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Simple Summary: Apoptosis, a programmed form of cell death, represents the main mechanism
by which cells die. Such phenomenon is highly regulated by the BCL-2 family of proteins, which
includes both pro-apoptotic and pro-survival proteins. The decision whether cells live or die is tightly
controlled by a balance between these two classes of proteins. Notably, the pro-survival Bcl-2 proteins
are frequently overexpressed in cancer cells dysregulating this balance in favor of survival and also
rendering cells more resistant to therapeutic interventions. In this review, we outlined the most
important steps in the development of targeting the BCL-2 survival proteins, which laid the ground
for the discovery and the development of the selective BCL-2 inhibitor venetoclax as a therapeutic
drug in hematological malignancies. The limitations and future directions are also discussed.

Abstract: The major form of cell death in normal as well as malignant cells is apoptosis, which
is a programmed process highly regulated by the BCL-2 family of proteins. This includes the
antiapoptotic proteins (BCL-2, BCL-XL, MCL-1, BCLW, and BFL-1) and the proapoptotic proteins,
which can be divided into two groups: the effectors (BAX, BAK, and BOK) and the BH3-only proteins
(BIM, BAD, NOXA, PUMA, BID, BIK, HRK). Notably, the BCL-2 antiapoptotic proteins are often
overexpressed in malignant cells. While this offers survival advantages to malignant cells and
strengthens their drug resistance capacity, it also offers opportunities for novel targeted therapies that
selectively kill such cells. This review provides a comprehensive overview of the extensive preclinical
and clinical studies targeting BCL-2 proteins with various BCL-2 proteins inhibitors with emphasis
on venetoclax as a single agent, as well as in combination with other therapeutic agents. This review
also discusses recent advances, challenges focusing on drug resistance, and future perspectives for
effective targeting the Bcl-2 family of proteins in cancer.
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1. Introduction

One of the main steps of tumor initiation and progression is the evasion of apoptosis [1].
While cancer cells are fully equipped with apoptosis machinery, they develop various
strategies to block the apoptosis process. Induction of apoptosis occurs through two
main pathways: the intrinsic pathway generally activated by cellular stress (metabolism,
oncogenes, DNA damage, nutrient deprivation, etc.) and the extrinsic pathway activated by
death receptors (Tumor Necrosis Factors, Trail, Fas, etc.) [2]. Induction of these separated,
but interconnected pathways, leads to activation of caspases, a class of cysteine proteases,
which orchestrates the cleavage of vital cellular components leading to cellular death [3].
In the intrinsic pathway of apoptosis, caspases activation requires mitochondrial outer
membrane permeabilization (MOMP), an event that leads to the release of cytochrome c
from the mitochondrial intermembrane space into the cytosol [4]. These steps are tightly
regulated by the BCL-2 family of proteins, which includes anti-apoptotic and pro-apoptotic
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proteins. The former includes BCL-2, BCL-XL, MCL-1, BCL-W, and BFL-1 also known
as Al, whereas the latter includes effector proteins BAK, BAX, and BOK; and BH3 only
proteins, which are grouped into sensitizers: BAD, NOXA, BMFE HRK, BIK; and activators:
BIM, BID, and PUMA [5,6]. It is important to note that increasing evidence indicates that
other BH-3 only proteins (e.g., NOXA) have the capacity to directly activate BAX and BAK,
resulting in a less clear distinction between BH3-only sensitizer and activator proteins [7].
The ultimate decision whether a cell should live or die is controlled not only by the protein
levels of the pro- and anti-apoptotic members, but also by the interplay between these two
groups of proteins. In live cells, the proapoptotic BCL-2 proteins are largely sequestered by
the anti-apoptotic members (BCL-2, BCL-XL, MCL-1, BCL-W, and BFL-1). However, under
apoptotic insults, the BH3-only proteins play a central role in initiating apoptosis.

There are three proposed models that explain how BH3-only proteins induce apoptosis
(Figure 1). (1) The direct model in which BH3-only activator proteins directly bind to and
activate BAX and BAK, (2) the indirect model, also referred to as the displacement model.
In this model, BH3 only sensitizer proteins, which do not have the capacity to effectively
directly activate BAX and BAK, displace BAX and BAK from the antiapoptotic BCL-2
members (BCL-2, BCL-XL, MCL-1, BCL-W, and BFL-1), then BH3-only activator proteins
activate the released BAX and BAK, and (3) the third model proposes the coexistence
of both model 1 and 2. The common steps of all these models are the conformational
change and oligomerization of BAX and BAK resulting in BAX/BAK pores formation
and MOMP. These lead to the release of cytochrome c, activation of caspases [8,9] and
ultimately induction of apoptosis. It is important to note that both BAX and BAK can also
form homodimers, which assembles into higher order oligomers leading to the formation
of pores, cytochrome c release, and apoptosis [10-14].
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Figure 1. Model illustrating the mechanism(s) of mitochondrial apoptosis.

Accumulating evidences indicate that virtually all malignancies can be associated
with apoptosis resistance; however, the mechanisms of this phenomenon differ from one
tumor to another [15,16]. In this regard, overexpression of anti-apoptotic BCL-2 members
(e.g., BCL-2, BCL-XL, MCL-1) is quite frequent in newly diagnosed cancer as well as after
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developing resistance to therapies [17,18]. Conversely, loss or downregulation of the pro-
apoptotic BCL-2 members have been observed in many tumor types [6]. Additionally, the
ability to activate the BH3 only proteins PUMA and NOXA is often impaired due to p53
deficiency in many cancer cells [19]. Another mechanism of apoptotic evasion involves
epigenetic aberration. In this regard, silencing of BIM and PUMA through promoter
hypermethylation is frequently observed in Burkitt lymphomas and chronic myeloid
leukemia (CML) [20,21]. These considerations have prompted extensive efforts aiming at
targeting the pro-survival BCL-2 members.

2. Nonspecific BCL-2 Inhibitor

One of the first compounds found to inhibit BCL-2 functions is gossypol, a natural
polyphenol isolated from cotton seeds and roots. It is well recognized that gossypol exerts
its anticancer activity through a variety of mechanisms including inhibition of the pro-
survival BCL-2 proteins. It can also induce the pro-apoptotic BH3-only proteins NOXA and
PUMA through a p53-independent mechanism [22]. Like other BCL-2 inhibitors, gossypol
disrupts the equilibrium between the anti- and pro-apoptotic BCL-2 members leading
to BAX/BAK activation and apoptosis. However, gossypol can also induce cell death
independently of BAX and BAK highlighting the pleotropic nature and suggesting an
alternative mechanism of cell death mediated by this agent [23]. In this regard, multiple
studies have found that gossypol effectively disrupts many cell signaling pathways [24].
For example, Moon et al. [25] have reported that gossypol suppresses NF-kB activity
and downregulates many NF-kB-regulated genes including cIAP-1/2 (cellular inhibitor
of apoptosis proteins 1 and 2), and XIAP (X-linked IAP). Gossypol can also disrupt the
binding of MDM2 protein to VEGF mRNA 3/-UTR leading to MDM2 self-ubiquitination
and proteasomal degradation, and a diminution of VEGF m-RNA translation [26].

During the last two decades, gossypol has undergone extensive clinical evaluation.
For example, a phase I/1I studies using 23 patients with progressive castrate-resistant
prostate cancer have revealed a significant toxicity and a lack of activity of gossypol as a
single agent [27].

3. Selective Targeting of BCL-2 Pro-Survival Members Using BH3 Mimetics

A highly effective approach for selective targeting of BCL-2 pro-survival proteins has
been focusing on developing BH3 mimetics, which directly bind with high affinity to the
hydrophobic grooves of the pro-survival proteins. In this regard, the deep understanding
of the BCL-2 proteins biology coupled with the remarkable advances in the structure-based
drug design have led to the discovery of a number of BCL-2 inhibitors. The first highly
selective BCL-2 inhibitors ABT-737 was discovered using nuclear magnetic resonance
structure-based design with the BH3 region of BAD [28]. This compound and its clinical
derivative navitoclax (ABT-263) target BCL-2, BCL-XL, and BCL-W [29] (Figure 2). Another
important advance was the discovery of a less selective Bcl-2 inhibitor obatoclax (GX15-070),
which targets all the BCL-2 pro-survival members BCL-2, BCL-XL, MCL-1, and BCL-W [30].
These discoveries were subsequently followed by the development of venetoclax (ABT-199),
which selectively targets BCL-2 protein [31] (Figure 2).
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Figure 2. Specificity of various types of BCI-2 inhibitors and induction of apoptosis. Targeting the Bcl-
2 pro-survival proteins by various inhibitors with different specificity (ABT-737/ ABT-263, obatoclax,
or venetoclax) leads to BAX/BAK activation and pores formation through which cytochrome c is
released into the cytosol culminating in apoptosis induction.

3.1. ABT-737 and ABT-263 (Navitoclax)

While ABT-737 has shown a marked activity in preclinical studies in various types of
cancer, its poor pharmacokinetic and solubility were major challenges for its development.
Its clinical derivative navitoclax (ABT-263) was also highly active in preclinical studies.
In addition, phase I clinical trials conducted in patients with non-small cell lung cancer
(NSCLC) or lymphoid malignancies [32,33] have shown that navitoclax is safe and well
tolerated; however a dose-dependent thrombocytopenia, a consequence of BCL-XL inhibi-
tion [34], was a major adverse effect. Such a problem has prevented the use of sufficient
navitoclax doses for effective cancer cell killing. These considerations have been corrobo-
rated by a phase II study in advanced and recurrent small cell lung cancer (SCLC), which
has shown only a limited navitoclax single-agent activity [35]. In addition, navitoclax
enhances the activity of multiple therapeutic agents in patients with solid tumors as well
as hematological malignancies, suggesting that this agent might be useful for combination
therapy at least in some tumor types [36-39]. In this regard, a very recent single arm phase
IB study has shown a promising activity of combined treatment with navitoclax and EGFR
inhibitor osimertinib in patients with advanced EGFR-mutant NSCLC [40].
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In addition to navitoclax, a recent study has described a novel dual BCL-2/BCL-XL
inhibitor AZD4320, which appears to be highly active in acute myeloid leukemia (AML)
preclinical models with reduced thrombocytopenia [41]. However, the development of
AZD4320 has been hampered due to its cardiovascular toxicity observed in preclinical
studies [42]. To circumvent this problem, Patterson et al. have chemically conjugated
AZD4320 to PEGylated poly-lysine dendrimer [42]. Notably, the resulting agent referred to
as AZD0466 showed significant preclinical activity and improved tolerability compared to
AZDA4320 in a human leukemia xenograft mouse model [42].

Collectively, these considerations strongly suggest that improved drug design com-
bined with patient selections and dose optimization might lead to effective anticancer
treatment involving this class of agents.

3.2. Obatoclax (GX15-070)

Obatoclax (GX15-070) is a hydrophobic small molecule that binds with high affinity
to BH3 binding groove of all the pro-survival BCL-2 members [30,43] unlike ABT-737 and
navitoclax which spare MCL-1, and BFL-1. Numerous preclinical studies have shown
that obatoclax exhibits a potent antitumor activity in various types of cancer both in vitro
and in vivo [30,44—46]. Mechanistically, obatoclax induces apoptosis through activation of
BAX/BAK following their release from the pro-survival BCL-2 members [43,45].

Obatoclax has undergone extensive clinical evaluation in various hematological malig-
nancies as well as solid tumors, however, significant toxicity and modest or lack of activity
have limited its development for cancer therapy. Initial obatoclax phase I clinical trial was
conducted in 44 patients with advanced hematological malignancies [47]. This included
patients with chronic lymphocytic leukeamia (CLL, 9%), refractory acute myeloid leukemia
(AML, 57%), acute lymphoblatic leukemia (ALL, 2%) and myelodysplasia (MDS, 32%). The
clinical responses were modest, only 3 of 14 MDS patients showed improvement and one
patient with refractory AML t(9;11) translocation achieved a complete remission that lasted
8 months [47]. In addition, grade 1/2 central nervous system side effects were observed. A
second phase I/1I clinical trial examining obatoclax in 18 untreated AML patients older
than 70 years has led to similar results [48].

The adverse effects of obatoclax may result from many factors including (a) inhi-
bition of all antiapoptotic BCL-2 members, which might be toxic to many normal cells.
In this regard, MCL-1 is known to play a critical role in stem cell survival particularly
hematopoietic stem cells [49,50]. BCL-XL is also required for megakaryocytes survival,
and disabling BCL-XL leads to a decrease in platelets production, which can potentially
cause thrombocytopenia [33,34], and (b) lack of obatoclax specificity as obatoclax can also
dysregulate the activity of many survival factors. For example, obatoclax decreases cyclin
D1 and Cdk4/6 expression levels [46,51] and inhibits NF-kB [52].

In conclusion, targeting all pro-survival Bcl-2 proteins might not offer sufficient
selectivity for cancer cells to provide a therapeutic outcome.

3.3. Venetoclax (ABT-199)

While the functional redundancy among BCL-2, BCL-XL, and Mcl-1 suggests that
selective targeting of BCL-2 protein may not lead to extensive cancer cell death, the lack of
clinical activity and or excessive toxicity of pan-BCL-2 or dual BCL-2/BCL-XL inhibitors
have prompted the development of highly selective inhibitors for individual BCL-2 mem-
bers. Venetoclax, also referred to as ABT-199, was the first highly selective BCL-2 inhibitor
to be discovered [31]. It is a BH3-mimetic that binds to the BH3-binding groove of BCL-2
protein with high affinity. Surprisingly, venetoclax has showed a rapid and striking activity
in many cancer models. These observations support the notion that despite the functional
redundancy among the antiapoptotic BCL-2 members, some cancer types are particularly
dependent on BCL-2 for their survival.
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4. Venetoclax in the Treatment of CLL

It is well established that resistance against radiation, chemotherapy, and genotoxic
stress is highly associated with overexpression of BCL-2 in many malignancies [53,54]. This
occurs through a variety of mechanisms. In CLL, overexpression of BCL-2 has been linked
to the loss of the tumor suppressors microRNAs miR-15 and miR-16, two major negative
regulators of BCL-2 expression, due to 13q deletion. Notably, expression of miR-15/16
was downregulated in approximately 70% of CLL patients [55,56]. It is important to note
that other mechanisms can lead to miR-15 and miR-16 loss in CLL including epigenetic
mechanisms [56-58].

Importantly, the profound induction of apoptosis by venetoclax in cancer was associ-
ated with much less thrombocytopenia compared to agents that inhibit BCL-XL such as
navitoclax or obatoclax [31]. These findings have prompted a multicenter phase I study of
venetoclax in patients with relapsed or refractory CLL or small lymphocytic lymphoma
(SLL) [59]. While initial dose-escalation schedule in patients with CLL has been challenged
by significant tumor lysis syndrome, which occurred in 3 out of 56 patients, adjustment of
dose-escalation schedule has successfully prevented the occurrence of this form of toxic-
ity [59]. This trial has demonstrated an impressive activity of venetoclax in CLL. In fact,
92 of 116 patients (79%), the majority of which have adverse prognosis, showed clinical
response. Among these, 20% achieved complete remission. Notably, daily administration
of 400 mg venetoclax has led to 15-month progression-free survival in 69% of patients.
Consistent with these findings, studies conducted in primary CLL cells isolated from 33 pa-
tients revealed that venetoclax induced a rapid (few hours) and profound mitochondrial
apoptosis [60].

A phase II, single-arm multicenter study, with venetoclax monotherapy in patients
with relapsed or refractory CLL with 17p deletion has led to an overall response rate of
79.4% [61]. Importantly, neutropenia (40%), infection (20%), anaemia (18%), and thrombo-
cytopenia (15%) were the most common grade 3—4 adverse events [61].

Together, these studies have led to the venetoclax approval by US Food and Drug
Administration (FDA) and European Medicines Agency (EMA) for the treatment of patients
with 17p deleted relapsed/refractory CLL, a population with very poor prognosis [62].

Despite the impressive activity of venetoclax as a single agent in CLL in the above
trials, the observations that the estimated 24 months progression-free survival in a phase II
study was 54% [59] and that complete remission occurred only in 20% of patients [59,63]
indicate a significant resistance against this agent in the majority of patients. These findings
suggest that combination with novel targeted agents might be an effective strategy to
overcome resistance to venetoclax. In this regard, multiple studies have recently assessed
the clinical efficacy of venetoclax in combination with standard therapy. For example,
in a phase Ib trial in 49 relapsed or refractory CLL/SLL patients, combined treatment
with venetoclax and the anti-CD20 monoclonal antibody rituximab achieved a complete
response in 50% patients [64]. In a more recent phase III study in patients with relapsed or
refractory CLL, venetoclax-rituximab combination therapy achieved a significantly higher
percentage of progression-free survival compared to a standard chemoimmunotherapy
with bendamustine and rituximab [65]. Another important finding in these studies is that
venetoclax/rituximab was active across all clinical and biologic subgroups regardless of
the 17p deletion status. Specifically, the 24 months progression-free survival achieved by
this regimen was 81.5% in patients with 17p deletion versus 85.9% in patients without such
chromosomal translocation. Significantly, combined treatment with veneteclax and another
anti-CD20 monoclonal antibody obinutuzumab was highly active in patients with previ-
ously untreated CLL and coexisting conditions in a phase I1I trial [66]. While after two years
of treatment, the progression-free survival was 88.2% for the venetoclax-obinutuzumab
group, this was only 64.1% for patients treated with chlorambucil-obinutuzumab. Simi-
lar to venetoclax/rituximab, venetoclax/obinutuzumab benefit was observed in patients
with various genetic backgrounds such as TP53 deletion and /or mutation, or unmutated
immunoglobulin heavy-chain genes. Noteworthy, the side effects of such regimen (e.g.,
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grade 3 or 4 neutropenia and infections) were comparable to those caused by chlorambucil-
obinutuzumab.

5. Venetoclax in the Treatment of AML

While a large number of agents have failed in various stages of clinical trials in
AML over several decades, recently, FDA approved the use of venetoclax in combination
with the hypomethylating agents azacitidine or decitabine or low-dose of cytarabine as
frontline therapies in patients over 70 years of ages or who cannot tolerate aggressive
chemotherapeutic treatment [67,68].

Initial preclinical studies have shown that venetoclax exhibited impressive anti-
tumor activities in AML cells displaying diverse genetic backgrounds including MLL-
rearrangement or IDH1/2, or NPM1 mutations [69-72]. Conversely, AML cells with some
genetic backgrounds such as mutations in FLT3, p53, or Ras, have been shown to be quite
resistant to this agent [69-72]. Importantly, venetoclax was found to have minimal effect on
platelet levels raising the possibility that this agent may achieve a clinical outcome at least
in some patients with AML. In fact, in a phase II trial, venetoclax showed a significant single
agent activity in AML [73]. This study was conducted in 32 AML patients with high-risk
relapsed/refractory or unfit for intensive chemotherapy, and with a median age of 71 years.
The overall response rate was 19% [73]. Interestingly, patients with IDH1/2 mutations
showed the highest response [73]. However, unlike CLL, AML patients who initially
responded to venetoclax have rapidly (2.5 months) developed resistance to this agent [74].
In addition, although venetoclax showed evidence of activity in AML, this was lower
compared to that obtained with hypomethylating agents in elderly AML patients [75].

The limited anti-leukemic activity of venetoclax as a single agent, and the rapid devel-
opment of resistance have prompted multiple clinical trials involving combination with
chemotherapeutic agents. In fact, combined treatment with venetoclax and hypomethy-
lating agents-azacytidine and/or decitabine have led to impressive activity in 60 years
or older AML patients. Such treatments were particularly effective in newly diagnosed
patients and also, to a lesser extent, in relapsed or refractory patients [76-79]. Another
very important phase Ib/II study demonstrated that combinatorial treatment involving
venetoclax and the IDH1 inhibitor ivosidenib with or without azacytidine, is well tolerated
and highly effective in IDH1-mutant AML patients [80].

On November 2018, the FDA granted accelerated approval for venetoclax in combina-
tion with the hypomethylating agents azacitidine or decitabine or low-dose of cytarabine
as a front-line therapy in AML patients who cannot tolerate aggressive chemotherapy [81].
It is important to note that despite the impressive activity of combined treatment with
venetoclax and hypomethylating agents in AML, such regiment failed to achieve clinical
response in approximately 39% of patients and most of patients who initially achieved
remission develop resistance in less than two years [78,79].

6. Venetoclax in the Treatment of Other Hematological Malignancies

In addition to CLL and AML, venetoclax has also been evaluated in other hematologi-
cal malignancies including lymphomas and multiple myeloma.

A recent phase I clinical trial has examined venetoclax in relapsed or refractory
patients with diverse non-Hodgkin lymphoma (NHL) subtypes including mantle cell
lymphoma (MCL), follicular lymphoma (FL), diffuse large B-cell lymphoma (DLBCL),
DLBCL arising from chronic lymphocytic leukemia (Richter transformation), Waldenstrom
macroglobulinemia, and marginal zone lymphoma [82]. In this study, venetoclax was
well tolerated with the highest overall response rate observed in MCL (44%) followed
by FL (38%) and DLBCL (18%). The progression-free survival was 14, 11, and 1 months,
respectively. Another recent phase I/1I trial in relapsed/refractory NHL has led to similar
results [83]. The median progression-free survival was two months and the overall survival
was 4.5 months.
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Venetoclax has also been tested in combination with bortezomib and dexamethasone
in patients with relapsed/refractory multiple myeloma in a phase III clinical trial [84].
However, despite the superior clinical activity of regimens involving venetoclax compared
to placebo, a substantial increase in mortality was observed in the venetoclax group, mostly
due to high infections rate.

Together, these findings suggest that patient selection might improve the therapeutic
activity of venetoclax as single agent or in combination therapy.

7. Resistance of Cancer Cells to Venetoclax

Although venetoclax has demonstrated impressive initial clinical activity in vari-
ous hematological malignancies; intrinsic or acquired drug resistance represents a major
obstacle for achieving effective and durable therapy with this agent.

While it is clear that many malignant cells depend on BCL-2 for their survival, the
molecular basis for this dependency remains poorly understood. A number of studies
have linked venetoclax sensitivity to the abundance of BCL-2 protein in cells. A high
expression of BCL-2 seems to be associated with high sensitivity to venetoclax in many
tumor models [31,54,56,85,86]. However, some malignant cells display high BCL-2 protein
level but exhibit significant resistance to venetoclax [31,72,86]. Conversely, some tumors
cells express low level of BCL-2 protein, but they are highly sensitive to venetoclax [85,86].
These observations clearly demonstrate that BCL-2 protein level is not the sole determinant
of cancer cells sensitivity to venetoclax. Significantly, studies from our group and others
have demonstrated that MCL-1 or BCL-XL proteins also play a critical role in antagonizing
venetoclax activity [72,87].

Another factor that plays a critical role in determining mitochondrial apoptosis is the
interplay between the antiapoptotic and the proapoptotic BCL-2 members. In this context,
multiple studies have suggested that the BH3-only protein BIM may play an important role
in venetoclax activity. For example, sequestration of BIM by MCL-1 has been identified as a
mechanism of intrinsic venetoclax resistance [88]. However, numerous other studies using
siRNA or CRISPR system have shown that BIM or other BH3-only proteins such as PUMA,
and NOXA are dispensable for BCL-2 inhibitors apoptotic activity [72,89,90]. A common
finding in all these studies is that BAX and BAK play a critical role in BCL-2 inhibitors-
mediated cell killing. Together these observations support a model in which venetoclax
induces apoptosis through the displacement model in which venetoclax efficiently displaces
BAX from BCL-2 leading to its activation, oligomerization with BAK, and initiation of the
apoptotic cascade. However, these findings do not exclude the direct contribution of BH3-
only protein in BAX and or BAK activation. They rather suggest that BAX displacement
from BCL-2 by venetoclax is sufficient to induce activation of BAX which, in cooperation
with BAK, effectively induces apoptosis without the requirement of other activators.

Another important, but less understood, aspect of cancer cells sensitivity to venetoclax
is their genetic backgrounds. Cancer cells baring some types of genetic aberrations such as
chromosomal rearrangement [71], IDH1/2, or WT1 point mutations [70,91] are exquisitely
sensitive to venetoclax. The molecular basis of this sensitivity has been linked to high
level of BCL-2 in these cells; however, additional factors might be determinant in this
phenomenon. In contrast, several aberrations have been associated with resistance to
venetoclax, although in some cases no direct links between these aberrations and BCL-2
expression have been demonstrated. These include overexpression of MCL-1 or BCL-XL,
mutations in JAK2, Ras, p53, FLT3 (FLT3-ITD), 32-microglobulin, and complex cytogenet-
ics [86,87,92]. Several studies have also suggested that BCL-2/BIM ratio might predict for
AML sensitivity to venetoclax [88,93]. However, the mechanism of cancer cells sensitivity
to venetoclax would likely be multifactorial and context dependent. In fact, recent studies
have identified many mutations in BCL-2 coding sequence some of which plays critical
roles in resistance to venetoclax.
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8. Venetoclax Resistance Mediated by BCL-2 Mutations

Despite the impressive initial clinical activity of venetoclax as a single agent in various
hematological malignancies particularly in CLL, acquired resistance is a major problem for
most patients [59,63] as is the case for many targeted agents.

Recent studies have identified two key BCL-2 mutations in venetoclax-resistant CLL
patients. The most frequent mutation involves a substitution of glycine with valine at
position 101 (G101V), and a less prominent mutation consists of a substitution of aspartic
acid with tyrosine at position 103 (D103Y) [94-97]. These mutations were not detected
in patients before treatment, they were first detected only after 19 months of venetoclax
treatment. Importantly, the development of these mutations was highly associated with
the emergence of venetoclax resistance. In vitro studies have revealed that G101V and
D1013Y mutations abrogates venetoclax activity by dramatically reducing its affinity for
BCL-2 [96,97].

Another study by Correia et al. [98] has described various BCL-2 mutations in follicular
lymphoma, some of which occur in 12% of patients at diagnosis, but the majority of
these mutations occur at transformation raising the possibility that these mutations may
increase the risk of follicular lymphoma transformation. Of note follicular lymphoma is an
indolent malignancy highly associated with overexpression of BCL-2 as a consequence of
t(14;18) chromosomal translocation, but frequently undergoes transformation to a more
aggressive type of lymphoma, particularly diffuse large B-cell lymphoma [99]. Functional
analysis revealed that some of these mutations (BCL-2 G33R or A43T) markedly increased
BCL-2 ability to bind the proapoptotic BIM and PUMA, thereby protecting cells against
apoptosis [98].

Cancer cells might involve other mechanisms of resistance to venetoclax. For example,
Fresquet et al., [100] have reported a missense mutation in the C-terminal transmembrane
domain of BAX (G179E) in a human lymphoma cell line rendered resistant to venetoclax
in vitro. Such mutation diminishes BAX binding ability to the mitochondrial membrane
and thereby prevents BAX-mediated apoptosis [100]. However, this was not observed in
mouse-derived lymphoma cells rendered resistant to venetoclax through the same process.
Instead, these cells exhibited mutations (F101C and F101L) in the BH3 domain of BCL-
2 [100], which abrogates venetoclax binding to the BCL-2 BH3 domain and ultimately
prevents mitochondrial apoptosis,

Together, these observations argue that venetoclax-resistance may occur through
diverse mechanisms that stem from various types of mutations affecting both anti-apoptotic
and proapoptotic BCL-2 members and might be cell type-specific.

9. Strategies to Overcome Venetoclax Resistance and Perspectives

While preclinical studies using combined treatment with venetoclax and MCL-1
inhibitors in hematological malignancies has generated a substantial enthusiasm for over-
coming venetoclax resistance [101,102], clinical evaluations appear to reveal excessive
toxicity of such regimens [103]. Accumulating evidence suggest that rational combination
strategies involving venetoclax and other standard therapy or novel targeted agents might
lead to effective treatments; however, the emergence of BCL-2 mutations that cause resis-
tance to venetoclax highlights the need for developing mutation-specific BCL-2 inhibitors
to overcome such drug resistance. A recently emerged antitumor approach is the direct ac-
tivation of the proapoptotic effector protein BAX by a new class of BAX agonists [104-106].
Such an approach may provide a therapeutic benefit at least in some cancer setting. De-
veloping additional Bcl-2 inhibitors with different affinity for other pro-survival BCL-2
members might also be useful in cancer with some genetic background. In this regard, a
recent study has described a novel orally bioavailable BCL-2 inhibitor referred to as BCL201
(555746), which selectively binds to the hydrophobic groove of BCL-2, poorly binds to
BCL-XL, and spares the other BCL-2 survival proteins MCL-1 and BFL-1 [107]. Importantly,
555746 exhibited profound antitumor activities in various hematological malignancies both
in vitro and in vivo models [107].
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Nevertheless, despite the remarkable advances in targeting BCL-2 members for can-
cer therapy, a better understanding of mechanisms underlying cancer cells resistance to
venetoclax as a single agent as well as in combination with other agents is needed for
developing safe, effective, and durable treatments. Patient selections and development
of biomarkers determinant of patient response might also be critical for improving the
therapeutic outcomes of BCL-2 inhibitors in diverse types of cancer.

10. Conclusions

While venetoclax has demonstrated impressive activity in CLL and AML either as sin-
gle agent or in combination with hypomethylating agents or low-dose cytarabine (LDAC),
the development of drug resistance in these diseases and the lack of activity in other cancer
types particularly in solid tumors have limited its therapeutic use. Given the favorable
safety profile of venetoclax, a greater understanding of the mechanisms of primary as well
as acquired resistance to this agent is needed to improve or extent venetoclax-based thera-
pies, and potentially other Bcl-2 inhibitors, to various tumor types including solid tumors.
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