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=t Abstract
Apoptosis is a cell death program that is well-orchestrated for normal tissue homeostasis and for
removal of damaged, old, or infected cells. It is regulated by intrinsic and extrinsic pathways. The
intrinsic pathway responds to signals such as ultraviolet radiation or DNA damage and activates
“executioner” caspases through a mitochondria-dependent pathway. The extrinsic pathway is
= activated by death signals induced, for example, by an infection that activates the immune system
T or receptor-mediated pathways. The extrinsic pathway signals also cascade down to executioner
o caspases that cleave target proteins and lead to cell death. Strict control of cellular apoptosis is
j; important for the hematopoietic system as it has a high turnover rate. However, the apoptosis
c program is often deregulated in hematologic malignancies leading to the accumulation of
8_ malignant cells. Therefore, apoptosis pathways have been identified for development of anticancer
% therapeutics. We review here the proteins that have been targeted for anticancer drug development
% in hematologic malignancies. These include BCL-2 family proteins, death ligands and receptors,
& inhibitor of apoptosis family proteins, and caspases. Except for caspase activators, drugs that
= target each of these classes of proteins have advanced into clinical trials.
o
Keywords
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=z INTRODUCTION
T
o Apoptosis is a cell death program that is important for normal tissue development and for
> removal of damaged, old, or infected cells. This pathway is responsible for eradication of 60
¢1-> billion cells per day from the human body. During apoptosis, the nucleosomal DNA
§ fragments and the cell undergo structural changes whereby the nucleus and cytoplasm
% condense and break the cell into small membrane-bound structures [1,2]. These structures
) are engulfed by neighboring cells and are degraded by lysosomal enzymes.
S5
(=
g The apoptosis program is deregulated in cancer, leading to malignant cells [3]. The
5 hematopoietic system is particularly sensitive to deregulation in the apoptosis program as
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these cells undergo a high turnover rate. Consequently, these cells have to maintain a tight
balance between cell apoptosis and proliferation. Changes in protein expression that upsets
this balance lead to accumulation of malignant cells.

In hematologic malignancies, proteins that inhibit apoptosis are often upregulated. One such
family of antiapoptotic proteins is BCL-2. The founding member BCL-2 was discovered
through cloning of the t(14,18) translocation breakpoint in non-Hodgkins lymphoma which
lead to enhanced expression of BCL2 [3,4]. High levels of BCL2 gene expression have been
observed in chronic lymphocytic leukemia (CLL), mostly associated with gene
hypomethylation or due to loss of miRNAs [5]. In CLL, BCL2 is repressed by microRNAs,
miR15 and miR16, and inactivating mutations in these non-coding RNAs have been
discovered in more than 70% of CLLs [6]. BCL-2 gene amplification have also been found
in non-Hodgkins lymphoma [7]. Myeloma patients who have t(11;14) chromosomal
abnormality have high levels of BCL-2 [8]. High BCL-2 expression is associated with poor
prognosis and resistance to treatment. In large-cell non-Hodgkin lymphomas, BCL-2
rearrangements have been shown to be associated with poor prognosis [9]. High levels of
BCL-2 was also associated with resistance to chemotherapy in acute myeloid leukemia
patients [10]. Since the discovery of BCL-2 five additional members of this family have
been recognized. All of these six proteins were discovered in heme malignancies and their
aberrant expression is due to chromosomal translocation, epigenetic modifications, gene
amplifications, or miRNA expression.

In addition to the BCL-2 family proteins, apoptosis is inhibited in hematologic malignancies
through upregulation of inhibitor of apoptosis (IAP) family of proteins that blocks terminal
caspases that are responsible for execution of cell death [11]. Changes in expression levels
of 1APs are due to chromosomal translocation, mutations, amplifications, or loss of
endogenous inhibitors such as SMAC. For example, in MALT lymphoma, the t(11;18)
(921;921) translocation leads to the fusion of the BIR domains of clAP2 with mucosa-
associated lymphoid tissue (MALT) 1 with consequent upregulation of NF-xB signaling and
activation of a feed-forward loop that activates clAP2 and cell survival [12-14]. The I1AP
proteins are also activated by viral oncoproteins in hematologic malignancies. For example,
in adult T-cell leukemia, the human T-cell leukemia virus type 1 (HTLV-1) expresses the
oncoprotein Tax that stimulates NF-xB signaling and clAP2 expression [15]. The expression
of 1APs is correlated with poor prognosis. In newly diagnosed acute myeloid leukemia
(AML) patients, a gene expression signature that included clAP2 was able to accurately
predict poor overall survival in the patient population [16]. In childhood de novo AML, high
XIAP expression was found to be an unfavorable prognostic factor [17,18]. High XIAP
expression was also associated with poor response to prednisone in pediatric T-cell acute
lymphocytic leukemia (ALL) [19]. In CLL, high expression of XIAP, clAPland clAP2 is
correlated with progressive disease [20]

These data suggest that targeting the apoptosis pathway directly will be an effective
therapeutic strategy against hematologic malignancies. In this review, we have reviewed
literature that target the BCL-2 protein family, the AP protein family, death receptors and
caspases as anticancer strategy. Research on these proteins has yielded novel therapeutic
approaches to inhibit or activate these proteins. In the present review, we discuss these 4
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protein families, deregulation of their expression levels in hematological malignancies and
anticancer agents that have moved from preclinical application to clinical settings [21].

THE APOPTOSIS PATHWAY

The key proteins responsible for apoptosis are caspases (cysteine aspartyl-specific
proteases), a class of cysteine proteases that cleave at sites carboxy terminal to aspartic acid
residues in target proteins. The cell death caspases include initiator caspases (caspase-2, —8,
-9, —10) and executioner caspases (caspase-3, —6, —7). These caspases are activated by
intracellular signals (intrinsic pathway), such as DNA damage, or growth factor and
cytokine deprivation, or by extracellular death-inducing signals (extrinsic pathway)
produced by cytotoxic T cells of the immune system in response to infected or damaged
cells (Figure 1). When the executioner caspases are activated, they cleave substrates such as
poly-ADP ribose polymerase (PARP) and inhibitor of caspase-activated DNAse, eventually
leading to cell death.

The intrinsic cell death pathway is regulated by B-cell lymphoma-2 (BCL-2) family
proteins, which have either antiapoptotic or proapoptotic functions (Figure 2). The
antiapoptotic BCL-2 proteins inhibit apoptosis by inhibiting proapoptotic BCL-2 family
proteins BAX and BAK. On the other hand, the antiapoptotic BCL-2 proteins are themselves
inhibited by the BH3-only proteins (BIM, BIK, NOXA, PUMA, BID, BAD, BMF) in
response to an intrinsic signal. This results in BAX and BAK oligomerization, leading to
mitochondrial membrane permeabilization and release of second mitochondria-derived
activator of caspase (SMAC, also called DIABLO) and cytochrome c. Cytochrome ¢ forms a
complex with apoptotic protease-activating factor-1 (APAF-1), dATP, and procaspase-9;
this complex called the “apoptosome” converts procaspase-9 to active caspase-9. At the
same time, SMAC inhibits the inhibitor of apoptosis (IAP) proteins, preventing them from
inhibiting procaspase-9 processing and activation [22,23]. Caspase-9 then activates the
executioner caspases, leading to cell death.

In the extrinsic pathway, cell death signals are initiated by receptor signaling mediated by
the tumor necrosis factor (TNF) family death receptors. Signaling is activated by death
ligands (TNF, FASL/CD95L/TNFSF6, TRAIL/APO2L/TNFSF10). When these ligands bind
to their respective receptors (TNFR1, FAS/CD95/TNFRSF6, DR4/TNFRSF10A, DR5/
TNFRSF10B), they recruit an adaptor protein such as Fas-associated protein with death
domain (FADD). The adaptor protein binds the initiator procaspase (procaspase-8, —10) to
form a complex called the death-inducing signaling complex (DISC). DISC activates
procaspase-8 and procaspase-10, which in turn activate the executioner caspases, leading to
cell death. DISC is negatively regulated by c-FLIP, a protein that is homologous to
caspase-8 but lacks caspase activity [24]. In some cell types, the extrinsic pathway can also
crosstalk with the intrinsic pathway through caspase-8 cleavage of BID (BH3-interacting
death domain agonist) to truncated BID (tBID), which translocates to the mitochondria and
activates mitochondrial outer membrane permeabilization. In both intrinsic and extrinsic
pathways, the cell death signal cascades down to the executioner caspase (caspase-3, —6, and
—T7), which cleaves substrates, leading to orderly destruction of cells.
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BCL-2 is a prosurvival protein which was initially identified in follicular lymphoma and
shown to be expressed through chromosomal translocation [4,25,26]. Since then, five other
BCL-2 family members (BCL-X, BCL-w, MCL-1, BCL-B, and BCL2A1/BFL-1) have
been identified; each is homologous to BCL-2 and has similar prosurvival functions. These
prosurvival proteins are often overexpressed in hematologic malignancies and therefore,
have been targeted for anticancer drug development [27-34].

The antiapoptotic BCL-2 proteins have four regions that are homologous to each other,
called BCL-2 homology (BH1, BH2, BH3, and BH4) domains. Nuclear magnetic resonance
(NMR) structural studies of BCL-X|_ in complex with BAK or BAD revealed that the BH1,
BH2, and BH3 domains of BCL-X, form a hydrophobic groove which binds the a-helical
BH3 domain of BAK or BAD [35,36]. This structural information provided the platform for
designing BH3 peptidomimetics and small molecules that selectively inhibit BCL-2 family
proteins. BCL-2 proteins have also been targeted with antisense oligonucleotides; one of
these, oblimersen, has been tested in clinical trials and is described here.

BH3 peptidomimetics—BCL-2 has been targeted with BH3-only peptidomimetics. Since
the BH3-only proteins are the natural inhibitors of BCL-2 proteins, peptides are being
developed that are homologous to the BH3 domain of antiapoptotic BH3-only proteins.
Information obtained from the NMR structural studies of BCL-X complexed with the BH3
domain of BAK and BAD facilitated the design of BH3 domain peptidomimetics [35,36].
These studies demonstrated that high affinity between BH3 domain peptides and their target
proteins depends on the helicity of the peptides [35]. One approach used to address this issue
was designing peptides that mimic the BH3 domain of BID using non-natural amino acids
with olefinic side chains that react to form a hydrocarbon “staple” and stabilize the alpha
helix. These peptides have greater protease resistance, serum stability and cell permeability
than the original BH3 peptide [37,38]. However, the poor pharmacological properties of
these peptides have hampered their advancement into clinical trials.

Small-molecule inhibitors—Antiapoptotic BCL-2 proteins have been targeted with
small-molecule antagonists. These antagonists have been identified through in vitro and in
silico screens of natural and chemical compound libraries [37]. BCL-2 antagonists function
primarily by disrupting the interaction between BCL-2 proteins and BH3-only proteins.
These compounds include BH3I compounds, HA14-1, compound 6, antimycin A,
theaflavins and epigallechatechins found in black and green tea, respectively, chelerythrine,
gossypol and purpurogallin [39-45]. Of the known small-molecule BCL-2 protein
inhibitors, only three classes have entered into clinical trials: GX15-070 (obatoclax
mesylate), gossypol and its derivatives, and ABT-263 and ABT-199 (Table I).

Obatoclax mesylate is a pan-BCL2 inhibitor. It was developed from a compound identified
in a natural compound library that disrupted interactions between BCL-2 family proteins
[46]. Preclinical studies with obatoclax demonstrated that it inhibited the growth of cells
lines and primary samples in several models such as myeloma, systemic mastocytosis, mast
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cell leukemia, acute lymphoblastic leukemia and acute myeloid leukemia [47-51].
Obatoclax-induced apoptosis was associated with release of cytochrome ¢ and activation of
the BAX/BAK complex [49]. However, it also induced apoptosis in the absence of
BAX/BAK indicating that an apoptosis-independent pathway also contributed to its
cytotoxic effects [49,52]. Obatoclax showed single agent activity in xenograft models of
lymphoma [53]. It overcame drug resistance induced by the stromal microenvironment in
leukemic cells [50,54]. It was also cytotoxic in cell lines resistant to drugs such as
dexamethasone, melphalan and rituximab [50,55,56]. Combination studies with obatoclax
have been more successful both in in vitro and in vivo models. Obatoclax has been shown to
synergize with chemotherapy, NVP-BE2235 (PI13K inhibitor), PKC412 (KIT inhibitor),
dexamethasone, to name a few [47,48,50,51,55].

Phase I trials have determined the toxicity profile and maximum tolerated dose for obatoclax
[57,58]. The most common adverse event was transient neurotoxicity. In phase | studies for
patients with refractory CLL, one of 26 patients (4%) achieved a partial response [57].
Patients also displayed activation of apoptosis characterized by activation of BAX and BAK
in circulating mononuclear cells (12 of 26 patients), increase in oligonucleosomal DNA
fragments in the plasma, and decrease in circulating lymphocytes (18 of 26 patients). Phase |
study in patients with advanced hematologic malignancies resulted in one patient with acute
myeloid leukemia achieving complete remission and 3/14 patients showed hematologic
improvements [58]. However, phase Il studies in 2 different trials with obatoclax mesylate
in patients with myelofibrosis and relapsed or refractoy classic Hogkin Lymphoma (cHL)
did not demonstrate single agent activity [59,60] Combination treatment with obatoclax has
shown more promise. Several combination trials have been initiated, which include
combination with bortezomib in mantle cell lymphoma with 3/12 complete remissions,
combination with bortezomib in multiple myeloma with 4/10 partial responses, and
combination with fludarabine and rituximab in CLL with 54% overall response rate [61].
Obatoclax has been tested in mantle cell lymphoma, follicular lymphoma, Hodgkin’s
lymphomas, AML, multiple myeloma. and myelofibrosis, either as a single agent or in
combination [37].

Gossypol is a natural phenol derived from the cotton plant (Gossypium). Gossypol, as well
as its more potent R-enantiomer ((=)-gossypol, AT-101) have antiproliferative properties
[62-65]. AT-101 has been further developed to increase its affinity to BCL-2, producing
TW37, TM-1206, acylpyrrogallol derivative apogossypolone, and an apogossypol analog
called sabutoclax [66]. These products are currently in preclinical development [37]. These
compounds bind directly to BCL-2, BCL-X| , and MCL-1 to displace BH3 peptides [44].
Preclinical studies in hematologic malignancies such as lymphoma and CLL demonstrated
that gossypol and its analogs were cytotoxic in cell lines and primary patient samples
[63,64,67,68]. Additional mouse studies for lymphoma also demonstrated the efficacy of
gossypol analogs to reduce tumor weight [67,69]. Cytotoxicity mediated by gossypol and its
analogs occurred in a BAX/BAK-dependent manner [63,64]. However, gossypol can also
induce cell death in a BAX/BAK-independent manner [70]. In CLL, AT-101 abrogates
microenvironment-mediated resistance [68]. Of the gossypol analogs, AT-101 has advanced
into clinical trials for hematologic malignancies.
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Single-agent AT-101 phase I trial for relapsed/refractory B-cell malignancies, which
included follicular lymphoma, diffuse large cell lymphoma, mantle cell lymphoma, small
lymphocytic leukemia, and CLL has been completed, but the results have not yet been
reported. Single agent study have been followed by combination studies with rituximab in
CLL and follicular lymphoma.

ABT-737 is a small molecule that was discovered in a chemical library screen using NMR
structure-based computational tools to identify compounds that bind the hydrophobic BH-3
binding groove of BCL-X . This method identified lead compounds that were modified for
cellular availability. ABT-737 binds with high affinity to BCL-X, , BCL-2, and BCL-w but
not to BCL-B, MCL-1, or BCL2A1 [71]. It is considered a true BCL-2 inhibitor because it
cannot induce cell death in BAX/BAK double-knockout mouse embryonic fibroblasts [72].
It has been further developed to produce a clinical candidate, ABT-263 (navitoclax), which
is orally bioavailable with more favorable pharmacological properties than ABT-737.
Navitoclax targets BCL-2, BCL-X, and BCL-w and functions by disrupting their
interaction with pro-death proteins such as BIM [73]. It is active as a single agent in in vitro
models of hematologic malignancies such as CLL and multiple myeloma. However, in
mouse studies, ABT-263 was active as a single agent only in mouse model of acute
lymphocytic leukemia but not in diffuse large B-cell lymphoma, mantle cell lymphoma or
multiple myeloma. In these models, ABT-263 was more effective in combination with
rituximab (for diffuse large B-cell lymphoma), R-CHOP (combination of rituximab,
cyclophosphamide, doxorubicin, vincristine and prednisone for mantle cell lymphoma) and
bortezomib (for multiple myeloma). These preclinical studies also revealed that ABT-263
reduced the platelet count predicting thrombocytopenia in patients. Two phase | studies in
lymphoid malignancies have been conducted and reported [74,75]. In the initial phase |
study in relapsed/refractory lymphoid malignancies which established the safety,
pharmacokinetics and pharmacodynamics of navitoclax, the maximum tolerated dose was
determined. In this study, 10 out of 46 evaluable patients achieved partial response. In phase
I trials in CLL, nine of 26 patients had a partial response and seven showed stable disease
for over 6 months [74]. Moreover, 19 of 21 patients showed more than 50% reduction in
lymphocytosis. Even patients with fludarabine-refractory disease, bulky adenopathy, and a
del17p chromosomal abnormality showed activity. Even though ABT-263 showed response
in lymphoid malignancies, its activity was limited as a single agent, but these initial studies
have supported the initiation of phase Il combination studies [61]. A major dose-limiting
toxicity with ABT-263 is thrombocytopenia, which is induced due to inhibition of BCL-X_
in megakaryocytes resulting in diminished production of platelets [76]. Navitoclax has been
developed further to produce ABT-199 that does not inhibit BCL-X| and therefore, does not
result in thrombocytopenia [77]. Preclinical studies demonstrated that ABT-199 was
cytotoxic for cell lines that were dependent on BCL-2 for survival but not on BCL-X, . It
selectively disrupted BCL-2-BIM complexes but was less effective on BCL-X; -BCL-Xg or
MCL-1-NOXA complexes. In xenograft models, ABT-199 inhibited tumor growth in acute
lymphoblastic leukemia and lymphoma mouse models. Combination treatment with
rituximab or rituximab and bendamustine was more efficacious than the single agent. While
a clinical trial for CLL patients is ongoing, results for 3 patients have been reported. There
was reduction in lymphadenopathy within 24 hours of drug administration and 2 patients
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achieved > 95% reduction in peripheral blood lymphocytes. All 3 patients demonstrated
tumor lysis syndrome. There was no major organ dysfunction. However, one patient did
develop mild disseminated intravascular coagulation due to tumor lysis. In general, the
effect on platelet count was minor compared to navitoclax. However, in an update on the
study in CLL patients at ASCO 2013 indicated there was one fatality due to tumor lysis
syndrome. Therefore, dosing and scheduling of ABT-199 need to be modified to reduce
tumor lysis syndrome.

One of the BCL-2 proteins, MCL-1, plays an important role in defective cell death in B-cell
malignancies, such as CLL and multiple myeloma, and is a source of resistance to
chemotherapeutic agents [78]. In vitro studies in CLL demonstrated that decreasing MCL-1
levels with chemical inhibitors such as dasatinib or roscovitine increased the antitumor
activity of ABT-737 [79]. This highlights the need to develop drugs that directly target
MCL-1. However, none of the current agents binds MCL-1 with high affinity [80]. A few
compounds in preclinical studies designed from the BH3 domain of BIM or MCL-1 show
MCL-1-dependent proapoptotic activity and have the potential to be developed as MCL-1
inhibitors [81,82].

Drugs targeting BCL-2 mMRNA—BCL-2 has been targeted with oblimersen, an antisense
oligonucleotide that reduces the level of BCL-2 mRNA. Oblimersen is an 18-base, single-
stranded phosphorothioate oligonucleotide designed to target the first six codons of the open
reading frame of BCL-2 mRNA. The first clinical use of oblimersen was in patients with
non-Hodgkin lymphoma (NHL), in whom it was well tolerated and showed antitumor
activity [83]. Some of these patients demonstrated down-regulation of BCL-2 protein.
Down-regulation of BCL-2 mRNA and protein levels were also observed in patients in a
phase | study involving untreated older patients with acute myeloid leukemia. In this trial,
patients who achieved complete response demonstrated a decrease in BCL-2 mRNA and
protein levels [84]. In CLL patients with advanced disease, a phase I/11 trial with oblimersen
showed modest single-agent activity: 8% of patients (2 of 26) achieved partial response [85].
However, high doses induced a cytokine and CpG-mediated immune response suggesting
non-targeted effect. This trial established the maximum tolerated dose at 3 mg/kg/day.
Oblimersen advanced to phase IlI trial in CLL patients with relapsed/refractory disease [86].
In this trial, the investigators examined the primary end-point of complete response (CR) or
nodal partial response (nPR) comparing oblimersen in combination with fludarabine and
cyclophosphamide (FCO) to FC only. In this trial, the FCO group achieved 17% CR+nPR
versus 7% in the FC group. However, in fludarabine-sensitive patients, 25% achieved
CR/nPR in the FCO regimen versus 6% in the FC group. For those patients who achieved
CR/nPR, the 3 years overall survival was 70% in FCO versus 38% in FC group. The 5 year
overall survival was 47% in FCO arm versus 24% in FC arm [87]. Oblimersen has also been
tested in chronic myelogenous leukemia, acute lymphoblastic leukemia, and multiple
myeloma. In myeloma, the initial phase Il combination of oblimersen with dexamethasone
and thalidomide was well tolerated and exhibited clinical response in patients with relapsed
disease [88,89]. Phase Il studies in VAD (vincristine, doxorubicin, and dexamethasone)—
refractory myeloma also demonstrated clinical response [90]. In a phase Il study, however,
a combination of oblimersen with dexamethasone showed no significant advantage over
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dexamethasone alone in patients with advanced myeloma [91]. Phase 111 trials in multiple
myeloma, acute myeloid leukemia, CLL, and melanoma did not demonstrate overall
survival. The drug has not been approved by the Food and Drug Administration, however,
these studies set precedence for targeting BCL-2 protein in hematologic malignancies.

Targeting Death Ligands and Death Receptors

The extrinsic pathway is a promising target for anticancer drug development. It induces cell
death independent of p53 and therefore is active in p53-mutated cells. Overexpression of
BCL-2 proteins is common in B-cell malignancies and can result in resistance to agents that
induce apoptosis through the intrinsic pathway. Targeting the extrinsic pathway will
therefore bypass mutations in the intrinsic pathway. Moreover, oncogenes such as MYC and
RAS increase tumor sensitivity to the extrinsic pathway [92].

The extrinsic pathway became a focus for anticancer therapeutics after the discovery that
TNF induces cell suicide [93]. This discovery led to various attempts to stimulate apoptosis
in cancer cells by activating TNF signaling. However, TNF also activates the NF-xB
pathway and induces expression of genes that regulate host defenses and immune responses.
Therefore, initial attempts to activate the pathway by designing agents that activate through
TNF met with failure because of the inflammatory response induced by activation of the
NF-kB pathway. Both FAS and TNF induced toxic effects in preclinical studies, limiting
their development as anticancer therapeutics [94]. Current efforts are focusing on targeting
TRAIL because of its relatively low toxicity profile [95,96].

TRAIL binds to receptors DR4, DR5, DcR1 (TRID), and DcR2 [97-99]. Of these, DR4 and
DR5 mediate death signals to activate apoptosis. DcR1 and DcR2 are decoy receptors that
do not have an intracellular death domain and inhibit TRAIL signaling. The TRAIL pathway
has been targeted with proapoptotic receptor agonists, which comprise two types:
recombinant human (rh)Apo2L/TRAIL, which activates both DR4 and DR5, and
monoclonal agonistic antibodies that target either DR4 or DR5. Proapoptotic receptor
agonists that target DR4 or DR5 have been well tolerated and have entered into clinical trials
[92].

Recombinant human Apo2L/TRAIL has been tested in leukemia and lymphoma models and
demonstrated cytotoxicity against cancer cells without being toxic to normal cells [100-
102]. Phase | studies of rhApo2L/TRAIL (dulanermin) in advanced solid tumors and NHL
(n =71) indicated a favorable toxicity profile [103]. Two patients, both with
chondrosarcoma, achieved partial response. Biomarker analysis confirmed that dulanermin
activated apoptosis, as reflected by statistically significant increases in serum caspase-3 and
=7 levels, in patients with colorectal cancer or sarcoma [104]. A phase Ib trial of a
combination of dulanermin and rituximab in relapsed, low-grade NHL was well tolerated
with three complete responses and three partial responses (out of 11 patients) [92].
Dulanermin was moved into phase I1 trials in non-small cell lung cancer (NSCLC) after
phase Ib studies showed favorable toxicity and an overall response rate of 58% when
combined with paclitaxel, carboplatin, and bevacizumab [105]. However, these phase |1
studies showed that adding dulanermin to this regimen did not yield any benefit for patients
[108].
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Some of the agonist antibodies targeting DR4 or DR5 have advanced into clinical trials. For
example, mapatumumab targets DR4, while lexatumumab, drozitumab, AMG655, CS-1008,
and LBY-135 target DR5 (Table 1). AMG655 (conatumumab), a fully human monoclonal
agonist antibody to DR5, demonstrated antitumor activity in in vitro models of colon,
pancreatic, and lung cancers [107]. In phase I studies in advanced solid tumors, AMG655
was well tolerated [108]. One patient with NSCLC achieved partial response with 48%
reduction in tumor size, and an additional 14 patients achieved stable disease. Phase |1
combination studies have been completed with conatumumab. Combination studies were in
soft tissue sarcoma (combined with doxorubicin), in metastatic pancreatic cancer (combined
with gemcitabine), in NSCLC (combined with carboplatin and paclitaxel) and in metastatic
colorectal carcinoma with FOLFIRI (combination of folinic acid, fluorouracil, and
irinotecan) [109-112]. Even though combination with gemcitabine showed some activity in
6-month survival rate, and combination with FOLFIRI showed a trend towards progression
free survival, these studies did not demonstrate any significant improvement in disease
outcome. AMG655 was combined with bortezomib or vorinostat for lymphoma, but these
studies were suspended.

Mapatumumab targets DR4 and exhibited a favorable toxicity profile in phase I clinical
trials for advanced solid tumors [113]. It has shown promise in lymphoma. In phase 1b/1l
studies in relapsed/refractory NHL, two patients achieved complete response and one patient
achieved partial response [114]. A phase Il study of mapatumumab in combination with
bortezomib in multiple myeloma has been completed, but the results have not yet been
reported. Lexatumumab, another agonist monoclonal antibody, targets DR5. Phase | studies
in advanced solid tumors and in children with solid tumors have been completed, and some
patients achieved stable disease [115-117].

Drozitumab (PRO95780/ Apomab) is an agonistic monoclonal antibody against DR5 [118].
This agent is in phase | clinical trials in patients with advanced malignancies. Drozitumab
was found to have a good safety profile and showed antitumor activity in patients with
colorectal cancer, granulosa cell ovarian cancer, or chondrosarcoma [92,119]. It is being
tested in combination with rituximab in a phase |1 trial in NHL. Other antibodies against
DR5 include LBY-135, a chimeric (mouse/human) monoclonal antibody, and CS-1008
(tigatuzumab), a humanized monoclonal antibody [92]. Phase | studies indicated that both
are well tolerated. Seven of 17 patients (16 with advanced solid tumor and one with
lymphoma) who received CS-1008 showed stable disease [120]. In phase I studies with
single agent LBY-135, one sarcoma patient showed minor response and two patients (one
with NSCLC, one with prostate cancer) showed decrease in antitumor markers [121].

TAS266 is a tetrameric DR5 targeted agonist that uses nanobody technology [122]. This
technology is superior to current dimeric agonist that activate DR5 because dimeric agonist
have to cross-link to Fca receptors on immune cells in the tumor microenvironment to
cluster DR5 receptors into the active state. Because immune cell content is heterogeneous in
the tumor microenvironment the potency of these dimeric agonists that depend on cross-
linking is variable. However, TAS266 uses nanobodies that have single, high affinity heavy
chain domain (V) that can form multivalent structures. In preclinical studies, it activated
caspases and was more cytotoxic than TRAIL and cross-linked DR5 agonist. It induced
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tumor regression in xenograft model and in patient-derived primary pancreatic tumor model.
First in-man human trials began in 2012 in advanced solid tumors. However, the trial has
been terminated and the results have not yet been reported.

Targeting Inhibitor of Apoptosis Proteins

The IAP proteins contribute to cell survival. There are eight IAP proteins: clAP1 (cellular
IAP1), clAP2, XIAP (X chromosome-linked IAP), NAIP (neuronal apoptosis inhibitory
protein), ML-1AP (melanoma IAP), survivin, Apollon, and ILP2 (1AP-like protein 2) (Figure
3). These proteins have a 70- to 80-amino-acid zinc-binding domain called baculovirus IAP
repeat (BIR), which mediates protein-protein interactions and is important for inhibition of
apoptosis. Some members of the IAP protein family (clAP1, clAP2, ML-1AP, XIAP) have a
RING (really interesting new gene) domain, which has E3 ubiquitin ligase activity. Each of
the 1APs has specialized functions. XIAP is a direct inhibitor of caspase-3, =7 and —9. |APs
with a RING domain can regulate protein stability. clAPs also inhibit SMAC, preventing it
from inhibiting XIAP. clAP1 and clAP2 stimulate cell survival by activating NF-xB
signaling.

Studies have demonstrated that high expression of clAP1, clAP2, XIAP or survivin mMRNA
or protein is associated with shorter survival or poor clinical outcome [16,18,123,124]. High
expression of XIAP or clAP1 results in poor response to chemotherapeutic agents and
resistance to apoptosis [17,19,125]. Genetic mutations have been identified that deregulate
the expression of the IAP proteins. clAP2 is often found to be fused to MALT1 in
lymphoma, resulting in activation of NF-xB signaling [126,127]. |AP protein activity has
been inhibited with antisense oligonucleotides and small-molecule inhibitors or SMAC
mimetics (Table I).

Targeting IAP mMRNA—AEG35156 is an antisense oligonucleotide designed to
selectively target XIAP, the only IAP family member that directly inhibits caspase-3, -7,
and -9. Phase | studies of AEG35156 in advanced refractory cancer demonstrated that it was
well tolerated [128]. It has also been tested in a phase I/l clinical trial in combination with
induction therapy with idarubicin and cytarabine for relapsed or refractory AML. In this
trial, 47% of patients receiving high-dose AEG35156 achieved complete response or
complete response with incomplete platelet count recovery [129]. Administration of
AEG35156 was correlated with decrease in XIAP mRNA and protein levels and induction
of apoptosis in CD34+38~ AML stem cells [129,130]. However, a subsequent randomized
phase Il study of AEG35156 in combination with re-induction chemotherapy with
cytarabine and idarubicin in AML showed no improvement in remission rate compared to
treatment with cytarabine and idarubicin alone and the study was terminated early due to
lack of benefit [131,132]. There are currently no active trials with AEG35156.

Survivin is another good target for drug development. It is differentially expressed between
normal and cancerous tissues [133]. Studies have indicated high survivin expression in
tumors associated with Hodgkin’s lymphoma, non-Hodgkin’s lymphoma and leukemia
[133]. It is both a prognostic and predictive tumor marker [134,135]. It has been targeted
with antisense oligonucleotides (LY2181308) and, transcriptionally, with YM155, an
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inhibitor of survivin promoter activity. In phase I clinical studies with YM155 involving 41
patients with advanced solid malignancies or lymphoma, one complete response and two
partial responses were observed in patients with NHL [134]. A phase Il study in diffuse
large B-cell lymphoma patients with refractory disease has also been completed. However,
low response rate (one patient out of 41 (2.4%) with complete remission) lead to early
termination of the study [136]. However, preclinical studies suggested that YM155 might be
efficacious in combination with rituximab and based on these data a phase 1l trial of YM155
in combination with rituximab is currently ongoing in NHL patients [136]. The antisense
oligonucleotide LY2181308 (Gataparsen) was demonstrated to be well tolerated in advanced
solid tumors and phase 11 trials as a single agent and in combination with cytarabine and
idarubicin for AML have recently been completed [135,137-139]. In this study, LY2181308
was found to be well tolerated in AML patients and survivin expression was reduced in
patients expressing high levels of survivin. In the combination arm, 4/16 patients achieved
complete remission; these results therefore warrant further investigation of the drug.

As another approach, spontaneous anti-survivin T-cell reactivity has been observed in
patients with solid tumors, leukemia, or lymphoma. Therefore, it has been used as a target
for vaccine development against cancer, which is in phase I/11 trial in myeloma patients
[135,140].

SMAC mimetics—SMAC inhibits IAP proteins and functions as a proapoptotic protein.
SMAC has been a target for drug development because expression of SMAC at low levels
has been correlated with poor prognosis in solid tumors [141-143]. In AML, high
expression of SMAC has been correlated with longer overall survival and higher complete
remission rates [144]. The crystal structure of SMAC complexed with XIAP has been solved
[145-147]. These studies demonstrated that SMAC inhibits XIAP through interaction of a
four-amino-acid peptide motif (AVPI) on SMAC with the BIR3 domain of XIAP. This
interaction between SMAC and XIAP has been exploited through design of SMAC
peptidomimetics or small molecules that inhibit SMAC and IAP interaction. SMAC
peptidomimetics have antitumor activity in cell culture models, but their poor
pharmacological properties prevented their development for therapeutic applications
[148,149]. Small-molecule SMAC mimetics that have better pharmacological properties are
now being developed.

The crystal structure of the XIAP BIR3 domain in complex with the SMAC AVPI peptide
has been determined and is being used to design SMAC mimetics that potently inhibit
XIAP, clAP1, clAP2 and ML-IAP [145,147]. Several monovalent and bivalent SMAC
mimetics have been designed that are cytotoxic in antitumor assays [150-153]. Mechanistic
studies have demonstrated that these monovalent and bivalent SMAC mimetics activate the
E3 ubiquitin ligase activity of clAP1 and clAP2 that induce autoubiquitylation and
degradation of clAPs [154,155]. The E3 ubiquitin ligase activity of clAPs activates both the
canonical and non-canonical NF-xB signaling pathways. clAPs ubiquitylates RIP1 and
activates the canonical NF-xB pathway which induces TNFa expression and TNF-R1
signaling. At the same time, when the clAP proteins are degraded, RIP1 can no longer be
ubiquitylated and it forms a complex with FADD and caspase-8 to activate apoptosis.
Therefore, the E3 ubiquitin ligase activity of cl AP proteins converts the prosurvival TNF
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signaling to a pro-apoptotic signaling. clAP degradation also leads to the stabilization of
NIK (NF-kB-inducing kinase) and activation of the non-canonical NF-xB pathway.

The SMAC mimetic that has moved furthest in clinical trials is AT-406, which inhibits
XIAP, clAP1, and clAP2 at nanomolar concentrations [156]. In preclinical studies, AT-406
showed favorable pharmacokinetic properties in mice, rats, nonhuman primates, and dogs,
and was orally bioavailable. It decreased tumor volume without decreasing body weight in a
breast cancer model and improved survival rates in a mouse ovarian cancer model
[156,157]. It is currently in phase I clinical trials in advanced solid tumors and lymphomas.

TL32711 is a bivalent small-molecule SMAC mimetic that inhibits IAPs [158]. It was well
tolerated in a phase I clinical trial in advanced solid tumors and lymphomas. Administration
of TL32711 at doses >1.44 mg/m? decreased clAP1 levels >80% within 24 hours. Cleaved
CK-18 and activated caspase-3/7 was observed in serum of patients treated at doses of 2.88
mg/m2. Lysate prepared from tumor biopsy of a melanoma patient treated with TL32711
demonstrated >90% clAP1 suppression, high levels of activated caspase-8 and PARP
cleavage. A phase I/1l study in AML, myelodysplastic syndrome and acute lymphoblastic
leukemia is currently ongoing.

GDC-0917 is a monovalent SMAC mimetic for which a phase I clinical trial in advanced
solid tumors or lymphoma has recently been completed (NCT01226277). LCL161 isa
SMAC mimetic that showed antitumor activity in preclinical studies in leukemia [159,160].
Itis currently in phase I studies in solid tumors. HGS1029 is a bivalent SMAC mimetic that
is currently in phase I clinical trials for solid tumors. Reports from phase | studies have
indicated that HGS1029 is well tolerated [161].

Activating Caspases

Apoptosis occurs through a cascade of events involving members of the caspase family of
cysteine proteases. Caspases are synthesized as zymogens and are activated by proteolysis.
Of particular importance is procaspase-3, which serves as an “executioner” procaspase in
both the intrinsic and extrinsic cell death pathways. Procaspase-3 is expressed at elevated
levels in colon and liver cancers, neuroblastomas, lymphomas, leukemias, and melanomas
[162]. In colon cancer, the cancerous cells expressed higher levels of procaspase-3 than
surrounding noncancerous cells [163]. This indicates that there is a therapeutic index for
targeting procaspase-3. Targeting procaspase-3 can also overcome resistance to apoptosis
through mutations or altered expression of key upstream proteins in the apoptotic cascade.

Caspases have been activated in cancer cells by various strategies. In one approach, a
chimeric protein in which anti-erbB2/HER2 antibody was fused to a C-terminal
constitutively active caspase-3 was designed to selectively kill cancer cells overexpressing
HER2 [164]. This chimeric protein, called immunocasp3, showed antitumor activity and
improved the survival rate of mice transplanted with SKBR-3 HER2-positive human tumor
cells. Fusion of active caspase-6 to anti-erbB2/HER?2 antibody also induced apoptosis in
HER2-positive tumor cells [165]. Caspase-3 has been targeted with PEF-F8-CP3, a
caspase-3 fusion construct with a single chain antibody [166]. Specific activation of
caspases in tumor cells has been achieved with inducible caspase-3 (Ad-G/iCasp3) and
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inducible caspase-9 (FKBP12/Casp-9 or iCasp9), which are regulated by cell-permeable
chemical inducers of dimerization to selectively kill cancer cells [167,168]. Besides these,
several small-molecule activators of caspase and RGD peptides are being developed by
Maxim, Gemin X, and Merck-Frosst [169]. All of these agents are in preclinical studies.

Among the small-molecule activators, two agents have shown promise in inducing
apoptosis: compound 1541 and procaspase-activating compound (PAC-1), both of which
target procaspase-3. Compound 1541 enhanced susceptibility of procaspase-3 to proteolysis
by stabilizing a conformation that exposes the internal cleavage site and makes it more
accessible to proteolysis [170]. In in vitro assays, compound 1541 activated procaspase-3 at
a concentration of 2.4 uM. It was active against a number of cell lines, such as BT549,
HCC1954, MB361, 600MPE, HeLa, and HEK293. In contrast, it was not active in MCF7, a
cell line with caspase-3 mutation, indicating the specificity of its action. It also induced
apoptosis in BAX and BAK double-knockout mouse embryonic fibroblasts, highlighting
that it can bypass defects in the apoptosis cascade and still induce cell death.

PAC-1 is another agent that is being developed as a procaspase-3 activator [162]. It activates
procaspase-3 by chelating inhibitory zinc ions from procaspase-3, allowing it to autoactivate
to caspase-3 [171]. In vivo studies with PAC-1 in mice demonstrated that it was well
tolerated; it exhibited antitumor activity in mice transplanted with ACHN renal cancer cell
line or NCI1-H226 lung cancer cell line [162]. A small clinical trial with a PAC-1 analog, S-
PAC-1, in dogs with spontaneous lymphoma demonstrated that it was well tolerated, and
either partial response or stable disease was achieved in four of the six dogs treated [172].
This indicates that PAC-1 and its analogs have potential as anticancer agents.

CONCLUSIONS

Hematologic malignancies are characterized by deregulation of the apoptosis program that
leads to the accumulation of malignant cells. Therefore, targeting the apoptosis pathway is
an effective anticancer strategy. Cell death pathways include extrinsic and intrinsic routes
with involvement of proteins that either facilitate or prevent apoptosis (Figure 1). Therefore,
key families of proteins have been identified and targeted in hematologic malignancies. Four
major nodes that have resulted in design of specific chemotherapeutic agents include BCL-2
family antiapoptotic protein antagonists, cell death pathway-activating ligand and receptor
agonists, IAP and SMAC mimetics, and executioner caspase activators. Many of these
strategies are being tested in clinical investigations and are providing encouraging data.
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Figure 1. The apoptosis pathway
There are two apoptosis pathways, intrinsic and extrinsic. The intrinsic pathway is activated

by cellular stress. When activated, the BH3-only proteins inhibit antiapoptotic BCL-2
proteins and induce BAK/BAX oligomerization and permeabilization of the mitochondria
and release of cytochrome ¢ and SMAC/DIABLO. Cytochrome ¢ forms a complex with
caspase-9 and APAF-1, leading to activation of caspase-9. Caspase-9 activates the
executioner caspases (caspase-3, —6, and —7) and induces cell death. The extrinsic pathway
is activated by death signals mediated by death ligands. The death ligand activates the death
receptor, which forms a complex called the death-inducing signaling complex (DISC) and
sends a signal to activate caspase-8 and —10. Caspase-8 and —10 activate caspase-3. In some
cells, the extrinsic pathway crosstalks with the intrinsic pathway through caspase-8—
mediated truncation of BID to tBID. tBID activates BAK/BAX oligomerization and induces
apoptosis through the mitochondrial pathway.

Leuk Lymphoma. Author manuscript; available in PMC 2014 September 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zaman et al. Page 24

Anti-apoptotic:
BCL-2 (239 aa), BCL-X, (233 aa), BCL-w (193 aa), MCL-1 (350 aa),
BCL2A1 (175 aa), BCL-B (194 aa)

BH4 BH3 BH1 BH2 ™
Pro-apoptotic:
BAK (211 aa), BAX (192 aa), BOK (212 aa)
BH3 BH1 BH2 ™
Pro-apoptotic:

BIM (198 aa), BID (195 aa), PUMA (261 aa), NOXA (54 aa),
BAD (168 aa), BMF (184 aa), BIK (160 aa), HRK (91 aa)

BH3 ™

Figure 2. The BCL-2 protein family
The BCL-2 proteins share a BCL-2 homology (BH) domain. The antiapoptotic BCL-2

proteins (BCL-2, BCL-X|, BCL-w, MCL-1, BCL2A1 and BCL-B) have four BH domains
and the proapoptotic BAK, BAX and BOK proteins have three BH domains, while the
proapoptotic BIM, BID, PUMA, NOXA, BAD, BMF, BIK, and HRK proteins have only
BH3 domain. The location of the transmembrane (TM) domain is indicated in the figure. Of
the BH3-only proteins, only BIK and HRK have a TM domain. The panels representing the
three groups of proteins are not drawn to scale, and the amino acid lengths shown represent
the canonical size.
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NAIP 1403 aa _F R Iml [_ RR]:I
s [BR] ER][BR
XIAP 497 aa '!'R
ML-IAP 298 aa W RING
ILP2 236 aa M UBA RING

. . coiled-
Survivin 142 aa IR coil

Apollon 4857 aa M{ UBC

Figure 3. Thel AP protein family
The 1AP family has eight members: NAIP, clAP1, clAP2, XIAP, ML-IAP, ILP2, survivin,

and Apollon. All of the IAP proteins have a baculoviral IAP repeat (BIR) domain, which
mediates protein-protein interactions. The RING domain mediates E3 ubiquitin ligase
activity. Ubiquitin-associated domain (UBA) binds monoubiquitin and polyubiquitin chains.
CARD is a caspase recruitment domain. UBC is an ubiquitin-conjugating domain. LRR is a
leucine-rich domain. NACHT, a predicted nucleoside-triphosphatase domain, is named for
its components: NAIP, CIITA (MHC class Il transactivator), HET-E (20-
hydroxyeicosatetranoic acid synthase), and TP1 (transition protein 1). The panels
representing the proteins are not drawn to scale, and the amino acid lengths shown represent
the canonical size. Figure is modified from [11]. Permission to reprint modified figure was
obtained from Nature Publishing Group.

IR UBA RING
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