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Abstract

Introduction—The B-cell lymphoma-2 (Bcl-2) family of proteins is central to the regulation of
apoptosis, which is vital for proper tissue development and cellular homeostasis. Anti-apoptotic
proteins, members of the Bcl-2 family, are an important survival factor for many cancers and their
overexpression has been associated with tumor initiation, progression and resistance to current
anticancer therapies. Therefore, strategies seeking to antagonize the function of Bcl-2 anti-
apoptotic proteins have been extensively studied for developing novel cancer therapy.

Areas covered—This review covers research and patent literature of the last 15 years dealing
with the discovery and development of inhibitors of the Bcl-2 protein family.

Expert opinion—The feasibility of disrupting protein-protein interactions between anti-
apoptotic and pro-apoptotic proteins, members of the Bcl-2 family, using peptidomimetics and
small-molecule inhibitors has been successfully established. Three small-molecule inhibitors have
entered human clinical trials, which will allow the evaluation of this potential therapeutic
approach in cancer patients. It will be important to gain a better understanding of pan and selective
Bcl-2 inhibitors in order to facilitate future drug design efforts.
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1. Introduction

Protein-protein interactions (PPIs) control many biological processes, such as cell
proliferation, growth, differentiation, signal transduction, and programmed cell death
(apoptosis) [1]. In the genomic era, the studies of protein networks have provided many
insights about how proteins interact with each other leading to elucidation of the molecular
basis of a number of different diseases, including cancer [2]. Thus, PPIs represent an
important class of molecular targets for novel human therapeutics [3]. Developing small-
molecule inhibitors (SMIs) to disrupt PPIs is a challenging task mainly because of typical
flatness, largeness, non-contiguity of the interface between the proteins that interact and
flexibility of the protein surfaces. Despite the difficulties, successfully discovered small
molecules that inhibit several PPIs have been reported [3, 4].

The B-cell lymphoma-2 (Bcl-2) family of proteins is central to the regulation of apoptosis,
which is vital for proper tissue development and cellular homeostasis. Altered responses to
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normal apoptotic signals are one of the hallmarks of cancer and they are connected to
defects in the apoptotic machinery in cancer cells. Apoptosis occurs via activation of two
different pathways (Figure 1), the extrinsic pathway, triggered by the activation of the cell
surface death receptors, and the intrinsic pathway, followed by the perturbation of
mitochondrial membrane integrity [5]. Structural and functional studies have shown that the
intrinsic pathway is tightly controlled by the PPIs between the pro- and anti-apoptotic Bcl-2
family proteins which control the integrity of the outer mitochondrial membrane [6].
Therefore, strategies seeking to antagonize the function of Bcl-2 anti-apoptotic proteins have
been extensively studied for developing novel cancer therapy [7, 8].

Twenty five known members of the Bcl-2 protein family can be grouped functionally
according to their pro- and anti-apoptotic effects, as well as structurally according to the
Bcl-2 homology (BH) regions they contain (Figure 2) [9]. The six known anti-apoptotic
family members, Bcl-2, Bel-x(, Mcl-1, Bel-w, Bel-b and Al, contain four BH domains
(BH1-4) and a transmembrane domain (TM). Each of these proteins has 8 to 9 a-helices and
a 20 A hydrophobic cleft, the “BH3 binding groove” (Figure 3A). Pro-apoptotic proteins are
subdivided into two classes: multi-domain members, such as Bax, Bak and Bok, which
contain and share homology in the BH1, BH2, BH3 and BH4 domains and BH3-only
proteins, including Bad, Bim, Puma, Bid, Bik, Noxa, Hrk and Bmf, which show homology
only in the BH3 domain. BH3 domains possess four conserved hydrophobic residues 3 to 4
residues apart (Figure 3B), which project into four hydrophobic pockets within the ligand
binding groove of the anti-apoptotic proteins. Additionally, a conserved aspartic acid forms
a salt bridge to a conserved arginine on the Bcl-2 family proteins (Figure 3C). Mutation of
any of these residues significantly reduces the affinity of BH3 proteins to their targets,
compromising their pro-apoptotic activity [10].

Different models, including the “direct activation model” [11] and the “derepression model”
[12], have been proposed about the mechanism of apoptosis regulation by the PPIs between
the Bcl-2 family members. The common feature of these models is that the PPIs between the
different classes of the Bcl-2 family occur through the BH3 “ligand” domain of pro-
apoptotic proteins which bind to a “receptor” BH3 binding groove formed by BH1-3 regions
on the anti-apoptotic proteins. This rational was successfully used for development of new
anti-cancer therapies, in which peptidomimetics or SMIs bind in the BH3 binding groove of
Bcl-2 proteins and behave as BH3-mimetics. Such compounds hold promise for the
development of new anticancer therapies.

2. Strategies for targeting the anti-apoptotic Bcl-2 protein family

2.1 Targeting the protein expression level

One of the strategies to target the anti-apoptotic proteins is to inhibit their expression level
with antisense oligonucleotides. Oblimersen sodium (G3139, Genasense), a Bcl-2-specific
antisense phosphorothioate oligodeoxynucleotide designed to be complementary to the first
six codons of the human Bcl-2 mRNA sequence, has been evaluated as a single agent or in
combination therapy in several clinical studies [13]. Its clinical effect has been modest and it
is not clear how effectively such an antisense oligonucleotide can down-regulate the Bcl-2
levels in cells in vivo.

2.2 Targeting the BH3 binding groove

The binding profiles of different BH3 peptides and their x-ray crystal structures complexed
with anti-apoptotic Bcl-2 proteins provide valuable information for understanding the PPIs
of Bcl-2 protein family. Therefore, the second strategy that is extensively studied is targeting
the BH3 binding groove with BH3 mimetics thus antagonizing the function of Bcl-2.
Peptide-based inhibitors have shown to attenuate Bcl-2 activity [14, 15], but the use of
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peptides as a therapeutic strategy is hindered by their lack of stability and effective delivery.
To overcome this issue, a chemical strategy has been pursued to maintain the a helical
structure by introducing a chemical staple (Figure 4A) [14, 16, 17]. Other approaches
include the design of peptidomimetics based on a-helix mimicry to the BH3-only proteins
such as compound 1, a terphenyl-based Bak BH3 a-helical peptidomimetic (Figure 4B)
[18-20].

SMiIs, however, have considerable advantages over peptides and in the last decade, such
compounds have emerged as effective and specific inhibitors of Bcl-2 protein family.
Discovery of SMIs of Bcl-2 proteins involved high throughput screening [21], fragment-
based NMR screening [22-24], virtual screening [25, 26], structure-based design [27-29],
and analysis of the mechanism of action of a known compound [30]. For example, ABT-737
(Figure 4C) was developed using a fragment-based NMR method in which two identified
fragments bound to the h2 and h4 pockets and mimicking residues Leu 94 and Phe 101 of
Bim were linked [22]. Further modification led to the development of ABT-737 and other
analogues with sub-nanomolar affinities against Bcl-2, Bcl-x_and Bcl-w [24].

3. Evaluation of patents

Patent literature in this review is divided into two areas: (1) peptides and (2) SMIs which
can be further classified into two categories i) pan SMIs and ii) selective SMIs of Bcl-2
proteins. In this review the International Patent Publications have been evaluated and
representative examples, together with information of issued patents, are presented in order
to illustrate the diversity of the disclosed structures. This review specifically focuses on
patents and patent applications for compounds in clinical trials: the pan inhibitors, (-)-
gossypol and obatoclax, and the selective inhibitor ABT-263.

3.1 Peptides as Bcl-2 inhibitors

Several groups have published patent applications covering BH3 peptides as Bcl-2 protein
inhibitors [31, 32]. Conformationally constrained peptides that mimic BH3-only proteins
were disclosed in a 2004 patent application [33], which claimed a series of constrained
peptides with amino acid sequence

R-(Haa,-Saa-Xaa,-Xaa,),-Haa,-Xaaz-Xaa,-Haaz-(Saa-Naa-Xaas-Haa,),,-R'

where Haaj_4 = residues with hydrophobic side chains; Saa = a residue with a small side
chain; Naa = a residue with a negatively charged side chain; Xaaj.4 = independent residues;
and L = a linker tether between two non-adjacent amino acids in an f{/+7) relationship and R
and R’ = N-terminal and C-terminal capping groups. The most potent of these peptides
exhibited improved affinities for Bcl-2 and Bcl-w, 290 nM and 65 nM respectively, over the
unconstrained 12-mer peptide (240,000 nM and 870 nM against Bcl-2 and Bcl-w) which
correlates with increased helicity of the conformationally constrained peptides. In a
subsequent patent application, conjugation of the constrained peptides to a cell targeting
compound allowing direct delivery to unwanted or damaged cells was claimed [34], but no
evidence was provided for the anti-tumor efficacy of the conjugates /n vivo.

Stapled peptides, or “stabilized a-helix of Bcl-2 domains” (SAHBS), a promising class of
peptide drugs with improved pharmacokinetic properties, were disclosed together with the
methods for the preparation of BH3 SAHBs [35]. SAHBSs are generated using a ring-closing
metathesis reaction to construct an all hydrocarbon macrocyclic cross-link, thereby
stabilizing peptide a-helices and significantly increasing the helicity and potency of a-

Expert Opin Ther Pat. Author manuscript; available in PMC 2013 January 17.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Bajwa et al.

Page 4

helical peptides by transforming unfolded Bid, Bad and Bim BH3 peptides into protease-
resistant and cell-permeable a-helices that bind with increased affinities [16].

An SAHB obtained from the BH3 domain of Bid specifically activates the apoptotic
pathway to kill leukemia cells and inhibits the growth of human leukemia xenograft in vivo
[14]. Stewart ef al. also described the development and synthesis of SAHBs to identify
potent and selective Mcl-1 inhibitors [16]. /n7 vitro fluorescence polarization (FP) assays
revealed that stapling the a-helix from Mcl-1 itself led to a selective inhibitor for Mcl-1 (Ky
=43 nM). By scanning a series of mutated peptides, the authors discovered the Mcl-1
SAHBD, a staple peptide with ~90% a.-helical content and the strongest binding activity (Kjy
=10 nM), retaining the Mcl-1 selectivity. Using X-ray crystallography and mutagenesis
studies, the authors defined key binding and specificity determinants, and demonstrated that
the staple has additional favorable hydrophobic contacts with the Mcl-1 protein.

3.2 Small-molecule pan Bcl-2 inhibitors

3.2.1 Gossypol and its analogues—Gossypol (2) is a natural polyphenol, isolated from
the cotton plant, Gossypium sp., and has been well studied in clinical trials as a
contraceptive for human males, demonstrating the safety of long-term administration [36].

In 2002, the University of Michigan published a patent application relating to gossypol and
its derivatives as SMIs of Bcl-2 family proteins granted in United States of America,
Australia, New Zealand and by the European Patent Office [37]. Evidence was provided that
gossypol and its derivatives bind to and inhibit the anti-apoptotic functions of Bcl-2 and Bcl-
XL proteins especially in cancer cells that overexpress Bcl-2 family proteins, such as breast,
leukemia and colon cancer cell lines. The therapeutic potential of gossypol was further
evaluated in a human breast cancer MDA-MB-231 (subclone 2LMP) xenograft model in
nude mice in which it was shown that it significantly inhibits tumor growth in breast cell
lines and when used in combination with docetaxel it considerably improves inhibition of
tumor growth. A following patent application claimed further validation of gossypol, and its
enantiomers ((-)-gossypol and (+)-gossypol), as well as gossypolone, as inhibitors of the
Bcl-2 proteins [38]. It was shown that gossypol induces intrinsic apoptotic pathway through
release of cytochrome ¢ and caspase activity in breast cancer cell lines, MDA-231 and
T47D, HT-29 colon cancer, DU-145 prostate cancer cells and panel of squamous head-neck
cancer cell lines. In this invention it was also demonstrated that (-)-gossypol is very effective
in potentiating radiation in combination treatment regimens to induce apoptosis and to
inhibit angiogenesis even with doses at which it was not very effective as a single agent,
using a mouse PC-3 xenograft model. An additional patent related to compositions
comprising co-crystals of (-)-gossypol with a Cq_g carboxylic or sulfonic acid and their use
as inhibitors of anti-apoptotic Bcl-2 family proteins was disclosed by the University of
Michigan [39].

It has been shown that gossypol congeners exhibit inhibitory activity and induce
mitochondrial-mediated apoptosis in a wide range of human carcinoma cell lines [40-43]
and that (-)-gossypol has significant /n vivo antitumor activity either as a single agent or in
combination with chemotherapy and radiotherapy [41, 44-49]. The anti-tumor activity of
gossypol was shown to be due, at least in part, to inhibition of anti-apoptotic proteins Bcl-2,
Bcl-x_and the subsequent induction of apoptosis in cancer cells. However, other
mechanisms of action have also been proposed. It has been shown that in the presence of
metal ions, gossypol can induce oxidative DNA breakage /n vitro [50]. In a recent report it
has been shown that gossypol induces apoptosis in chronic lymphocytic leukemia (CLL)
through the generation of reactive oxygen species which in turn mediate the release of
cytochrome c causing apoptosis [51]. Furthermore, it was shown that (-)-gossypol
significantly suppresses the growth of human prostate PC-3 xenografts, which was largely
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dependent on the suppression of angiogenesis in the solid tumors [52]. Furthermore, (-)-
gossypol can also interrupt the interactions between Beclinl and Bcl-2/Bcl-x; at the
endoplasmic reticulum, thus releasing the BH3-only pro-autophagic protein Beclinl and
activating the autophagic pathway [53]. These studies validate the clinical potential of (-)-
gossypol and provide new insights into the mode of cell death.

Ascenta Therapeutics Inc. published two patent applications [54, 55] disclosing the pulsed
dose administration of gossypol and its enantiomers, which provides clinical efficacy
coupled with a reduction in adverse events. The (-) enantiomer is associated with higher
activity in most bioassays and these two patents provide a method for preparation of (-)-
gossypol enantiomer and its acetic acid co-crystal with high purity for clinical usage. The
orally available (-)-gossypol enantiomer AT-101 has been tested for its safety and efficacy
in several clinical trials [56, 57].

A phase /11 study was conducted combining AT-101 with topotecan in patients with
relapsed and refractory small cell lung cancer (SCLC). The observed response rates did not
meet the criteria for additional enrollment, but patients with stable disease showed the best
response and the median time to progression was favorable [56]. In a multi-institution phase
I/11 trial, evaluation of AT-101 as a single agent in men with prostate cancer showed some
evidence of decline of prostate-specific antigen and a clinical trial combining AT-101 with
androgen deprivation is in progress [57]. The maximum tolerated dosage of AT-101 is 40
mg/day and it is currently being assessed in phase Il clinical trials in combination with
lenalidomide for CLL, and in combination with docetaxel is being tested in patients with
recurrent, locally advanced or metastatic squamous cell carcinoma of the head and neck.
AT-101 is also undergoing phase Il clinical trials as a single agent in patients with recurrent,
metastatic, or primary unresectable adrenocortical carcinoma.

A 2006 patent application from University of Michigan [58] claims four new gossypol
analogs, gossypolic acid, gossypolonic acid, apogossypol (3) and apogossypolone (4), and /n
vitro activity using panel of breast cancer cell lines and /n vivo efficacy of apogossypolone
in a prostate PC-3 xenograft model. Although, gossypolic acid and gossypolonic acid were
found to be more potent than (-)-gossypol with K; values of 120 and 280 nM respectively
against Bcl-2, in the cell growth inhibition assays using prostate cancer PC-3 cells ICxg
values were >10 uM for both of the compounds. One possible explanation for this is that the
two acid groups are negatively charged at physiological condition and are thus prevented
from entering cells. Indeed, apogossypol and apogossypolone, analogs lacking the
carboxylic group, are 2-9 fold more potent than (-)-gossypol in cell growth inhibition assay
using breast cancer cell lines. The binding affinity of apogossypolone was determined to be
K;i =76 nM, 51 nM and 1,270 nM against Bcl-2, Mcl-1 and Bcl-x;_ respectively. In addition,
as was predicted that removal of the aldehydes will significantly reduce the toxicity,
apogossypolone showed 8 fold higher maximum tolerated dose than (-)-gossypol in oral and
intravenous routes of administrations.

Currently apogossypolone is in the preclinical phase of testing. Studies have shown that
apogossypolone induces apoptosis and effectively inhibits growth of follicular small cleaved
cell lymphoma, diffuse large-cell lymphoma (DLCLZ2) cells, nasopharyngeal carcinoma, and
hepatocellular carcinoma, /n vitroand in vivoas a single agent or in combination with
chemotherapy [59-61]. It blocks the heterodimerization of Mcl-1/Bax and Bcl-2/Bim in
BxPC-3 cells and in combination with gemcitabine leads to a statistically higher antitumor
activity compared to either apogossypolone or gemcitabine alone [62].

Preclinical in vivo data show that apogossypol has better efficacy, reduced toxicity and
pharmacokinetic characteristics than gossypol [63, 64]. Two patent applications from
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Burnham Institute for Medical Research [65, 66] claim a series of designed derivatives of
apogossypol and their use for treating cancer, autoimmune diseases and/or inflammation.
These applications report synthesis and evaluation of 5,5’-alkyl, ketone and amide
substituted apogossypol derivatives. Compounds 5 and 6 are claimed as the best compounds,
displaying improved /n vitro and in vivo efficacy compared to apogossypol [67, 68]. The
most potent diastereo-isomer of compound 6, BI-97C1, also called sabutoclax, inhibits
binding of BH3 peptides to Bcl-x, , Bcl-2, Mcl-1, and Al with ICsq values of 0.31, 0.32,
0.20 and 0.62 .M, respectively. This compound potently inhibits cell growth of human
prostate cancer, lung cancer, and lymphoma cell lines with little cytotoxicity against
Bax”-Bak™" cells [69]. Preclinical studies have shown that BI-97C1 shows /n vivo efficacy
in transgenic mice models and in a prostate cancer mouse xenograft model [69]. BI-97C1
was tested in combination with adenovirus (Ad)-based gene therapy, melanoma
differentiation associated gene-7/interleukin-24 (maa-7/1L-24), demonstrating significant
objective responses in a Phase | clinical trial for advanced solid tumors. A combination
treatment of mada-7/1L-24 and BI1-97C1 significantly inhibits the growth of human prostate
cancer (PC) xenografts in nude mice and a transgenic mouse model of PC [70]. This
combination was also tested in colorectal cancer and a combination regimen of suboptimal
doses of Ad.5/3-mda-7 and BI-97C1 profoundly enhanced cytotoxicity in RKO cells both /n
vitroand in vivo [71]. It is expected that BI-97C1 will enter the clinical trials soon.

The University of Michigan published a patent application claiming a series of compounds
that mimic the interactions between (-)-gossypol and Bcl-2 exemplified by compound 7,
known as TW-37 [72] which binds to Bcl-2, Bcl-x, and Mcl-1 with K; values of 290, 1110
and 260 nM respectively, representing a pan-inhibitor of Bcl-2 proteins. TW-37 effectively
and dose-dependently inhibits cell growth and induces apoptosis in PC-3 prostate cancer
cells. Inhibition of tumor growth in xenograft model of prostate cancer was observed with
TW-37 alone or in combination therapy with taxotere. TW-37 has both pro-apoptotic [73]
and anti-angiogenic effects [74] and has been tested by many different groups who have
demonstrated /n vitroand /n vivo growth inhibition of Kaposi's sarcoma (SLK), breast
cancer (MCF-7), prostate cancer (LNCap), diffuse large cell lymphoma (DLCL), pancreatic
cancer cell lines (BxPC-3, Colo-357, L3.6pl, and HPAC), and head and neck squamous cell
carcinoma (HNSCC) [73-77]. Jointly administered with the mitogen-activated protein kinase
inhibitors U0126 or CL-1040, it was found to be /n vitroand in vivo effective against
melanoma-derived tumors [76]. TW-37 significantly enhanced the killing of lymphoma cells
when used in combination therapy with cyclophosphamide-doxorubicin-vincristine-
prednisone (CHOP) regimen in WSU-DLCL,-SCID mouse xenograft model in comparison
with either CHOP or TW-37 treatment alone [78]. This compound is still in the preclinical
testing.

3.2.2 Obatoclax—In two international patent applications, Gemin X Biotechnologies
described a series of substituted triheterocyclic compounds represented by obatoclax (GX
15-070, compound 8) and their use for treatment or prevention of neoplastic disease and
viral infections, granted in New Zealand and United States of America [79, 80]. Obatoclax is
a synthetic compound based on cycloprodigiosin, a tripyrrole pigment from Serratia
marcescens, with poor solubility in water. In order to improve its solubility, a mesylate, a
tartrate salt and two phosphate pro-drugs were also disclosed. Obatoclax showed potent
inhibition of all tested cell lines, but less effect in HMEC normal mammary epithelial cells,
demonstrating selectivity as an anti-cancer agent. Obatoclax mesylate salt and phosphate
pro-drug statistically significantly reduce the tumor growth in xenograft models of prostate
adenocarcinoma cancer (PC3 cells) and human cervical cancer (C33A cells), compared to
animals treated with vehicle only. A subsequent patent application disclosed 44 new
analogues of obatoclax exemplified by compound 9 [81]. Inhibition of cell growth of C33A
cervical carcinoma cells and H1299 human non-small cell lung cancer cells was reported.
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Furthermore, compound 9 was tested in a prostate xenograft model and showed significant
dose dependent reduction of the tumor growth /n vivo.

Obatoclax is a pan Bcl-2 inhibitor [82] with ICsy from 1 to 7 M to six members of Bcl-2
family in a FP-based assay [83]. It shows /n vitro promising preclinical efficacy against non-
small cell lung carcinoma (NSCLC), mantle cell lymphoma, and multiple myeloma cells
both as a single agent and in combination with clinically relevant cytotoxics [84-86],
through blocking the binding of Bak to Mcl-1 and inducing intrinsic apoptosis [86].
Obatoclax has also demonstrated enhanced apoptosis in combination with Apo2L/TRAIL in
cholangiocarcinoma cells [87] and pancreatic cancer cells [88] and with tyrosine kinase
inhibitors in breast cancer [89] and NSCLC [85]. Although many studies demonstrated that
the mechanism of action of obatoclax is through intrinsic apoptotic pathway, some data
strongly suggest the existence of mechanisms of obatoclax-induced cell death alternative to
the established BH3 sensitizer or effector models that modulate Bcl-2 family interactions to
drive apoptosis [90, 91]. It is believed that these Bcl-2—independent targets of this agent may
have clinical applicability, which has to be studied further.

Currently obatoclax is in multiple phase I/11 clinical trials for solid and hematological
malignancies. In phase | trials, obatoclax was well tolerated and it has displayed single agent
antitumor activity in patients with advanced hematological malignancies [92-94]. The
combination with topotecan in patients with solid tumors was well tolerated [95]. Obatoclax
is also undergoing evaluation in phase I trial in combination with vincristine, doxorubicin,
and dexrazoxane to study the side effects and best dose of obatoclax mesylate in treatment
of young patients with relapsed or refractory solid tumors, lymphoma, or leukemia. Another
phase I/11 trial is studying the side effects and the best dose of obatoclax mesylate when
given together with rituximab and bendamustine in patients with relapsed or refractory non-
Hodgkin lymphoma.

3.3 Small-molecule selective Bcl-2 family inhibitors

3.3.1 ABT-737, ABT-263 and their analogues—Abbott Laboratories are very active in
this field and from 2002 have published a series of patents and patent applications
describing potent selective Bcl-2 family inhibitors bearing N-acylsulfonamide and N-
sulfonyl carboximidamide as core scaffolds. ABT-737 (10) and its orally active analog,
ABT-263 (11), are the best-characterized small-molecule Bad-like BH3 mimetics and with
related compounds were disclosed in several patents [96]. Using NMR fragment based
approach, a 10,000 fragment library was screened and linking two identified fragments
yielded the fluoro biaryl compound 12 with high binding affinity to Bcl-x_ (K;=36 £ 1.6
nM). 12 was further modified by incorporating a basic 2-dimethylaminoethyl group at 1-
amino position of the thioethyl amino linkage group and fluorophenyl group was replaced
with a substituted piperazine thus yielding ABT-737. It selectively binds Bcl-2, Bcl-x; , and
Bcl-w with very high affinity (Kj < 1 nM) [22] and has significantly lower affinity for
Mcl-1, Bcl-b, and A1, showing the binding affinity pattern of Bad.

Several international patent applications (granted by European Patent Office and New
Zealand) and two issued US patents to Abbott described a series of analogs based on N-
acylsulfonamide genus 13 [97, 98], in which A; = N or C bearing H, F, CN, acid, amide or
ester group, D1 =H, F, Cl or CN and E; = H, F, or Cl. The Z; group is defined as phenyl or
pyridinyl, substituted with cyclohexyl, heteroalkyl or heteroaromatic moieties and B4 and
Y = imidazole or triazole. These patents contained more than 950 examples with N-
acylsulfonamide core structure, with K; values to both Bcl-2 and Bclx|_ proteins ranging
from<1nM to 13.5 uM.
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An international patent application from Abbott Laboratories in 2006 and issued in USA
2010, disclosed 18 novel chemical entities as inhibitors of Bcl-2 family proteins represented
by the core 14 bearing the same N-acylsulfonamide core [99]. A representative structure
from this work is compound 15. As in earlier applications, Z; group = pheny! or pyridinyl,
substituted with cyclohexyl, heteroalkyl or heteroaromatic moieties. A; = CN, NO,, CF3,
OCFs3, halo, acid, amide, ester etc. B; and X1 = substituted or unsubstituted alkylene and D
= H, alkyl or phenyl. These analogues exhibited binding affinities to Bcl-x, with K; values
in the range of < 1 nM to 227 nM and to Bcl-2 in the range of <1 nM to 893 nM.

In a subsequent application, granted in USA 2009, Abbott Laboratories reported novel
chemical entities as apoptosis promoters bearing a second core scaffold, N-sulfonyl
carboximidamide, illustrated by 16 and exemplified by compound 17, were disclosed in
patent application from 2005 and issued patent to Abbott Laboratories [100]. In genus 16,
A1 = heteroalkyl/heteroaromatic moiety; Ry = alkyl, cyano, halo, haloalkyl or nitro group;
Ry, R3, R4 and R5 groups = H, alkyl, alkoxy, amino, heterocyclyl, halo etc. No biological
activity data were reported for these analogues.

ABT-737 has been extensively evaluated as a trigger of apoptosis in cancer cells. It was
effective in delaying growth of tumors overexpressing Bcl-2 and its response is selectively
stronger in tumor cells than in cells from normal tissue [101, 102]. ABT-737 as a single
agent activity induces apoptosis in leukemia, lymphoma, multiple myeloma, glioma and
small-cell lung cancer cell lines, but is not very effective in killing ovarian or pancreatic
carcinoma cells [103, 104]. Primary cells from patients with acute lymphoblastic leukemia
(ALL) [101], AML [105], CLL [106], follicular lymphoma and marginal zone lymphoma
[107], are sensitive to ABT-737 treatment. /17 vivo, using mouse xenografts derived from
patients with ALL at diagnosis (ALL-7) or at relapse (ALL-19), ABT-737 potentiated the
effect of a three-drug regimen, vincristine, dexamethasone, and L-asparaginase (VXL)
[108], and in combination with L-asparaginase, topotecan, vincristine, and etoposide,
delayed leukemia progression in drug-resistant xenografts [109].

A patent application describing synthesis and pharmaceutical formulations developed for
clinical investigations of orally available ABT-263 (navitoclax) was published by Abbott
Laboratories [110]. Preclinical studies confirmed that navitoclax, like ABT-737, has a high
affinity for Bcl-2, Bcl-x;_and Bcl-w, and induction of apoptosis depends on Bax/Bak.
ABT-236 shows single-agent efficacy on CLL, SCLC, and lymphoma cell lines and is
synergistic with y-irradiation and other anti-cancer agents [111]. In xenograft models of
H889 (SCLC) and RS4;11 (ALL) tumors, ABT-263 treatment led to rapid and complete
tumor regression [111, 112]. The clinical activity of navitoclax is in good agreement with
the BH3 profiling proposed model, which can explain the differential sensitivity of
lymphoma cells to Bcl-2 inhibition [101]. Consistent with this, the gene expression
microarray analysis showed that cells overexpressing Mcl-1 are resistant to ABT-263, and
SiRNA knockdown of Mcl-1 in the resistant SCLC cell line H196 restores sensitivity to
ABT-263 [113, 114].

Phase I studies in patients with SCLC and other solid tumors [115], as well as in lymphoid
malignancies, showed that navitoclax is safe and well tolerated, with dose-dependent,
reversible thrombocytopenia as the major adverse effect. There are currently several
different phase I and Il clinical trials testing navitoclax as a single agent or in combination in
patients with solid tumors or CLL.

3.3.2 Bcl-2 selective inhibitors—The major side effect of navitoclax is dose-dependent

thrombocytopenia which is mediated by inhibition of Bcl-x,_ rather than Bcl-2. A patent
application from Abbott Laboratories recently reported additional analogues of ABT-737
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and ABT-263 with modifications on the N-acylsulfonamide core structure [116]. This
application disclosed 48 novel analogues with K; values = 0.04 nM - 0.45 1M against Bcl-2
as determined by TR-FRET assay; the most potent compounds are compounds 18 and 19
with Kj = 0.06 and 0.04 nM respectively against Bcl-2. Another Abbott Laboratories patent
application disclosed an additional 481 analogues of ABT-737 with activity against Bcl-2
and Bcl-x;_[117]. Compound 20 is the most selective Bcl-2 inhibitor disclosed in this patent
and has a very high selectivity ratio (Bcl-x, Ki/Bcl-2, Ki > 263263). The most potent Bcl-2
inhibitor in this patent is compound 21 with Kj = 0.001 nM and selectivity ratio of 388.

Recently Abbott Laboratories has described the discovery of new class of potent, selective
Bcl-2 inhibitors using NMR and structure-based drug design. Based on the NMR-derived
structure, the diphenylmethane and biaryl acid ligands were linked and modified giving
compound 22 as the most potent Bcl-2 protein inhibitor with Kj = 40 nM [23]. This
compound showed > 1000-fold specificity for Bcl-2 versus Bcl-w, >100-fold versus Bcl-B,
58-fold versus A1, and 28-fold versus Mcl-1. This is in contrast to the specificity profile of
ABT-737 that binds with sub-nanomolar affinity to Bcl-2, Bcl-x; , and Bcl-w, but with
micromolar affinity to Mcl-1, Bcl-B, and Al.

3.3.3 Selective Mcl-1 inhibitors—Many SMls, including ABT-737 and ABT-263, bind
to Bcl-x,_ and Bcl-2 but not to Mcl-1. This is significant, because upregulation of Mcl-1
seems to be a major source of resistance to ABT-737 and ABT-263 [105]. Development of
selective Mcl-1 inhibitors has become a high priority. The development of selective
inhibitors targeting anti-apoptotic proteins is feasible but challenging. Mcl-1 has a very
similar structure to other Bcl-2 proteins, but it shares only ~25% sequence identity with
other members and has a noteworthy different BH3 binding profile and distinct BH3
interactions [118].

In two international patent applications from Abbott Laboratories [119, 120], compounds
such as 23 — 26 that selectively inhibit the activity of Mcl-1 were disclosed. These
applications revealed several hundred examples of 7-nonsubstituted (issued US patent in
2011) and 7-substituted indole derivatives with selective inhibition of Mcl-1 with ICgg =
<0.03 M - 10.14 M. These compounds are expected to have utility in the treatment of
tumors overexpressing Mcl-1 but no biological validation data was published on these
compounds.

A patent application published by Abbott Laboratories in 2007 and two issued US patents
disclosed 229 novel chemical entities as inhibitors of anti-apoptotic Mcl-1 protein
represented by genus 27 bearing tri-substituted benzene core structure [121]. A1 group was
broadly defined as substituted alkyl, alkenyl, alkynyl, alkoxy, amino, sulfonylamino,
carboxylic or amide group. B1 was defined as phenyl substituted with one or two of
independently selected F, Br, Cl or | and C1 group was broadly defined as CN, NO», CF3,
alkoxy, carbonyl, carboxylic acid or its derivatives, halo, amino or sulfonylalkyl group. A
representative structure from this work is shown in compound 28. The analogues disclosed
in this patent exhibited binding affinities to Mcl-1 with 1Csq values ranging from 0.1 nM to
>10 nM.

3.4 Others Compounds

HA 14-1 (29), discovered by virtual screening, is a synthetic chromene molecule, the first
SMI of Bcl-2 to be described [25] and has been shown to bind to Bcl-2 with K; =9 uM. A
patent describing HA 14-1 and its analogs was issued to Thomas Jefferson University in
2003 [122].
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Antimycin A (30) and its derivatives were disclosed in the international application in 2001
and granted by the European Patent Office, Australia, and United States of America [123]. It
is an antifungal Streptomyces-derived compound which can mimic pro-apoptotic BH3
peptides, discovered during a screen of known inhibitors of mitochondrial respiratory
complexes I, 11, and 111, and ATP synthase [26]. It has been shown to bind to BH3 binding
domain of Bcl-2 and Bcl-x,_ by competing with Bak BH3 peptide. 2-methoxy antimycin A
(31) fails to inhibit the mitochondrial respiration chain, but was still able to kill Bcl-x_
overexpressing cells [30].

In 2008, a patent application from Infinity Pharmaceuticals claimed isoxazolidine analogues
as inhibitors of Bcl-2 and Bcl-x; [124]. Compounds 32 and 33 are two typical
isoxazolidines with K; values to Bcl-2 and Bcl-x;. <1 nM and < 1 uM respectively. These
compounds showed a dose-dependent killing of lymphoma and pancreatic cancer cell lines
as single agents and in combination with camptothecin.

In a 2006 international application granted in New Zealand and United States of America,
researchers at the Walter and Eliza Hall Institute of Medical Research reported a series of
benzoyl urea derivatives as inhibitors of pro-survival Bcl-2 family proteins [125]. This
application disclosed 146 novel chemical entities bearing benzoy!l urea core structure which
mimics a helical peptide of BH3-only proteins. A representative structure from this work is
shown in compound 34. These analogues exhibited weak binding affinities to Bcl-w, Bcl-x|,
and Mcl-1 with 1Csq values in micromolar range.

4. Expert opinions

Much progress has been made in the last decade on the detailed knowledge of regulation of
apoptosis at the molecular level. Specific components of the apoptosis machinery are
targeted for anticancer therapy, in particular the mechanism by which the Bcl-2 family
functions through selective PPIs to control mitochondrial apoptosis. Recently, SMIs capable
of inhibiting the interactions of the antiapoptotic Bcl-2 protein family have been developed
and three SMIs, (-)-gossypol, obatoclax and ABT-236, have progressed into clinical studies.

To evaluate how a BH3 mimetic might best be used, the mechanism of action of ABT-737
and several other putative BH3 mimetics, including gossypol and obatoclax, has been
explored [126]. Of all tested compounds, only ABT-737 induced apoptosis was completely
inhibited in cells deficient for Bax/Bak or caspase-9, demonstrating that only ABT-737 is a
specific Bcl-2 inhibitor and behaved as an authentic BH3 mimetic. In this review, we
already discussed that for gossypol and obatoclax additional mechanism of actions was
reported. For example, the ability of gossypol and obatoclax to elicit Bax/Bak independent
cell death by autophagy [53, 90] might explain the apparent nonselective cytotoxicity
reported for these two compounds [126]. It is believed that the Bcl-2-independent targets of
these two agents may have clinical applicability, which has to be studied further.

Preclinical studies have shown that SMIs of Bcl-2 family of proteins are effective in
physiologically relevant systems such as primary patient samples or mouse xenograft
models, either as monotherapy or in combination with other drugs. They provide important
clinical insights and demonstrate the role of Bcl-2 inhibitors in blocking the Bcl-2 mediated
intrinsic and acquired resistance, facilitating killing by conventional chemotherapy. There
are many examples of an enhanced apoptotic response when the BH3 mimetics are
combined with traditional therapies to treat cancers such as melanoma [76], pancreatic
[127], glioma [128], breast [129], multiple myeloma [130] and B-cell malignant models
[111]. Other important findings included a distinct gradient of sensitivity of cells, depending
on their Bcl-2 status, to the cytotoxic effect of ABT-737. Resistance to ABT-737 has been
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linked to high expression levels of Mcl-1, which can be overcome by treatment with agent(s)
that down-regulate Mcl-1 [104, 114] but obatoclax, as a pan Bcl-2 inhibitor, overcomes
Mcl-1 mediated resistance to apoptosis by interfering with Mcl-1-Bak interactions [82].
These results suggest that it is necessary to neutralize both arms of the anti-apoptotic Bcl-2
family and raise important questions concerning the specificity of Bcl-2 inhibitors. It is
unclear whether pan inhibitors of Bcl-2 are superior to specific inhibitors. From the efficacy
point of view, it is important to utilize the BH3 profiling tool which will facilitate
identification of the apoptotic block used by cancer cells or of the block acquired on
resistance to chemotherapy. Such a tool could identify cancers that are susceptible to either
pan- or selective BH3 mimetics, enabling a personalized and effective approach to treatment
[131]. It is known that ABT-263 causes reversible, dose-dependent, mechanism-based
thrombocytopenia because of Bcl-x;_inhibition in platelets [132] and it is expected that more
specific inhibitors will be less toxic. The possible clinical use of these compounds will
depend on efficacy and on acceptable toxicities. Targeting of Mcl-1 may provide a
therapeutic window and a broad clinical utility for developing agents that target tumors
over-expressing Mcl-1. The roles of Mcl-1 is attracting attention as a critical survival factor
in a broad range of human cancers and in the near future, more patents about selective Mcl-1
inhibitors, as well as pan Bcl-2 family inhibitors, are expected.

Evasion of apoptosis has been established as a hallmark of cancer and the impaired
apoptotic signaling characteristic of cancer cells is frequently linked to tumor development
and progression as well as resistance to treatment. Therefore, the intrinsic apoptotic pathway
is a promising cancer eradication pathway and intensive research and drug development is
ongoing at both pharmaceutical and academic research laboratories. Targeting Bcl-2 family
proteins using SMI strategy is gaining momentum with several classes of inhibitors emerged
in clinical trials, discussed in this review. Important questions that need to be investigated in
the future include the role of these drugs as monotherapy versus combination therapy with
other anticancer drugs and the related issue of the relative toxicity to cancerous versus
normal cells. In addition, there is still a need of potent and selective SMIs of individual
members of this family (for example, selective Mcl-1 inhibitors) for further understanding
the mechanistic basis of their activity and to exploit advantages and disadvantages of this
selectivity for therapy. In addition, as for most targeted therapies, the success of ABT-263,
obatoclax, gossypol and new developed inhibitors, will be strongly dependent on the
innovation of biomarkers that can direct these exciting potential therapeutics where they can
be used for maximum efficacy.

Other strategies of targeting Bcl-2 family member interactions include designing a Bax/Bak
activator that acts as an agonist for this interaction. Walensky et al. have already shown the
ability of a stapled Bid BH3 peptide to activate Bax /n vitro, raising the possibility that Bax
(or Bak) could be targeted [17]. However, this approach needs more detailed preclinical
studies, particularly assessing the toxicity of these compounds /in vivoto determine if more
apoptosis will be promote in normal cells than a compound which engages selected anti-
apoptotic proteins.

After many years of development, it now seems likely that the design of compounds
inhibiting specific PPIs may lead to significant therapeutic advances. With the increasing
interest in small-molecule Bcl-2 inhibitors as a therapeutic approach to the treatment of
human cancer it should now be possible to determine whether these drugs represent a true
breakthrough in cancer treatment.
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Figure 1.

Extrinsic and intrinsic pathways of apoptosis. The onset of apoptosis is controlled by
numerous interrelating processes. The extrinsic pathway is activated by external signals such
as Fas ligand (FasL) or TRAIL, which act through death receptors. Subsequently Caspase-8
is activated through Fas-associated death domain (FADD). The intrinsic pathway is initiated
by different signals, primarily extracellular stimuli. Mitochondria are an essential
component of the intrinsic pathway and harbor an array of apoptotic factors. The Bcl-2
family is a primary regulator of the intrinsic pathway.
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Figure 2.

Members of the Bcl-2 family proteins; anti-apoptotic and pro-apoptotic. Conserved Bcl-2
homology domains (BH1-4) are denoted as is the carboxy-terminal hydrophobic (TM)
domain.
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Figure3.

(A) An eight-helix bundle creates a hydrophobic groove into which a BH3 peptide binds.
The binding groove is formed largely by the helices a3 — 5. The example shown here is Bcl-
XL bound to Bim (PDB code: 3FDL). (B) The alignment of several BH3-only proteins. The
conserved four hydrophobic residues and the Asp residue are highlighted by pink and light
green respectively. (C) Structure of Mcl-1 (surface representation) bound to Bim (purple
helix), which binds in a long, hydrophobic groove that has four non-contiguous hydrophobic
pockets labeled hl — h4 in the surface of Mcl-1 (PDB code: 2PQK). The five conserved
residues are shown.
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Figure4.

Peptidomimetics and small-molecule inhibitors (SMIs) targeting the canonical BH3-binding
groove of anti-apoptotic proteins and antagonizing their function. (A) Crystal structure of
the stapled peptide SAHB p-in complex with Mcl-1 protein (PDB code: 3MKS8). (B)
Terphenyl-based Bak BH3 a-helical peptidomimetic as antagonist of Bcl-x_ (C)
Superimposition of the x-ray structures of SMI ABT-737 (green, PDB code: 2YXJ) and Bim
BH3 peptide (magenta, PDB code: 1PQ1) with Bcl-x_ protein.
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