inhibiting venetoclax-induced MCL-1 upregulation, which was accompanied by

caspase-3 activation and PARP cleavage.73 Supporting these findings, primary CLL cells from 14 duvelisib (PI3K-𝛿,

PI3K-𝛾 dual inhibitor) treated patients after one cycle (28 days) were found to be significantly sensitive to venetoclax

compared with pretreatment baseline samples.74 Furthermore, combining duvelisib with venetoclax increased

apoptosis compared with venetoclax alone in primary CLL cells cultured in vitro, indicating a model in which duvelisib

primes CLL cells for venetoclax-induced apoptosis. These findings provided strong evidence that venetoclax was

remarkably effective at the preclinical setting and facilitated further clinical studies.

The first-in-human Phase 1 dose-escalation study of venetoclax was conducted in 116 relapsed or refractory CLL

or small lymphocytic lymphoma patients and venetoclax was found to induce a significant decrease in CLL burden in

blood, lymph nodes, and bone marrow at all doses tested (NCT01328626).75 The overall response rate was found

to be 77% in the dose-escalation cohort and 82% in the expansion cohort. The polled overall response rate for all

166 patients was determined to be 79% with a CR in 20% of patients. Of note, the overall response rate was 71%,

and median progression-free survival was 16 months in patients with 17p CLL. Although peak venetoclax levels were

achieved within 6–8 hr after the first dose of venetoclax, the most prominent toxic effect was tumor lysis syndrome,

which was observed in 18% (ten of 56 patients) of dose-escalation cohort.75 In contrast, ramp-up strategy was revised

to start at a lower dose in the expansion cohort, and no patient experienced clinical tumor lysis syndrome in this

group. Diarrhea, nausea, and upper respiratory tract infection were among other common adverse events. Grade 4
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neutropenia was seen in 33 patients, and 28 of these patients received filgrastim supplementation to manage neu-

tropenia. 17p deletion is found in nearly half of relapsed or refractory CLL patients and up to 10% of treatment-naïve

CLL cases and is associatedwith poor prognosis and short progression-free survival andOS. In a recent Phase 2, single-

armmulticenter study, 107patientswith relapsedor refractoryCLLharboring17pdeletion inmore than7%peripheral

blood cells were recruited to receive venetoclax once a day (dose ramp-up, 20mg starting dose, 400mg final dose) for

a median treatment time of 12.1 months (NCT01889186).75 Eighty-five of 107 patients achieved an overall response

(79.4%), and most of the patients experienced durable decreased lymphocyte count, bone marrow infiltration, and

lymph node size. None of the patients discontinued treatment due to tumor lysis syndrome, and most common Grade

3 or 4 toxic effects were neutropenia, thrombocytopenia, upper respiratory tract infection, and anemia. In particular,

more than 70% overall response rates were observed in high-risk group patients with the bulky disease or fludara-

bine resistance, providing a treatment opportunity for these patients.75 Hence, FDA approved venetoclax for relapsed

or refractory CLL harboring 17p deletion following achievement of the primary endpoint in this study. CLL patients

with deletion of 17p present with poor outcome and early relapse in response to fludarabine, cyclophosphamide, and

rituximab therapy.76 p53 is the primary tumor suppressor being targeted by 17p deletion along with inactivation of

remaining allele bymutations. Hence, approval of venetoclax for CLL patientswith 17p deletion provided an additional

therapy option for this high-risk patient group.

The first clinical study of venetoclax in patients with relapsed or refractory AML or treatment-naïve AML unfit for

intensive chemotherapy was conducted in 32 patients, administered daily starting with 20mg onDay 1 and escalating

up to 800mg target dose onDay6 andobjective response ratewas found to be19%,with 6%of patients achieving aCR

(NCT01994837).77 Four patients with IDH1/2 mutations also achieved objective responses with venetoclax therapy.

Ofnote, themediandurationof venetoclax treatment in responderswas144.5days, and themediandurationofCRwas

48 days. The most common Grade 3 or 4 toxic effects were reported to be febrile neutropenia, hypokalemia, pneumo-

nia, hypotension, and urinary tract infection, but none of the adverse effects led to the reduction of venetoclax dose.

Considering the different response of AML primary samples and cell lines to venetoclax, we should always be aware

that AML is a clinically heterogeneous disease characterized by the coexistence of various chromosomal abnormali-

ties and mutations. Detailed identification of chromosomal and genetic abnormalities in AML is essential for rational

targeted-therapy strategies including BCL-2/BCL-XL/MCL-1 inhibitors.

In a Phase 1b study of venetoclax in the combination of rituximab, 49 patients with relapsed or refractory CLL

or small cell lymphocytic lymphoma were enrolled in dose-escalation cohorts or expansion cohort (400 mg/day)

(NCT01682616).78 Venetoclax plus rituximab treatment resulted in reduced disease burden in the peripheral blood,

lymph nodes, and bone marrow with 86% of patients achieving overall response and 51% of patients achieving a CR.

Strikingly, 57% of patients withminimal residual disease (previously treatedwith fludarabine- or rituximab-containing

therapy, but with not more than three myelosuppresive regimens, achieved negative marrow minimal residual dis-

ease, most within 7 months of therapy.78 Thirteen of these patients with deep responses ceased all therapies and

remissions were maintained significant for ten patients who remained under follow-up. The most common Grade

3/4 adverse effects were neutropenia, thrombocytopenia, and anemia and only two patients had clinical tumor lysis

syndrome including one fatality recorded on Day 1 after the initial dose of 50 mg venetoclax. Altogether, results from

this study supported venetoclax plus rituximab treatment as a safe and effective therapeutic option for patients with

relapsed or refractory CLL and venetoclax received breakthrough therapy designation from FDA for the combination

with rituximab in patients with relapsed or refractory CLL. Another Phase 1 first-in-human study of venetoclax was

conducted in 106 patients with relapsed or refractory NHL in dose-escalation and expansion cohorts (1200 mg/day

target dose) (NCT01328626).78 A total of 44% of patients achieved an objective response with the highest response

rate in patients with mantle cell lymphoma (75% overall response rate, 21% CR). Importantly, patients with mantle

cell lymphoma had a median progression-free survival of 14 months. Antitumor activity of venetoclax varied with

histological subtype as overall response rate was 18% and the CR rate was 12% in diffuse large B-cell lymphoma.78

Grade 3 or 4 adverse effects including neutropenia, anemia, and thrombocytopenia were reported in 56% of patients.

None of the patients experienced clinical tumor lysis syndrome. In summary, venetoclax demonstrated significant anti-

tumor activity with acceptable safety in patients with relapsed and refractory NHL. Currently, venetoclax is being



TIMUCIN ET AL. 13

evaluated in multiple clinical trials as a single agent or in combination with other agents in hematological malignan-

cies, and another FDA breakthrough therapy designation was announced for venetoclax in early 2016 in combination

with hypomethylating reagents for untreatedAMLpatientswho are ineligible to receive standard induction therapy.29

It remains to be explored whether a similar efficient use of monoselective BCL-2 inhibitors is going to be observed in

solid tumors. Although single-agent activity of venetoclax is limited in solid tumors, venetoclax has been demonstrated

to potentiate tamoxifen sensitivity in estrogen receptor positive breast cancer PDXmodels.28 Considering the hetero-

geneous molecular profile on many solid tumors, which also alters during tumor evolution within the primary tumor

and metastatic tumors, specific biomarkers are exclusively needed to monitor the dynamic nature of BCL-2 depen-

dence and lead the use of monoselective BCL-2 inhibitors.

2.3 Monoselective BCL-XL inhibitors

Reasoning that many solid tumors rely on BCL-XL for their survival, development of selective BCL-XL inhibitors is

actively sought to be synthesized to minimize adverse effects and to increase antitumor activity. Hence, BCL-XL-

selective inhibitor A-1155463was generated based on the leadmoleculeWEHI-539, and it was shown to bind BCL-XL

with high affinity (Ki < 0.010 nM)79 (Figures 3B, 4B, 5C and 5D). Furthermore, it was demonstrated to bind BCL-2

(Ki = 74 nM), BCL-W (Ki = 8 nM), and MCL-1(Ki > 444 nM) with much weaker affinities. A-1155463 was shown to

activate canonical intrinsic mitochondrial apoptotic pathways in BCL-XL-dependent H146 cell line without triggering

any prodeath effect onMEFs lacking BAX andBAK. Adding A-1155463 to venetoclax successfullymimicked the effect

of navitoclax on NCI-H69 and NCI-H345 SCLC cells.79 Moreover, A-1155463 plus docetaxel combination exerted a

synergistic cell killing in breast cancer, SCLC, and ovarian cancer cells. To test the efficiency of selective BCL-XL inhi-

bition in vivo, orally bioavailable form of the inhibitor (A-1331852) was generated by using structure-based design.

A-1331852 was shown to bind BCL-XL with high affinity (Ki < 0.010 nM) and to inhibit tumor growth efficiently in

several xenograft models including breast cancer, non-SCLC, and ovarian cancer as a single agent. Besides, A-1131852

significantly increased the efficiency of docetaxel in breast cancer, non-SCLC, and ovarian cancer xenograft models,

without any serious toxic effects onmice or inhibition of granulopoiesis.79 MM.1S humanmultiplemyeloma cells were

shown to be sensitive to A-1155463 and combination of A-1131852 with bortezomib led to durable antitumor effect

and increased overall response rate and CR in MM.1S xenografts.80 Besides, A-1155463 treatment selectively and

effectively decreased BCL-XL/BIM interaction in KMS-28PE human myeloma cell line, which was resistant to navito-

clax treatment. Thus, distinctive protein–protein interactions between antiapoptotic and proapoptotic BCL-2 proteins

contribute to the priming status of the cell and define the sensitivity to selective inhibitors of BCL-2 proteins. Selective

BCL-XL inhibitors couldbeutilized in a specific set of tumorswithupregulatedBCL-XL levels toneutralizeproapoptotic

signals, especially in combination with taxanes, in which concurrent targeting of BCL-2 exacerbates adverse events of

neutropenia due to suppressed granulopoiesis. Thus, defining the principles of combination strategies and identifying

patients for rational single agent of combination therapies is essential for improving clinical outcome of patients.

3 MCL-1 INHIBITORS

Myriad type of cancers has been associated with MCL-1-dependent survival including hepatocellular carcinoma,81

myeloid leukemia,82,83 lymphoblastic leukemia,84 multiple myeloma,85 and lung cancer.30,86 As the knowledge on the

link between the resistance of cancer cells to death andMCL-1 propagated, the necessity of design for a highly specific

MCL-1 inhibitor became an inevitable motivation, which paves a path tomany novel MCL-1 inhibitors.30 Nonetheless,

knocking outMCL-1was also interrelated to several side effects including toxicity in hematopoietic stem cells87,88 and

cardiac tissue.89 Besides, MCL-1 has also been identified as a protein involved in mitochondrial respiration.90 Thus,

avoiding interaction of MCL-1 with proapoptotic BCL-2 family members, along with maintaining the housekeeping

role of MCL-1 in mitochondria, would be an ideal approach.30 To obtain such a hypothetical highly selective MCL-1

inhibitor, various studies were implemented to define it as a drug target in cancer, as well as to design nonselective
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and selective inhibitors. This part of the review summarizes these previous studies to make an inference on the most

promisingMCL-1 inhibitor identified, up until today.

3.1 Background studies signifying the importance ofMCL-1 as a drug target in cancer

Defining a particular protein as a drug target in any disease state stands upon many previous in-depth investigations

including delineating its upstream elements andmechanism of action. Indeed, this was true forMCL-1 at the setting of

cancer.

A wide range of studies implemented in different cancer models highlights different cellular elements upstream of

MCL-1, as well as its mechanism of action indicating MCL-1 may be utilized as a target in cancer. In this regard, an

early study utilizing an ERK inhibitor denoted a positive regulation ofMCL-1 expression and upstream element ERK in

acuteML-1myeloblastic leukemia cell line.91 Following this study, lipoxygenasewas identified as an upstream positive

effector of MCL-1 using different lipoxygenase inhibitors in MiaPaCa-2 and AsPC-1 pancreatic cancer cells.92 In the

case of multiple myeloma, vascular endothelial growth factor (VEGF) was shown to mediate upregulation of MCL-1

that was exhibited to protect against apoptosis.93 Complementing VEGF-MCL-1 axis in multiple myeloma, inhibition

of RNA polymerase II by cyclin-dependent kinase inhibitor seliciclib was shown to induce apoptosis through MCL-1

downregulation.94 Microarray analysis of CLL and follicular lymphoma samples further revealed that MCL-1 was one

of the critical nodes that mediate apoptotic defects in these tumors.95 For the cases of human endometrial and cer-

vical cancer tissues, as well as for the non-SCLC tissues, STAT3 (signal transducer and activator of transcription 3)

activation was shown be positively correlated with increased MCL-1 expression.96,97 Studies emphasizing the mech-

anism of action attributed to MCL-1 as an antiapoptotic BCL-2 family member also supported the view of MCL-1 as a

promising target in cancer. An important and early example of this approach was presented in BCL-2 antagonist ABT-

737 utilizing study, in which MCL-1 downregulation was shown to sensitize U937 monocytic leukemia cells to death

upon ABT-737 exposure.38,42 In line with the protective role of MCL-1 in cancer, TRAIL (tumor necrosis factor ligand

superfamily member 10) induced cell death was shown to be prevented byMCL-1 expression in HCT-116 colon carci-

noma cells.98 This paradigmwas also validated in themultiplemyeloma, where a proteasome inhibitor bortezomibwas

shown to mediate apoptosis primarily through cleaving MCL-1.99 Together, all these studies allowed investigators to

deduce thatMCL-1 could also be considered as one of the critical players in resistance of cancer cells to death and has

high potential to be targeted by a drug candidate, utilizable in the cancer setting.

3.2 InhibitingMCL-1 in cancer

3.2.1 Nonselective targeting ofMCL-1

Until now, several different chemicalswere identified asMCL-1 inhibitors.However, at the initial phases of the timeline

ofMCL-1 inhibitor identification, most of the documented drug candidateswere not selective againstMCL-1 (Table 2).

In line, this part focuses on such nonselectiveMCL-1 inhibitors and aims to summarize their effects on thewide variety

of cancer models.

Despite the background studies signifying the role of MCL-1 mediating apoptotic blockage in cancer cells, nonse-

lective but direct targeting of this factor has been first reported in 2007.100 In that study, researchers have identified

a small molecule called obatoclax, capable of eliminating the interaction of MCL-1 and BAK at 1, 5, and 10 𝜇M in SK-

Mel5 melanoma cell line.100 Though, the effect was not specific for MCL-1 since obatoclax was also reported to dis-

rupt the interaction of BCL-2 and BIM in the same study.100 Later on, similar results were obtained with 50–100 nM

concentration obatoclax treatment on breast cancer cell lines.101 SC-2001, an obatoclax analog, had also been asso-

ciated with the elimination of BCL-2 family protein interactions, as well as downregulation of BCL-XL and MCL-1 in

hepatocellular carcinoma cell lines, confirming the previous nonspecificity observed with obatoclax.102 Similarly, this

analog, SC-2001, had presented a lower level of cell viability at concentrations more than 2.5 𝜇M, in BRAF-mutated

A375, 1205-Lu, HT144 melanoma metastatic cell lines in vitro.103 Obatoclax was also demonstrated to be active at

500 nM, causing extensive cell death in KrasG12D, p53−/− primary thyroid cells, which haveMCL-1 overexpression.104
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TABLE 2 Summary of the studies utilizing nonselective inhibition ofMCL-1

Drug Cell line/tissue Concentration Reference

Obatoclax SK-Mel5melanoma cell line 1–10 𝜇M 100

Obatoclax Breast cancer cell lines 50–100 nM 101

SC-2001 (Obatoclax Analog) BRAF-mutated A375, 1205-Lu, HT144
melanomametastatic cell lines

>2.5 𝜇M 103

Obatoclax KrasG12D, p53−/− primary thyroid cells 500 nM 104

Obatoclax AsPC-1, HPAC, BxPC-3, PANC-1, CFPAC-1, and
MIA PaCa-2 pancreatic cancer cell lines

200 nM 105

AT-101 VCaP human prostate cancer cells 5–10 𝜇M 106

ApoG2 Follicular small cleaved cell lymphoma cell line 3.5 𝜇M 108

ApoG2 BxPC-3 human pancreatic carcinoma cell line 20 𝜇M 109

Sabutoclax H357, SCC-4, SCC-9 oral squamous cell
carcinoma cell lines, and FaDU human
pharynx squamous cell carcinoma cell line

1–2 𝜇M 110

(–)BI97D6 OCI-AML3 acutemyeloid leukemia cell line 100 nM 45

miRNA-153 DBTRG-05MG glioblastoma cell line Transfectionwith
100 nM

125

FL118 PC3 prostate cancer cells andHCT-8 colon
cancer cells

10–100 nM 126

Obatoclax (200nM)was also revealedbe a vigorous agent againstAsPC-1,HPAC,BxPC-3, PANC-1,CFPAC-1, andMIA

PaCa-2 pancreatic cancer cell lines, which presented signs of apoptosis, as well as downregulation of BCL-2, BCL-XL,

and MCL-1105. All these indicate that obatoclax and its analog SC-2001 was active against MCL-1 in various cancer

models, but this activity is far away from being specific toMCL-1.

Another nonselective inhibitor, AT-101 (R-(-)-enantiomer of gossypol), a proapoptotic BCL-2 family member

mimetic polyphenol found in cottonseeds, capable of targeting BH3 domains of BCL-2, BCL-XL, and MCL-1, was also

suggested as a potent drug in cancer.106 Specially, AT-101 (5 and 10 𝜇M) treated VCaP human prostate cancer cells

have presented a decline in the expression of both MCL-1 and BCL-2, indicating potency as well as nonspecificity of

the drug.106 The impact of AT-101 on MCL-1 and BCL-2 downregulation was also observed in preclinical models of

multiple myelomawith concentrations around 5–10 𝜇M.107 An additional rationally designed drug, most likely target-

ing the interaction mediated by antiapoptotic members of the BCL-2 family (most likely BCL-2, BCL-XL, and MCL-1)

and BH3-only proapoptotic proteins, was apogossypolone (ApoG2, a semisynthesized derivative of gossypol).108,109

Lowmicromolar concentrations (3.5 𝜇M) of ApoG2 were claimed to be effective in upregulation of intrinsic apoptotic

markers caspase-3 and caspase-9 in follicular small cleaved cell lymphoma cell line.108 In human pancreatic carcinoma

cell line BxPC-3, 20 𝜇M ApoG2 was also shown to diminish the interactions of MCL-1-BAX as well as BCL-2-BIM, all

of which are correlated with apoptotic response.109 Apogossypol derivative, sabutoclax, a BCL-XL, BCL-2, andMCL-1

inhibitor, have shown increased NOXA expression in H357, SCC-4, SCC-9 oral squamous cell carcinoma cell lines and

FaDU human pharynx squamous cell carcinoma cell line at a concentration range between 1 and 2 𝜇M.110 Another

apogossypol derivative and a pan BCL-2 family inhibitor that is also capable of targeting MCL-1 was (–)BI97D6.45

This ApoG2 derivative has shown to diminish MCL-1-BIM interaction at 100 nM in OCI-AML3 AML cell line.45 Taken

together, similar nonselective targetingmechanismwas present in AT-101- and ApoG2-mediated inhibition ofMCL-1,

compared with obatoclax. Although the listed effects of gossypol-like putative anticancer agents indicated that these

could be useful for particular group of therapeutic approaches at different cancer settings, it is important to note that

they are most likely not only specific for prosurvival BCL-2 proteins, as discussed earlier.111 Hence, any mechanistic

study should exclude these chemicals in their experimental designs.

Sorafenib, a kinase inhibitor, was the only drug capable of increasing survival rate in patients with hepatocellular

carcinoma and has also been shown to act as a nonselective inhibitor of MCL-1.112–114 Onemechanism that sorafenib
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acted on cells is through inhibiting RAF serine/threonine kinases, which has led to lower cyclin D1 levels as well as to

cell cycle arrest.115–117 Its inhibitory impact on tyrosine kinase receptors was also well documented.118–120 In regard

to its action onMCL-1, some studies have reported differentmechanism of actions. In one study, TRAIL-induced apop-

tosis in hepatocellular carcinoma cell lines, enhanced by sorafenib, was linked to MCL-1 downregulation.121 Other

studies reported the presence of a MAPK-independent inhibition mechanism that could lead to MCL-1 repression in

tumor cells.122,123 In human leukemia cells, sorafenib action was also linked to translational inhibition that could lead

toMCL-1 downregulation.124 Although the reported actions of sorafenib were indirect and nonselective forMCL-1, it

is noteworthy to deduce plausibility of utilization of sorafenib inMCL-1-dependent cancers.

Other than widely studied obatoclax, gossypol derivatives, and sorafenib as nonselective MCL-1 inhibitors, there

were other studies designating novel nonselective inhibition methodologies. For instance, one report indicated a

microRNA (miRNA) based methodology that nonspecifically targets MCL-1. Nonspecific targeting of MCL-1 by this

method was brought in by miRNA-153 treatment, which downregulated BCL-2 and MCL-1 expression in DBTRG-

05MG glioblastoma cell line.125 Moreover, Ling et al. have also identified a chemical using high-throughput screen-

ing called FL118, which explicitly targeted MCL-1, XIAP (X-linked inhibitor of apoptosis protein), and cIAP2 (cellular

inhibitor of apoptosis 2) in PC3 prostate cancer cells and HCT-8 colon cancer cells without involvement of p53126.

Other approaches that enable nonselective targeting of MCL-1 could also be achieved through modulation of intra-

cellular signaling cascades. One of earliest examples of such an approach involved ubiquitin–proteasome system pro-

teins such as FBW7 (F-box- and WD repeat-containing 7), MULE, and USP9X (ubiquitin-specific protease 9X) that

were shown to modify MCL-1.127 Although this approach may be beneficial if a highly specific regulator of MCL-1

degradation is identified, modulating the ubiquitin–proteasome system for changing the expression of single protein

would most likely alter expression of other nonspecific targets, as well. Another example of such approach was given

by the inhibition of glucose metabolism or mTORC1 (mammalian target of rapamycin complex 1) that yields MCL-1

downregulation, which could sensitize diffuse large B-cell leukemic cells to apoptosis.128 Glycolytic inhibition based

downregulation of MCL-1 expression was also suggested to sensitize human nonsmall lung cancer cells to receptor

protein-tyrosine kinase EGFR (epidermal growth factor receptor) inhibitors.129 Wei et al. have also presented sev-

eral different MCL-1-targeting compounds, which downregulate MCL-1 expression, including the natural product

triptolide, the transcription inhibitors 5,6-dichlorobenzimidazole riboside and actinomycin D, the kinase inhibitor 5-

iodotubercidin, and the anthracyclines doxorubicin, daunorubicin, and epirubicin using gene expression based high-

throughput screening.130,131 It is clear that specificity of all thesepotentialMCL-1modulators is still amatter of debate

due to increased chances of modifying other intracellular targets together with MCL-1. Hence, until their specificity

towardMCL-1 is demonstrated, alteringMCL-1 via such intracellular systemswas concluded as indirect and nonselec-

tive.

3.2.2 Selective targeting ofMCL-1

Inhibition of MCL-1 is well documented regarding its toxicity to hematopoietic stem cells87,88 and cardiac tissue,89

most probably due to its prerecognized role in mitochondrial respiration.90 Besides, inhibition of MCL-1 via different

nonselective pharmacological modulators or other upstream signaling elements would ultimately yield unexpected

outcomes at laboratory and clinical levels. Thus, avoiding such outcomes is solely dependent on the development of

novel and highly selectiveMCL-1 inhibitors. Thus, this part of the review summarizes such studies reporting the efforts

toward selective inhibition ofMCL-1.

Naturally occurring, highly selectiveMCL-1 inhibitor, NOXA could already be found in apoptotic cells (Table 3).17 In

this regard, molecular knowledge onNOXA-mediated inhibition ofMCL-1 has been accumulated from awide range of

studies executed in different cancer settings. As a BH3-only protein, NOXA had shown to prevent MCL-1 interaction

with proapoptotic members of the BCL-2 family in CLL cells and human SCLC cells.17,44,132 In line with these previous

data on NOXA-MCL-1 interaction, a natural proteasome inhibitor celastrol (1 and 2 𝜇M) had shown MCL-1 cleavage

togetherwith upregulation ofNOXA in PC-3 human prostate cancer cell line.133 Following this study, stabilizedMCL-1

BH3 helix (20–40 𝜇M) had been revealed to specifically target MCL-1, leading to lower cell viability and sensitization
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TABLE 3 Summary of the studies emphasizing selective inhibition ofMCL-1 by NOXA

Drug Cell line/tissue Concentration Reference

Celastrol-dependent NOXA upregulation
andMCL-1 degradation

PC-3 human prostate cancer cell line 1–2 𝜇M 133

StableMCL-1 BH3 helix OPM2multiple myeloma and Jurkat T-cell
leukemia

20–40 𝜇M 134

MIM1 MCL-1 rescued p185+ Arf−/− MCL-1del

B-ALL cells
5–20 𝜇M 135

𝛾-Secretase inhibitor (GSIXII) BT549,MDAMB231, andMCF-7 breast
cancer cell lines

10 𝜇M 49

TW-37 H1299 nonsmall cell lung cancer cell line 10 𝜇M 136

Gossypol NB4 leukemia cell line 2.5–40 𝜇M 31

Compound 7 (PDB ID: 4WGI) NA NA 138

NA: not available.

to apoptosis in OPM2 multiple myeloma and Jurkat T-cell leukemia cell lines.134 In another study based on analysis

of ∼70,000 small ligands aiming to disrupt previously identified interaction between the hydrocarbon-stapled MCL-1

BH3 helices andMCL-1,MCL-1 inhibitormolecule 1 (MIM1)was also identified as a selective small molecule targeting

MCL-1.135 MIM1 targets BH3-binding domain of MCL-1 directly and has been shown to induce caspases in MCL-1-

rescued, BCR-ABL(p185)-transformed, Arf null, MCL-1-deleted, B-lineage ALL (p185+ Arf−/− MCL-1del B-ALL) cells

at around 5–20 𝜇M concentration.135 All these studies relying on mimicry of the BH3 domain indicated that peptide

derivatives fromBH3-only proteins, such as NOXA, might be used asMCL-1 inhibitors.

There were also other studies denoting likelihood of NOXA-mediated targeting of MCL-1. In one of those studies,

NOXA-mediated inhibition of MCL-1 was presented through 𝛾-secretase inhibitor (GSIXII), which abolished ABT-737

resistance at 10 𝜇M in BT549, MDA-MB-231, and MCF-7 breast cancer cell lines.49 A prosurvival BCL-2 inhibitor,

TW37, has been similarly presented to act on MCL-1 in a NOXA-dependent manner in H1299 non-SCLC cell line at

10 𝜇M.136 In NB4 leukemia cell line, gossypol, a potential BH3 mimetic proposed to inhibit BCL-2 and BCL-XL, was

revealed to increase NOXA expression in between 2.5 and 40 𝜇M concentrations.31 Relative expression of MCL-1 in

regard to NOXA was also proposed to mediate ABT-737 resistance in skin cancer setting.137 Based on the previous

studies supporting the importance of NOXA-MCL-1 axis as one of the critical determinants of cancer cell survival, a

mimicry attempt for NOXA-based inhibition ofMCL-1was also completed. In this mimicry study by Fang et al., a single

diastereomer of a macrolactam core (Compound 7, PDB ID: 4WGI) was reported as a direct, NOXA BH3 competitive,

MCL-1 inhibitor.138 The interplay between NOXA andMCL-1 expression has also recently been proposed to regulate

chemoresistance of malignant rhabdoid tumor cells.139 Overall, current knowledge directly attains an influential role

for NOXA to be used as a highly selective, intrinsic MCL-1 inhibitor. Thus, NOXA-mediated MCL-1 inhibition holds a

remarkable amount of potential toward innovative design efforts via molecular mimicry based approaches.

Regardless of this known NOXA-based pathway, which leads to intrinsic MCL-1 inhibition, different types of

attempts to specifically target this factor were initially focused on miRNAs (Table 4).140 To sensitize cells to navi-

toclax, a BCL-2 family inhibitor that does not inhibit MCL-1, these researchers identified several different miRNAs

that could directly target MCL-1 in HCT-116 colon cancer cell line.140 Identification of ABT-263-dependent increase

in MCL-1 mRNA and protein stability also further validated the effect achieved via miRNA targeting of MCL-1 in

ABT-263 treatment.141 Along with these studies, miR-193b has been revealed to sensitize Malme-3 M, MeWo, SK-

MEL-2, and SK-MEL-28melanoma cell lines to ABT-737, directly by binding 3′UTRofMCL-1142. Taken together, these

studies put forth a perspective involving RNA-based silencing for selectively targeting MCL-1 activity in cancer set-

tings.

Additional effort to distinguish MCL-1 inhibition specifically from BCL-2 inhibition was made through structure-

guided design.143 By analyzing the binding characteristic of a previously identified, dual MCL-1/BCL-2 inhibitor S1

(3-thiomorpholin-8-oxo-8H-acenaphtho[1,2-b]pyrrole-9-carbonitrile)144 to the hydrophobic pockets found in BCL-2
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TABLE 4 Summary of the studies utilizing selective inhibition ofMCL-1

Drug Cell line/tissue Concentration Reference

miR-101, miR-148, miR-153,
miR-193a, miR518, miR-582,
miR-681, miR-876-3P,
miR-886-3P, miR-892b

HCT-116 colon cancer cell line Transfection with
50 nM

140

miR-193b Malme-3M,MeWo, SK-MEL-2, and
SK-MEL-28melanoma cell lines

Transfection with
5 nM

142

Compound 6h SMMC-7721 human liver cancer cell line
andMCF-7 human breast
adenocarcinoma cell line

10 𝜇M 143,144

Maritoclax K562, Raji, andmultidrug-resistant
HL60/VCR cancer cell lines

1–2 𝜇M 40

Maritoclax HL60 acutemyeloid leukemia cell line 2 𝜇M 141

Maritoclax NCI-H460 human lung cancer cell line 3 𝜇M 145

UMI-77 BxPC3 pancreatic cancer cell line 4 𝜇M 147

A-1210477 NCI-H929myeloma cell line andNHL
BCL2High cell lines

3–10 𝜇M 149,150

S63845 Hematological cancer derived cell lines, in
vitro and in vivo acutemyeloid leukemia
models, solid tumor derived cell lines
and against tumor cells of mice

10 nM–10 𝜇M in vitro
and 12.5–25mg/kg
in vivo

151,152

and MCL-1 proteins, Zhang et al. have developed a more potent and selective MCL-1 inhibitor, compound 6h.143

This inhibitor, compound 6h (3-(4-aminophenylthio)-8-oxo-8H-acenaphtho[1,2-b]pyrrole-9-carbonitrile) at 10 𝜇M,

has shown a stronger decrease in MCL-1/BAK interaction while maintaining disruption of BCL-2 and BAX, in

SMMC-7721 human liver cancer cell line andMCF-7 human breast adenocarcinoma cell line, compared with its previ-

ous counterpart.143

Maritoclax, a chemical identified from marine-derived Streptomycetes, was also documented to target MCL-1

directly.40 In particular, this inhibitorwas presented to be an active agent against BCL-2/BCL-XL-independent,MCL-1-

dependentprimaryhuman largegranular lymphocyte leukemia.40 Moreover,maritoclax alsodecreasedABT-737 resis-

tance in K562, Raji, and multidrug-resistant HL60/VCR cancer cell lines at 1–2 𝜇Mconcentration.40 All these findings

were parallel to the downregulation ofMCL-1 presented through 2 𝜇M treatment of maritoclax to ABT-737-resistant

HL60 AML cell line.141 A total of 3 𝜇Mmaritoclax had also displayed downregulated MCL-1 expression in NCI-H460

human lung cancer cell line.145 Nevertheless, a 2013 correspondence by Eichorn et al. pointed out that maritoclax is

not selective against MCL-1-dependent cancer cells, raising the question of specificity of maritoclax.40,146 Although

contradictory results for effect of maritoclax on MCL-1 exist in literature, this molecule could hold novel insights for

efforts toward increasing selectivity ofMCL-1 inhibitors.

Another highly selective inhibitor of MCL-1, achieved through high-throughput screening, was UMI-77.147 This

chemical has been suggested to bind to the BH3-binding groove of MCL-1 directly and has displayed a disruption of

MCL-1/BAX interaction at 4 𝜇M in BxPC3 pancreatic cancer cell line.147

One of the recently identified selective MCL-1 inhibitors was A-1210477, synthesized from indole-2-carboxylic

acid core.148,149 In particular, 3–10 𝜇Mof A-1210477was shown to bemostly effective on the disruption of the inter-

actions involving MCL-1 but reserving that of BCL-2 and BCL-XL in NCI-H929 myeloma cell line.149 These concen-

trations were also shown to sensitize NHL BCL-2High and BCL-2Low cell lines to navitoclax, via BCL-2 and BCL-XL,

respectively.150

Up until now, the most promising selective MCL-1 inhibitor identified was S63845151 (Figures 3C, 4C, and 5E). As

compared to A-1210477, it displayed 20-fold higher affinity to MCL-1 and did not show significant binding to BCL-2

and BCL-XL.151 At doses 10 nM to 10 𝜇M in vitro, and 12.5–25mg/kg in vivo, S63845 could be considered as themost
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active specific MCL-1 inhibitor since it has been shown to be active against hematological cancer-derived cell lines,

in vitro and in vivo AML models, solid tumor-derived cell lines, and against tumor cells of mice. Thus, it is reasonable

to propose that utilization of S63845 should be the first line of choice in extensive future clinical trials. Together with

BCL-2 inhibition via venetoclax and dual BCL-2/ BCL-XL inhibition via navitoclax, S63845 is now accessible forMCL-1

inhibition, at least in part for research purposes.152

3.2.3 Clinical studies with selectiveMCL-1 inhibitors

As selective targeting of antiapoptotic MCL-1 is a newer approach in cancer settings as compared to BCL-2 and BCL-

XL, accumulated clinical evidence regarding their effectiveness is still lacking. Despite this fact, three novel and selec-

tiveMCL-1 inhibitors recently began to be investigated in clinical trials.

AMG176, oneof those selective inhibitors that targetBH3-binding grooveofMCL-1, has shown todisrupt the inter-

action between MCL-1 and BAK, followed by activation of intrinsic apoptotic pathway.153 In mice, doses in between

20 and 60mg/kg range resulted in the prevention of tumor growth and tumor regression. Using compoundA, a related

structural homolog of AMG176, these investigators have also demonstrated rapid apoptotic induction and diminished

viability in MCL-1-dependent multiple myeloma and AML cell lines. Based on this background, AMG176 is under first

clinical investigation for relapsed or refractorymultiple myeloma (NCT02675452).

Another selective MCL-1 inhibitor, AZD5991 as a rationally designed drug, has been shown to cause an effective

apoptotic response in MCL-1-dependent cell lines at low nanomolar range.154 AZD5991 specifically targeted MCL-1

and BAK interaction and was shown to be highly active in vivo, demonstrated by high tumor regression in xenograft

models. In ex vivo studies, implemented on primary tumor samples, AZD5991 indicated a high potential for testing in

clinical settings. In line, currently, it is under clinical investigation for relapsed or refractory hematologic malignancies

(NCT03218683).

Other selective MCL-1 inhibitor MIK665 (S64315) is also currently under investigation in patients with refractory

or relapsed lymphoma or multiple myeloma and patients with AML or myelodysplastic syndrome155 (NCT02979366,

NCT02992483). Although studies involvingMIK665, aswell as theother clinical studiesmentioned, holdhighpotential

regarding utilization of highly selectiveMCL-1 inhibitors in clinical settings, no data have been yet reported.

4 DISCUSSION

The advent in understanding how BCL-2 proteins mediate apoptotic signaling pathways and the mechanisms that

lead to neutralization of cell death pathways during neoplastic transformation of cancer cells provided excellent

opportunities to develop improved therapies for patients. Therapies that directly target BCL-2 and/or BCL-XL have

shown compelling clinical promise, particularly for hematological malignancies. The dose-limiting toxic effect of dual

BCL-2/BCL-XL inhibitor navitoclax was thrombocytopenia due to on-target inhibition of BCL-XL in platelets. Design

and development of selective BCL-2 inhibitors sparing platelets led to the discovery of venetoclax, first-in-class

oral BCL-2-selective inhibitor. Subsequent studies with venetoclax resulted in FDA breakthrough therapy desig-

nations for relapsed or refractory CLL and treatment-naïve AML. Moreover, preclinical studies with the BCL-XL-

selective inhibitors demonstrated effective antitumor activity in solid tumors as a single agent or in combination with

chemotherapy. Altogether, these advances in targeting BCL-2 and BCL-XL paved the way for improving therapeutic

efficiency for selective killing of cancer cells primed for cell death.

BCL-XL has been demonstrated as a critically important factor for thrombocyte survival.156 On the other hand,

BCL-2 is a significant element in granulopoiesis regulating the response of innate immune system.79,157 Thus, depend-

ing on the dose and targets of the BCL-2 family member inhibitor utilized in the setting of different cancers, distinct

side effects such as neutropenia or thrombocytopenia could be observed. For instance, BCL-2, BCL-XL, and BCL-W

inhibitor navitoclax returned clinically sound results for CLL, but with thrombocytopenia as a side effect.56,57 In turn,

selective BCL-2 inhibitor venetoclax was developed for hematological malignancies to protect platelet populations.64
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Navitoclax in combinationwith docetaxel was also utilized for solid tumors butwith a presentation of neutropenia as a

side effect.158 In this regard, Leverson et al. further investigated efficacy and toxicity if selective BCL-2 inhibitor vene-

toclax or selective BCL-XL inhibitors A-1155463 and its orally bioavailable form, A-1331852, could be used instead

of navitoclax in combination treatment of solid tumors with docetaxel.79 Expectedly, the combination of docetaxel

with selective BCL-XL inhibition showed high efficacy without statistically significant neutropenia.79 Moreover, these

authors further stressed that if selective BCL-XL inhibition could bemaintained before thrombocytopenia occurs, then

thismay translate into side-effect free treatment of solid tumorswith the combination of docetaxel and selective BCL-

XL inhibition.79 In line, due to apparent data on safety and efficacy, selective BCL-XL inhibitors were recommended to

be further tested in clinic.79 Overall, selective targeting of BCL-XL in solid tumors may hold unique benefits regard-

ing simultaneous avoidance of neutropenia- and thrombocytopenia-related cellular outcomes when compared to dual

BCL-2/BCL-XL inhibitors or monoselective BCL-2 inhibitors. Nevertheless, because BCL-2 inhibition dependent neu-

tropenia translates into an immunocompromised individual and BCL-XL inhibition results in thrombocytopenia, this

tradeoff should be carefully analyzed in different cancer settings when designing novel BCL-2 family inhibitors.

The idea underlying the reports that involve nonselective targeting ofMCL-1 in cancerwas predictable since target-

ing was merely focused on the search of hydrophobic pockets. It is a well-established phenomenon that antiapoptotic

BCL-2 proteins inactivate proapoptoticmembers directly by heterodimerization.100,106 These dimerization events are

mediated through interaction of BH3-binding hydrophobic pockets of antiapoptotic BCL-2 family members and BH3

domains of proapoptoticmembers.159 Therefore, initial consideration in the search for anMCL-1 inhibitorwas to iden-

tify a hydrophobic binding cleft on the antiapoptotic BCL-2 family member that could be used as the drug target. After

all, identified candidates were carefully inspected and potent molecules that could target such residues were identi-

fied. However, one drawback that arose from this approach was nonselectivity since most antiapoptotic BCL-2 family

members share structurally similar hydrophobic pockets to interactwith conservedBH3domains.Hence, initial efforts

commonly yielded pharmacological modulators that target critical members of the antiapoptotic BCL-2 family simul-

taneously. This paradigm shifted only when it was realized that a more specific MCL-1 inhibitor is necessary to target

cancer cells without affecting the healthy ones selectively. Overall, detailed structural analysis, followed by structure-

guided design, yielded themost potent selectiveMCL-1 inhibitor as S63845, as of today.151 Togetherwith the selective

MCL-1 inhibitors that are currently goingunder clinical investigation, itwill not be surprising to assumepossible clinical

use of these inhibitors in the near future.

There were also intriguing examples of literature explaining the mechanism of inhibitors capable of targeting

MCL-1. A combination of in vitro and in silico approaches clarified that upon binding of an MCL-1 inhibitor, Com-

pound 3 to the residue Val253, the BH3-binding groove of MCL-1 gets narrowed down leading to less availability for

PUMA BH3 domain interaction.160 Another critical residue was also identified recently as Arg263 in the P2 pocket of

MCL-1.161,162 These residues evidently hold mechanistic insights to how MCL-1 inhibitors most likely act on specific

domains leading to a reorganization of the structural components, as well as to how further development on speci-

ficity could be achieved. Thus, these critical amino acids should be considered in future investigations, in particular,

using CRISPR/Cas9-based methodologies. One example of such a utilization option has been presented for valida-

tion of drug–target interaction and selectivity in cancer cells. In that study by Neggers et al., a critical amino residue

of XPO1, targeted by exportin-1 inhibitor selinexor, was identified using CRISPR/Cas9 genome editing.163 This type

of an approach could apply to MCL-1 as well as other antiapoptotic BCL-2 members, since those previously identi-

fied residues of prosurvival BCL-2 members could be used for understanding the mechanism and selectivity of the

tested inhibition. Another example would be screening-based use of CRISPR/Cas9 systems to reveal possible down-

stream regulators of the inhibition process. This type of a study was implemented for S63845, which identified BAK

depletion and upregulation of prosurvival proteins mediating resistance to this recently identified promising drug.164

Taken together, as drug development field intersects with CRISPR/Cas9-based systems, new lessons will be learned,

and evenhypothetically high selectivity levels could be achieved using genomeediting as a fine-tuning tool of inhibition

process.

MCL-1 protein has been linked to a wide variety of biological mechanisms.165 As compared to other members of

antiapoptotic BCL-2 family members, MCL-1 stood out as the most essential for survival since its deletion prevents
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embryogenesis.166 Despite the established role of MCL-1 in mitochondrial matrix and respiration, no link between

avoidance of embryogenesis and its role in mitochondrial respiration was maintained up until today.90 Expression of

MCL-1wasalsoobserved tobepresent andmostly stable throughouthematopoiesis, especially duringBandT lympho-

cyte development from hematopoietic stem cells, which is followed by common lymphoid progenitor.167,168 This phe-

nomenon was also supported by the data obtained fromMCL-1-overexpressing transgenic mice, which demonstrated

splenomegaly with increased hematopoiesis and increased leukocyte survival.169,170 More importantly for the subject

of this review, different types of B-cell lymphomas was also a consequence observed in these MCL-1-overexpressing

transgenic mice.169,171 Due to short half-life and the possibility of having different post-translational modifications,

MCL-1 has also been proposed to be a molecular timer for integration of different signaling outputs.165 Other than

these attained roles of MCL-1, this antiapoptotic BCL-2 family member was shown to be involved in cell proliferation,

autophagy, necroptosis, and epithelial–mesenchymal transition.172–175 Overall, each of these biological mechanisms

should be investigated when inhibiting MCL-1 so that inhibition toward MCL1-1 is maintained without any undesir-

able outcomes. In line, it is also recommended that components of such mechanisms involving MCL-1 should be used

as markers in the development of specific MCL-1 inhibitors. Taking these recommendations into consideration will

eventually lead to various chemical modifications of those putativeMCL-1 inhibitors andwill help investigators to dis-

cover novel inhibitors with increased selectivity toward cancer cells. This approach is valid for all type of antiapoptotic

BCL-2 inhibitors, all of which have functions beyond apoptosis.

An intriguing example for BCL-2 family members acting on nonapoptosis-related pathways is the autophagy-

related role of BCL-2 in sequestration of Beclin1, the autophagy inducer.8 Beclin1 has a BH3-like domain and could

be sequestered by BCL-2 in the endoplasmic reticulum, resulting in prevention of autophagy.176 The protein–protein

interaction between nutrient-deprivation autophagy factor 1 (NAF1) and BCL-2 has been associated with transport

of BCL-2 into endoplasmic reticulum and BCL-2-mediated Beclin1 inhibition.177 Furthermore, specific phosphoryla-

tions of Beclin1 and BCL-2 have been linked to avoidance of this pathway.178–180 It is clear that inhibition of this anti-

apoptotic BCL-2 family member will likely enhance autophagy-related events in the cell. Therefore, it is essential for

researchers designing antiapoptotic BCL-2 inhibitors to check nonapoptosis-related components and use themas pre-

dictive markers of antiapoptotic BCL-2 inhibition, together with increased levels of apoptosis.

Another well-established paradigm in intracellular machinery is the integration of signals in such a way that a spe-

cific protein acts in different signaling pathways using its different domains. Although producing precise regulatory

steps, the involvement of different domains in signaling could translate into a bottleneckwhen designing a drug toward

that protein. For instance, bindingof an inhibitor to a specific domain could cause structural changes in another domain,

which many turn into unexpected positive or negative downstream regulations. It is also likely that such a bottleneck

might be present for inhibitors of antiapoptotic BCL-2 proteins.181 Since these domains act on different pathways, any

inhibitor designed for a specific BCL-2 protein should be checked for its potential modulation toward other pathways,

these proteins act on. Regardless of this ideal approach leading to highly controlled inhibitor design, most inhibitors

will have such tendencies toward generating undesirable outcomes via their unoccupied domains. Thus, it is worth-

while that researchers use nonapoptosis-related functions of antiapoptotic BCL-2 proteins as predictive markers for

their inhibition.

From a pharmacological standpoint, specificity describes that a molecule has one effect in all biological systems.

However, for the vast majority of the drug molecules, their mechanism of action is rather selective than specific since

most drugs target several different receptors with different affinities. This concept is also valid for most of the efforts

for designing BH3 mimetics, which mimics BH3 domain of proapoptotic molecules. Within this background, one can

deduce that an ideally good BH3 mimetic can be defined as molecules having higher affinity to a single antiapop-

totic BCL-2 member, whereas a poor BH3mimetic could target several antiapoptotic BCL-2 members as well as other

intracellular components simultaneously. To differentiate between good versus poor BH3 mimetics and to obtain a

solid definition for true BH3mimetics, a recent review recommended in vitro experimental requirements for themost

studied members of antiapoptotic BCL-2 family.182 For true BH3 mimicry based inhibition of BCL-2, these authors

suggested that the inhibitor should cause rapid apoptosis in CLL cells ex vivo. For the case of BCL-XL, these authors

also proposed that rapid platelet apoptosis should be present. ForMCL-1 inhibition, MCL-1 protein accumulation was
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suggested as a requirement to be controlled. Although these recommendations seem well founded, some limitations

still exist, and these should be handled carefully before drawing any strict conclusions in regard to the specificity of

the inhibitor under analysis. One of these caveats is the expression and activity levels of antiapoptotic BCL-2 family

members present in the type of cancer being studied. Depending on the addiction level of the cancer cells to particular

antiapoptotic BCL-2 protein for survival, the response of the cells to a BH3mimetic may be hindered due to buffering

of other antiapoptotic BCL-2 proteins. Thus, to reveal true in vitro inhibition, first, cancer cell lines that express sin-

gle antiapoptotic members should be used to test the designed BH3 mimetics. Second, in order reveal possible BH3

mimetic treatment based buffering in between different antiapoptotic BCL-2 members, novel BH3 mimetics should

also be tested in cancer cell lines that allow titration of a specific antiapoptotic BCL-2 protein against others in a con-

ditional manner. Only through these type of titration experiments, one can infer the true level of specificity for a par-

ticular BH3 mimetic. For instance, one of the reasons why ABT-737 is not considered as a good BH3 mimetic is that

its inhibitory mechanism could be buffered by almost all of the antiapoptotic BCL-2 members.183,184 In such scenar-

ios that possess multiple antiapoptotic BCL-2 activities, treatment via a specific BH3 mimetic could also be combined

with drugs that could increase ubiquitination-dependent degradation of other prosurvival BCl-2 members, not aimed

to be targeted by that specific BH3 mimetic.185 Another bottleneck could arise from involvement of other pathways.

If the designed inhibitor results in higher level of affinity to signaling components of other pathways, then the pre-

dicted effect might also be enhanced, delayed, or prevented depending on the magnitude of the affinity, masking the

true effect. Because of all these possible limitations, established trueBH3mimetics should be used as positive controls,

alongside with cancer cells characterized by antiapoptotic BCL-2 family expression and activity.

5 CONCLUSION

Overall, a comprehensive outline on the targeting of antiapoptotic BCL-2 proteins in cancer was depicted. Briefly, in

the first part, BCL-2/BCL-XL dual inhibitor, navitoclax, selective BCL-2 inhibitor, venetoclax, and selective BCL-XL

inhibitors were revised and discussed from a clinical standpoint. In the second part, the studies that have led to the

identification of MCL-1 as a drug candidate and the studies categorizing nonspecific and specific MCL-1 inhibitors in

cancerwere assessed and discussed in sequential order. In conclusion, the scientific route delineating themost promis-

ing selective inhibitors of antiapoptotic BCL-2 proteins was described in the various settings of cancer. Furthermore,

key concepts for achieving design and development of novel antiapoptotic BCL-2 inhibitors with higher selectivity lev-

els were discussed to form new perspectives.
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