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Abstract
A critical regulator of the apoptotic machinery is the Bcl-2 family proteins whose over expression
confers a protective effect on malignant cells against death signals of apoptosis. Cancer cells that
are resistant to various anti-cancer drugs and treatment regimen are found to over express these
Bcl-2 proteins such as Bcl-2, Bcl-XL, Mcl-1, Bcl-w and A1/Bfl1. In recent years there has been an
exponential growth in the identification as well as synthesis of non-peptidic cell permeable small-
molecule inhibitors (SMIs) of protein-protein interaction. The focus of this article is on inhibitors
of anti-apoptotic protein Bcl-2. This review summarizes an up to date knowledge of the available
SMIs, their mode of action as well as their current status in preclinical as well as clinical
development.
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REVIEW
Apoptosis is a natural process through which multicellular organisms eliminate ageing or
damaged cells. This is a very coordinated mechanism involving activation of numerous
affecter proteins such as caspases that, in turn, promote a cascade of events leading to cell
death. Bcl-2 and its related family of proteins (Bcl-XL, Bcl-w, A1 and Mcl-1) are the key
negative regulators of the apoptotic switch (Cory and Adams 2002). On the contrary the
structurally similar Bax and Bak proteins promote cell death. This switch between life and
death is also governed by related proteins such as Bim, Bad, puma and noxa that share a
signature pro-death domain BH3 (Bcl-2 homology region 3). On their release the BH3-only
proteins are simulated by diverse intracellular stress signals which cause the BH3 domain to
dock at the extended hydrophobic groove on the pro-life Bcl-2-like proteins, thereby
neutralizing them (Liu et al, 2003; Sattler et al., 1997). This in turn leads to the
accumulation of pro-apoptotic Bax and Bak on the endoplasmic reticulum and mitochondrial
membranes, resulting in the release of apoptogenic proteins such as cytochrome c to trigger
activation of caspases and ultimately leading to cell death. In cancer the anti-apoptotic
proteins especially Bcl-2, are found to be over expressed. Furthermore the signaling through
BH3 domain is also found to be impaired in most if not all tumor types (Villunger et al
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2003). Surprisingly, all cancers harbor complete core apoptotic machinery making it ideal
for targeted therapies using anticancer agents (Cory and Adams 2002).

An overview of the Bcl-2 family of proteins
Bcl-2 derives its name from B-cell lymphoma 2, as it is the second member of a range of
proteins initially described as a reciprocal gene translocation in chromosomes 14 and 18 in
follicular lymphomas. Proteins in the Bcl-2 family govern the mitochondrial outer
membrane permeablization (MOMP) and thus play a key role in regulating the apoptotic
process (Adams and Cory 1998; Green and Reed 1998; Gross et al., 1998). The Bcl-2 family
proteins include anti-apoptotic protein as well as pro-apoptotic members (see Table 1) that
share homology in up to 4 conserved regions named Bcl-2 homology (BH) 1-4 domains
BH1, BH2, BH3 and BH4 (Chittenden et al., 1995; Geneste et al.,2006; Wang et al., 1996;
Letai et al., 2002; Kelekar et al 1998; Huang et al., 2000 and Huang et al., 1998). All 4
homology regions are present in Bcl-2 and Bcl-XL (Kelekar et al 1998). The Bcl-2 family
has been divided into 3 major subclasses; 1) the anti-apoptotic proteins, which include Bcl-2
and Bcl-XL; 2) the pro-apoptotic proteins, which was further subdivided to include
multidomain proteins, like Bax and Bak, which possess sequence homology in BH1-3
domains, and 3) the “BH3-domain only” proteins that share sequence homology within the
amphipathic α-helical BH3 region (Chittenden et al., 1995 and Wang et al., 1996). The
BH3-only proteins are pro-apoptotic and include Bid, Bik, Bim, Bad, Puma and Noxa (Letai
et al., 2002 and Kelekar et al 1998).

A balance between members of the Bcl-2 family is believed to determine whether
mitochondria remain intact or permeabilized and release proteins that promote cell death
(Oltvai et al., 1993; Korsmeyer et al., 1993; Sedlak et al., 1995 and Yang et al., 1995). One
of these released proteins is cytochrome c, forms a 7-fold-symmetric supercomplex (“the
apoptosome”) with Apaf-1, which activates caspase-9 (Acehand et al., 2002 and Zhou et al
1999). Caspase-9, in turn activates caspase-3, the protease that cleaves the majority of
caspase substrates during apoptosis. The intrinsic apoptotic pathway is controlled by Bcl-2
family proteins near or embedded in the endoplasmic reticulum (ER) and the outer
mitochondrial membrane (Chao et al 1998; Reed 1997a and Wei et al., 2001). Results of
studies in Bax/Bak double knockout (DKO) mouse fibroblasts reveal that binding of BH3
domain from Bim, Bad, Noxa and Bid to either Bax or Bak is essential for BH3-domain-
induced apoptosis (Letai et al., 2002; Reed 1997a ;Cheng et al.,2001 and Zhong et al.,2001).

The new class of drugs we describe in this review function by perturbing the Bcl-2 system,
which functions as gatekeeper in the intrinsic pathway of apoptosis. As suggested more than
a decade ago by Stan Korsmeyer and other workers (Oltvai et al.,1993; Korsmeyer et al.,
1993; Sedlak et al., 1995 and Yang et al., 1995), much of the stability of the Bcl-2 system
arises through protein-protein interaction between pro-apoptotic and anti-apoptotic
members, listed in Table 1. These proteins feature a long amphipathic α-helix in their 3-
dimensional structure, whose sequence is partially conserved between family members and
during evolution. The length and position of the BH3 domain in the folded structure,
however, is highly-conserved, because it fits into a hydrophobic groove found on the surface
of anti-apoptotic proteins such as Bcl-XL, Bcl-2, Mcl-1 and others (Figure 1.

Members of the Bcl-2 proteins are promising targets for cancer therapy
Over expression of Bcl-2, Mcl-1, Bcl-XL and other members contribute to cancer
progression and confer resistance to apoptosis induced by standard anti-cancer therapies
(Garcia et al., 2007). Most of the currently available cancer chemotherapeutic agents target
cellular DNA integrity or replication, and indirectly trigger apoptosis in tumor cells
(Borner., 2003). Tumors expressing high levels of Bcl-2, Mcl-1, or Bcl-XL, are often found
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to be resistant to chemotherapeutic agents or radiation therapy (Lee et al., 1999; Simonian et
al., 1997 and Reed et al., 1996). Thus, inhibition of the function of the anti-apoptotic
members represents a novel and promising strategy for designing new class of anticancer
drugs that can overcome the resistance of cancer cells to chemotherapy or radiation.

Various approaches of targeting Bcl-2
Several approaches have been developed to target Bcl-2 including an approach to inhibit
Bcl-2 expression levels. This formed the basis of the concept behind Bcl-2 anti-sense
therapy (Cotter 1996; Morris et al., 2002 and Mohammad et al., 2002). A promising Bcl-2
anti-sense oligonucleotide G3139 was in several clinical trials for treatment of various forms
of cancer. It has been found that robust intracellular concentrations could be achieved in vivo
in bone marrow (range, 3.4-40.6 pmol/mg protein) and peripheral blood mononuclear cells
(range, 0.47-19.4 pmol/mg protein) from acute myeloid leukemia patients treated with
G3139. Further, these intracellular concentrations were related to Bcl-2 mRNA down
regulation (Dai et al., 2005). The second approach is to block the activity of Bcl-2 using an
antibody against Bcl-2. An intracellular anti-Bcl-2 single-chain antibody has been shown to
increase drug-induced cytotoxicity in the MCF-7 breast cancer cell lines as well as other
cancers (Piche et al., 1998). The third approach is to use a ribozyme against Bcl-2. More
recently, a synthetic, cell permeable Bak BH3 peptide that binds to Bcl-2 has been shown to
induce apoptosis in vitro and have in vivo activity in human myeloid leukemia growth in
severe combined immunodeficient mice (Wang et al., 2000). A chemical strategy has also
been pursued by some researcher using hydrocarbon stabling to generate stapled BH3
peptide with increased pharmacological properties. (Walensky et al., 2004). The stapled
peptides, called “stabilized alpha-helix of BCL-2 domains” (SAHBs), are helical, protease-
resistant, and cell-permeable molecules that bind with increased affinity to multidomain
BCL-2 member pockets. Such a SAHB of the BH3 domain from the BID protein was shown
to specifically activate the apoptotic pathway to kill leukemia cells. Further, other stapled
BID-BH3 peptides have also been synthesized that have shown to have better apoptotic
potential than parent peptide alone (Walensky et al., 2006). Although partially successful,
yet none of these approaches has proven useful in the clinic, and attention has thus focused
on newer agents with better clinical outcome such as non-peptidic small molecule inhibitor,
which is the theme of this review.

Targeting the BH3 binding site by SMIs
SMIs are organic molecules of low molecular weight (usually less than 750 daltons). Their
small size makes their use in vivo even more practical, and possibly more cost-efficient,
compared to oligonucleotides or other small peptides. The anti-apoptotic function of Bcl-2 is
attributed, at least in part, to the ability to heterodimerize with pro-apoptotic members such
as Bim and Bid. Three dimensional structures of Bcl-XL from X-ray and NMR studies
reveal that a hydrophobic groove (the BH3 binding pocket) into which the Bim or Bid BH3
domain is able to bind (Muchmore et al., 1996). This binding pocket in Bcl-2 is essential for
its anti-apoptotic function. It has been hypothesized that SMIs that bind to this BH3 binding
site in Bcl-2 may be capable of blocking the heterodimerization of Bcl-2 with pro-apoptotic
members in the Bcl-2 protein family, such as Bid and Bim. Drug occupation of the
hydrophobic groove is thus thought to disarm the anti-apoptotic function of Bcl-2 (and
others) and induce apoptosis. This decade has witnessed a tremendous enthusiasm in the
area of SMI design and development, about half dozen groups have taken up the challenge
to develop SMIs targeting the “elongated hydrophobic cleft.” These SMIs thus act as BH3-
mimetics (see Table 2). The following paragraphs summarize the currently studied SMIs,
their mode of action as well as a brief description of their success in the clinic.
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(1) Gossypol
Gossypol, also known as BL-193, was the first compound (Table 1) to reach the clinic, but
its mechanism of action at the time was not known (Bushunow et al., 1999;Stein et al.,
1992). Gossypol is a natural polyphenol product isolated from cottonseeds and roots. It has
been studied since the 1980s for its contraceptive and anticancer effects. There are three
isoforms of gossypol, which include (−)-BL-193, (+)-BL-193, and (±)-BL-193. The (−)-
BL-193 has been shown to be more potent than its either isoforms in its growth-inhibitory
effects. Multidimensional nuclear magnetic resonance methods have shown (−)-BL-193
binds the hydrophobic groove of Bcl-2 and Bcl-XL (Wang et al., 2006). Although this
compound has been primarily studied as an inhibitor of Bcl-2, its other mechanisms of
action have also been proposed. It has been shown earlier that gossypol could induce
oxidative DNA breakage in vitro in the presence of metal ions such as copper (Zaidi and
Hadi 1992a and b). In a recent report it has been shown that gossypol induces apoptosis in
chronic lymphocytic leukemia through generation of ROS which in turn mediate the release
of cytochrome c and thus causing apoptosis (Balakrishnan et al., 2008). Gossypol is
currently in preclinical testing.

(2) TW-37
TW-37 is a benzenesulfonyl derivative that was first synthesized by researchers at
University of Michigan. The drug has both pro-apoptotic (Mohammad et al., 2007) and
antiangiogenic effects (Zeitlin et al., 2006). It was originally designed to target the BH3-
binding groove in the Bcl-XL, and has shown to have high affinities for Bcl-2, Bcl-XL, and,
unlike most SMIs, also Mcl-1 (Mohammad et al., 2007). Zeitlin et al. (2006) have shown the
antiangiogenic effects occur by inducing apoptosis in endothelial cells. These researchers
also found that low concentrations of TW-37 result in inhibition of migration and capillary
sprouting assays. Our laboratory has extensively studied this SMI for its apoptotic action not
just on leukemia or lymphoma (Mohammad et al., 2007) but also on pancreatic cancer
(Wang et al., 2008 and Azmi et al., 2008.). The observed effect of TW-37 is described in the
forthcoming passage. The drug is still in the preclinical phase of testing.

(3) Apogossypolone (ApoG2)
ApoG2 is a derivative of gossypol that was designed by Ascenta in order to reduce the non-
specific reactivity and toxicity of gossypol and is currently in the preclinical phase of testing
This modification involved the removal of two reactive aldehyde groups on the polyphenolic
rings of gossypol. Current research shows ApoG2 is a potent inhibitor of Mcl-1 and Bcl-2
proteins (Zhang et al., 2006). Studies from our laboratory have shown ApoG2 blocks
binding of Bim and Bcl-2 and induces apoptosis in lymphoma cell lines with minimal
toxicity (Mohammad et al., 2008). Further it has also been shown that Apog2 induces
apoptosis in follicular Small Cleaved Cell Lymphoma model pre-B-acute lymphoblastic
leukemia, mantle cell lymphoma, marginal zone lymphoma, as well as chronic lymphocytic
leukemia. Therefore, ApoG2 could potentially be a more effective drug in the lymphoma
clinic spanning a greater array of patients. (Arnold et al., 2008).

(4) ABT-737
ABT-737 was made by collaboration from IDUN laboratories and Abbott laboratories. It has
been shown to inhibit the anti-apoptotic proteins Bcl-2, Bcl-XL and Bcl-w, but not other
anti-apoptotic proteins such as Bcl-B, Mcl-1 and A1 (Oltersdorf et al., 2005). The drug's
inability to target Mcl-1 causes many cell types to be refractory to its effects. Experiments
by van Delft et al. demonstrate downregulation of Mcl-1 resulted in increased sensitivity to
ABT-737 (Van Delft et al., 2006). These researchers also found Mcl-1 overexpression
resulted in increased drug resistance. This drug is currently in phase 2 of clinical testing.
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(5) ABT-263
ABT-263 an orally available drug that is structurally related to ABT-737 and has shown
potent cytotoxicity against numerous human tumor cell lines including many lymphoid
malignancies (Lock et al., 2007). It is considered a second generation inhibitor of Bcl-2
family proteins with high affinity to the anti-apoptotic proteins Bcl-XL, Bcl-2, Bcl-w and
Bcl-B (Wilson et al., 2007). Recent preclinical studies demonstrated in vitro activity of
ABT-263 against ALL cell lines but showed limited single agent activity against solid tumor
cell lines (Lock et al 2007). As with ABT-737 it does not have a high affinity for Mcl-1. It is
currently in phase I/II clinical testing.

(6) Obatoclax (GX-015-070)
Obatoclax is an indole bipyrrole compound that was developed by Gemin X. It has been
shown by Trudel et al. to not only induce apoptosis by inhibiting the interaction between
pro-apoptotic and anti-apoptotic proteins, but also to upregulate the pro-apoptotic protein
Bim (Trudel et al., 2007). Specifically, these researchers found Obatoclax inhibits binding of
Bak to Mcl-1 and the up-regulation of Bim induces cytochrome c release and activation of
caspase-3. It is currently being assessed in phase I and phase II clinical trials for solid
tumors and hematological malignancies (Borthakur et al., 2006). In a recent report it has
been shown that obatoclax could synergize with ABT-737 to induce apoptosis. These
findings suggest that this agent may not only augment the clinical activity of traditional
chemotherapy, but it can potentiate the activity of other BH3 mimetics with different
binding affinities/patterns (Konopleva et al., 2008). Bcl-2 phosphorylation due to activation
of MEK/ERK pathway is an important physiological phenomena that results in decreased
sensitivity towards obatoclax. In an interesting study by Perez-Galan and co-workers (2008),
it was shown that sensitivity to obatoclax could be increased by synergizing it with ERK
inhibitors giving a new window of opportunity towards treating resistant cells.
Unfortunately, this compound may need to be redesigned for pharmacokinetic reasons;
Trudel et al. recently report that treatment of mice with bolus injection of GX-015-070 fails
to reach pharmacologically-effective levels in the blood; and dose escalation is limited by
“significant neurologic toxicity”(Trudel et al., 2007).

Other SMIs currently under study
Apart from the above mentioned SMIs there are a number of small-molecule inhibitors with
diverse chemical structure under study. For example HA14-1 which was derived through the
DISCOVER program using three dimensional database (San Leandro, CA). HA14-1 has
high binding affinity to Bcl-2. HA141 once bound to Bcl-2 inhibits its interaction with Bak
peptide. Due to its instability and redox activity a newer and stable version was generated
(sHA14-1) with better in vitro activity against cancer cells (Tian et al., 2008). Another
naturally occurring SMI is tetrocarcin A (TC-A) which is produced by actinomycetes. In an
interesting report it was found that TC-A and bcl-2 antisense oligonucleotides reduce
radioresistance of tumor cells overexpressing Bcl-2. Therefore, it was suggested that
combination of radiotherapy and Bcl-2 inhibitors may prove to be a useful therapeutic
approach for treating tumors that overexpress Bcl-2 (Hara et al., 2005). Chelerythrine
chloride is another SMI produced by natural benzophenanthridine alkaloid extracted from
the stems of Bocconia vulcanica. It was reported that Chelerythrine induces apoptosis in
SQ-20B cells by inhibiting protein kinase C (Chmura et al., 2000). Chelerythrine chloride
was identified as an inhibitor of the interaction between the Bak BH3 domain and Bcl-XL
(Chan et al., 2003). Recently, it was discovered that chelerythrine binds at a distinct site,
different from the classic BH3 binding cleft (Zhang et al., 2006). It was found that in
contrast to other the previously established pathway, chelerythrine appears to also induce
alternative Bax/Bak-independent apoptotic mechanism that involves cyclosporine A-
sensitive mitochondrial membrane permeability (Wan et al., 2008). Antimycin is yet another
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BH3 mimetic from natural source (Streptomyces). Antimycin A has been shown to compete
with the Bak BH3 for binding to the hydrophobic pocket of Bcl-2 and Bcl-XL proteins. It
can induce apoptosis in Bcl-XL overexpressing TAMH murine hepatocyte cells (Tzung et
al., 2001). Apart from its binding specificity towards Bcl-2, antimycin has been shown to
affect the apoptotic machinery. Piskernik and colleagues (2008) using radical spin trap
techniques have shown that antimycin A could release superoxide radicals (O2

.−) from
mitochondria to cytoplasm which is important for the induction of those processes leading to
cell dysfunction and cell death.

Pan Bcl-2 SMIs
Over the last couple of years our group has extensively studied two new compounds (TW-37
and ApoG2), which seem to be close to the goal of becoming broad-spectrum or pan-Bcl-2
SMIs (Mohammad et al., 2007, Wang et al., 2008 and Azmi et al., 2008). For a drug to be
successful in clinic it has to fulfill two key parameters beyond pharmacokinetic and drug
formulation. The first parameter is selectivity and specificity. There is no doubt that the new
compounds such as our (−)-gossypol, TW-37, ApoG2 and Abbott's ABT-737 and
GX-015-070 are promising from the point of view of nanomolar Ki (determined in cell-free
experiments) and nanomolar IC50 (determined on select cultured cells) (Wang et al., 2008
and Azmi et al., 2008). The parameter which is not universal to all pharmaceuticals is a
parameter of critical importance to cancer. Ordinarily, a new drug must be selective and
specific enough to hit intended targets and not too many side-targets, but in cancer, a new
drug must not inherently induce drug-resistance (Frantz et al., 2005).

Since there are 6 genes encoding 6 key targets of BH3-mimetics, and cells express a narrow
or broad subset of these; a valuable drug must hit them all, “Pan Bcl-2 drug”. It is not clear
yet what determines the IC50 or biological efficacy of a BH3-mimetic SMI. Does the IC50
simply reflect the spectrum of targets in the treated cell type? It does not seem to be so. For
example, the Abbott drug ABT-737 binds to Bcl-2 with a KD of 1 nM, and Bcl-XL with a
respectable affinity as well; neverless, some cells treated with ABT-737 show an IC50
around 500 nM and others (OPM1, H929, and U266) even higher, 8000-15000 nM (Trudel
et al., 2007).

SMIs TW-37 as anti-lymphoma agent
One of the most promising aspects of SMIs in treating cancer is that their targets and
mechanisms of action are different from those of cytotoxic drugs and radiation. This makes
it feasible to combine SMIs with other treatments, creating a synergistic therapy, without
likely development of cross-resistance or increased toxicity. In an in vivo study it was found
that TW-37 synergizes with CHOP. For example, the MTD of the TW-37+CHOP
combination was determined to be 40 mg/kg (iv via tail vein, divided in 3 injections for 3
days) plus CHOP at its MTD (cyclophosphamide “C”, 40 mg/kg, iv; doxorubicin “H”, 3.3
mg/kg, iv; vincristine “O”, 0.5 mg/kg, iv; and prednisone “P”, 0.2 mg/kg, orally every day
for 5 days). Animals at this dose experienced weight loss of <5% and had scruffy fur,
however, with full recovery 48 to 72 h after completion of treatment. However, daily
injections of 40 mg/kg for four consecutive days was toxic, as shown by a loss of >20%
body weight. In addition, 60 mg/kg per injection, i.v. injected daily for 3 days was toxic.
shows the tumor weight of mice treated with TW-37, CHOP, and their combination,
compared with control. Mice in all treatment groups developed s.c. tumors. Tumor weights
in the TW-37 + CHOP combination decreased significantly (P < 0.01) compared with either
TW-37 or CHOP group, an impressive log10 reduction of 1.8. Antitumor activity of TW-37
alone, CHOP alone, or TW-37 + CHOP combination against WSU-DLCL2-bearing SCID
mice as measured by T/C, T-C, and log10 kill were 57%, 19%, and 11%; 4, 8, and 12 days;
and 0.6, 1.2, and 1.8, respectively (Figure 2). T/C values are used to determine tumor
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response. CHOP alone and TW-37 + CHOP were considered active against WSU-DLCL2
tumor (T/C < 42%). The dose and schedule of TW-37 alone and in combination with CHOP
against WSU-DLCL2 xenograft tumor merits refinement, planned for future work.

Other Pharmacological targets of SMIs ApoG2 and TW-37
Studies over the last couple of years in our laboratory have revealed that apart from Bcl-2
family proteins, several other cellular targets have been found to be modulated by the above
mentioned SMIs. In an interesting study in pancreatic cancer cells it was shown that at
nanomolar concentrations cell growth inhibiton by TW-37 was accompanied by increased
apoptosis and concomitant attenuation of NF-kB. Further, downregulation of NF-kB
downstream genes such as matrix metalloproteases (MMP-9) and vascular endothelial
growth factor (VEGF), resulting in the inhibition of pancreatic cancer cell migration,
invasion and angiogenesis in vitro (Wang et al., 2008). We also tested TW-37 against
Colo-357 in a SCID xenograft model. Our results show that TW-37 was effective in
decreasing tumor weight significantly compared to untreated animals. Most importantly, we
have done the combination of TW-37 with gemcitabine on cell growth and apoptosis assay
in BxPC-3 and Colo-357 cell lines. We found that TW-37 sensitizes these 2 cell lines to
gemcitabine-induced growth inhibition and apoptosis (Wang et al., 2008). Therefore, Bcl-2
inhibitor could be a novel agent for designing innovative approaches for demonstrating their
antitumor activity against PC and, as such, could also be useful in enhancing the antitumor
activity of conventional therapeutic agents for the treatment of PC patients. These results
suggest that SMIs like TW-37 also play a role in regulating critical genes such as NF-kB and
its downstream pathways involved in angiogenesis.

Current studies are being pursued in order to identify the effect of TW-37 on other apoptotic
genes such as prostate apoptosis response 4 (PAR-4) which is a leucine zipper protein
originally identified in prostate cancer cells undergoing apoptosis (Sells et al., 1997). PAR-4
is ubiquitously expressed in normal tissues and cell types and is found primarily in the
cytoplasm. In contrast, PAR-4 localizes both to the cytoplasm and the nucleus in many, but
not all, cancer cells and cancer tissues where it sensitizes cells to the action of diverse
apoptotic stimuli and causes tumor regression. Our preliminary data reveals that TW-37 as
well as its parent SMI, Apog2, both induce nuclear localization of PAR-4 and thus sensitize
pancreatic cancer cells to apoptosis (Azmi et al., 2008). In combination studies with
gemcitabine, pre-treatment with Apog2 or TW-37 lead to sensitization of Colo-357 cells to
the growth inhibitory and apoptotic action of a therapeutic drug, gemcitabine. In an in vivo
setting, the maximum tolerated dose of TW-37 in xenograft of severe combined
immunodeficient (SCID) mice (40 mg/kg for three i.v. injections) led to significant tumor
inhibition (Figure 3 A). In order to identify the clinical relevance of our in vitro results, an
initial pilot experiment was performed using a xenograft animal model of pancreatic cancer.
Immunohistohemical analysis of Colo-357 xenograft animal tissue stained with PAR-4
antibody revealed some interesting results. In the untreated control tumor tissues, we did not
find any significant presence of PAR-4 and correspondingly negligible apoptosis or necrosis
(Figure 3 B left panel). In contrast, in the TW-37 treated tumors, we found extensive PAR-4
staining as well as high amount of necrotic cells (Figure 3 B right panel). These observations
provide evidence in support of the “proof-of-principle” for targeting PAR-4 by SMIs, which
could be an important and new area in the treatment of pancreatic cancer. Our results
suggest that the observed anti-tumor activity of SMIs is mediated through a novel pathway
involving induction PAR-4. Further in-depth analysis is underway to identify other key
regulators affected in the PAR-4 mediated apoptosis pathway.
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Current and Future Developmental Goals
Identifying a perfect SMI is indeed very challenging both for chemist as well as biologist.
The ideal BH3-mimetic small molecule drug would be orally-available, reach and maintain
pharmacologically-active levels in the bloodstream, target a broad class of pro-survival
Bcl-2-related targets, and function to kill tumor cells by a canonical mechanism-based mode
of action. Furthermore, the compound should have anti-tumor activity as a single agent, and
show additive or synergistic anti-tumor action when combined with other approved agents.
No single compound described in this review fulfills all the above requirements. For
example, even high bolus injections of GX015-070 (Obatoclax) (Perez-Gelan et al., 2007) in
human pharmacokinetic studies, shows that the drug demonstrates an achievable Cmax of 10
to 80 ng/mL, which is below the level indicated for in vitro activity on most tumor targets,
consistent with its failure to reach levels in a mouse xenograft tumor model sufficient to
disrupt Mcl-1/Bax protein-protein interaction (Trudel et al., 2007). Abbott's ABT-263
represents an effort to improve on its earlier ABT-737 by making the compound orally-
available, enabling phase 1/2a clinical trials (Lock et al., 2007), but ABT-263 still misses
Mcl-1 as a target, showing a KD in fluorescence polarization assays of ∼500 nM. By not
binding well to the important target Mcl-1, tumors treated with ABT-737 are likely to
develop Mcl-1-mediated drug resistance, and ABT-263 would not be expected to improve
much over ABT-737 in this aspect (Shoemaker et al., 2007 and Tahir et al., 2007). Several
of the compounds touted as BH3-mimetics such as chelerythrine (Chan et al., 2003) do not
actually bind to the hydrophobic pocket in Bcl-XL where the BH3 helix of tBid or Bim
normally bind, but bind instead to another distinct site in Bcl-XL (70); thus they do not
fulfill the mechanistic requirements of action as a true BH3-mimetic. The same criticism
extends to the oftcited BH3-mimetic HA14 (Wang et al., 2000), which binds in vitro to
Bcl-2 family proteins in isolation, but in the cellular environment actually decomposes to
generate reactive oxygen species, which may produce its apoptotic properties (Doshi et al.,
2007).

Even if a compound fulfills the essential requirements of BH3-mimetic action in living cells,
it may fail in the clinic, if the compound misses important pro-survival targets, as ABT-737
(and ABT-263) fail to bind to Mcl-1. Drug specificity and selectivity is hailed as the Holy
Grail by pharmacologists, but in the cancer arena, specificity should be broad to cover
secondary targets whose presence can lead to resistance to the initial compound. Such is the
argument (Mohammad et al., 2007) for a “pan-Bcl-2” SMI—a compound which may not
bind to all of its targets in the low nanomolar range, but binds to at least Bcl-2 and Mcl-1 to
disarm the pro-survival capacities of these key targets. Such “dirty drugs” may prove useful
in knocking out Bcl-2-family members as well as kinase family members (Frantz et al.,
2005). Thus, the future may lie for the time being still in the organic chemistry lab, to come
up with novel compounds or modify pre-existing compounds which fail the “pan-Bcl-2”
test. In this regard, Xing and co-workers (Xing et al., 2007; Doshi et al., 2006; Doshi et al.,
2007 and Tian et al., 2008), are providing an array of fresh organic compounds which have
yet to be tested against a large array of cell lines, a necessary step before testing in animal
models.

Summary
SMIs of Bcl-2 family proteins as a means of novel therapy are a very exciting research area.
The development of drugs able to induce apoptosis in tumor cells, without damaging healthy
normal cells in the vicinity of the tumor or anywhere else in the body, is an important
challenge in the fight against cancer. Many chemotherapeutic drugs cannot distinguish
between cancerous and normal healthy cells in patient's body, thus causing toxicity. There is
substantial evidence to support the use of SMIs of Bcl-2 proteins to overcome apoptotic
resistance in a variety of human cancers with minimal toxicity to normal cells. Our current
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research investigations indicate that SMIs can target other important molecules such as
PAR-4, Akt, PDPK1, notch-1, NF-kB, survivin and other. However, much remains to be
deciphered regarding the mechanism of inhibition of Bcl-2 family proteins.

SMIs may be able to restore the normal apoptotic pathway in malignant cells with high
expression of Bcl-2 family proteins and make these cells more susceptible to conventional
chemotherapy. Although initially designed against Bcl2, a number of SMIs (described in
this review) show a vast spectrum of activities on a number of different pharmacological
targets. Therefore, it is still to early to estimate the true value of these inhibitors ad as such
these SMIs may well represent an important starting point for the development of an entirely
new class of anti-cancer agents.
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Figure 1. Hydrophobic Groove in the Anti-Apoptotic Bcl-2 Family Proteins is the Specific
Binding Sites for SMIs like ABT-737 and TW-37
BH3-mimetic SMIs mimic the amphipathic α-helix of the BH3-only pro-apoptotic proteins,
which bind to a hydrophobic cleft formed by helices α2, α4, and α5 in the folded structure
shown for Bcl-2, taken from PDB file 1G5M. Critical residues in Bcl-2 include R146 in α5
and N143 located on the loop between α4 and α5. Other residues in Bcl-2 key to drug
binding are the hydrophobic sidechains of residues H94 and L97 in helix α2. The chemical
interactions between Bcl-2 and drug are thus chiefly hydrophobic (van der Waals), except
for one ionic interaction between R146 and a nucleophile (often negatively charged) in the
drug. In TW-37, the polyphenolic ring interacts closely with R146 and N143. Derivatization
of all 3 hydroxyl groups in the polyphenolic ring to hydroxyl methyl creates TW-37A (the
inactive congener).
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Figure 2.
(A)Tumor reduction resulting from the four-drug regimen CHOP in combination with the
BH3 mimetic SMI TW-37 in a mouse xenograft model of diffuse lymphoma. A, tumor
weight (mg) of WSU-DLCL2-bearing SCID in control (diluent), TW-37, CHOP, and
TW-37/CHOP. Points, mean; bars, SD. The TW-37 treatment group was 20 mg/kg given i.v.
for three consecutive d. The CHOP treatment group was at its MTD. The combined
treatment group was at the MTD of CHOP + 20 mg TW-37 per kg (i.v.) for three
consecutive d. Tumor weight decreased significantly in mice that received TW-37/CHOP
combination compared with either treatment group alone (TW-37 alone or CHOP alone),
with P < 0.01. All animals were treated 5 d after tumor transplantation. Together,
combination treatment with CHOP and TW-37 lead to a log10 1.8 reduction of tumor mass
during the treatment period (Table 3). B, we weighed the mice over 17 d of treatment using
the same treatment dose and scheduling as in (A). After 12 d, mice treated with CHOP alone
or the TW-37 + CHOP combination lost ∼9% of their body weight compared with initial
weight at day 0.
(B) The mice were weighed over 17 days of treatment using the same treatment dose and
scheduling as in Fig 2 A After 12 days, mice treated with CHOP lost ∼9% of their body
weight compared with initial weight; the curve for CHOP alone overlaps the curve for the
combination, showing that addition of TW-37 to CHOP did not cause any additional
toxicity.
(C) Table 3. Antitumor activity of TW-37, CHOP, and their combination in WSU-DLCL2–
bearing SCID mice
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Figure 3. TW-37 inhibits tumor growth and induces PAR-4 expression in cancer tissue
Colo-357 xenografts were inoculated s.c. in SCID mice. Once transplanted, fragments
developed into palpable tumors (about 80 mg), and groups of nine animals were removed
randomly and assigned to different treatment groups. Mice were injected with TW-37 at 20
mg/kg iv x3 days, for two cycles. The control group received vehicle only. (A) TW-37
retards the growth of Colo-357 tumor xenografts in nude mice. (B) PAR-4 staining of tumor
tissue showing PAR-4 induction by TW-37-treated animal tumors. Control tumors (Left
panel) show insignificant PAR-4 staining. TW-37 treated tumors (Right Panel) show
prominent PAR-4 staining (indicative of white arrows) as well as extensive necrosis
(indicated by black arrows).
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Table 1

Classification of Bcl-2-family proteins

APOPTOTIC
PROPERTY

SUBCLASS PROTEIN
NOMENCLATURE

DOMAINS

Anti-apoptotic Multidomain Bcl-2, Bcl-XL, Mcl-
1, A1, Bcl-w, Bcl-B

BH1, BH2, BH3,
BH4

Proapoptotic Multidomain Bax, Bak, Bok BH1, BH2, BH3

BH3 only
(Direct Activator)

Bid, Bim BH3

BH3
(Derepressor)

Bad, Bik, Bnip3,
Puma, Noxa, Bmf,
Hrk, others

BH3
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Table 2

List of BH-3 non-peptidic small molecule inhibitors

Compound Preclinical Use Clinical
Trials Molecular Targets*

ABT-737

Multiple myeloma; acute
myeloid leukemia; small cell
lung cancer; lymphoma

Phase I/II Bcl-2 and Bcl-XL (low
nM affinity)

ABT-263
(structure
is proprietary)

Multiple myeloma; small cell
lung cancer; non-Hodgkin
Lymphoma; chronic
lymphocytic leukemia

Phase I/IIa Bcl-XL, Bcl-2, Bcl-w,
Bcl-B

Gossypol
(BL-193, AT-101)

Head and neck tumors,
malignant gliomas Phase II/III;

Mcl-1, Bcl-2, Bcl-XL
(highest to lowest
affinity)

Obatoclax
(GX015-070)

Myeloma; mantle cell
lymphoma Phase I/II Bcl-2, Bcl-XL, Bcl-w,

Mcl-1

TW-37

Non-Hodgkins Lymphoma,
Pancreatic, Lung Preclinical

Bcl-w, Bcl-XL, A1,
Mcl-1, Bcl-2 (highest
to lowest affinity)

Apogossypolone
(ApoG2)

Non-Hodgkins Lymphoma,
Lymphoma Preclinical

Bcl-2, Mcl-1, Bcl-XL
(highest to lowest
affinity)

HA14-1

Leukemia and others Preclinical Bcl-2, Bcl-XL, Bcl-w

J Cell Physiol. Author manuscript; available in PMC 2010 January 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Azmi and Mohammad Page 19

Compound Preclinical Use Clinical
Trials Molecular Targets*

Tetrocarcin A

Leukemia and others Preclincal Bcl-2 and Bcl-XL

Chelerythrine
Chloride

Squamous cell carcinoma and
others Preclincal Bcl-2 and Bcl-XL

Antimycin

Various types of Cancer Preclinical
and Phase I Bcl-2 and Bcl-XL

BHI-1 derivatives

Under test/trials Preclinical Bcl-2, Bcl-XL, Bcl-w
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