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Abstract: Pancreatic cancer (PC) has a complex etiology and displays a wide range of
cellular escape pathways that allow it to resist different treatment modalities. Crucial
signaling molecules that function downstream of the survival pathways, particularly at
points where several of these pathways crosstalk, provide valuable targets for the
development of novel anti-cancer drugs. Bcl-2 family member proteins are anti-apoptotic
molecules that are known to be overexpressed in most cancers including PC. The antiapoptotic machinery has been linked to the observed resistance developed to chemotherapy
and radiation and therefore is important from the targeted drug development point of view.
Over the past ten years, our group has extensively studied a series of small molecule
inhibitors of Bcl-2 against PC and provide solid preclinical platform for testing such novel
drugs in the clinic. This review examines the efficacy, potency, and function of several
small molecule inhibitor drugs targeted to the Bcl-2 family of proteins and their preclinical
progress against PC. This article further focuses on compounds that have been studied the
most and also discusses the anti-cancer potential of newer class of Bcl-2 drugs.
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1. Introduction
PC is a therapy refractory and deadly disease with a an annual mortality of ~35,000 in the United
States [1]. Amongst the mechanisms by which PC cells could escape any non-surgical therapy,
anti-apoptotic protection seems to be the most relevant one [2]. Additionally, PC cells acquire
resistance to apoptotic stimuli such as death ligands (FasL, TNF-related apoptosis inducing ligand
(TRAIL)) or standard drugs (gemcitabine) by a great number of molecular alterations either disrupting
an apoptosis inducing signal or counteracting the execution of apoptosis [3,4]. Among the other crucial
pathway alterations observed in this resistant disease are deregulated Epidermal growth factor receptor
pathway EGFR/MAPK/Ras/raf1- [5], PI3K/Akt- [6], TRAIL/TRAF2- or nuclear factor-κB IKK/NF-κB
pathway [7] accompanied by deregulation in the expression of apoptosis regulators such as cIAP,
Bcl-2, XIAP or survivin [8]. PC has been shown to overexpress Bcl-2 and its family members [9].
Therefore, blockade of Bcl-2 activity should become a novel therapeutic strategy for PC. To this end,
many groups have been working to develop anticancer drugs that block the function of Bcl-2
members [10-12]. Drugs such as small-molecule inhibitor of Bcl-2, target multiple members of the
Bcl-2 family and attenuate activation of Bcl-2. These drugs are designed to target the elongated groove
of antiapoptotic proteins that normally bind the BH3 domain of proapoptotic effectors such as Bid,
Bax, Bim, and others [12].
PC is a complex disease with a multitude of deregulated pathways. Median survival is four to six
months and the five-year survival is less than 5% [11]. Standard chemotherapeutic agent gemcitabine
or platinum-based genotoxic regimens such as oxaliplatin have little impact on improving the overall
survival of PC patients [12]. Therefore, management of PC is an ongoing challenge and novel
clinically-translatable therapeutic agents that can improve on the dismal survival statistics of PC are
urgently needed. This proposal poses the critical question regarding the mechanism of drug failure in
PC and addresses the problem by investigating a novel drug combination regimen. Although to date
only partly understood, due to the heterogeneity of PC at the cell/tissue level, carcinogenesis
progresses through the accumulation of genetic alterations resulting in a gain of cell growth and
proliferation, and subsequently, in increased dissemination and metastatic potential [13]. Loss or gain
of gene function may appear in the form of up-regulation of oncogenes, down-regulation of tumor
suppressor genes, and deregulation of genomic maintenance/DNA repair genes, house-keeping genes,
and genes that control the apoptosis/cell death/immortalization cascade [14-16]. PC arises from
precursor lesions called pancreatic intraepithelial neoplasms (PanINs), which are characterized by the
sequential accumulation of alterations in the K-ras oncogene and loss of the CDKN2A, p53, and/or
SMAD4 tumor suppressors along with upregulation of pro-survival Bcl-2 [17].
Although we know the frequencies of such mutations in PC, their specific functions during the
development of PC remain unclear. PC is an oncogenic K-ras driven disease that has been shown to
positively drive Bcl-2 expression that in turn can suppress other pro-apoptotic proteins such a
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PAR-4 [18]. This has showsn that Bcl-2 upregulation is among the most critically factors that crosstalk
with other molecules to render PC therapy resistance [19,20].
It is well documented that Bcl-2 functions through heterodimerization with proapoptotic members
of the Bcl-2 family to prevent mitochondrial pore formation and prevent cytochrome c release and
initiation of apoptosis [13]. However, there is more evidence showing that Bcl-2 may play an oncogenic
role through survival pathways other than its function at the mitochondrial membrane. It has been
reported that Bcl-2 activates NF-κB by a signaling mechanism that involves Raf-1/MEKK-1–mediated
activation of IKKβ [14]. Mortenson and colleagues have shown that overexpression of Bcl-2 increased
the activity of AKT and IKK as well as NF-κB transcriptional activity in PC [15,16]. Kumar and
colleagues found that Bcl-2–induced tumor cell proliferation and tumor cell invasion were
significantly mediated by interleukin-8 [17]. Recently, Tucker and colleagues reported that Bcl-2
overexpression leading to maintenance of cyclin D1a expression may occur through p38 mitogenactivated protein kinase (MAPK)-mediated signaling pathways in human lymphoma cell lines [18].
Moreover, down-regulation of Bcl-2 also could modulate the expression of anhydrase IX (CAIX),
vascular endothelial growth factor (VEGF), and pAkt in prostate cancer cell lines [19]. These studies
provide evidence in support of the multi-functional role of Bcl-2 in cancer biology that is beyond its
classical role in cell survival.
With respect to the multitude of anti-apoptotic pathways, a great number of molecular targets might
be of high potential in novel therapy strategies, which is the theme of this issue. Even though these
early studies encouraged an application in a clinical setting, most of the trials have been rather
disappointing to date. Thus, new molecular targets and novel concepts of combination therapies need
to gain access into clinical trials—either in neoadjuvant/adjuvant or in palliative treatments. Apoptosis
(also known as programmed cell death) is a natural, active and tightly controlled form of cell death
through which multi-cellular organisms get rid of damaged and aging cells. It is also deliberated a
stress induced process of cellular communication [21]. There are two major apoptotic signaling
pathways, i.e., the death receptor (extrinsic) pathway and the mitochondria (intrinsic) pathway [22]. In
addition, there is another pathway that in that involves T-cell mediated cytotoxicity and perforingranzyme-dependent killing of the cell. While granzyme B and granzyme A proteases are responsible
for inducing cell death in this pathway [23].
These intrinsic, extrinsic, and granzyme B have different modes of initiation but have the same
outcome: they lead to activation of a cascade of proteolytic enzymes, members of caspase family [24]
(Figure 1). Granzyme A, a serine protease, causes cell death by DNA damage by single-stranded nicks,
independent of caspases [25]. The mitochondrial (intrinsic) pathway is regulated by the BCL-2 family
and activated by mitochondrial disruption with subsequent cytochrome c release. Initiators of this
pathway include UV irradiation and cytotoxic drugs. An ‘apoptosome’ is formed by the interaction of
cytochrome c, Apaf-1, d-ATP/ ATP and procaspase-9 with subsequent initiation of the caspase cascade
[26]. Overexpression of BCL-2 and associated anti-apoptotic proteins Bcl-xL, Mcl-1, and BCL-W
occurs in substantial subsets of common cancer types that include pancreatic, ovarian, lymphoma ,
multiple myeloma, lung adenocarcinoma, prostate adenocarcinoma, etc [27,28]. These Bcl-2 proteins
can essentially make cancer cells resistant to a variety of chemotherapeutic agents and therefore these
proteins are currently important targets for the development of new anti-cancer agents [29].
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Figure 1. The Apoptotic Process. There are two major apoptotic signaling pathways: the
extrinsic pathway and the mitochondria (intrinsic) pathway. In addition, there is another
pathway that involves T-cell mediated cytotoxicity and perforin-granzyme-dependent
killing of the cell. The mitochondrial (intrinsic) pathway is regulated by Bcl-2 family and
activated by mitochondrial disruption with subsequent cytochrome c release. Initiators of
this pathway include UV irradiation and cytotoxic drugs. An ‘apoptosome’ is formed by
the interaction of cytochrome c, Apaf-1, d-ATP/ ATP and procaspase-9 with subsequent
initiation of the caspase cascade.

2. Bcl-2 Family of Proteins
Bcl-2, the founding member, was identified more than 20 years ago at the chromosomal breakpoint
of t (14; 18) (q32; q21) lymphomas. Bcl-2 supports neoplastic growth, not only by stimulating cellular
proliferation, but rather by blocking cell death [30-32]. More Bcl proteins were identified since then
and there are at least 25 members identified so far [33]. Bcl-2 family members are grouped into three
classes based on the number of BH (Bcl-2 Homology) domains they share. 1. Anti-apoptotic: Bcl-2,
Bcl-xL, Bcl- W, Mcl-1, Bcl-B or BCL 2L10 and Bcl-A1 or Bcl -2A1 proteins possess four BH
domains -BH1-4; 2. Pro-apoptotic: Bax, Bak and Bok or MTD; 3. BH-3 only proteins (Bad, Bik, Bid,
Hrk, Bim , Bmf, Noxa, Puma).
Both apoptotic and BH-3 proteins are characterized by presence of only the BH3 domain [34,35].
The intrinsic (mitochondrial) apoptotic pathway is controlled by the balance between anti-apoptotic
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proteins belonging to the Bcl-2 family and pro-apoptotic proteins bearing a single BH3 domain as
mentioned above [36]. BH-3 proteins are responsible for triggering apoptosis in response to various
cellular stresses as mentioned above. In healthy cells, pro-apoptotic proteins, Bax, Bid and Bad reside
in the cytosol. On initiation of apoptosis, these pro-apoptotic proteins translocate to the outermitochondrial membrane, causing the mitochondria to lose membrane potential. Recent studies also
showed, Bak molecules present on mitochondria are activated on receiving apoptotic signals. On
activation, Bak exposes its BH-3 domain,allowing dimerization by insertion of the BH-3 domain of
one Bak protein into the hydrophobic groove of another. The symmetric Bak dimers formed after
BH3:groove interaction is postulated to contain additional interaction interfaces that lead to more
advanced order oligomers. The result is homo-oligomerization and permeabilization of the outer
mitochondrial membrane (MOMP). A similar step of activation is also suggested in Bax [37].
Many investigators believe mitochondrial permeablization to be a “point of no return”. The reasons
behind this statement are few. Following permeablization of mitochondrial membrane, cytochrome c is
released from mitochondria; it forms an apoptosome as explained above which lead to activation of
caspases in the cytosol and then final accomplishment of cellular structure degradation.
Permeablization of the mitochondrial membrane also leads to mitochondrial dysfunction along with a
fall in ATP or pro-apoptotic factors (AIF, endonuclease) release that causes caspase-independent cell
death [38]. From the above discussion, it is clear that MOMP is a greatly organized process,
principally controlled through interactions between pro- and anti-apoptotic members of the B cell
lymphoma 2 (Bcl-2) family [39].
2.1. Earlier Therapies Targeting Bcl-2 Proteins
Bcl- 2 anti-sense therapy was an initial advancement towards this goal of targeting Bcl-2 to inhibit
its overexpression [40-42]. Among different Bcl-2 anti-sense drugs Oblimersen sodium showed
promise. Oblimersen specifically binds to the first six codons of the human Bcl-2 mRNA sequence,
causing degradation of Bcl-2 mRNA, resulting in consequent reduction in Bcl-2 protein translation and
intracellular concentration [43]. Oblimersen was used in a number of clinical trials for different
malignancies [44-50]. However, a phase III trial in melanoma did not show a survival benefit.
Therefore, it was not approved by FDA. However, a number of other trials are underway [51] Some
BclXL antisense strategies were tested against PC in the early part of this decade where Xu and
co-workers showed that BclXL antisense oligonucleotides can suppress pancreatic tumor growth and
also sensitize these cells to gemcitabine [52]. Nevertheless, this remains among the only successful
study for antisense strategy against PC.
Another approach would be developing an antibody that would block activity of 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 line as well as other cancers [53]. Moreover, other fascinating approaches
include a ribozyme 200 against Bcl-2 and also synthetic cell permeable Bak BH-3 peptide, that was
partially successful both in vitro and in vivo against myeloid leukemia growth [54]. These approaches
have a number of limitations that include short half-life of anti-sense therapies due to rapid enzymatic
degradation. Furthermore, lack of success of anti-sense compounds in a number of studies has reduced
interest among scientists. However, second and third generation compounds have been developed and
may bring back enthusiasm again [55]. Similarly, issues occurred with antibody, ribozymes or peptides
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therapies, such as lack of stability and effective delivery. Researchers developed another approach in
which a biochemical strategy was used to make ‘stabilized a-helix of Bcl-2 domains’ (SAHBs) by
hydrocarbon stabling. These BH3 peptides are helical, proteoresistant, cell permeable, and have high
affinity to multi-domain member pockets [56-59].
3. Small Molecule Inhibitors of Bcl-2 Proteins and Their Progress against Pancreatic Cancer
From the above discussion, it is clear that none of therapy has been proven to be helpful when it
comes to taking these drugs from the laboratory to the clinic. The last 20 years has witnessed
enormous information in delineating the protein machinery responsible for apoptosis. It is widely
believed that the equilibrium (rheostat model) between pro-apoptotic and apoptotic proteins determine
whether a cell undergoes apoptosis or not [60-63]. The three dimensional structure of Bcl-xL disclosed
a hydrophobic groove into which Bim or BID domains are able to bind [64]. This binding is essential
for anti-apoptotic pathway function. Hypothetically, SMIs bind to the hydrophobic groove of Bcl-2,
which will block the hetrodimerization of Bcl-2 with pro-apoptotic members of the Bcl-2 protein
family, such as Bid and Bim. Drug occupation of the hydrophobic groove is thus thought to neutralize
the anti-apoptotic function of Bcl-2 (and others) and induce apoptosis. There are multiple SMIs
available that have shown great promise. In this review we will discuss a few of these specifically for
their preclinical efficacy against pancreatic cancer.
3.1. Gossypol (BL 193)
Gossypol is a natural compound that was extracted from cotton seed in 1915 [65]. However, it was
extensively studied as contraceptive and anti-cancer drug since the 1980s [66-69]. It is chemically
reactive due to its six phenolic hydroxyl groups and two aldehydic groups [70]. Natural gossypol
occurs in racemic form and levo isoform is currently in clinical trials [71] Gossypol was first used in
study of glial tumors but its mechanism of action was unknown at that time [72]. The (−)-BL-193 (levo
isoform) has been shown to be more potent than 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 [73]. Gossypol has anti-cancer activity due to widespread effects on cells
that include regulating Bcl-2 proteins and caspases [74], DNA damaging capacity [75, 76], activating
p53, [77] ability to generate ROS and cytochrome c release [78]. Gossypol is also seen to enhance
TRAIL-induced apoptosis by upregulation of TRAIL death receptors through the ROS-ERK-CHOPDR5 pathway in colon cancer cells [79]. It has also been shown to induce beclin-1-dependent and –
independent autophagic response in breast cancer cells, but autophagy was cytoprotective contrary to
belief that it may aid in apoptosis. Gossypol is currently in pre-clinical testing.
Our group has investigated the effect of gossypol on PC growth in multiple cell lines. (-)-Gossypol
showed a concentration-dependent growth inhibition effect against BxPC-3 PC cell line and induced
apoptosis with no effect on normal peripheral blood lymphocytes. Results from coimmunoprecipitation experiments indicate that the effect of (-)-gossypol is mediated, at least in part,
via disrupting the heterodimerization of Bcl-xL with Bim in BxPC-3 PC cells. (-)-Gossypol completely
disrupts Bcl-xL/Bim heterodimerization with no change in the total Bcl-xL or Bim protein, indicating
that (-)-gossypol treatment does not affect the levels of Bcl-xL and Bim proteins. In addition, the
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combination of (-)-gossypol with genistein showed significantly greater growth inhibition compared
with either agent alone [80].
3.2. TW-37
TW-37 is a benzenesulfonyl derivative, second generation SMI, derived from Gossypol [81]. Our
laboratory has extensively studied TW-37 for its action in leukemia, lymphoma and PCs [82-84]. In
addition to its anti-apoptotic activity, it was also shown to have anti-angiogenic activity [85]. Like
other SMI’s, it was originally developed to target the BH-3 binding groove in Bcl-xL. We have
previously shown that TW-37 has high affinity for Bcl-2 in addition to Bcl-xL and targets Mcl-1
unlike other SMIs. This unique feature of TW-37 to block Mcl-1 is of great significance as Mcl-1 is
emerging as a key participant in the pro-survival machinery. In our laboratory, we have also shown
that TW-37 induces apoptosis in PCs through a novel NOTCH-1 pathway [87].
TW-37 is perhaps the most studied Bcl-2 small molecule inhibitor against PC. Using multiple
cellular and molecular approaches we found that TW-37, in nanomolar concentrations, inhibited PC
cell growth in a dose- and time-dependent manner. This was accompanied by increased apoptosis and
concomitant attenuation of NF-kappaB, and downregulation of NF-kappaB downstream genes such as
MMP-9 and VEGF, resulting in the inhibition of PC cell migration, invasion and angiogenesis in vitro
and antitumor activity in vivo. From these results, it was concluded that TW-37 is a potent inhibitor of
progression of PC cells, which could be due to attenuation of Bcl-2 cellular signaling processes. Our
findings provided evidence that TW-37 could act as a small-molecule Bcl-2 inhibitor on wellcharacterized PC cells in culture as well as when grown as tumor in a xenograft model. We also
suggest that TW-37 could be further developed as a potential therapeutic agent for the treatment of PC.
We also showed the TW-37 and another inhibitor ApoG2 could induce PC growth inhibition
through the novel apoptosis protein Par-4. Sensitivity to apoptosis was directly related to the
expression levels of PAR-4 (R = 0.92 and R2 = 0.95). Conversely, small interfering RNA against
PAR-4 blocked apoptosis, confirming that PAR-4 is a key player in the apoptotic process. In
combination studies with gemcitabine, pretreatment with SMI led to sensitization of Colo-357 cells to
the growth-inhibitory and apoptotic action of a therapeutic drug, gemcitabine. Our results suggested
that the observed antitumor activity of both ApoG2 and TW-37 was mediated through a novel pathway
involving induction of PAR-4. To our knowledge, these were the first studies reporting SMI-mediated
apoptosis involving PAR-4 in PC [84].
In another study while investigating the true mechanism of action of the Bcl-2 inhibitor TW-37, we
found that TW-37 induces cell growth inhibition and S-phase cell cycle arrest, with regulation of
several important cell cycle-related genes like p27, p57, E2F-1, cdc25A, CDK4, cyclin A, cyclin D1, and
cyclin E. The cell growth inhibition was accompanied by increased apoptosis with concomitant
attenuation of Notch-1, Jagged-1, and its downstream genes such as Hes-1 in vitro and in vivo. We also
found that down-regulation of Notch-1 by small interfering RNA or gamma-secretase inhibitors before
TW-37 treatment resulted in enhanced cell growth inhibition and apoptosis. Our data suggest that the
observed antitumor activity of TW-37 is mediated through a novel pathway involving inactivation of
Notch-1 and Jagged-1 [87].

1534

Cancers 2011, 3
3.3. Apogossypolone (ApoG2)

ApoG2 is a third generation SMI that has also been studied extensively in our laboratory. It was
developed to decrease reactivity and toxicity of gossypol. It was chemically made by the removal of
two reactive aldehyde groups on poly-phenolic rings of gossypol. We have shown that ApoG2 blocks
binding of Bcl-2 and Bim and induces apoptosis in lymphoma cell lines with minimal toxicity [88]. In
addition, APO G2 has shown significant activity against follicular small cleaved lymphoma, pre-B cell
acute lymphoblastic leukemia, multiple myeloma, mantle cell leukemia, prostatic cancer, and PC [89-93].
Our studies showed that when ApoG2 was combined with gemcitabine, increased cytotoxicity and
apoptosis was evident. Co-immunoprecipitation experiment revealed that ApoG2 blocks the
heterodimerization of Mcl-1/Bax and Bcl-2/Bim in cells. Furthermore, administration of ApoG2 with
gemcitabine resulted in a statistically higher antitumor activity compared with either ApoG2 or
gemcitabine alone in a severe combined immunodeficiency mouse xenograft model. These studies
concluded that ApoG2, which functions as a potent pan-Bcl-2 family inhibitor, seems therapeutically
promising for future translational studies including the treatment of PC.
We are further investigating the combination of ApoG2 and gemcitabine in a gemcitabine resistant
cell line MiaPaCa-GR. Our ongoing studies in PC with ApoG2 show that this is among the most potent
Bcl-2 SMI developed to date. ApoG2 not only shows higher efficacy against PC that TW-37 or
AT-101 it also shows superior synergistic effects when combined with gemcitabine. Most
interestingly, these studies were performed against a highly resistance PC cell line MiaPaCa that was
made resistant by continuous exposure to gemcitabine. The drug synergized effectively with
gemcitabine with a combination index value less than 1 (CI < 1) (Figure 2). Further in vivo studies in
different xenografts and orthotopic animal models are underway. Some of our pancreatic cancer studies
using Bcl-2 inhibitors are summarized in Table 1.
Table 1. Pancreatic cancer studies using Bcl-2 inhibitors.
Bcl-2 Inhibitor
Gossypol
TW-37
TW37
TW-37 and ApoG2
Apogossypolone

Study
Inhibition of Bcl-2/BclXL in BxPC-3
pancreatic cancer cell line
Inhibition of pancreatic cancer
growth and invasion
Inhibits Notch signaling in pancreatic
cancer cells
Induces PAR-4 in pancreatic cancer and
synergizes with gemcitabine
Suppression of Bcl-2 and Mcl-1 in
pancreatic cancer

Reference
[1]
[81]
[87]
[84]
[90]
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Figure 2. Bcl-2 family inhibitor ApoG2 synergizes with gemcitabine. (A) ApoG2
synergizes with gemcitabine and induces superior growth inhibition compared to single
agents in gemcitabine resistant PC cells (MiaPaCa-GR). MiaPaCa-GR cells were
developed by growing MiaPaCa-2 cells in 100 nm gemcitabine-containing media for 4
weeks. The cells were exposed to the indicated concentrations of (top and bottom panels)
ApoG2 (250 nmol/L and 1000 nmol/L); gemcitabine (250 nmol/L; 500 nmol/L) or their
respective combinations for 72 hrs (multiple concentrations were used to obtain
statistically relevant and Isobologram analysis eligible data). Growth inhibition was
analyzed by MTT assay. Note the combination has greater growth inhibition than single
agent treatment. (B) Isobologram analysis for synergistic interaction using Calcusyn
software. Combination index <1 means synergy. ** p<0.01 single agent vs. combination
treatment. At similar doses, ApoG2 does not induce growth inhibition or apoptosis in
normal human pancreatic ductal epithelial cells (HPDE).

3.4. AT-101
It is an oral, pan Bcl-2 inhibitor [96], chemically (-)-gossypol, with the trade name AT-101. Along
with topotecan, it is currently in multiple phase I/II trials in refractory small cell lung cancer [97],
phase II clinical trials are ongoing in CLL (in combination with rituximab) and in hormone refractory
prostate cancer (in combination with docetaxel) [98]. Furthermore, AT-101 has also shown activity
against multiple myeloma cells [99,100].
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3.5. ABT 737
This SMI was developed by Abbott laboratories using structure-activity relationship (SAR) by
NMR strategy. ABT-737 mimics the BH-3 domain of BAD and binds selectively Bcl-2, Bcl-xL and
Bcl-w but it binds with poor affinity to Mcl-1 and Bfl-1 [101]. In addition, ABT737 directly activates
Bax or Bak and releases cytochrome c from mitochondria in vitro [102]. ABT-737, when used alone in
different cancer cells, showed up regulation of Mcl-1 protein expression [103]. This problem was
solved by many authors by using combination regimens [104-107]. ABT 269, an oral form of ABT
737 is in clinical trials [108]. It inhibits anti-apoptotic proteins Bcl-2, Bcl-xL and Bcl-w, and unlike
ABT 737, has shown single agent efficacy in numerous small cell lung carcinoma (SCLC) and
leukemia/lymphoma cell lines [109-111]. In addition, recent study had shown its potentiating effect in
combination with common chemotherapeutic agents and regimens (VAP, CHOP, R-CHOP, Rituximib,
etopside, etc.) in B-cell lymphoma and multiple myeloma. It was also seen that Bortezomib strongly
synergized with ABT-263 in mantle cell lymphoma [112]. The most common toxicity observed of this
agent is thrombocytopenia [113]. Additionally, Abbott laboratories using SAR by NMR and structure
based drug design have recently developed a drug that is a highly potent, selective, anti-cancer agent that
would potentially overcome Bcl-xL mediated thrombocytopenia observed with ABT-263 [114].
Recently Sinicrope and colleagues have shown that ABT-737 can synergistically enhance
TRAIL-mediated cytotoxicity in human PC cell lines. ABT-737 was shown to enhance TRAIL-induced
apoptosis as shown by DNA fragmentation, activation of caspase-8 and Bid, and cleavage of caspase-3
and poly(ADP-ribose) polymerase. Mechanistically, Bax conformational change induced by TRAIL
was enhanced by ABT-737. ABT-737 further disrupted the interaction of Bak with Bcl-xL while Bim
small hairpin RNA (shRNA) was shown to attenuate caspase-3 cleavage and to reduce the cytotoxic
effects of TRAIL plus ABT-737. The authors also noted that Mcl-1 shRNA potentiated caspase-3
cleavage by ABT-737 and enhanced its cytotoxic effects. Taken together these studies confirmed that
ABT-737 could augment TRAIL-induced cell killing by unsequestering Bim and Bak and enhancing a
Bax conformational change induced by TRAIL. These findings suggest a novel strategy to enhance
cross-talk between the extrinsic and intrinsic apoptotic pathways to improve therapeutic efficacy
against PC.
3.6. Obatoclax (GX-015-070)
Obatoclax (GX15-070) is a small-molecule indole bipyrrole compound that antagonizes Bcl-2,
Bcl-xL, Bcl-W and Mcl-1 [115]. Obatoclax was discovered after researchers learned that Bcl proteins
have potential to undergo conformational changes and they used high throughput screening of natural
compound libraries that upset protein-protein interactions [102]. Obatoclax has the ability to inhibit the
direct interaction between Mcl-1 and Bak and was seen to overcome the resistance to ABT-737 and the
proteasome inhibitor bortezomib [116]. Obatoclax can trigger apoptosis in NSCLC cells and can
enhance cisplatin based chemotherapy-induced death [117]. In a preclinical study, obatoclax was seen
to induce potent cytotoxic responses against myeloma cells and in addition, enhanced the antimyeloma
activity induced by melphalan, dexamethasone, or bortezomib [118]. Lately, obatoclax has been shown
to induce Bax-mediated apoptosis in cholangiocarcinoma [119]. Moreover, this compound has shown
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activity against a wide variety of cancer cells that include mantle cell lymphoma, esophageal cancer
cells, melanoma and PC cells [120-123].
Obatoclax has been tested for its potency against PC in combination with TRAIL. Obatoclax
reduced the viability of PANC-1 and BxPC-3 cell lines and synergistically enhanced TRAIL-mediated
cytotoxicity. Obatoclax enhanced TRAIL-mediated apoptosis, as shown by Annexin V labeling, which
was accompanied by caspase activation (caspase-8, -9, and -3) and cleavage of Bid. Obatoclax
potentiated TRAIL-mediated Bax/Bak activation and the release of mitochondrial cytochrome c, Smac,
and AIF. Mechanisms underlying the apoptotic effect of obatoclax included displacement of Bak from
its sequestration by Bcl-xL or Mcl-1 and release of Bim from Bcl-2 or Mcl-1. Bid knockdown by short
hairpin RNA attenuated caspase cleavage and cytotoxicity of obatoclax plus TRAIL. Bim knockdown
failed to inhibit the cytotoxic effect of obatoclax alone or combined with TRAIL, yet attenuated
TRAIL-mediated cytotoxicity. AIF knockdown attenuated cytotoxicity of the drug combination. These
studies concluded that obatoclax potentiates TRAIL-mediated apoptosis by unsequestering Bak and
Bim from Bcl-2/Bcl-x(L) or Mcl-1 proteins and this drug combination enhances Bid-mediated crosstalk between the mitochondrial and death receptor-mediated apoptotic pathways and may represent a
novel therapeutic strategy against PC.
3.7. HA 14-1
HA14-1 (ethyl 2-amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-4H-chromene-3-carboxylate)
ligand of Bcl-2 surface pocket was discovered by Wang et al. [124]. This molecule has shown activity
on a number of cancer cell lines and enhances cytotoxicity of a number of cancer cell lines [125-127].
However, recent study showed that HA 14-1 is unstable at physiological conditions. It decomposes
rapidly and generates ROS that could be mediators of cell death and this compound should be used
cautiously as a qualified antagonist against antiapoptotic Bcl-2 proteins [128]. However, s-HA 14-1
was developed that did not induce ROS formation.
3.8. Toxicity Related Issues of Bcl-2 Inhibitors
Despite tremendous advances in the development of Bcl-2 inhibitors over the last 10 years their
clinical progress has been very slow. Although many such molecules have been synthesized, rigorous
verification of their specificity has often been lacking. Further studies have revealed that many putative
Bcl-2 inhibitors are not specific and have other cellular targets, resulting in non-mechanism based
toxicity. As yet the specificity of other agents, such as obatoclax and TW-37, to kill Bax/Bak null
fibroblasts has not been definitively ascertained, although some reports indicate that obatoclax may be
active in Bax/Bak null fibroblasts [129]. These studies suggest that a variety of Bcl-2 antagonists have
additional targets besides inhibiting antiapoptotic Bcl-2 family members and these additional targets
may lead to unpredicted, non-mechanism based toxicity. The notion that it is necessary to neutralize
both arms of the antiapoptotic Bcl-2 family raises important questions with regard to the specificity of
the Bcl-2 inhibitors. Researchers are diligently working in the direction of developing a pan Bcl-2
inhibitor that can additionally block or suppress Mcl-1 and Bcl2A1. Obatoclax is a pan Bcl-2 inhibitor
whereas ABT-737 and ABT-263 are both Bad-like BH3 mimetics, which only inhibit Bcl-2, Bcl-XL
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and Bcl-w but do not inhibit Mcl-1 and Bcl2A1 [116]. Resistance to ABT-737 has been linked to high
expression levels of Mcl-1 and in many instances this resistance can be overcome by treatment with an
agent(s) that decreases Mcl-1, such as seliciclib, a cyclin-dependent kinase inhibitor [130]. In contrast,
obatoclax overcomes Mcl-1 mediated resistance to apoptosis partly by interfering with Mcl-1–Bak
interactions [116]. Thus, solely from an efficacy viewpoint, it would be preferable to use a pan rather
than a more specific Bcl-2 inhibitor. However, issues of toxicity, both mechanism and non-mechanism
based, have also to be considered. Owing to limited in vivo studies to date on most of the Bcl-2
inhibitors, relatively little is known about their potential toxicities, with the possible exceptions of
ABT-737 and gossypol. ABT-737 is generally well tolerated in vivo but has been reported to cause a
concentration-dependent and rapid decrease in circulating platelets and lymphocytes without affecting
platelet aggregation [131]. ABT-737, when tested in dogs, rapidly decreases platelets that return to
baseline within three days and is compatible with a mechanism involving platelet destruction rather
than a mechanism involving decreased production from megakaryocytes as observed following
conventional cytotoxic chemotherapy. As Bcl-XL is critical in limiting the proapoptotic activity of Bak
in platelets, the observed thrombocytopenia appears to be because of inhibition of Bcl-XL resulting in
activation of Bak [131]. Older platelets contain less Bcl-XL than younger platelets and are more
susceptible to ABT-737, which helps to explain the almost full recovery of platelets in mice dosed
daily with ABT-737. However, it should be noted that non specificity can also be beneficial in certain
cases. For example, our group has shown that both ApoG2 and TW-37 can target Par-4 activation that
leads to cancer cell specific killing [84]. This is an example where non specificity of these inhibitors
benefits their overall activity. Nevertheless, the more specific the inhibitor for individual Bcl-2 family
members, the less non-mechanism based toxicity would be expected. Pan Bcl-2 inhibitors are more
likely to exhibit mechanism-based toxicities than more specific inhibitors. For example, a pan Bcl-2
family inhibitor that inhibits Mcl-1 may induce toxicities in cells or tissues where there is an important
constitutive function of Mcl-1.
3.9. Future Directions
The most potent and clinically acceptable Bcl-2 inhibitor AT-101 is currently in 20 different clinical
trials around the globe (ClinicalTrials.Gov). The agent has shown immense promise as a single agent
and has been shown to synergize with different standard chemotherapeutic drugs. In Phase I and Phase
II trials, AT-101 has demonstrated single-agent cytoreductive activity in several cancers, including
chronic lymphocytic leukemia (CLL), non-Hodgkins lymphoma (NHL), and prostate cancer. Phase II
combination trials were conducted in several cancers, including hormone-refractory prostate cancer
and non-small cell lung cancer (with Taxotere® [docetaxel]), B-cell malignancies (with Rituxan®
[rituximab]), small cell lung cancer (with Hycamtin® [topotecan]), glioma (with Temodar®
[temozolomide], +/− radiotherapy) and esophageal cancer (with docetaxel, 5-fluorouracil and
radiotherapy). Clinical trials are ongoing in the US and Europe and Ascenta is collaborating with
Ascenta Pharma Group Corporation (located in Hong Kong and Shanghai) for the clinical development
of AT-101 in China. Even though AT-101 is in so many different clinical trials, however, it is still far
from a specific Bcl-2 inhibitor. Future research will focus on developing a more potent inhibitor with
better specificity against Bcl-2 family proteins. Due to the dynamics of Bcl-2 protein structure,
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chemistry, mode of binding and efficacy, it is not an easy task to develop a perfect inhibitor. For
example, both TW-37 and ApoG2 showed immense potency in the preclinical laboratory setting,
however, they have not advanced to the clinic due to pharmacokinetic and toxicity related issues.
Over the years different groups have shown that Bcl-2 inhibitors can target non Bcl-2 targets as
well. Therefore, in order to delineate the entire set of pathways modulated by these inhibitors our
laboratory is pursuing a systems biology approach (on AT-101) to obtain drug target gene signatures of
these. This will help in understanding the mechanism of action of these inhibitors and aid in the
rational design of single agent and combination regimens in genetically pre-defined subset of cancer
patients. Other approaches include nano-encapsulation of Bcl-2 inhibitors to increase bioavailability
and tumor targeted combinations with vaso-active peptide receptor engrafted sterically stabilized Bcl-2
inhibitor micelle formulations.
4. Conclusions
PC is a deadly disease that is considered incurable. The dismal survival rate points towards the
urgent need for the development of newer drugs against this malignancy. Deregulation of apoptotic
machinery in PC has been acknowledged as a major contributor to the observed resistance to
chemotherapy. Therefore, agents that target the apoptotic machinery leading to PC cell death may offer
a better strategy against this disease. Over the last two decades the advancement of our understanding
of apoptosis and the recognition of its key players has led to development of various strategies to
selectively destroy cancer cells. Initial strategy to target anti-apoptotic protein translation by using
antisense technology did not bring much success. However, small molecule inhibitors have shown
promise against PC and have brought back enthusiasm among researchers. Small molecule inhibitors
of Bcl-2 family proteins are specific and targeted agents that can be given orally and do not have any
appreciable toxicity. This new class of drugs is increasingly being realized as effective anticancer
agents either alone or to sensitize cancer cells to standard chemotherapeutics agents. Their emerging
potential as enhancers of chemotherapeutic drugs can be a significant development that can be used as a
future strategy against deadly tumors. We believe that in the next decade or so, as more key regulators
of apoptosis are uncovered, new SMIs will continue to emerge to target these apoptotic proteins and
will significantly improve the PC care.
Acknowledgements
We sincerely acknowledge the grant support from National Cancer Institute, NIH grant
R01CA109389 (R.M. Mohammad). We deeply acknowledge Dajun Yang, Shaomeng Wang and
Ascenta Therapeutics for providing Bcl-2 inhibitors. We sincerely thank the Guido foundation for their
support. We thank Arshia Saqib for her assistance in carefully editing this manuscript.

Cancers 2011, 3

1540

References
1.
2.

3.
4.
5.
6.
7.
8.

9.

10.

11.
12.
13.
14.
15.

16.

Jemal, A.; Siegel, R.; Xu, J.; Ward, E. Cancer statistics, 2010. CA Cancer J. Clin. 2010, 60,
277-300.
Sun, C.Y.; Wang, B.L.; Hu, C.Q.; Peng, R.Y.; Gao, Y.B.; Gu, Q.Y.; Wang, D.W. Expression of
the bcl-2 gene and its significance in human pancreatic carcinoma. Hepatobiliary Pancreat. Dis.
Int. 2002, 1, 306-308.
Ghaneh, P.; Tudur-Smith, C.; Neoptolemos, J.P. Comment on "adjuvant therapy in pancreatic
cancer: a critical appraisal". Drugs 2007, 67, 2487-2490.
Ghaneh, P.; Costello, E.; Neoptolemos, J.P. Biology and management of pancreatic cancer.
Postgrad. Med. J. 2008, 84, 478-497.
Arlt, A.; Muerkoster, S.S.; Schafer, H. Targeting apoptosis pathways in pancreatic cancer.
Cancer Lett. 2010, doi:10.1016/j.canlet.2010.10.015.
Maitra, A.; Hruban, R.H. A new mouse model of pancreatic cancer: PTEN gets its Akt together.
Cancer Cell 2005, 8, 171-172.
Diamantidis, M.; Tsapournas, G.; Kountouras, J.; Zavos, C. New aspects of regulatory signaling
pathways and novel therapies in pancreatic cancer. Curr. Mol. Med. 2008, 8, 12-37.
Koliopanos, A.; Avgerinos, C.; Paraskeva, C.; Touloumis, Z.; Kelgiorgi, D.; Dervenis, C.
Molecular aspects of carcinogenesis in pancreatic cancer. Hepatobiliary Pancreat. Dis. Int. 2008,
7, 345-356.
Campani, D.; Esposito, I.; Boggi, U.; Cecchetti, D.; Menicagli, M.; De, N.F.; Colizzi, L.; Del,
C.M.; Mosca, F.; Fornaciari, G.; Bevilacqua, G. Bcl-2 expression in pancreas development and
pancreatic cancer progression. J. Pathol. 2001, 194, 444-450.
Martin, A.P.; Park, M.A.; Mitchell, C.; Walker, T.; Rahmani, M.; Thorburn, A.; Haussinger, D.;
Reinehr, R.; Grant, S.; Dent, P. BCL-2 family inhibitors enhance histone deacetylase inhibitor
and sorafenib lethality via autophagy and overcome blockade of the extrinsic pathway to
facilitate killing. Mol. Pharmacol. 2009, 76, 327-341.
Azmi, A.S.; Wang, Z.; Philip, P.A.; Mohammad, R.M.; Sarkar, F.H. Emerging Bcl-2 inhibitors
for the treatment of cancer. Expert Opin. Emerg. Drugs 2010, 16, 59-70
Azmi, A.S.; Mohammad, R.M. Non-peptidic small molecule inhibitors against Bcl-2 for cancer
therapy. J. Cell Physiol. 2009, 218, 13-21.
Vo, T.T.; Letai, A. BH3-only proteins and their effects on cancer. Adv. Exp. Med. Biol. 2010,
687, 49-63.
Regula, K.M.; Ens, K.; Kirshenbaum, L.A. IKK beta is required for Bcl-2-mediated NF-kappa B
activation in ventricular myocytes. J. Biol. Chem. 2002, 277, 38676-38682.
Mortenson, M.M.; Galante, J.G.; Gilad, O.; Schlieman, M.G.; Virudachalam, S.; Kung, H.J.;
Bold, R.J. BCL-2 functions as an activator of the AKT signaling pathway in pancreatic cancer. J.
Cell Biochem. 2007, 102, 1171-1179.
Fahy, B.N.; Schlieman, M.G.; Mortenson, M.M.; Virudachalam, S.; Bold, R.J. Targeting BCL-2
overexpression in various human malignancies through NF-kappaB inhibition by the proteasome
inhibitor bortezomib. Cancer Chemother. Pharmacol. 2005, 56, 46-54.

Cancers 2011, 3

1541

17. Kumar, P.; Ning, Y.; Polverini, P.J. Endothelial cells expressing Bcl-2 promotes tumor metastasis
by enhancing tumor angiogenesis, blood vessel leakiness and tumor invasion. Lab. Invest. 2008, 88,
740-749.
18. Azmi AS.; Philip P.A.; Zafar SF.; Mohammad RM. PAR-4 as a possible new target for pancreatic
cancer therapy. Expert Opin. Ther. Targets 2010, 14, 611-620
19. Tucker, C.A.; Kapanen, A.I.; Chikh, G.; Hoffman, B.G.; Kyle, A.H.; Wilson, I.M.; Masin, D.;
Gascoyne, R.D.; Bally, M.; Klasa, R.J. Silencing Bcl-2 in models of mantle cell lymphoma is
associated with decreases in cyclin D1, nuclear factor-kappaB, p53, bax, and p27 levels. Mol.
Cancer Ther. 2008, 7, 749-758.
20. Anai, S.; Shiverick, K.; Medrano, T.; Nakamura, K.; Goodison, S.; Brown, B.D.; Rosser, C.J.
Downregulation of BCL-2 induces downregulation of carbonic anhydrase IX, vascular
endothelial growth factor, and pAkt and induces radiation sensitization. Urology 2007, 70,
832-837.
21. Crimi, M.; Esposti, M.D. Apoptosis-induced changes in mitochondrial lipids. Biochim. Biophys.
Acta 2010, doi: 10.1016/j.bbamcr.2010.09.014.
22. Fulda, S. Exploiting mitochondrial apoptosis for the treatment of cancer. Mitochondrion 2010,
10, 598-603
23. Martinvalet, D.; Zhu, P.; Lieberman, J. Granzyme A induces caspase-independent mitochondrial
damage, a required first step for apoptosis. Immunity 2005, 22, 355-370.
24. Sprick, M.R.; Walczak, H. The interplay between the Bcl-2 family and death receptor-mediated
apoptosis. Biochim. Biophys. Acta 2004, 1644, 125-132.
25. Martinvalet, D.; Zhu, P.; Lieberman, J. Granzyme A induces caspase-independent mitochondrial
damage, a required first step for apoptosis. Immunity 2005, 22, 355-370.
26. Kumar, R.; Herbert, P.E.; Warrens, A.N. An introduction to death receptors in apoptosis. Int. J.
Surg. 2005, 3, 268-277.
27. Hockenbery, D.M. Targeting mitochondria for cancer therapy. Environ. Mol. Mutagen. 2010, 51,
476-489.
28. Czabotar, P.E.; Lessene, G. Bcl-2 family proteins as therapeutic targets. Curr. Pharm. Des. 2010,
16, 3132-3148.
29. Petros, A.M.; Huth, J.R.; Oost, T.; Park, C.M.; Ding, H.; Wang, X.; Zhang, H.; Nimmer, P.;
Mendoza, R.; Sun, C.; Mack, J.; Walter, K.; Dorwin, S.; Gramling, E.; Ladror, U.; Rosenberg,
S.H.; Elmore, S.W.; Fesik, S.W.; Hajduk, P.J. Discovery of a potent and selective Bcl-2 inhibitor
using SAR by NMR. Bioorg. Med. Chem. Lett. 2010, 20, 6587-6591.
30. Walensky, L.D. BCL-2 in the crosshairs: tipping the balance of life and death. Cell Death Differ.
2006, 13, 1339-1350.
31. Bakhshi, A.; Wright, J.J.; Graninger, W.; Seto, M.; Owens, J.; Cossman, J.; Jensen, J.P.;
Goldman, P.; Korsmeyer, S.J. Mechanism of the t(14;18) chromosomal translocation: structural
analysis of both derivative 14 and 18 reciprocal partners. Proc. Natl. Acad. Sci. USA 1987, 84,
2396-2400.
32. Newmeyer, D.D.; Ferguson-Miller, S. Mitochondria: Releasing power for life and unleashing the
machineries of death. Cell 2003, 112, 481-490.

Cancers 2011, 3

1542

33. Petros, A.M.; Olejniczak, E.T.; Fesik, S.W. Structural biology of the Bcl-2 family of proteins.
Biochim. Biophys. Acta 2004, 1644, 83-94.
34. Youle, R.J.; Strasser, A. The BCL-2 protein family: opposing activities that mediate cell death.
Nat. Rev. Mol. Cell Biol. 2008, 9, 47-59.
35. Lomonosova, E.; Chinnadurai, G. BH3-only proteins in apoptosis and beyond: An overview.
Oncogene 2008, 27 (Suppl. 1), S2-S19.
36. Richardson, A.; Kaye, S.B. Pharmacological inhibition of the Bcl-2 family of apoptosis
regulators as cancer therapy. Curr. Mol. Pharmacol. 2008, 1, 244-254.
37. Giam, M.; Huang, D.C.; Bouillet, P. BH3-only proteins and their roles in programmed cell death.
Oncogene 2008, 27 Suppl 1, S128-S136.
38. Borutaite, V. Mitochondria as decision-makers in cell death. Environ. Mol. Mutagen. 2010, 51,
406-416.
39. Tait, S.W.; Green, D.R. Mitochondria and cell death: Outer membrane permeabilization and
beyond. Nat. Rev. Mol. Cell. Biol. 2010, 11, 621-632.
40. Cotter, F.E.; Waters, J.; Cunningham, D. Human Bcl-2 antisense therapy for lymphomas.
Biochim. Biophys. Acta 1999, 1489, 97-106.
41. Waters, J.S.; Webb, A.; Cunningham, D.; Clarke, P.A.; Raynaud, F.; di, S.F.; Cotter, F.E. Phase I
clinical and pharmacokinetic study of bcl-2 antisense oligonucleotide therapy in patients with
non-Hodgkin's lymphoma. J. Clin. Oncol. 2000, 18, 1812-1823.
42. Mohammad, R.; Abubakr, Y.; Dan, M.; Aboukameel, A.; Chow, C.; Mohamed, A.; Hamdy, N.;
Al-Katib, A. Bcl-2 antisense oligonucleotides are effective against systemic but not central
nervous system disease in severe combined immunodeficient mice bearing human t(14;18)
follicular lymphoma. Clin. Cancer Res. 2002, 8, 1277-1283.
43. Herbst, R.S.; Frankel, S.R. Oblimersen sodium (Genasense bcl-2 antisense oligonucleotide): A
rational therapeutic to enhance apoptosis in therapy of lung cancer. Clin. Cancer Res. 2004, 10,
4245s-4248s.
44. Sternberg, C.N.; Dumez, H.; Van, P.H.; Skoneczna, I.; Sella, A.; Daugaard, G.; Gil, T.; Graham,
J.; Carpentier, P.; Calabro, F.; Collette, L.; Lacombe, D. Docetaxel plus oblimersen sodium (Bcl2 antisense oligonucleotide): An EORTC multicenter, randomized phase II study in patients with
castration-resistant prostate cancer. Ann. Oncol. 2009, 20, 1264-1269.
45. Moulder, S.L.; Symmans, W.F.; Booser, D.J.; Madden, T.L.; Lipsanen, C.; Yuan, L.; Brewster,
A.M.; Cristofanilli, M.; Hunt, K.K.; Buchholz, T.A.; Zwiebel, J.; Valero, V.; Hortobagyi, G.N.;
Esteva, F.J. Phase I/II study of G3139 (Bcl-2 antisense oligonucleotide) in combination with
doxorubicin and docetaxel in breast cancer. Clin. Cancer Res. 2008, 14, 7909-7916.
46. Rom, J.; von, M.G.; Marme, F.; Ataseven, B.; Kozian, D.; Sievert, M.; Schlehe, B.; Schuetz, F.;
Scharf, A.; Kaufmann, M.; Sohn, C.; Schneeweiss, A. Phase I study of apoptosis gene modulation
with oblimersen within preoperative chemotherapy in patients with primary breast cancer. Ann.
Oncol. 2009, 20, 1829-1835.
47. Rom, J.; von, M.G.; Eiermann, W.; Sievert, M.; Schlehe, B.; Marme, F.; Schuetz, F.; Scharf, A.;
Eichbaum, M.; Sinn, H.P.; Kaufmann, M.; Sohn, C.; Schneeweiss, A. Oblimersen combined with
docetaxel, adriamycin and cyclophosphamide as neo-adjuvant systemic treatment in primary
breast cancer: final results of a multicentric phase I study. Ann. Oncol. 2008, 19, 1698-1705.

Cancers 2011, 3

1543

48. Mita, M.M.; Ochoa, L.; Rowinsky, E.K.; Kuhn, J.; Schwartz, G.; Hammond, L.A.; Patnaik, A.;
Yeh, I.T.; Izbicka, E.; Berg, K.; Tolcher, A.W. A phase I, pharmacokinetic and biologic
correlative study of oblimersen sodium (Genasense, G3139) and irinotecan in patients with
metastatic colorectal cancer. Ann. Oncol. 2006, 17, 313-321.
49. Rudin, C.M.; Salgia, R.; Wang, X.; Hodgson, L.D.; Masters, G.A.; Green, M.; Vokes, E.E.
Randomized phase II Study of carboplatin and etoposide with or without the bcl-2 antisense
oligonucleotide oblimersen for extensive-stage small-cell lung cancer: CALGB 30103. J. Clin.
Oncol. 2008, 26, 870-876.
50. Tolcher, A.W.; Chi, K.; Kuhn, J.; Gleave, M.; Patnaik, A.; Takimoto, C.; Schwartz, G.;
Thompson, I.; Berg, K.; D'Aloisio, S.; Murray, N.; Frankel, S.R.; Izbicka, E.; Rowinsky, E. A
phase II, pharmacokinetic, and biological correlative study of oblimersen sodium and docetaxel
in patients with hormone-refractory prostate cancer. Clin. Cancer Res. 2005, 11, 3854-3861.
51. Adis International Limited. Oblimersen: Augmerosen, BCL-2 antisense oligonucleotide - Genta,
G 3139, GC 3139, oblimersen sodium. Drugs R. D. 2007, 8, 321-334.
52. Xu, Z.; Friess, H.; Solioz, M.; Aebi, S.; Korc, M.; Kleeff, J.; Buchler, M.W. Bcl-x(L) antisense
oligonucleotides induce apoptosis and increase sensitivity of pancreatic cancer cells to
gemcitabine. Int. J. Cancer. 2001, 94, 268-274.
53. Cohen-Saidon, C.; Nechushtan, H.; Kahlon, S.; Livni, N.; Nissim, A.; Razin, E. A novel strategy
using single-chain antibody to show the importance of Bcl-2 in mast cell survival. Blood 2003,
102, 2506-2512.
54. Wang, J.L.; Zhang, Z.J.; Choksi, S.; Shan, S.; Lu, Z.; Croce, C.M.; Alnemri, E.S.; Korngold, R.;
Huang, Z. Cell permeable Bcl-2 binding peptides: a chemical approach to apoptosis induction in
tumor cells. Cancer Res. 2000, 60, 1498-1502.
55. Gleave, M.E.; Monia, B.P. Antisense therapy for cancer. Nat. Rev. Cancer 2005, 5, 468-479.
56. Pitter, K.; Bernal, F.; Labelle, J.; Walensky, L.D. Dissection of the BCL-2 family signaling
network with stabilized alpha-helices of BCL-2 domains. Methods Enzymol. 2008, 446, 387-408.
57. Walensky, L.D.; Pitter, K.; Morash, J.; Oh, K.J.; Barbuto, S.; Fisher, J.; Smith, E.; Verdine, G.L.;
Korsmeyer, S.J. A stapled BID BH3 helix directly binds and activates BAX. Mol. Cell 2006, 24,
199-210.
58. Walensky, L.D.; Kung, A.L.; Escher, I.; Malia, T.J.; Barbuto, S.; Wright, R.D.; Wagner, G.;
Verdine, G.L.; Korsmeyer, S.J. Activation of apoptosis in vivo by a hydrocarbon-stapled BH3
helix. Science 2004, 305, 1466-1470.
59. Bird, G.H.; Bernal, F.; Pitter, K.; Walensky, L.D. Synthesis and biophysical characterization of
stabilized alpha-helices of BCL-2 domains. Methods Enzymol. 2008, 446, 369-386.
60. Brajuskovic, G.; Orolicki, S.V.; Cerovic, S.; Usaj, S.K.; Marjanovic, S.; Romac, S. Bcl-2 and Bax
protein interaction in B-lymphocytes of peripheral blood in patients with chronic lymphocytic
leukemia. Vojnosanit. Pregl. 2005, 62, 357-363.
61. Raisova, M.; Hossini, A.M.; Eberle, J.; Riebeling, C.; Wieder, T.; Sturm, I.; Daniel, P.T.;
Orfanos, C.E.; Geilen, C.C. The Bax/Bcl-2 ratio determines the susceptibility of human
melanoma cells to CD95/Fas-mediated apoptosis. J. Invest. Dermatol. 2001, 117, 333-340.

Cancers 2011, 3

1544

62. Van, D., V; Wever, P.C.; Van Diepen, F.N.; Yong, S.L.; Ten, B., I. Quantification of Bax/Bcl-2
ratios in peripheral blood lymphocytes, monocytes and granulocytes and their relation to
susceptibility to anti-Fas (anti-CD95)-induced apoptosis. Clin. Exp. Immunol. 1997, 110,
324-328.
63. Korsmeyer, S.J.; Shutter, J.R.; Veis, D.J.; Merry, D.E.; Oltvai, Z.N. Bcl-2/Bax: A rheostat that
regulates an anti-oxidant pathway and cell death. Semin. Cancer. Biol. 1993, 4, 327-332.
64. Muchmore, S.W.; Sattler, M.; Liang, H.; Meadows, R.P.; Harlan, J.E.; Yoon, H.S.; Nettesheim,
D.; Chang, B.S.; Thompson, C.B.; Wong, S.L.; Ng, S.L.; Fesik, S.W. X-ray and NMR structure
of human Bcl-xL, an inhibitor of programmed cell death. Nature 1996, 381, 335-341.
65. Withers, W.A.; Carruth, F.E. Gossypol- A toxic substance in cottonseed. A prelimnary note.
Science 1915, 41, 324.
66. Ohuchi, K.; Watanabe, M.; Hirasawa, N.; Tsurufuji, S.; Ozeki, T.; Fujiki, H. Inhibition by
gossypol of tumor promoter-induced arachidonic acid metabolism in rat peritoneal macrophages.
Biochim. Biophys. Acta 1988, 971, 85-91.
67. Liu, G.Z.; Lyle, K.C.; Cao, J. Clinical trial of gossypol as a male contraceptive drug. Part I.
Efficacy study. Fertil. Steril. 1987, 48, 459-461.
68. Hu, F.; Mah, K.; Teramura, D.J. Gossypol effects on cultured normal and malignant melanocytes.
In vitro Cell Dev. Biol. 1986, 22, 583-588.
69. Li XX.; GeRS.; Zhang YG.; Shi QX.; Spermicidal effects in vitro of gossypol acetic acidpovidone coprecipitate. Zhongguo Yao Li Xue Bao 1986, 7, 453-456.
70. Wang, X.; Howell, C.P.; Chen, F.; Yin, J.; Jiang, Y. Gossypol—A polyphenolic compound from
cotton plant. Adv. Food Nutr. Res. 2009, 58, 215-263.
71. Kang, M.H.; Reynolds, C.P. Bcl-2 inhibitors: targeting mitochondrial apoptotic pathways in
cancer therapy. Clin. Cancer Res. 2009, 15, 1126-1132.
72. Bushunow, P.; Reidenberg, M.M.; Wasenko, J.; Winfield, J.; Lorenzo, B.; Lemke, S.; Himpler,
B.; Corona, R.; Coyle, T. Gossypol treatment of recurrent adult malignant gliomas. J.
Neurooncol. 1999, 43, 79-86.
73. Wang, G.; Nikolovska-Coleska, Z.; Yang, C.Y.; Wang, R.; Tang, G.; Guo, J.; Shangary, S.; Qiu,
S.; Gao, W.; Yang, D.; Meagher, J.; Stuckey, J.; Krajewski, K.; Jiang, S.; Roller, P.P.; Abaan,
H.O.; Tomita, Y.; Wang, S. Structure-based design of potent small-molecule inhibitors of antiapoptotic Bcl-2 proteins. J. Med. Chem. 2006, 49, 6139-6142.
74. Huang, Y.W.; Wang, L.S.; Chang, H.L.; Ye, W.; Dowd, M.K.; Wan, P.J.; Lin, Y.C. Molecular
mechanisms of (-)-gossypol-induced apoptosis in human prostate cancer cells. Anticancer Res.
2006, 26, 1925-1933.
75. Zaidi, R.; Hadi, S.M. Interaction of gossypol with DNA. Toxicol. In Vitro 1992, 6, 71-76.
76. Zaidi, R.; Hadi, S.M. Strand scission in DNA by gossypol and Cu(II): Role of Cu(I) and oxygenfree radicals. J. Biochem. Toxicol. 1992, 7, 213-217.
77. Volate, S.R.; Kawasaki, B.T.; Hurt, E.M.; Milner, J.A.; Kim, Y.S.; White, J.; Farrar, W.L.
Gossypol induces apoptosis by activating p53 in prostate cancer cells and prostate tumorinitiating cells. Mol. Cancer Ther. 2010, 9, 461-470.

Cancers 2011, 3

1545

78. Voss, V.; Senft, C.; Lang, V.; Ronellenfitsch, M.W.; Steinbach, J.P.; Seifert, V.; Kogel, D. The
pan-Bcl-2 inhibitor (-)-gossypol triggers autophagic cell death in malignant glioma. Mol. Cancer.
Res. 2010, 8, 1002-1016.
79. Sung, B.; Ravindran, J.; Prasad, S.; Pandey, M.K.; Aggarwal, B.B. Gossypol induces death
receptor-5 through activation of ROS-ERK-chop pathway and sensitizes colon cancer cells to
trail. J. Biol Chem. 2010, 285, 35418-35427.
80. Mohammad, R.M.; Wang, S.; Aboukameel, A.; Chen, B.; Wu, X.; Chen, J.; Al-Katib, A.
Preclinical studies of a nonpeptidic small-molecule inhibitor of Bcl-2 and Bcl-X(L) [(-)-gossypol]
against diffuse large cell lymphoma. Mol. Cancer Ther. 2005, 4, 13-21.
81. Wang, Z.; Song, W.; Aboukameel, A.; Mohammad, M.; Wang, G.; Banerjee, S.; Kong, D.;
Wang, S.; Sarkar, F.H.; Mohammad, R.M. TW-37, a small-molecule inhibitor of Bcl-2, inhibits
cell growth and invasion in pancreatic cancer. Int J. Cancer. 2008, 123, 958-966.
82. Mohammad, R.M.; Goustin, A.S.; Aboukameel, A.; Chen, B.; Banerjee, S.; Wang, G.;
Nikolovska-Coleska, Z.; Wang, S.; Al-Katib, A. Preclinical studies of TW-37, a new nonpeptidic
small-molecule inhibitor of Bcl-2, in diffuse large cell lymphoma xenograft model reveal drug
action on both Bcl-2 and Mcl-1. Clin. Cancer Res. 2007, 13, 2226-2235.
83. Al-Katib, A.M.; Sun, Y.; Goustin, A.S.; Azmi, A.S.; Chen, B.; Aboukameel, A.; Mohammad,
R.M. SMI of Bcl-2 TW-37 is active across a spectrum of B-cell tumors irrespective of their
proliferative and differentiation status. J. Hematol. Oncol. 2009, 2, 8.
84. Azmi, A.S.; Wang, Z.; Burikhanov, R.; Rangnekar, V.M.; Wang, G.; Chen, J.; Wang, S.; Sarkar,
F.H.; Mohammad, R.M. Critical role of prostate apoptosis response-4 in determining the
sensitivity of pancreatic cancer cells to small-molecule inhibitor-induced apoptosis. Mol. Cancer
Ther. 2008, 7, 2884-2893.
85. Zeitlin, B.D.; Joo, E.; Dong, Z.; Warner, K.; Wang, G.; Nikolovska-Coleska, Z.; Wang, S.; Nor,
J.E. Antiangiogenic effect of TW37, a small-molecule inhibitor of Bcl-2. Cancer Res. 2006, 66,
8698-8706.
86. Mohammad, R.M.; Goustin, A.S.; Aboukameel, A.; Chen, B.; Banerjee, S.; Wang, G.;
Nikolovska-Coleska, Z.; Wang, S.; Al-Katib, A. Preclinical studies of TW-37, a new nonpeptidic
small-molecule inhibitor of Bcl-2, in diffuse large cell lymphoma xenograft model reveal drug
action on both Bcl-2 and Mcl-1. Clin. Cancer Res. 2007, 13, 2226-2235.
87. Wang, Z.; Azmi, A.S.; Ahmad, A.; Banerjee, S.; Wang, S.; Sarkar, F.H.; Mohammad, R.M. TW37, a small-molecule inhibitor of Bcl-2, inhibits cell growth and induces apoptosis in pancreatic
cancer: involvement of Notch-1 signaling pathway. Cancer Res. 2009, 69, 2757-2765.
88. Sun, Y.; Wu, J.; Aboukameel, A.; Banerjee, S.; Arnold, A.A.; Chen, J.; Nikolovska-Coleska, Z.;
Lin, Y.; Ling, X.; Yang, D.; Wang, S.; Al-Katib, A.; Mohammad, R.M. Apogossypolone, a
nonpeptidic small molecule inhibitor targeting Bcl-2 family proteins, effectively inhibits growth
of diffuse large cell lymphoma cells in vitro and in vivo. Cancer Biol. Ther. 2008, 7, 1418-1426.
89. Zhang, X.Q.; Huang, X.F.; Hu, X.B.; Zhan, Y.H.; An, Q.X.; Yang, S.M.; Xia, A.J.; Yi, J.; Chen,
R.; Mu, S.J.; Wu, D.C. Apogossypolone, a novel inhibitor of antiapoptotic Bcl-2 family proteins,
induces autophagy of PC-3 and LNCaP prostate cancer cells in vitro. Asian J. Androl. 2010, 12,
697-708.

Cancers 2011, 3

1546

90. Banerjee, S.; Choi, M.; Aboukameel, A.; Wang, Z.; Mohammad, M.; Chen, J.; Yang, D.; Sarkar,
F.H.; Mohammad, R.M. Preclinical studies of apogossypolone, a novel pan inhibitor of bcl-2 and
mcl-1, synergistically potentiates cytotoxic effect of gemcitabine in pancreatic cancer cells.
Pancreas 2010, 39, 323-331.
91. Sun, J.; Li, Z.M.; Hu, Z.Y.; Zeng, Z.L.; Yang, D.J.; Jiang, W.Q. Apogossypolone inhibits cell
growth by inducing cell cycle arrest in U937 cells. Oncol. Rep. 2009, 22, 193-198.
92. Lin, J.; Wu, Y.J.; Yang, D.J.; Zhao, Y.Q. Effect of apogossypolone on induction apoptosis in
multiple myeloma cells and its mechanisms. Zhongguo Shi Yan Xue Ye Xue Za Zhi 2009, 17, 9298.
93. Arnold, A.A.; Aboukameel, A.; Chen, J.; Yang, D.; Wang, S.; Al-Katib, A.; Mohammad, R.M.
Preclinical studies of Apogossypolone: a new nonpeptidic pan small-molecule inhibitor of Bcl-2,
Bcl-XL and Mcl-1 proteins in Follicular Small Cleaved Cell Lymphoma model. Mol. Cancer.
2008, 7, 20.
94. Heist, R.S.; Fain, J.; Chinnasami, B.; Khan, W.; Molina, J.R.; Sequist, L.V.; Temel, J.S.; Fidias,
P.; Brainerd, V.; Leopold, L.; Lynch, T.J. Phase I/II study of AT-101 with topotecan in relapsed
and refractory small cell lung cancer. J. Thorac. Oncol. 2010, 5, 1637-1643.
95. Heist, R.S.; Fain, J.; Chinnasami, B.; Khan, W.; Molina, J.R.; Sequist, L.V.; Temel, J.S.; Fidias,
P.; Brainerd, V.; Leopold, L.; Lynch, T.J. Phase I/II study of AT-101 with topotecan in relapsed
and refractory small cell lung cancer. J. Thorac. Oncol. 2010, 5, 1637-1643.
96. Kang, M.H.; Reynolds, C.P. Bcl-2 inhibitors: Targeting mitochondrial apoptotic pathways in
cancer therapy. Clin. Cancer Res. 2009, 15, 1126-1132.
97. Kline, M.P.; Rajkumar, S.V.; Timm, M.M.; Kimlinger, T.K.; Haug, J.L.; Lust, J.A.; Greipp, P.R.;
Kumar, S. R-(-)-gossypol (AT-101) activates programmed cell death in multiple myeloma cells.
Exp. Hematol. 2008, 36, 568-576.
98. Kline, M.P.; Rajkumar, S.V.; Timm, M.M.; Kimlinger, T.K.; Haug, J.L.; Lust, J.A.; Greipp, P.R.;
Kumar, S. ABT-737, an inhibitor of Bcl-2 family proteins, is a potent inducer of apoptosis in
multiple myeloma cells. Leukemia 2007, 21, 1549-1560.
99. Oltersdorf, T.; Elmore, S.W.; Shoemaker, A.R.; Armstrong, R.C.; Augeri, D.J.; Belli, B.A.;
Bruncko, M.; Deckwerth, T.L.; Dinges, J.; Hajduk, P.J.; Joseph, M.K.; Kitada, S.; Korsmeyer,
S.J.; Kunzer, A.R.; Letai, A.; Li, C.; Mitten, M.J.; Nettesheim, D.G.; Ng, S.; Nimmer, P.M.;
O'Connor, J.M.; Oleksijew, A.; Petros, A.M.; Reed, J.C.; Shen, W.; Tahir, S.K.; Thompson, C.B.;
Tomaselli, K.J.; Wang, B.; Wendt, M.D.; Zhang, H.; Fesik, S.W.; Rosenberg, S.H. An inhibitor
of Bcl-2 family proteins induces regression of solid tumours. Nature 2005, 435, 677-681.
100. Shore, G.C.; Viallet, J. Modulating the bcl-2 family of apoptosis suppressors for potential
therapeutic benefit in cancer. Hematology Am. Soc. Hematol. Educ. Program. 2005, 226-230.
101. Bhat, U.G.; Pandit, B.; Gartel, A.L. ARC synergizes with ABT-737 to induce apoptosis in human
cancer cells. Mol. Cancer Ther. 2010, 9, 1688-1696.
102. Olberding, K.E.; Wang, X.; Zhu, Y.; Pan, J.; Rai, S.N.; Li, C. Actinomycin D synergistically
enhances the efficacy of the BH3 mimetic: ABT-737 by downregulating Mcl-1 expression.
Cancer Biol. Ther. 2010, 10,918-29.
103. Krystal, G.W. Teaching an old drug new tricks: Actinomycin D synergistically enhances
sensitivity to the Bcl-2 antagonist ABT-737. Cancer Biol. Ther. 2010, 10, 10, 930-2

Cancers 2011, 3

1547

104. Xu, H.; Krystal, G.W. Actinomycin D decreases Mcl-1 expression and acts synergistically with
ABT-737 against small cell lung cancer cell lines. Clin. Cancer Res. 2010, 16, 4392-4400.
105. Hikita, H.; Takehara, T.; Shimizu, S.; Kodama, T.; Shigekawa, M.; Iwase, K.; Hosui, A.; Miyagi,
T.; Tatsumi, T.; Ishida, H.; Li, W.; Kanto, T.; Hiramatsu, N.; Hayashi, N. The Bcl-xL inhibitor,
ABT-737, efficiently induces apoptosis and suppresses growth of hepatoma cells in combination
with sorafenib. Hepatology 2010, 52, 1310-1321.
106. Yecies, D.; Carlson, N.E.; Deng, J.; Letai, A. Acquired resistance to ABT-737 in lymphoma cells
that up-regulate MCL-1 and BFL-1. Blood 2010, 115, 3304-3313.
107. Ackler, S.; Xiao, Y.; Mitten, M.J.; Foster, K.; Oleksijew, A.; Refici, M.; Schlessinger, S.; Wang,
B.; Chemburkar, S.R.; Bauch, J.; Tse, C.; Frost, D.J.; Fesik, S.W.; Rosenberg, S.H.; Elmore,
S.W.; Shoemaker, A.R. ABT-263 and rapamycin act cooperatively to kill lymphoma cells in vitro
and in vivo. Mol. Cancer Ther. 2008, 7, 3265-3274.
108. Tse, C.; Shoemaker, A.R.; Adickes, J.; Anderson, M.G.; Chen, J.; Jin, S.; Johnson, E.F.; Marsh,
K.C.; Mitten, M.J.; Nimmer, P.; Roberts, L.; Tahir, S.K.; Xiao, Y.; Yang, X.; Zhang, H.; Fesik,
S.; Rosenberg, S.H.; Elmore, S.W. ABT-263: A potent and orally bioavailable Bcl-2 family
inhibitor. Cancer Res. 2008, 68, 3421-3428.
109. Tahir, S.K.; Wass, J.; Joseph, M.K.; Devanarayan, V.; Hessler, P.; Zhang, H.; Elmore, S.W.;
Kroeger, P.E.; Tse, C.; Rosenberg, S.H.; Anderson, M.G. Identification of expression signatures
predictive of sensitivity to the Bcl-2 family member inhibitor ABT-263 in small cell lung
carcinoma and leukemia/lymphoma cell lines. Mol. Cancer Ther. 2010, 9, 545-557.
110. Ackler, S.; Mitten, M.J.; Foster, K.; Oleksijew, A.; Refici, M.; Tahir, S.K.; Xiao, Y.; Tse, C.;
Frost, D.J.; Fesik, S.W.; Rosenberg, S.H.; Elmore, S.W.; Shoemaker, A.R. The Bcl-2 inhibitor
ABT-263 enhances the response of multiple chemotherapeutic regimens in hematologic tumors in
vivo. Cancer Chemother. Pharmacol. 2010, 66, 869-880.
111. Hallek, M.; Pflug, N. Chronic lymphocytic leukemia. Ann Oncol. 2010, 21 (Suppl 7), vii154vii164.
112. Petros, A.M.; Huth, J.R.; Oost, T.; Park, C.M.; Ding, H.; Wang, X.; Zhang, H.; Nimmer, P.;
Mendoza, R.; Sun, C.; Mack, J.; Walter, K.; Dorwin, S.; Gramling, E.; Ladror, U.; Rosenberg,
S.H.; Elmore, S.W.; Fesik, S.W.; Hajduk, P.J. Discovery of a potent and selective Bcl-2 inhibitor
using SAR by NMR. Bioorg. Med. Chem. Lett. 2010, 20, 6587-6591.
113. Fulda, S.; Galluzzi, L.; Kroemer, G. Targeting mitochondria for cancer therapy. Nat. Rev. Drug
Discov. 2010, 9, 447-464.
114. Nguyen, M.; Marcellus, R.C.; Roulston, A.; Watson, M.; Serfass, L.; Murthy, M., Sr.; Goulet, D.;
Viallet, J.; Belec, L.; Billot, X.; Acoca, S.; Purisima, E.; Wiegmans, A.; Cluse, L.; Johnstone,
R.W.; Beauparlant, P.; Shore, G.C. Small molecule obatoclax (GX15-070) antagonizes MCL-1
and overcomes MCL-1-mediated resistance to apoptosis. Proc. Natl. Acad. Sci. USA 2007, 104,
19512-19517.
115. Simon, G.; Sharma, A.; Li, X.; Hazelton, T.; Walsh, F.; Williams, C.; Chiappori, A.; Haura, E.;
Tanvetyanon, T.; Antonia, S.; Cantor, A.; Bepler, G. Feasibility and efficacy of molecular
analysis-directed individualized therapy in advanced non-small-cell lung cancer. J. Clin. Oncol.
2007, 25, 2741-2746.

Cancers 2011, 3

1548

116. Trudel, S.; Li, Z.H.; Rauw, J.; Tiedemann, R.E.; Wen, X.Y.; Stewart, A.K. Preclinical studies of
the pan-Bcl inhibitor obatoclax (GX015-070) in multiple myeloma. Blood 2007, 109, 5430-5438.
117. Smoot, R.L.; Blechacz, B.R.; Werneburg, N.W.; Bronk, S.F.; Sinicrope, F.A.; Sirica, A.E.;
Gores, G.J. A Bax-mediated mechanism for obatoclax-induced apoptosis of cholangiocarcinoma
cells. Cancer Res. 2010, 70, 1960-1969.
118. Perez-Galan, P.; Roue, G.; Villamor, N.; Montserrat, E.; Campo, E.; Colomer, D. The proteasome
inhibitor bortezomib induces apoptosis in mantle-cell lymphoma through generation of ROS and
Noxa activation independent of p53 status. Blood 2006, 107, 257-264.
119. Pan, J.; Cheng, C.; Verstovsek, S.; Chen, Q.; Jin, Y.; Cao, Q. The BH3-mimetic GX15-070
induces autophagy, potentiates the cytotoxicity of carboplatin and 5-fluorouracil in esophageal
carcinoma cells. Cancer Lett. 2010, 293, 167-174.
120. Huang, S.; Okumura, K.; Sinicrope, F.A. BH3 mimetic obatoclax enhances TRAIL-mediated
apoptosis in human pancreatic cancer cells. Clin. Cancer Res. 2009, 15, 150-159.
121. Jiang, C.C.; Wroblewski, D.; Yang, F.; Hersey, P.; Zhang, X.D. Human melanoma cells under
endoplasmic reticulum stress are more susceptible to apoptosis induced by the BH3 mimetic
obatoclax. Neoplasia 2009, 11, 945-955.
122. Wang, J.L.; Liu, D.; Zhang, Z.J.; Shan, S.; Han, X.; Srinivasula, S.M.; Croce, C.M.; Alnemri,
E.S.; Huang, Z. Structure-based discovery of an organic compound that binds Bcl-2 protein and
induces apoptosis of tumor cells. Proc. Natl. Acad. Sci. USA 2000, 97, 7124-7129.
123. Witters, L.M.; Witkoski, A.; Planas-Silva, M.D.; Berger, M.; Viallet, J.; Lipton, A. Synergistic
inhibition of breast cancer cell lines with a dual inhibitor of EGFR-HER-2/neu and a Bcl-2
inhibitor. Oncol. Rep. 2007, 17, 465-469.
124. Campas, C.; Cosialls, A.M.; Barragan, M.; Iglesias-Serret, D.; Santidrian, A.F.; Coll-Mulet, L.;
de, F.M.; Domingo, A.; Pons, G.; Gil, J. Bcl-2 inhibitors induce apoptosis in chronic lymphocytic
leukemia cells. Exp. Hematol. 2006, 34, 1663-1669.
125. Skommer, J.; Wlodkowic, D.; Matto, M.; Eray, M.; Pelkonen, J. HA14-1, a small molecule Bcl-2
antagonist, induces apoptosis and modulates action of selected anticancer drugs in follicular
lymphoma B cells. Leuk. Res. 2006, 30, 322-331.
126. Doshi, J.M.; Tian, D.; Xing, C. Ethyl-2-amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-4Hchromene-3-carboxylate (HA 14-1), a prototype small-molecule antagonist against antiapoptotic
Bcl-2 proteins, decomposes to generate reactive oxygen species that induce apoptosis. Mol.
Pharm. 2007, 4, 919-928.
127. Konopleva, M.; Watt, J.; Contractor, R.; Tsao, T.; Harris, D.; Estrov, Z.; Bornmann, W.;
Kantarjian, H.; Viallet, J.; Samudio, I.; Andreeff, M. Mechanisms of antileukemic activity of the
novel Bcl-2 homology domain-3 mimetic GX15-070 (obatoclax). Cancer Res. 2008, 68, 34133420.
128. Dai, Y.; Grant, S. Targeting multiple arms of the apoptotic regulatory machinery. Cancer Res.
2007, 67, 2908-2911.

Cancers 2011, 3

1549

129. Mason, K.D.; Carpinelli, M.R.; Fletcher, J.I.; Collinge, J.E.; Hilton, A.A.; Ellis, S.; Kelly, P.N.;
Ekert, P.G.; Metcalf, D.; Roberts, A.W.; Huang, D.C.; Kile, B.T. Programmed anuclear cell death
delimits platelet life span. Cell 2007, 128, 1173-1186.
© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

