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Abstract
Chemotherapy and radiation therapy exert their anti-cancer effects by causing DNA
damage, but these treatments can also

damage DNA in normal cells, contributing to the

subsequent development of therapy-induced neoplasms in around one fifth of cancer
survivors. Drugs that stimulate death receptors or antagonize Bcl-2 relatives or IAP
protein family members trigger direct induction of apoptosis in cells without the need for
DNA damage. Since these agents do not rely on DNA damage to stimulate apoptosis, it
was hypothesized that they may not provoke mutations in surviving cells, thereby
reducing the risk of therapy-induced cancers. This

study confirmed previously

published data showing that the death receptor agonist TRAIL induced mutations in
surviving

cells, and the mutagenic activity of TRAIL was caspase-dependent. This

study investigated whether two other classes of direct apoptosis inducers - BH3 mimetics
and Smac mimetics - also exhibited mutagenic activity, using techniques to detect DNA
damage (γH2AX and comet assays) and mutations in surviving cells (HPRT assay) in
cell line model systems. Unlike TRAIL,

treatment with the BH3 mimetic ABT-737, or

Smac mimetics did not induce DNA damage at physiologically relevant doses.

ABT-

737 induced mutations in surviving cells only when used at concentrations higher than
physiologically achievable levels,

which stimulated Bax/Bak-independent cell death.

This study provides hope that treatment with BH3 mimetics or Smac

mimetics may not

cause mutation-related side effects in cancer survivors, unlike DNA damaging therapies.
Osteosarcoma is a primary cancer of bone. Its treatment usually involves DNA damaging
chemotherapy, which is ineffective for 40% of patients and causes severe adverse effects
in those who are cured, including heart damage and therapy-induced cancers.
Osteosarcoma patients reportedly exhibit high levels of TNFα in serum. This prompted us
to investigate if direct apoptosis inducers can co-operate with endogenous TNFα to kill
osteosarcoma cells in vitro, and the Smac mimetic SM-164 was identified as an attractive
agent. Cells from some murine osteosarcomas could be killed by levels of TNFα and SM164 that are likely to be achievable in vivo, but others were less sensitive. RIPK1 was
identified as an essential modulator of sensitivity to this combination treatment. These
data suggest that SM-164 could provide an effective alternative to chemotherapy for
osteosarcoma patients. As this study revealed that Smac mimetics are non-mutagenic,
SM-164 may also reduce the risk of therapy-induced cancer in osteosarcoma survivors.
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Chapter 1 Targeting cancer and minimizing the risk of second cancer
1. 1 Cancer
Cancer can be defined as an evolution of normal cells to a neoplastic state by acquiring
capabilities and traits through mutations, which leads to development of initially localized
tumors and then malignancies (Hanahan & Weinberg, 2011). In 2011, Hanahan and
Weinberg defined 10 hallmarks of cancer, which result in development of cancer and
tumor growth: sustaining proliferating signal, evading growth suppressors, avoiding
immune destruction, enabling replicative mortality, tumor promoting inflammation,
activating invasion and metastasis, initiating angiogenesis, genomic instability and
mutation, avoiding cell death and deregulating cellular energetics (Hanahan & Weinberg,
2011). Cancer cells are characterized by the presence of genomic instabilities like
aberrations in chromosomal structure or number, and insertions, deletions or substitutions
of one or more nucleotides (Lord & Ashworth, 2012). If aberrations are accumulated in
multiple genes involved in above-mentioned hallmarks of cancer, formation and
development of tumor is initiated in normal cells (Lord & Ashworth, 2012).
Cancer is disease of a very high prevalence globally and incurs a severe social-economic
burden (Ferlay et al., 2015). In 2012 alone, about 14.1 million new cases of cancer and
8.2 million cancer-related deaths were estimated globally (Ferlay et al., 2015). Although
there has not been any significant decrease in the incidence of most cancers, in recent
years there has been a significant decrease in cancer related mortality (Siegel et al.,
2012b). It was reported that between 1990/1991 and 2008, cancer-related deaths
decreased by 22.9% in males and 15.3% in females (Siegel et al., 2012b). This trend has
been possible due our increased knowledge of cancer biology, and advances in diagnosis
and treatment of cancer. Although there has been significant improvement in 5-year
survival rate for cancer patients overall, some cancer types are still non-responsive or
have poor treatment outcomes, for example, the 5-year survival rate for patients
diagnosed with small cell lung cancer is still about 6.1% (Siegel et al., 2012a). Chapter 4
of this thesis focused on the bone cancer osteosarcoma. Survival rates for this cancer
improved in the 1970s with refinement of chemotherapy-based regimens, but little
progress has been made since then. Currently around 60% of osteosarcoma patients and
only 25% with metastatic disease survive more than five years post-diagnosis (Allison et
al., 2012).
12
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1. 2 Cancer therapies
Conventional treatments for cancer include surgery, radiation and chemotherapy. Before
the advent of radiation and chemotherapeutics for cancer treatment, surgery dominated as
a mode of cancer treatment, but metastatic and inoperable tumors could not be eliminated
(Chabner & Roberts, 2005).
Radiation therapy exploits the inability of cancer cells to effectively repair DNA damage
(Lord & Ashworth, 2012). In recent times radiation therapy is more commonly used in
combination with surgery and chemotherapy (Baskar et al., 2012). In brief, radiation
therapy involves the exposure of tumors to ionizing radiations like photon radiation (Xrays and gamma rays) or particle radiation (electron, proton or neutron beams) (Baskar et
al., 2012). Radiation provokes DNA damage in cancer cells, which can either lead to
senescence, or more commonly initiate cell death if the damage is severe and the cancer
cells fail to effectively repair it (Baskar et al., 2012). Several advances have been made in
radiation therapy to enable effective delivery of radiation to tumor sites and minimizing
irradiation of normal cells (Baskar et al., 2012). Radiation therapy is used for about 45%
of the new cancer cases and is employed across various cancer types including early
stages of head and neck cancer, prostate cancer and non-Hodgkin’s lymphoma
(Urruticoechea et al., 2010). With the advancements in the delivery and dosages of
radiation therapy, it has been estimated to contribute to 40% of cancer cures
(Urruticoechea et al., 2010).
1. 2. 1 Chemotherapeutic agents
Chemotherapeutic agents are currently widely used for cancer treatments, either as a sole
therapy, or more commonly in combination either with surgery, radiation therapy or other
drugs (that target different components of the cell) (DeVita & Chu, 2008). Development
of chemotherapy as a treatment for cancer can be dated back to 1940s with the use of
nitrogen mustard to treat lymphomas (Karnofsky et al., 1947). Since then there has been a
significant increase in understanding of cancer and various chemotherapeutics have been
developed that target various components of cancer cells (Helleday et al., 2008). In
general, chemotherapeutic agents work via initiating cell death in cancer cells, and they
rely on increased proliferative ability of cancer cells in contrast to normal cells for their
selectivity (Helleday et al., 2008). Types of chemotherapeutic agents that are employed in
13

Chapter 1 Targeting cancer and minimizing the risk of second cancer

clinics include alkylating agents, platinum compounds, anthracyclines, topoisomerase
inhibitors, antimetabolites and vinca alkaloids (Figure 1.1).
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Figure 1. 1: Mechanisms of action of chemotherapeutic agents that are
currently employed for cancer treatment.
1. 2. 1. 1 Alkylating agents
The use of alkylating agents as chemotherapeutic agent began with use of nitrogen
mustard derivatives and since then various compounds have been developed for the
purpose of cancer treatment that belong to this class (Siddik, 2005). Alkylating agents can
be divided into three classes based upon their mechanism, which include monofunctional
methylating agents and bifunctional methylating agents (Kondo et al., 2010). Alkylating
agents function by forming covalent linkages within DNA: monofunctional agents form
covalent linkages at one nucleophilic site and bifunctional agents from covalent linkages
at two nucleophilic sites on different DNA bases (Siddik, 2005). Commonly, the N7 or O6
residue of guanine is methylated by the alkylating agents leading to formation of adducts
14
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by monofunctional methylating compounds, or interstrand and/or intrastrand crosslinks
by bifunctional alkylating agents (Fu et al., 2012). These adduct and cross-links interfere
with DNA replication, which results in cell cycle arrest, initiation of DNA repair
mechanism, and if DNA damage is significant, cell death is initiated (Fu et al., 2012).
1. 2. 1. 2 Platinum compounds
Use of platinum compounds as chemotherapeutic agents began with the development of
cisplatin (Dasari & Tchounwou, 2014). Even today, cisplatin and newer generation of
platinum compounds like carboplatin and oxaliplatin are used as treatments for a broad
spectrum of cancers (Oberoi et al., 2013). Platinum compounds function via a similar
mechanism to alkylating agents: they cause formation of platinum adducts at N7 residue
of nucleotides, most frequently guanine, which leads to formation of intrastrand
crosslinks and monofunctional adducts. These DNA modifications cause distortions of
DNA structure leading to inhibition of replication and transcription. DNA damage initiate
variety of DNA damage responses, leading to cell cycle arrest and potentially initiation of
cell death in cancer cells (Ali et al., 2013). In addition to formation of DNA adducts,
cisplatin has also been implicated to execute its cytotoxicity by binding to tubulin and
disrupting the cytoskeleton of tumour cells (Tulub & Stefanov, 2001), and regulate the
distribution of CD95 receptors on membranes of human colon cancer cell lines leading to
increased sensitivity via CD95 mediated apoptosis (Lacour et al., 2004).
1. 2. 1. 3 Anthracyclines and topoisomerase inhibitors
Topoisomerases I and II have been targeted for cancer therapy for many decades
(Pommier et al., 2010). Topoisomerases aid in replication and transcription of DNA by
relieving torsional stress resulting from relaxing and unwinding DNA, and separation of
DNA strands (Pommier et al., 2010). Drugs targeting topoisomerases stabilize the
DNA/topoisomerase complex, resulting in formation of single or double strand breaks
(Pommier et al., 2010). These DNA strand breaks initiate DNA repair pathways, and/or
activate cell death (Pommier et al., 2010). Camptothecin was identified as a
topoisomerase I poison and its derivatives topotecan and irinotecan are currently used for
chemotherapy (Pommier, 2006). Drugs targeting topoisomerase II can be classified into
two groups: topoisomerase poisons including etoposide and doxorubicin, and
topoisomerase catalytic inhibitors like bisdioxopiperazines (Nitiss, 2009). Topoisomerase
II poisons function by generating double-strand DNA breaks though formation of a
15

Chapter 1 Targeting cancer and minimizing the risk of second cancer

covalent DNA/topoisomerase complex, and topoisomerase II catalytic inhibitors function
by inhibiting the catalytic activity of topoisomerase II enzyme leading to formation of
non-covalent interaction between cleaved DNA strand and topoisomerase II enzyme
(Nitiss, 2009).
Anthracyclines comprise another class of chemotherapeutic agents that are used to treat
cancer patients (Minotti et al., 2004). Doxorubicin and daunorubicin were the first
anthracyclines used for cancer therapy, however since then many compounds have been
developed to increase treatment efficiency, reduce toxicity and improve outcomes for
unresponsive cancers (Minotti et al., 2004). Doxorubicin is one of the most commonly
used agents for chemotherapy and is used across a broad spectrum of cancers (Tacar et
al., 2013). Doxorubicin exerts its cytotoxic activity through various mechanisms and
these mechanisms are still not completely defined. Primarily, doxorubicin binds to DNA
and interferes with activity of enzymes like topoisomerase II causing DNA damage (Yang
et al., 2014). Being a DNA intercalator, doxorubicin can also form DNA adducts to
initiate DNA damage response and cell death (Swift et al., 2006). Other mechanisms of
doxorubicin toxicity include formation of free radicals resulting in oxidative stress, DNA
damage, and cell death (Yang et al., 2014).
1. 2. 1. 4 Antimetabolites
Antimetabolites are a class of chemotherapeutic agents that also target nucleic acids of
rapidly proliferating cells leading to cell death (Cole et al., 2005). Antimetabolites are
structural analogues of cellular metabolites and can be classified into four distinct groups:
antifolates, purine analogues, pyrimidine analogues and sugar-modified analogues
(Scagliotti & Selvaggi, 2006). Antimetabolites like methotrexate, 6-mercaptopurine and
5-fluorouracil have been used in clinic since 1960s for treatment of cancer, and various
other compounds have been developed since then (Peters, 2014). Methotrexate is an
antifolate and exerts its toxicity primarily through inhibition of thymidine synthesis by
inhibiting dihydrofolate reductase (Chan & Cronstein, 2013). 5-flurouracil exerts its
toxicity by inhibiting the enzyme thymidine synthase, and also by incorporation into
RNA and DNA leading to inhibition of RNA and DNA synthesis respectively (Longley et
al., 2003).

16
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1. 2. 1. 5 Mitotic inhibitors
Mitotic inhibitors include microtubule-targeting agents, anti-kinases and anti-motor
proteins (Chan et al., 2012). Among these classes, microtubule-targeting agents are well
characterized. The microtubule-targeting agents can be classified into two categories:
microtubule de-stabilizing agents like vinca alkaloids, and microtubule stabilizing agents
like taxanes (Chan et al., 2012). Both of these categories of drug bind to β tubulin and
interfere with microtubules assembly (vinca alkaloids) or disassembly (taxanes) during
mitosis, resulting in cell death (Mukhtar et al., 2014).
1. 3 Resistance to conventional chemotherapeutic agents
As mentioned above, radiation therapy and chemotherapeutic agents exert their toxicity
through initiating cell death via apoptosis (see section 1.6). Even though these
chemotherapeutic agents are widely used clinically as anti-cancer agents, a significant
proportion of cancer patients and cancer types are unresponsive to these conventional
therapies (Rebucci & Michiels, 2013). There are several molecular mechanisms that can
contribute towards resistance of tumor cells to various anti-cancer agents, which can be
intrinsically present in cancer cells or can be acquired by previous chemotherapy
(Rebucci & Michiels, 2013). Some of the common molecular mechanisms for resistance
include inactivating mutations of tumor suppressor genes, activating mutations of
oncogenes, loss of pro-apoptotic proteins, over-expression of anti-apoptotic proteins, and
alterations in drug exports and DNA damage responses (Rebucci & Michiels, 2013). In
addition to these mechanisms, cancer cells can also cause inactivation of drugs or alter the
cellular mechanisms that cause activation of prodrugs (Holohan et al., 2013).
A common mechanism that leads to multi-drug resistance in cancer cells is enhanced drug
efflux, leading to lower intracellular concentration of drug. The commonly associated
proteins involved with increased drug efflux in cancer cells belong to ATP-binding
cassette protein family which include P-glycoprotein, multidrug resistance protein-1 and 2 (Wu et al., 2011). The resistance mechanisms acquired by cancer cells by inactivation
of tumor suppressor factors and alterations in DNA damage responses are described in
detail below.
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1. 3. 1 Role of p53 in resistance to chemotherapeutic agents
One of the most common mechanisms of resistance to anti-cancer agents is the presence
of inactivating mutations in tumor suppressor genes like retinoblastoma, PTEN and p53
(Rebucci & Michiels, 2013). P53 is a transcription factor consisting of two N-terminal
transactivation domains, a DNA binding domain and a C-terminal oligomerization
domain (Ko & Prives, 1996). It is primarily involved in regulating expression of
numerous genes involved in cell cycle arrest, apoptosis, senescence and DNA repair
pathways (Whibley et al., 2009). Under normal physiological conditions p53 levels in
cells is kept low by its regulators MDM2 and MDM4, however stress signals like DNA
damage, metabolic stress, hypoxia or oncogene activation lead to activation and increased
levels of p53 (Whibley et al., 2009). P53 activity is influenced by various factors
including ubiquitination, phosphorylation, acetylation and methylation of its residues
(Whibley et al., 2009).
P53 holds a central role in execution of toxic activity of conventional chemotherapeutic
agents (Rebucci & Michiels, 2013). The majority of anti-cancer agents elicit DNA
damage in cancer cells as their mechanism of action, as a result cell death is initiated in
these cells through activation of p53, which in turn induces expression of pro-apoptotic
factors like Bax (Miyashita & Reed, 1995) and PUMA (Nakano & Vousden, 2001) to
cause apoptosis. Inactivating p53 mutations are present in 50% of human cancers
(Hollstein et al., 1991), and mutated p53 results in inefficient activation of apoptosis
resulting in resistance to conventional chemotherapeutic agents and radiation (Lowe et
al., 1993). The majority of inactivating mutations present in p53 are clustered in DNA
binding domain, elucidating the importance of transcription regulation by p53, however
inactivating mutations have also been reported that affect the structure of p53 (Hainaut &
Hollstein, 2000; Sigal & Rotter, 2000). Inactivating mutations lead to loss of function of
p53, leading to tumor progression and resistance to conventional anti-cancer therapies
(Liu et al., 2010). Recent studies have suggested that some p53 mutations also confer
oncogenic properties leading to cancer progression and drug resistance (Liu et al., 2010).
1. 3. 2 DNA damage response in resistance to chemotherapeutic agents
DNA repair pathways in cancer cells play a pivotal role in determining whether these
cells respond to radiation therapy or DNA damaging chemotherapeutic agents (Curtin,
2012). Different classes of chemotherapeutic agents inflict different kinds of DNA
18
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insults, which in turn activates distinct DNA repair pathway depending on type of DNA
damage. DNA repair pathways include direct repair of methylated DNA bases by O6methylguanine DNA methyltransferase (MGMT), nucleotide excision repair, base
excision repair, mismatch repair, homologous recombination, and non-homologous end
joining (Pallis & Karamouzis, 2010). The nucleotide excision repair pathway commonly
repairs DNA adducts, where upon recognition of DNA damage, various proteins like
XPA, RPA and ERCC1 remove damaged nucleotide and DNA polymerases fill the gap
(Scharer, 2013). The base excision repair pathway is involved in repairing damaged bases
and single strand breaks. Upon recognition of damage, apurinic or apyrimidinic
endonuclease (APE1) creates an incision that is repaired by DNA polymerase (Krokan &
Bjoras, 2013). Another important factor of base excision repair is poly(ADP-ribose)
polymerase (PARP), which recognizes and binds at sites of damage to recruit other DNA
repair factors, and repair the damage (Krokan & Bjoras, 2013). The mismatch repair
pathway is involved in repairing deletions or insertions in DNA and mismatches: MLH1
proteins recognize damaged site, and exonuclease I creates an excision, which is repaired
by DNA polymerase and DNA ligase (Erie & Weninger, 2014).
Double strand breaks are repaired by homologous recombination or non-homologous end
joining repair pathways (Chapman et al., 2012). Non-homologous end joining is an error
prone mechanism and can occur at any point of cell cycle. In this repair mechanism, two
ends of broken DNA (which may derive from different genomic locations) are ligated
(Davis & Chen, 2013). Major proteins involved in this process include Ku heterodimers,
DNA-dependent protein kinases (DNA-PK) catalytic subunit and DNA ligase IV (Davis
& Chen, 2013). On the other hand, homologous recombination, a more accurate repair
pathway, is restricted to S and G2 phase of cell cycle, and relies on availability of intact
DNA template on sister chromatid (Jasin & Rothstein, 2013). In homologous
recombination repair, ataxia telangiectasia mutated kinase (ATM) or ATM- and RAD3related kinase (ATR) along with other factors are recruited to the site of double-strand
break by MRE11/Rad50/Nbs1 complex, which further recruits other proteins like p53 and
BRCA1/2 to initiate cell cycle arrest and DNA repair (Jasin & Rothstein, 2013).
Depending on type of defects in DNA repair pathway, cells can either become more
sensitive or resistant to chemotherapeutic agents (Curtin, 2012). Table 1.1 below
summarizes different DNA repair pathways initiated by different chemotherapeutic
agents and resistance encountered by these agents.
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Table 1. 1: DNA repair pathways initiated by chemotherapeutic agents and their
mechanism of resistance (Goldstein & Kastan, 2015; Helleday et al., 2008; Pallis &
Karamouzis, 2010; Rebucci & Michiels, 2013)
Chemotherapeutic
agent

DNA repair pathway

Mechanism of resistance

Alkylating agents

Direct
repair
by
MGMT*.
Base
excision
repair*,
nucleotide
excision
repair*
and
nonhomologous
end
joining.

Increased activity of MGMT
leading to removal of DNA
adducts. High activity of
PARP and APE1 resulting in
increased
DNA
damage
repair.

Platinum
compounds

Increased activity of ERCC1
Nucleotide
excision (associated with nucleotide
repair*,
mismatch excision repair) and BRCA1
repair*
and (associated with homologous
homologous
recombination). Defects in
recombination.
mismatch
repair
genes
(MLH1 and MSH2).

Base excision repair*,
Topoisomerase
non-homologous end Increased ATM activation
inhibitors
and joining
and and elevated Ku protein
anthracyclines
homologous
expression.
recombination.

Anti-metabolites

Base excision repair*.

High activity of APE1 to
repair damaged residues of
DNA and single strand breaks
in DNA.

* If the sustained DNA damages are not fixed in time by these more accurate repair
mechanism, DNA damage could proceed to double strand breaks. Double strand breaks
are repaired either by homologous recombination or non-homologous end joining.
Homologous repair relies on availability of correct template, and if not available could
cause genetic alterations or promote a more error prone non-homologous end joining
repair that could lead to side effects such as therapy-induced cancers (see section 1.4.1)
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1. 4 Side effects of conventional chemotherapeutic agents
The chemotherapeutic agents mentioned above do not specifically target cancer cells, and
rely on the proliferative characteristic of cancer cells for their selectivity (Peterson, 2011).
As a consequence of this lack of specificity, normal cells are also targeted by these drugs,
resulting in acute and late side effects (Peterson, 2011). Acute side effects includes hair
loss, damage to gastrointestinal mucosa causing nausea and vomiting, and destruction of
bone marrow cells (Peterson, 2011). These agents can cause damage to non-growing
tissues resulting in late effects like lung fibrosis, liver cirrhosis, nephrotoxicity,
cardiomyopathy, hearing loss, stroke and neurotoxicity (Dickerman, 2007). In addition to
these toxicities, conventional chemotherapy drugs can provoke development of
subsequent independent primary cancers (Dickerman, 2007).
1. 4. 1 Therapy-induced cancers and their incidence
Radiation therapy and the majority of chemotherapeutic agents inflict DNA insults in
order to kill tumor cells: this is a major reason for their ability of cause therapy-induced
cancers in surviving patients (Leone et al., 2010). Normal cells in cancer patients can be
exposed to these DNA damaging anti-cancer therapies, resulting in DNA damage and
inducing DNA repair (Allan & Travis, 2005). The double strand breaks induced by
certain classes of DNA damaging agents (see section 1.3), can cause genetic alterations if
the breaks are incorrectly repaired by non-homologous end joining, or due to homologous
recombination using defective templates (Allan & Travis, 2005; Leone et al., 2010). The
5-year survival rate for cancer patients has increased significantly since the 1970s and is
currently increasing by 2% every year, which has led to increases in the number of cancer
survivors and a recognition of the importance of late effects such as second primary
cancers (Cardous-Ubbink et al., 2010; Friedman et al., 2010; Ng & Travis, 2008). The
risk of developing new cancers after treatment can be due to environmental and/or genetic
factors (Knight et al., 2009; Leone et al., 2010). However there is ample evidence to
show that many of the second primary cancers arise in patients due to anti-cancer
treatment. It is expected that 1 in 5 cancer survivors will develop a subsequent cancer
within 30 years of original diagnosis (Friedman et al., 2010).
Anti-cancer therapy can induce various types of subsequent independent primary cancers
such as thyroid cancer, breast cancer, brain tumors, bone cancer, or leukemia
(Kleinerman, 2006; Meadows et al., 2009). Therapy related acute myeloid leukemia
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(tAML) is the best characterized therapy-induced cancer observed in cancer survivors
(Joannides & Grimwade, 2010). Cases of tAML exhibit different characteristics of
latencies and chromosomal composition depending on the type of anti-cancer therapy
used (Joannides & Grimwade, 2010). Cancer survivors who develop tAML upon
treatment with alkylating agents like melphalan show latency periods of 3-7 years and
these cancers often have balanced translocations involving MLL, RUNX1, CBFB or
PML/RARα (Qian et al., 2010). In contrast, cancer survivors those manifest tAML upon
treatment with topoisomerase II inhibitors like etoposide show latency periods of 2-3
years and their neoplasms commonly exhibit partial or complete deletion of chromosomes
5, 7 or 17, and mutations in RUNX1 or p53 (Qian et al., 2010).
1. 5 New approach to cancer treatment: Targeted therapies
It is evident from the discussion above that the conventional anti-cancer treatments like
radiation therapy and chemotherapy are not specific to cancer cells. Although these
treatments have significantly improved survival rate for cancer patients, some cancers are
still unresponsive and cancer patients that do respond to treatment can experience severe
adverse effects. In order to overcome these issues, the increase in our knowledge about
molecular patterns of cancer cells has enabled development of new targeted therapies.
Although traditional chemotherapeutic agents still remain the treatment of choice for
most cancers, many targeted therapies are showing good clinical outcomes, and
promising therapies are being developed either to use these new drugs as sole agents or in
combination with traditional therapies (Gerber, 2008).
Molecularly targeted therapies can be broadly classified into two groups: indirect
approaches where drug vehicles are used to efficiently deliver cytotoxic drugs to cancer
cells, and direct approaches that target tumor-specific molecules using antibodies or small
molecules (Najar et al., 2012). Use of nanoparticles encapsulated with anti-cancer drugs
and conjugated with lipids, carbohydrates, antigens and antibodies has been investigated
to efficiently control the release of anti-cancer drugs to tumor sites (Najar et al., 2012).
There are various classes of antibodies and small molecule compounds developed that
target specific components in specific types of cancer cells. Some of the examples of
targeted therapies that have been approved for use in clinics include Her2/ERBB2
monoclonal antibodies (Trastuzumab) used for Her2/ERBB2 positive breast cancer
(Pegram & Liao, 2012), and VEGF antibody (Bevacizumab) used in combination with 522
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flurouracil for metastatic colon cancer (Welch et al., 2010), or with carboplatin and
paclitaxel for non-small cell lung carcinoma (Sandler et al., 2006). Several small
molecules inhibitors have been approved for use in clinics, including imatinib (which
inhibits the oncogenic BCR/ABL tryrosine kinase) for treatment of chronic myeloid
leukemia or acute lymphocytic leukemia (Iqbal & Iqbal, 2014), and lapatinib (which
inhibits HER2 and EGFR signaling pathways) used for treatment of metastatic breast
cancer with HER2 overexpression (Hurvitz & Kakkar, 2012). As mentioned above, a
major reason for resistance to traditional chemotherapy is deregulation of DNA damage
responses, which has led to the development of several inhibitors of DNA damage
response such as O6-benzylguanine (which inhibits MGMT involved in direct repair),
PARP (involved in base excision repair) inhibitors like veliparib, KU55933 (which
inhibits ATM, a kinase involved in cell cycle checkpoint) or AG024322 (which inhibits
BRCA1, a protein involved in homologous recombination repair) (Curtin, 2012).
This study focused on therapeutic agents that target specific components of the apoptosis
pathway. These targeted therapies that specifically target cancer cells to directly promote
cell death will hopefully help overcome the resistance encountered by traditional
chemotherapeutic agents, which rely on damaging DNA to indirectly provoke cell death.
Since these direct apoptosis inducers do not rely on DNA damage for their primary mode
of action, it is further hoped that these agents would reduce the incidence of therapyinduced cancers in patients treated with these drugs. Before describing the direct
apoptosis inducers, which are being developed for clinical use, it is important to
understand the apoptosis pathways, so they are described below.
1. 6 Apoptosis
The term apoptosis, also known as programmed cell death, was first coined by Kerr et al.
in 1972, who described it as an active and controlled cell death process, and also
described the morphological features associated with apoptosis which include
cytoplasmic blebbing, chromatin condensation, cell shrinkage, nuclear fragmentation, cell
rounding, and cell shrinkage (Kerr et al., 1972). The apoptotic cell bodies are recognized
by the surrounding phagocytic cells and are engulfed, thus preventing inflammation or an
immune response (Duprez et al., 2009). On the contrary, necrosis is typically an
accidental and uncontrolled form of cell death, which results in inflammation due to
release of cellular contents into the extracellular space, and lacks morphological features
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typical with apoptosis (Duprez et al., 2009). A form of programmed necrosis dubbed
“necroptosis” was defined, which requires receptor-interacting serine/threonine-protein
kinase 1 and 3 (RIPK1 and RIPK3) but is characterized by necrotic rather than apoptotic
morphology (Vandenabeele et al., 2010). Apoptosis accomplishes many physiologically
important functions, which include organ and tissue remodeling, death of cells infected
with viruses, bacteria or eukaryotic pathogens, maintaining homeostasis, and the
regulation of immune cells (Elmore, 2007). Deregulation of apoptosis has been
implicated in various pathological conditions. Excessive apoptosis has been associated
with stroke, sepsis, myocardial infarction, ischemia, diabetes or neurodegenerative
disease, whereas insufficient apoptosis can result in cancer or auto- immune diseases
(Elmore, 2007).
The process of apoptosis is evolutionarily conserved. All metazoan cells possess
apoptotic machinery, which is activated upon stimuli like binding of ligands to their
receptors, cytokine withdrawal, chemotherapeutic agents, reactive oxygen species, DNA
damage or deprivation of nutrients (Ashkenazi & Salvesen, 2014). During apoptosis,
proteases known as caspases are activated, and these enzymes play a central role in
apoptotic cell death (Ashkenazi & Salvesen, 2014).
1. 6. 1 Caspases
Caspases are cysteine proteases, which typically cleave their protein substrates after
aspartate residues and are produced by cells as procaspases (inactive precursors or
zymogens) (Pop & Salvesen, 2009). Human caspases are divided into three groups:
inflammatory mediators (caspases-1, -4, -5 and -12) initiator caspases (caspases-2, -8, -9
and -10) and effector caspases (caspases-3, -6 and -7) (McIlwain et al., 2013). The
inflammatory caspases are primarily involved in proteolytic maturation of cytokines to
drive inflammation (McIlwain et al., 2013), and are not relevant to this study.
Initiator and effector apoptotic caspases contain a large (p20) and a small (p10) sub-unit,
which can be proteolytically separated (Figure 1.2) (Riedl & Shi, 2004). The active forms
of both the groups of caspases consists of a heterotetramer made of two large and two
small sub-units (Yigong, 2002). Initiator caspases are primarily involved in the induction
of apoptosis or NF-κB activation (Chowdhury et al., 2008). Initiator caspases are
characterized by the presence of a long prodomain: a caspase recruitment domain
(CARD) in caspases -2 and -9 or a death effector domain (DED) in caspases -8 and -10
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(Kumar, 2007). Previously, it was believed that the initiator caspases are activated by
partial cleavage at the aspartate residues located between the large and the small sub-units
(Yigong, 2002). However, subsequent findings suggest that cleavage is not necessary for
the initiator caspase activation; rather the initiator caspases are activated by structural
rearrangements induced by adaptor-mediated dimerization (Shi, 2004).

DED

DED

CARD

Large sub-unit

Small
sub-unit

Ini7ator
Caspase
(-8 / -10)

Large sub-unit

Small
sub-unit

Ini7ator
Caspase
(-9 / -2)

Large sub-unit

Small
sub-unit

Eﬀector
Caspase
(-3 / -7)

Figure 1. 2: Illustrative representations of domains present in mammalian
apoptotic caspases.
Initiator caspases have longer prodomains comprised of death effector domains
(DED) or a caspase recruitment domain (CARD). Cleavage following on
aspartate residues (represented by black arrows) separates the prodomain, the
large and the small sub-units.

Effector caspases have by a smaller prodomain than initiator caspases and are primarily
involved in executing apoptosis (Kumar, 2007). Caspase-3 is the main effector caspase
and it cleaves several cellular proteins upon its activation (Kumar, 2007). Initiator
caspases activate the effector caspases by proteolytic cleavage at aspartate residues
between the small and the large sub-units (Boatright & Salvesen, 2003).
Although these caspases are primarily involved in initiating and executing apoptosis,
several studies have now identified their association with other non-apoptotic functions.
Initiator and executioner caspases have been implicated in cell differentiation, cell cycle
regulation, nervous system development, axons degradation and tissue remodeling
(Galluzzi et al., 2012; Miura, 2012).
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1. 6. 2 Extrinsic apoptotic pathway
Apoptosis can be initiated in cells by two distinct but interlinked pathways: extrinsic and
intrinsic (Figure 1.3). The extrinsic pathway is generally initiated by the binding of
ligands such as Tumor Necrosis Factor α (TNFα), Fas ligand (FasL) and Tumor Necrosis
Factor-Related Apoptosis Inducing Ligand (TRAIL/Apo2L) to their specific death
receptor (DR) (Lee et al., 2012). DRs belong to the TNF receptor superfamily and
include CD95/Fas receptor, TRAIL-R1/DR4 and TRAIL-R2/DR5 (Lee et al., 2012). The
mechanism of TRAIL induced apoptosis is summarized in Figure 1.3. Upon stimulation
of DR4 or DR5 by TRAIL, the cytoplasmic death domain of the receptor recruits Fasassociated death domain (FADD), which in turn recruits procaspase-8/-10 leading to the
formation of death-inducing signaling complex (DISC) (Sayers, 2011). At the DISC,
conformational changes due to dimerization activate the initiator caspases, which
activates the executioner caspase such as caspase-3/-6/-7 leading to apoptosis. Apart from
binding to DRs, TRAIL can also bind to so-called decoy receptors and osteoprotegrin, but
these interactions do not signal apoptosis (Sayers, 2011). TNFR1 is another member of
the death receptor superfamily. Its activation and signaling are discussed in section 1.7.
The extrinsic apoptotic pathway is regulated by various mechanisms. Post-translational
modifications of DRs can make them more sensitive or resistant to activation upon ligand
binding (Lee et al., 2012). Another mechanism by which this pathway is regulated is
mediated by cellular FLICE-like inhibitory protein (cFLIP) (Irmler et al., 1997). There
are several isoforms of cFLIP that include cFLIP long (cFLIPL) and cFLIP short (cFLIPS)
(Ozturk et al., 2012). Upon binding of FADD to the death receptor, cFLIP competes with
initiator caspases for binding to FADD, which can lead to termination of apoptotic
pathway (Ozturk et al., 2012). The role of cFLIP in its anti-apoptotic function is
complicated: it has been observed that cFLIPL can form heterodimers with procaspase-8
leading to partial activation of caspases-8 with a more restricted specificity than the
homodimeric form (Pop et al., 2011). Polyubiquitination of cFLIPS has been associated
with reduced anti-apoptotic activity (Poukkula et al., 2005).
In some cells (termed type II), activation of extrinsic pathway can also result in the
activation of intrinsic apoptotic pathway leading to apoptosis (Ozoren & El-Deiry, 2002;
Scaffidi et al., 1998). In these cells, upon activation of initiator caspases-8, it cleaves Bid,
which is a member of Bcl-2 homology domain 3 (BH3)-only family of proteins
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(discussed in next section). Upon its cleavage, truncated-Bid (tBid) can activate the
intrinsic apoptotic pathway leading to cell death (Li et al., 1998).
Ligand / TRAIL agonists
Death receptor

DNA damaging
agents

FADD
Procaspase-8
Bid

p53
Caspase-8

tBid
BH3-only
proteins

Bcl-2/
Bcl-xL

Bax/
Bak
Cyt-C

Procaspase-3

SMAC

BH3 mimetics

Caspase-9

XIAP

Caspase-3

Apaf-1
Procaspase-9

Smac/
Apoptosis Smac
mimetics

Figure 1. 3: Apoptosis pathway.
The extrinsic pathway is initiated by the binding of death ligands to cognate death
receptors such as Fas or TRAIL R1/R2. The intrinsic pathway is initiated as a result of
stimuli like growth factor deprivation, viral infection or DNA damage resulting in
release of cytochrome-c (cyt-c). The pathways are initiated by different stimuli and
involve different upstream caspases but they ultimately converge with the activation of
caspase-3/-7 and apoptosis. The cleaving of Bid by caspase-8 connects the extrinsic
and intrinsic pathways. Along with cytochrome-c, Smac is released from
mitochondria, that inhibit the activity of cellular caspase inhibitor XIAP. The
compounds/proteins mentioned in red are the drugs targeting components of the
pathways, and these drugs are the focus of this study.
1. 6. 3 Intrinsic apoptotic pathway
The intrinsic apoptotic pathway is mediated through mitochondria and is usually initiated
by cellular stresses such as DNA damage, viral infection, nutrients deprivation or reactive
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oxygen species (O'Brien & Kirby, 2008). This pathway is tightly regulated by B-cell
lymphoma-2 (Bcl-2) family of proteins, which is divided into three categories (Czabotar
et al., 2014). First category includes the pro-apoptotic proteins Bax and Bak, which are
responsible for mitochondrial outer membrane permeabilization (MOMP) (Czabotar et
al., 2014). The activity of pro-apoptotic Bcl-2 proteins is inhibited by anti-apoptotic Bcl-2
proteins, which include Bcl-2, Bcl-extra long (Bcl-xL), Bcl-w, Mcl-1 and A1 (Czabotar et
al., 2014). Third category consists of BH3-only proteins that include Bim, Puma, Noxa,
Bad, tBid and Bik (Czabotar et al., 2014). Bax and Bak are the prime effectors of intrinsic
apoptotic pathways, which upon activation undergo structural changes to form homooligomers at the mitochondrial outer membrane leading to formation of pores and
membrane permeabilization (Westphal et al., 2014). Anti-apoptotic Bcl-2 proteins can
sequester and inhibit Bax/Bak, by binding of their BH3 domain to the hydrophobic
groove of the anti-apoptotic Bcl-2 relatives (Westphal et al., 2014). BH3-only proteins
regulate activity of both pro-apoptotic and anti-apoptotic Bcl-2 proteins, and can be
classified into two classes, namely direct activators and sensitizers (Doerflinger et al.,
2015). BH3 only proteins like Bad and Noxa act as sensitizers, preventing anti-apoptotic
Bcl-2 proteins from inhibiting Bax/Bax (Doerflinger et al., 2015). BH3-only proteins like
Bim, Puma and tBID can directly activate Bax/Bak, in addition to functioning as
sensitizers by antagonizing anti-apoptotic Bcl-2 proteins (Doerflinger et al., 2015).
Upon receiving stimuli, activated Bax/Bak-mediated MOMP causes release of
cytochrome c, which interacts in the cytosol with Apaf-1 and ATP providing a platform
(the “apoptosome”) to recruit and activate initiator caspase procaspase-9 (Yuan & Akey,
2013). Once activated, caspase-9 in turn activates executioner caspases resulting in
apoptosis (Li et al., 1997).
1. 6. 4 Caspases activated DNases
Upon activation of caspases, numerous cellular substrates are cleaved which result in cell
fragmentation and characteristic morphological features of apoptosis (Kawane et al.,
2014). One such morphological feature is fragmentation of genomic DNA, which is
primarily executed by a nuclease called Caspase Activated DNase (CAD), also known as
DNA Fragmentation Factor-40 (DFF-40) (Enari et al., 1998; Liu et al., 1997). In healthy
cells, the activity of the CAD homodimer is suppressed by Inhibitor of CAD (ICAD/DFF45) (Liu et al., 1998; Sakahira et al., 1998). Upon initiation of apoptosis, caspases-3 and 28
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7 cleave ICAD at two sites (Asp117 and Asp224) thus releasing active CAD (Woo et al.,
2004). Besides CAD, other DNases implicated in apoptosis are endonuclease G (Li et al.,
2001a), DNase γ (Mizuta et al., 2009), and AIF (Susin et al., 1999; Ye et al., 2002).
1. 6. 5 Cellular inhibitors of apoptosis
As mentioned in section 1.6.2, cFLIP can act as an inhibitor in the extrinsic apoptotic
pathway. Another class of proteins that regulate cell death is the Inhibitor of Apoptosis
(IAP) proteins (Figure 1.4). Along with apoptosis, some IAPs are also implicated in
regulation of immunity, inflammation, cell cycle, and cell migration (de Almagro &
Vucic, 2012). IAPs are characterized by the presence of one to three baculovirus IAP
repeat (BIR) domains. In humans there are eight IAP proteins namely NAIP, cIAP1,
cIAP2, XIAP, Survivin, Bruce, Livin and ILP-2 (de Almagro & Vucic, 2012). Out of
these proteins cIAP1, cIAP2, XIAP and Livin are primarily involved in preventing cell
death (de Almagro & Vucic, 2012), and this project focused on XIAP, cIAP1 and cIAP2.
XIAP can inhibit the activity of caspases-3, -7 and -9 by directly binding to them
(Deveraux et al., 1999; Deveraux et al., 1997). XIAP inhibits caspase-3 and -7 by binding
of its BIR2, and linker region between BIR1 and BIR2 to active sites of caspases (Scott et
al., 2005). Interaction with the BIR3 domain of XIAP is required for the inhibition of
caspase-9’s activation (Shiozaki et al., 2003). XIAP also contains a C-terminal RING
domain, which ubiquitinates caspases-3 to regulate its level (Schile et al., 2008). During
MOMP in the intrinsic apoptosis pathway, along with cytochrome c another protein
called Second mitochondria-derived activator of caspase (Smac) is released (Du et al.,
2000; Verhagen et al., 2000). Smac inhibits the activity of XIAP by interacting with Nterminal IAP binding motif of XIAP, which relieves caspase inhibition to promote
apoptosis (Huang et al., 2003). CIAP1 and cIAP2 are weak caspase inhibitors and instead
modulate cell death by regulating TNFR1 signaling (Eckelman & Salvesen, 2006), as
described in section 1.7. Smac interacts with cIAP1 and cIAP2 through its N-terminal
IAP-binding domain, and can cause degradation of cIAP1/2 by promoting their
autoubiquitination (Yang & Du, 2004).
1. 7 TNF signaling
Apoptosis can be initiated in cells by binding of ligands such as TNFα to TNFR1,
however the molecular mechanism of TNF signaling is more complex than the extrinsic
apoptotic pathway initiated through TRAIL/Fas receptors described above (Brenner et al.,
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2015). Upon binding of TNFα to TNFR1, the pathway can either be directed towards cell
survival or proliferation, or cell death (Figure 1.4) (Brenner et al., 2015). Like other death
receptors, TNFR1 contains a cytoplasmic death domain. Upon ligand binding, this
domain recruits the adaptor protein TNFR1-associated death domain protein (TRADD),
which further mediates cell death and canonical NF-κB signaling (Hsu et al., 1995).
TRADD further recruits RIPK1, TNFR-associated factor 2 (TRAF2) or TRAF5, and
cIAP1 or cIAP2 to form TNFR1 signaling complex I (Mahoney et al., 2008; Micheau &
Tschopp, 2003). CIAP1 and cIAP2 are responsible for addition of K63 polyubiquitin
chain to RIPK1 (Bertrand et al., 2011), which further recruits and activates NF-κB
inhibitor proteins (IκB) kinase (IκK) complex (Haas et al., 2009; Tokunaga et al., 2009).
The IκK complex causes phosphorylation of IκB leading to their degradation (Israel,
2010). This enables NF-κB to translocate to nucleus and induces transcription of antiapoptotic genes like cIAP1, cIAP2, Bcl-xL and cFLIP (Cabal-Hierro & Lazo, 2012). The
IκK complex consists of IκKα, IκKβ and NEMO (Li et al., 2001b). In most cases, NF-κB
is activated by the “canonical” pathway, where IκKβ is primarily involved in
phosphorylation of IκB and NEMO is essential in IκKβ recruitment (Bonizzi & Karin,
2004). In the “non-canonical” pathway, IκB is phosphorylated by IκKα, and NEMO is
not required (Dejardin et al., 2002; Senftleben et al., 2001).
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Figure 1. 4: TNFR1 mediated pathways.
TNFR1 pathway is initiated by binding of TNF-α, which leads to formation of either
complex I or complex II. Complex I is formed by the recruitment of TNFR1associated death domain protein (TRADD), receptor-interacting serine/threonineprotein kinase 1 (RIPK1), TNFR-associated factor 2 (TRAF2) or TRAF5 and c-IAP1
or c-IAP2. Polyubiquitin chain is attached to RIPK1 (yellow circle), which leads to
activation of IκB kinase (IκK) complex that further causes activation of NF-κB and
cell survival or proliferation. Upon release of TRADD from dissociated complex I, it
can associate with FADD and caspase-8 to form complex IIa, and lead to apoptosis.
Upon depletion of c-IAP1/2, non-ubiquitinated RIPK1 associates with FADD and
procaspase-8 to form complex IIb (ripoptosome) and lead to apoptosis. Upon depletion
or inhibition of caspase-8, necrosome formation is initiated, which includes RIPK1
and RIPK3, and induces necroptosis. The compounds/proteins mentioned in red are
the drugs targeting components of the pathways and these drugs are the focus of this
study.
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Along with NF-κB activation, TNFR1 can also stimulate cell death upon binding of
ligand such as TNFα through the formation of cytosolic complex II (Micheau & Tschopp,
2003). RIPK1 ubiquitination by cIAP1/2 controls the formation of complex I or II thereby
determining fate of the cell (Wang et al., 2008). Upon deubiquitination of RIPK1,
components of complex I dissociate and from distinct secondary complexes that promote
cell death. Complex IIa composed of TRADD, FADD and caspase-8, and complex IIb
containing RIPK1, FADD and caspase-8 (also known as ripoptosome) can promote
caspase-dependent apoptosis (Zamaraev et al., 2015). Upon removal of the K63 linked
polyubiquitin chain by CYLD in the absence of cIAP1/2, RIPK1 promotes the formation
of complex IIb to initiate cell death and turn off NF- κB signaling (Enesa et al., 2008;
Liao et al., 2008). To prevent necroptosis, RIPK1 and RIPK3 are degraded by activated
procaspase-8/ cFLIPL heterodimer (Chan et al., 2003; Oberst et al., 2011). If caspase-8 is
depleted or inhibited such as by cFLIP, non-ubiquitinated RIPK1 can activate RIPK3 and
MLKL, provoking necroptotic cell death (Zamaraev et al., 2015).
1. 8 Therapies targeting apoptosis pathways
As discussed in section 1.5, various therapies are being developed that target specific
components of cancer cells. The focus of this study is the drugs that target specific
components of apoptosis pathways (“direct apoptosis inducers”). Deregulated apoptosis
is a hallmark of cancer and many cancer cells exhibit overexpression of anti-apoptotic
proteins (Bai & Wang, 2014). By targeting anti-apoptotic proteins and DRs directly in
cancer cells, apoptosis can be induced directly without the need for DNA damage to
stimulate apoptosis indirectly (Fulda, 2011). This may help overcome resistance to
traditional chemotherapeutic agents (section 1.3) and enable effective treatment of
chemo-resistant cancers (Fulda, 2011). Several direct apoptosis inducers have been
developed that target different components of apoptosis pathway. Some of these have
entered clinical trials, and as expected these compounds, as sole agents, have typically
shown responses in only subset of human cancers (Bai & Wang, 2014). Many direct
apoptosis inducers are subjected to clinical trials in combination with traditional
chemotherapeutic agents in the hope that such combinations may have broader
applicability (Bai & Wang, 2014; Fulda, 2011). This study focuses on direct apoptosis
inducers targeting death receptors (TRAIL), pro-survival Bcl-2 proteins (BH3 mimetics:
ABT-737/ABT-263)

and

IAP

proteins

(Smac

406/Debio1143, LCL161 and SM-164).
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1. 8. 1 Targeting the extrinsic apoptotic pathway by TRAIL
TRAIL/Apo2L was identified by two independent laboratories as a member of TNF
cytokine family that induced apoptosis (Pitti et al., 1996; Wiley et al., 1995). The
discovery of the TRAIL ligand and its receptors, and further understanding of its
mechanism of action has prompted development of various TRAIL receptor agonists for
cancer treatment (Ashkenazi, 2008). Pre-clinical studies have shown that TRAIL
selectively initiates apoptosis in some cancer cells without causing significant toxicities
(Ashkenazi, 2008; Ashkenazi et al., 1999). An exception to this was a cross-linked
formulation of TRAIL, which has been shown to induce apoptosis in normal human
hepatocytes indicating potential liver toxicity (Ganten et al., 2006). Two approaches have
been used to target TRAIL receptors for anti-cancer use, namely “soluble” TRAIL ligand
(the extracellular portion of the ligand) and monoclonal antibodies against TRAIL death
receptors (Fulda, 2015b). A phase I trial of soluble TRAIL (dulanermin/Apo2L) showed
that it was well tolerated in patients even at very high doses, with only minor side effects
such as fatigue, nausea, vomiting, fever, anemia and constipation (Herbst et al., 2010). In
this trial, two patients with chondrosarcoma experienced partial responses (Herbst et al.,
2010). A phase Ib trial of TRAIL in combination with paclitaxel, carboplatin and
bevacizumab for non-small cell lung cancer showed that it was well tolerated with one
patient showing a complete response and 13 patients experiencing partial responses (Soria
et al., 2010). However, a phase II clinical trial of TRAIL in combination with paclitaxel,
carboplatin and bevacizumab did not show any improvement in response compared with
chemotherapy and bevacizumab alone (Soria et al., 2011).
Similarly clinical trials of agonistic antibodies that bind to TRAIL receptors have shown
that these agents were well tolerated at very high doses (Fulda, 2015b). Mapatumumab,
one such antibody targeting DR4, was shown to be well tolerated as a single agent (Hotte
et al., 2008) and 5 out of 21 patients with non-small cell lung cancer showed partial
responses (one patient had complete response) in combination with paclitaxel and
carboplatin (Leong et al., 2009). However, a subsequent phase II of this study showed no
clinical benefit of using mapatumumab in combination with paclitaxel and carboplatin
(von Pawel et al., 2014). Table 1.2 below summarizes some of the other formulations of
TRAIL that are currently in clinical trials.
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Table 1. 2: TRAIL receptor agonists in clinical trials
TRAIL
formulation

Target

Conatumumab

DR5

Lexatumumab

DR5

Tigatuzumab

DR5

Drozitumab

DR5

LBY-135

DR5

Safety and efficacy
Phase II (in combination with
chemotherapy). Patients experienced
tolerable toxicities in combination
with
chemotherapy,
but
no
significant anti-tumor activity was
observed (Cohn et al., 2013; Kindler
et al., 2012).
Phase I (sole agent or in
combination with chemotherapy).
Drug was well tolerated as a sole
agent and in combination with
chemotherapy, however no response
was observed in patients (Merchant
et al., 2012; Sikic et al., 2007).
Phase II (in combination with
chemotherapy). Tigatuzumab was
well tolerated in combination with
gemcitabine, and eight out of 61
patients with advanced pancreatic
cancer
receiving
combination
treatment displayed partial response
(Forero-Torres et al., 2013).
Phase I (sole agent or in
combination with chemotherapy).
Nine patients with advanced and
metastatic colorectal cancer were
treated
with
drozitumab
in
combination with chemotherapy: no
dose-limiting
toxicities
were
observed
and
two
patients
experienced partial response (Rocha
Lima et al., 2012).
Phase II (in combination with
chemotherapy). LBY-135 was well
tolerated as a sole agent and in
combination with capecitabine in
patients with advance solid cancer.
In the group receiving combination
treatment (n = 33), 3 patients
experience grade 3 toxicity, and 2
patients experienced partial response
(Sharma et al., 2014).

34

Chapter 1 Targeting cancer and minimizing the risk of second cancer

There have been some encouraging data obtained from clinical trials using other
formulations of TRAIL. A formulation of TRAIL called circularly permuted TRAIL
(CPT) is characterized by connection of C-terminus to N-terminus by a linker, to form a
stable homotrimer with more potent activity (Geng et al., 2014). In a phase II clinical
trial, CPT was used in combination with thalidomide to treat patients with thalidomideresistant multiple myeloma (Geng et al., 2014). Out of 41 patients, two exhibited
complete response, three had near-complete responses and four patients had partial
responses (Geng et al., 2014). Similarly, tigatuzumab, a monoclonal antibody developed
to target DR5, in combination with gemcitabine, has shown encouraging responses in
patients with metastatic pancreatic cancer (Forero-Torres et al., 2013).
1. 8. 2 Targeting anti-apoptotic Bcl-2 proteins by BH3 mimetics
The anti-apoptotic Bcl-2 protein is overexpressed in many cancers, and the other
members of anti-apoptotic Bcl-2 family of proteins like Bcl-xL, Bcl-w and Mcl-1 are also
overexpressed in some cancers types (Placzek et al., 2010; Slavov & Dawson, 2009).
Overexpression of anti-apoptotic Bcl-2 proteins not only contributes toward development
of cancer, but can also confer resistance to traditional chemotherapeutic agents and
radiation as these stimuli rely on the intrinsic apoptotic pathway to provoke tumor cell
death (Delbridge & Strasser, 2015). This knowledge has resulted in the development of
compounds including BH3 mimetics that target anti-apoptotic Bcl-2 proteins to inhibit
their activity (Delbridge & Strasser, 2015). Some of the BH3 mimetics developed and
their protein targets are listed in Table 1.3 below.
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Table 1. 3: BH3 mimetics and their targets
BH3 mimetic

Target

Safety and efficacy

ABT-263/
Navitoclax

Bcl-xL, Bcl-2 and
Bcl-w.

ABT-199/
Venetoclax

Bcl-2

Obatoclax mesylate

Bcl-xL,
Bcl-2,
Bcl-w and Mcl-1.

HA14-1

Bcl-xL, Bcl-w and
Bcl-2.

TW-37

Bcl-xL, Bcl-2, and
Mcl-1.
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Phase I/II. Thrombocytopenia was a
dose limiting side effect observed in
patients (Gandhi et al., 2011). As a
sole agent it displayed low to
moderate activity in patients with
chronic
lymphocytic
leukemia,
small-cell lung cancer and other solid
tumors (Gandhi et al., 2011; Roberts
et al., 2012; Rudin et al., 2012).
Phase I/II. Preliminary data from
clinical trials showed that ABT-199
was tolerated in patients and it
showed good anti-cancer activity in
chronic
lymphocytic
leukemia
patients, although some patients
experienced tumor lysis syndrome
and
neutropenia
(dose-limiting
toxicities) (Ma et al., 2014; Seymour
et al., 2014).
Phase III (in combination with
chemotherapy). It was well tolerated
in patients and some experienced
neurological symptoms, which was a
dose-limiting factor (Schimmer et al.,
2014; Zhai et al., 2006). Obatoclax
mesylate showed modest anti-cancer
in patients with chronic lymphocytic
leukemia (O'Brien et al., 2009), and
no
significant
response
in
combination
with
carboplatin/etoposide for small cell
lung cancer (Langer et al., 2014).
Preclinical studies: HA14-1 has
shown good anti-cancer activity as a
sole agent and in combination with
chemotherapy in various cancer cell
lines (Doshi et al., 2006; Lickliter et
al., 2003; Nyhan et al., 2012; Oliver
et al., 2007; Sutter et al., 2004).
Preclinical studies: TW-37 in
combination with chemotherapy
showed potent anti-tumor activity in
large
cell
lymphoma
mouse
xenografts (Mohammad et al., 2007).
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1. 8. 3 Targeting IAPs by Smac mimetics
Increased expression of XIAP and cIAP1/2 has been observed in various human cancers
and their over-expression has been associated with resistance to traditional anti-cancer
therapies (Bai et al., 2014). Elevated expression of XIAP has been observed in breast
cancer, colorectal cancer, prostate cancer and chronic lymphoblastic leukemia
(Grzybowska-Izydorczyk et al.; Guoan et al., 2009; Moussata et al.; Seligson et al., 2007;
Zhang et al., 2011). Similarly, elevated expression of cIAP1/2 has been reported in
hepatocellular cancer, lung cancer, esophageal squamous cell cancer and cervical
squamous cell cancer (Dai et al., 2003; Imoto et al., 2002; Imoto et al., 2001; Zender et
al.). As a result of these observations, various compounds have been developed that target
these IAP proteins by mimicking the activity of Smac (section 1.6.4), called Smac
mimetics/IAP antagonists (Bai et al., 2014). These Smac mimetics function by blocking
XIAP mediated inhibition of caspases and/or by promoting auto-ubiquitination and
degradation of cIAP1/2, resulting in progression towards cell death (Fulda, 2015c). Smac
mimetics resemble the amino terminus of Smac and can be sub-classified by their
structure in two categories: Monovalent and Bivalent compounds. Monovalent Smac
mimetics include AT-406, GDC-0512 and LCL161 that interact with IAP protein at a
single site and are orally bioavailable (Cai et al., 2011; Flygare et al., 2012; Weisberg et
al., 2010). Bivalent agents are composed of two monomeric units bound through a
chemical linker and include SM-164, BV6 and birinapant (Allensworth et al., 2012; Bai
et al., 2014; Lu et al., 2011; Varfolomeev et al., 2007). Compared to monovalent agents,
bivalent Smac mimetics have higher affinity to IAPs and potency in vitro, but their
relatively larger size necessitates intravenous administration (Bai et al., 2014; Fulda,
2015a). Smac mimetics also differ in their affinities towards IAPs. Some of the Smac
mimetic that are currently being tested in clinical trials are listed in Table 1.4, along with
their targeted IAPs. Smac mimetics as single agents exhibited activity against some
cancers but the proportion of positive results has been low (Fulda, 2015c). This has
resulted in number of pre-clinical and clinical studies being conducted using Smac
mimetics in combination with chemotherapeutic, death receptor antagonists, radiation and
other anti-cancer therapies (Fulda, 2015c). Those that have yielded most promising data
so far include AT-406 and birinapant, both in combination with chemotherapy. Thirty
eight percent of the patients with acute myeloid leukemia administered AT-406 in
combination with daunorubicin and cytarabine experiences complete remissions, although
half of them subsequently relapsed (DiPersio et al., 2015). In patients with colorectal
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carcinoma, combination treatment of birinapant with irinotecan showed responses in
KRAS mutant colorectal carcinoma, where irinotecan alone treatment has shown no
response before (Senzer et al., 2013).
SM-164 is another Smac mimetic compound, which was investigated in this study. It was
reported to bind to XIAP, cIAP1 and cIAP2 with similar affinities (Lu et al., 2008; Sun et
al., 2007). Pre-clinical studies with SM-164 have suggested anti-cancer activity in breast
cancer cell lines and breast cancer mouse xenografts (Lu et al., 2008). SM-164 in
combination with TRAIL has shown anti-cancer activity in breast, colon and prostate
cancer cell lines and also resulted in tumor regression in breast cancer mouse xenografts
(Lu et al., 2011). SM-164 has also been shown to enhance anti-cancer activity of
doxorubicin in hepatocellular carcinoma cell (Zhang et al., 2012).

38

Chapter 1 Targeting cancer and minimizing the risk of second cancer

Table 1. 4: Smac mimetics in clinical trial
Smac mimetic

Target

Safety and efficacy

GDC-0512

XIAP, cIAP1 and
cIAP2.

GDC-0917

XIAP, cIAP1 and
cIAP2.

AT-406/Debio1143

CIAP1,
cIAP2
(XIAP with low
affinity) (Cai et
al., 2011).

LCL161

XIAP, cIAP1 and
cIAP2.

Birinapant

cIAP1 and cIAP2
(XIAP with low
affinity)
(Allensworth
et
al., 2012).
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Phase I study showed that GD-0512
was well tolerated in patients
(Flygare et al., 2012).
Phase I. GDC-0917 was well
tolerated in patients with no dose
limiting side effects, and displayed
anti-tumour activity in some patients
(Tolcher et al., 2013).
Phase I/II (in combination with
carboplatin/paclitaxel
and
chemoradiation). AT-406 was well
tolerated even at highest dose with
moderate side effects and showed
very limited anti-cancer activity in
patients (Hurwitz et al., 2015). AT406 was well tolerated in
combination with chemotherapy and
one third of the patients receiving
combination
treatment
showed
complete remissions (DiPersio et al.,
2015).
Phase I/II (sole agent and in
combination with other anti-cancer
drugs). LCL161 was well tolerated at
most dosages, but cytokine release
syndrome observed at highest dosage
was a dose-limiting factor (Infante et
al., 2014).
Phase I/II (sole agent and in
combination with other anti-cancer
drugs). Birinapant was well tolerated
in patients at low doses, and Bell’s
palsy observed at high doses limited
dosage in patients. Birinapant
showed encouraging anti-cancer
activity in combination with
irinotecan for colorectal cancer
(Senzer et al., 2013).
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1. 9 Aims of the study
1. 9. 1 Investigate mutagenic potential of BH3 mimetics and Smac mimetics
Direct apoptosis inducers have the ability to induce apoptosis in cells without having to
first inflict DNA damage. Mis-repaired DNA damage is a primary cause of second
cancers in patients treated with conventional anti-cancer therapies. This prompted the
Hawkins laboratory to investigate the ability of TRAIL, a direct apoptosis inducer, to
inflict cell death without causing DNA damage in any surviving cells. Unfortunately,
TRAIL did induce mutations in cells surviving the treatment (Lovric & Hawkins, 2010).
Previous data implicated involvement of caspases and CAD in the mutagenic mechanism
of TRAIL (Lovric & Hawkins, 2010). This study aimed to further identify and confirm
the involvement of caspases and CAD in TRAIL mediated mutagenesis.
In order to investigate whether other direct apoptosis inducers also shared mutagenic
characteristic of TRAIL, this study explored the ability of BH3 mimetic ABT-737 and
Smac mimetics (LCL161 and AT-406) to induce mutations in surviving cells. To address
this issue, the ability of BH3 mimetics and Smac mimetics to induce DNA damage was
tested using HPRT assay in glioblastoma LN18 cells, mouse embryonic fibroblasts
(MEF) and lymphoid TK6 cells. Phosphorylation of H2AX along with a “comet” assay
were employed in LN18 and MEF cells. These assays are described briefly below.
1. 9. 1. 1 HPRT assay
The hypoxanthine phosphoribosyltransferase (HPRT) gene has been extensively utilized
as a reporter gene in assays to determine mutagenic activity of chemicals including anticancer drugs (Johnson, 2012). The HPRT gene is present on the X-chromosome and
hence is hemizygous in males (XY) and functionally hemizygous in females (XX –
inactivation of one X-chromosome) (Liskay & Evans, 1980), and this property of HPRT
gene is exploited for its use as a reporter gene in mutation assays. HPRT enzyme is
involved in purine salvage pathway, where it converts guanine into guanine
monophosphate and hypoxanthine into inosine monophosphate (Johnson, 2012). 6thioguanine (6TG) is a toxic purine analogue, which is converted by HPRT into its toxic
derivatives 6TG mono-phosphate and subsequently 6TG tri-phosphate (Karran & Attard,
2008). These toxic compounds initiate death in cell by incorporation of toxic nucleoside
in DNA and RNA, or by inhibition of de novo purine synthesis (Karran & Attard, 2008).
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If mutations at HPRT gene cause inactivation of HPRT enzyme, 6TG is not converted to
its toxic products and the cell can survive in its presence of 6TG (Johnson, 2012).
Although HPRT is involved in purine salvage pathway, it is not essential for the survival
and proliferation of cells when adequate purines are supplemented or when de novo
synthesis is possible (Stout & Caskey, 1985). These properties of HPRT and 6TG have
been exploited to develop in vitro mutation assays to test mutagenic ability of drugs
(Stout & Caskey, 1985). Cells that harbor mutations at HPRT gene upon treatment would
be able to survive in presence of 6TG, whereas cells that carry a wild-type HPRT allele
would convert 6TG into a toxin and die. The number of cell colonies that arise in
presence of 6TG therefore gives an estimate of the ability of the drug to provoke
mutations that are compatible with survival and proliferation.
1. 9. 1. 2 γH2AX assay
Phosphorylation of H2AX (γH2AX) is a marker for DNA damage caused by double
stranded DNA breaks, and it is a commonly employed assay to assess DNA damage
induced by drugs (Watters et al., 2009). H2AX can be phosphorylated by ATM, ATR and
DNA-PK (Kuo & Yang, 2008). Although H2AX can be phosphorylated by DNA-PK
during non-homologous end joining repair and ATR during stalled DNA replication,
ATM is primarily responsible for H2AX phosphorylation in response to double strand
breaks induced by DNA damaging agents (Burma et al., 2001). Upon induction of double
strand breaks in DNA, ATM is activated by autophosphorylation and acetylation, and
then phosphorylates H2AX at Ser139 leading to formation of γH2AX (Burma et al.,
2001). γH2AX further recruits DNA repair proteins such as BRCA1 and the
NSB1/MREII/RAD50 repair complex to repair the DNA damage (Kuo & Yang, 2008).
Creation of antibodies specific to γH2AX has enabled the development of quantitative
techniques like flow cytometry to assess the level and frequency of DNA damage induced
by drugs in cells (Tanaka et al., 2007). In this study formation of γH2AX in cells was
assessed by flow cytometry and immunoblotting.
1. 9. 1. 3 Comet assay
In addition to HPRT and γH2AX assay, the “comet” assay was also employed in this
study to investigate level of single and double strand breaks caused by mutagens or anticancer drugs. There are several variants of comet assay, but in this study alkaline singlecell gel electrophoresis comet assay was employed (Collins, 2004). In brief, cells are
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immobilized on slides using agarose, and lysed using detergent and high salt resulting in
supercoiled loops of DNA linked to nuclear matrix embedded in agar (Collins, 2004).
Upon subjecting the slides to high alkaline electrophoresis, DNA loops containing breaks
become detached and move towards anode, forming comet shaped structure (Collins,
2004). The cells can be visualized by fluorescence microscopy by staining DNA, and
level of DNA damage can be estimated by measuring fluorescence intensity of tail
(Collins, 2004). In this study, the level of double and single strand breaks harbored in
cells was estimated by measuring olive tail moment (OTM), which is a product of tail
length and tail intensity of the comet (Collins, 2004; Swift et al., 2006).
1. 9. 2 Attacking osteosarcomas with combination of TNFα and SM-164
Osteosarcoma is a primary cancer of bone, commonly affecting children and young adults
with incidence of 7.3 per million but is also observed in elderly population (Mirabello et
al., 2009). Conventional osteosarcoma is the most common type of osteosarcoma, and can
be further sub-classified into osteoblastic, chondroblastic and fibroblastic (Gorlick, 2010).
Osteoblastic osteosarcoma is observed in 60% of the conventional osteosarcoma cases,
and others exhibit fibroblastic and chondroblastic osteosarcoma with equal incidence
(Bacci et al., 2005). Mesenchymal stem cells give rise to lineages osteoblasts,
chondrocytes and adipocytes that constitute the skeleton (Nombela-Arrieta et al., 2011).
The development of osteosarcoma is not completely characterized, but strong evidence
supports the cell of origin model of osteosarcoma, where mutations in cells committing or
committed to osteoblastic lineage provoke development of osteosarcoma (Mutsaers &
Walkley, 2014). Depending on the stage of differentiation of ostoblastic lineage when
oncogenic transformation occurs, different subtypes of osteosarcoma originate (Mutsaers
et al., 2013). Although familial cases of osteosarcoma are rare, patients with Li-Fraumeni
syndrome, hereditary retinoblastoma syndrome and Rothmund-Thomson syndrome are
predisposed to osteosarcoma (Birch et al., 1998; Wang et al., 2003; Wong et al., 1997).
The more common sporadic cases of osteosarcoma are characterized by mutations in p53
and retinoblastoma (Rb) genes (Toguchida et al., 1989; Wunder et al., 2005).
The common primary sites for osteosarcoma include distal femur, proximal tibia,
proximal humerus and pelvis (Luetke et al., 2014). Approximately 15-20% of
osteosarcoma patients present detectable metastatic disease, but it is estimated that about
80% of osteosarcoma patients harbor sub-clinical metastasis (Geller & Gorlick, 2010).
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The most common site osteosarcoma metastases is lung, but other sites include bones and
lymph nodes (Luetke et al., 2014). Introduction of chemotherapy to treat osteosarcoma
markedly improved survival rate for patients, however since the 1980s the survival rate
has not improved further (Allison et al., 2012). Forty percent of patients with primary
disease and 75% patients with metastatic disease do not survive more than 5 years after
diagnosis (Allison et al., 2012). The current treatment strategy for most cases of
osteosarcoma includes combination of high dose methotrexate, doxorubicin and cisplatin,
before and after surgery (Isakoff et al., 2015). Due to administration of high doses of
chemotherapy, many osteosarcoma patients experience adverse side effects (section 1.4).
Some of the common adverse toxicities experienced by osteosarcoma patients include
doxorubicin-induced

cardiotoxicity,

methotrexate-induced

neurotoxicity

and

nephrotoxicity, and cisplatin-induced nephrotoxicity and hearing loss (Janeway & Grier,
2010).

Due to use of DNA damaging chemotherapy in treatment regimens of

osteosarcoma patients (mostly children and young adults), osteosarcoma survivors have a
high risk of developing subsequent therapy-induced cancer. It is estimated that 7.4% of
osteosarcoma survivors will develop subsequent cancers within 30 years of diagnosis
(Lee et al., 2014).
The development and trials of new therapeutics to target osteosarcoma have been
hampered by the lack of patients to conduct effective clinical trials. This has prompted
Carl Walkley and colleagues to develop mouse models mimicking human osteosarcoma,
to provide an efficient system for testing and developing new therapeutics (Ng et al.,
2012). In past, murine osteosarcoma models were developed using chemical agents,
radiation, and carcinogens to induce tumor formation, but they had longer latency, nondefined mutations, and development of non-mesenchymal tumours due to non-specificity
of inducing agents (Ng et al., 2012). Development of murine osteosarcoma models using
Cre-lox based approach to delete p53 and Rb by Cre expression specifically in committed
osteoblast progenitor cells, tumor suppressors frequently involved in human osteosarcoma
(Toguchida et al., 1989; Wunder et al., 2005), has provided with a more reliable model
for understanding osteosarcoma and testing new therapeutics (Walkley et al., 2008).
Although this model recapitulated several features of human osteosarcoma like lung
metastasis, short latency and gene expression, these mice developed tumor mostly in jaw
and head, unlike in humans where tumors are frequent in long bones (Luetke et al., 2014;
Walkley et al., 2008).
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More recently, Carl Walkley and colleagues have developed a murine osteosarcoma
model that provides a closer representation of typical human osteosarcomas. They
employed osteoblast committed progenitor cells specific conditional knockdown of p53
using shRNA approach with concomitant deletion of Rb gene (Mutsaers et al., 2013).
Where Cre:lox murine osteosarcoma models exhibited fibroblastic/undifferentiated OS
phenotype, murine osteosarcomas caused by shRNA-mediated p53 downregulation
exhibited osteoblastic osteosarcoma phenotype (observed in 60% of osteosarcoma
patients) (Mutsaers et al., 2013). Similar to human osteosarcoma, these mouse
osteosarcoma models developed tumors in long bones and had high metastatic rate.
Tumor metastasis in this model was most common in lungs, followed by liver (Mutsaers
et al., 2013), which exhibits a similar pattern to human osteosarcoma where lung
metastasis is most common, followed by bones (Geller & Gorlick, 2010).
Inflammation has been presented to be an enabling characteristic for tumor development
and progression (Mantovani et al., 2008). Cancer can be driven by inflammation either by
the activation of inflammatory pathway by extrinsic stimuli, or intrinsic activation of
inflammatory pathway by genetic alterations (Mantovani et al., 2008). Tumor
microenvironment consist of immune cells, immune modulators like cytokines and
chemokines, along with surrounding stroma, and the interplay between these cells initiate
or promote tumorogenesis (Grivennikov et al., 2010). Most tumor microenvironments are
dominated by tumor associated marcrophages and T cells, although other immune cells
like neutrophils, B cells and mast cells have been associated with cancer progression
(Grivennikov et al., 2010). Tumor cells have been shown to express pro-inflammatory
factors such as chemokines, cytokines and proteases (Candido & Hagemann, 2013). The
cytokines that have been linked with cancer initiation or progression include TNFα, IL-6,
IL-10 and MIF (Candido & Hagemann, 2013). Out of these cytokines, TNFα has been
well characterized, and it is the focus of this study. Several studies have shown that TNFα
exhibit tumor initiating and progression potential by inducing cell transformation,
angiogenesis, cell proliferation, and metastasis (Grivennikov & Karin, 2011; Zelova &
Hosek, 2013). TNFα has been implicated in progression of ovarian cancer (Szlosarek et
al., 2006) and lung adenocarcinoma (Seike et al., 2007).
Chapter 4 of this thesis describes work exploring the ability of the Smac mimetic SM-164
to induce cell death in early passage murine osteosarcoma cell lines derived from
Walkley’s osteosarcoma mouse models. As outlined in section 1.7, cIAP1 and 2 are
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crucial regulators of TNFR1 signaling and their levels can dictate whether TNFα elicits
pro-tumorigenic effects such as proliferation and invasion, or induces apoptotic or
necroptotic cell death (Fulda, 2014). As outlined above (section 1.8.3), Smac mimetics
stimulate the degradation of cIAP1 and 2 to divert TNFR1 signaling towards apoptosis or
necrosis, and some can also inhibit XIAP to increase caspase-3/-7/-9 activity. Cells that
produce autocrine TNFα are often sensitive to Smac mimetics as sole agents, but other
cells only die when treated with Smac mimetics plus exogenous TNFα (Vince et al.).
Initial work on TNFα revealed that it could promote necrosis in tumors, but the use of
TNFα as an anti-cancer therapy is limited due to severe dose-limiting side effects such as
hypotension and organ failure observed upon its systemic administration (Lejeune et al.,
1998). Thus Smac mimetic-based treatment is therefore only likely to be effective for
cancers in which TNFα is produced by the tumor cells themselves, or the surrounding
cells. A study conducted by Houghton and colleagues showed that Smac mimetic
LCL161 did delay tumor growth in osteosarcoma xenograft Scid mouse models
(Houghton et al., 2012). A major limitation of this study was the use of Scid mouse for
osteosarcoma xenografts, as Scid mice have been shown to produce lower level of TNFα
than wild-type animals (Choudhury et al., 2000), and hence this study may have failed to
adequately model the co-operation of LCL161 with endogenous TNFα to kill tumor cells.
Levels of TNFα have been shown to be elevated in serum of osteosarcoma patients
(Savitskaya et al., 2012; Xiao et al., 2014), suggesting that osteosarcoma cells may be
exposed to high levels of TNFα in vivo, and may therefore be susceptible to killing by
Smac mimetics without the need for exogenous administration of TNFα.
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Chapter 2 Materials and methods
The materials and methods that are not included in the published article and submitted
manuscript are described below.
2. 1 Materials
2. 1. 1 Plasmids
The plasmids used in this are listed in table 2.1 below
Table 2. 1: Plasmids used in this study

Plasmid

Reference/Source

pEF puromycin plasmid

(Hawkins et al., 1996)

pEGFP-C1

Clontech; CA, USA

pEF-FLAG-Bcl-2

(Beaumont et al., 2013)

pEF-FLAG-Bcl- xL

(Knight et al., 2001)

pEF-FLAG-Bcl-w

(Beaumont et al., 2013)

pEF-FLAG-Mcl-1

(Beaumont et al., 2013)

pEF-FLAG-A1

(Beaumont et al., 2013)

pEF-FLAG-CrmAT291R

(Ekert et al., 1999)

pEF-FLAG-XIAP

(Uren et al., 1996)

pEF-FLAG-cIAP1

(Uren et al., 1996)

pEF-FLAG-cIAP2

(Uren et al., 1996)
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2. 1. 2 Cell lines
Wild type and Bax/Bak double knockout factor dependent myeloid (FDM) cells were
provided by Anissa Jabbour and Paul Ekert (Ekert et al., 2004; Jabbour et al., 2010).
FDM cells were cultured in DMEM high glucose (Invitrogen; CA, USA) containing 0.5
ng/ml IL-3 (Cell Signaling Technology; MA, USA) and 10% heat inactivated (57 0C for
30 minutes) fetal bovine serum (FBS) (Invitrogen) (FDM media). FDM cells were grown
at 37 0C in air supplemented with 5% CO2.
2. 1. 3 Drugs
Drugs used in this study were ABT-263/Navitoclax (Selleck Chemicals; Texas, USA),
TW-37 (Selleck Chemicals), Obatoclax mesylate (Selleck Chemicals), HA14-1 (Tocris;
Bristol, UK) and EMS (Sigma-Aldrich; MO, USA).
2. 1. 4 Antibodies
The antibodies used in this study are listed in table 2.2 below.
Table 2. 2: Antibodies used in this study
Antibody
Anti-Bax
(NT)
Anti-Bim
Anti-GFP
Anti-FLAG

Application and
dilution
Immunoblotting
(1:1000)
Immunoblotting
(1:1000)
Immunoblotting
(1:1000)
Immunoblotting
(1:4000)

Source
Merck Millipore; MA, USA
Cell Signaling Technology
Roche Applied
Australia
Sigma-Aldrich
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2. 2 Methods
2. 2. 1 HEK-293T cells transfections for ABT-263 displacement immunoprecipitation
HEK-293T cells were transfected in 6-well plates (3 x 105 cells per well) using
Lipofectamine 2000 (Life technologies; CA, USA) according to manufacturer’s
instructions with some changes. For each well, 1.65 µg of plasmid DNA was mixed in
125 µl serum-free media (SFM) and incubated at room temperature (RT) for 5 minutes. In
a separate tube, 2.5 µl of Lipofectamine 2000 was mixed in 125 µl SFM, incubated for 5
minutes at RT, and then mixed with plasmid DNA mixture. The pooled solution was
incubated for 20 minutes at RT, and then added to the well containing cells in 1.25 ml
SFM. Cells were incubated with transfection mixture for 4 hours (h), and then 1.5 ml
DMEM/20% FBS was added to the well. Six wells were transfected with the FLAG-BclxL-pEF and FLAG tagged Cytokine response modifier A (CrmA)T291R and 20 wells were
transfected with plasmids encoding the other pro-survival proteins. The media was
replaced 9 and 19 h after addition of the transfection mixture. Each time, half of the wells
transfected with each plasmid received fresh media and the other half received fresh
media containing ABT-263 (10 µM). Cells were harvested 24 h after transfection.
2. 2. 2 HPRT assay
HPRT mutations in LN18 and MEF cells were assayed based on a previously published
method (Op het Veld et al., 1997), and as described in Chapter 3 (Materials and method
of attached article). Pilot experiments were conducted to determine the dose of 6TG to be
used that kills 100% of parental cells (Figure 2.1).
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Figure 2. 1: 6TG dose response of LN18, MEF wild-type and MEF Bax-Bakdeficient cells.
Two thousand cells per well of MEF wild-type and Bax/Bak double knockout (4

Bax/-Bak) were plated in 24-well plate, and 1.6 x 10 LN18 cells per well were
plated in 6-well plate. The next day, the indicated doses of 6TG were added to the
wells, cells were cultured for 14 days (MEF cells) or 21 days (LN18 cells) with
replacement of fresh media containing indicated doses of 6-TG every 7 days.
Plates were then stained with methylene blue stain.

2. 2. 3 γH2AX flow cytometry
Formation of γH2AX was assayed using flow cytometry according to a published
protocol (MacPhail et al., 2003), with some changes as described in Chapter 3 (Materials
and method of attached article).

A range of dilutions for primary and secondary

antibodies were tested in LN18 cells treated with 100 ng/ml of TRAIL along with
untreated cells. Most striking signals were observed when both antibodies were used at
1:50 dilution (Figure 2.2).
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Figure 2. 2: H2AX phosphorylation in LN18 cells by flow cytometry.
LN18 cells treated with media alone (A) and 100 ng/ml of TRAIL (B) were fixed,
permeabilized and proportion of cells bearing phosphorylated H2AX was
determined by detecting FITC signals from anti-rabbit FITC antibody using flow
cytometry.

2. 2. 4 FLICA staining
Fluorescent-Labelled Inhibitor of Caspases (FLICA) staining on cells was performed
according to manufacturer’s instruction using FLICA 660-VAD-FMK staining kit
(Immunochemistry technologies; MN, USA). Briefly, 105 LN18 cells were plated in 24well plate for next day treatment. After treatment of cells with specific drug for specified
time, cell were harvested and resuspended in 100 µl of media. The cells were stained
using 1:100 of FLICA 660-VAD-FMK working stock and incubating for 20 minutes at 37
0

C. After staining, cells were washed with freshly made 1x Apoptosis wash buffer

(supplied with kit) and analyzed by flow cytometry for FLICA staining using FACS
Canto II (BD Biosciences; CA, USA).
2. 2. 5 Cell sorting
Cell sorting was performed on LN18 cells that were stained with FLICA. Treated and
untreated LN18 cells were stained with FLICA 660-VAD-FMK as described above
(2.2.4). The harvested cells were resuspended in PBS containing 1 µg/ml propidium
iodide, 5% FBS and 5 mM EDTA, and strained through 70 µM cell strainer (BD
50
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Biosciences). The strained cells were then subjected to cell sorting using a FACS Aria III
(BD Biosciences). Non-viable cells and aggregated cells were eliminated from sorting
using PI staining along with forward scatter and side scatter parameters. Single cells
bearing no FLICA staining, medium intensity FLICA staining and cells exhibiting high
intensity fluorescence were sorted into 3 separate tubes. For untreated cells, only the
FLICA negative population was sorted. At least 300,000 cells were sorted for each
population and the collected cells were then subjected to clonogenicity (see chapter 3)
and HPRT (see 2.2.2 and chapter 3) assays.
2. 2. 6 Immunoprecipitation assay
For immunoprecipation assays, transfected HEK-293T cells (see 2.2.1.1) were in lysed in
200 mM NaCl, 50 mM Tris-HCl, 1% Triton X-100, 1 mM EDTA, pH 7.5, supplemented
with a protease inhibitor cocktail (Roche). Insoluble material was pelleted by centrifuging
at 16,100g for 15 minutes at 4 0C. Anti-FLAG immunoprecipitations were performed by
incubating lysates with M2 anti-FLAG affinity resin (Sigma-Aldrich) for 3 h at 4 0C, and
then washed three times with lysis buffer. The beads were incubated with lysis buffer
containing 200 µg/ml FLAG peptide (Sigma-Aldrich) for 15 minutes at 4 0C to elute the
bound proteins.
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Chapter 3 Mutagenic ability of BH3 mimetics and Smac mimetics
3. 1 ABT-737 and ABT-263 mediate Bax/Bak-dependent death
Multiple BH3 mimetic compounds have been developed as anti-cancer agents that target
anti-apoptotic Bcl-2 protein family members to induce Bax/Bak-dependent cell death. In
order to study the mutagenic ability of BH3 mimetics, it is important to use compounds
that do not have off-target effects and specifically antagonize anti-apoptotic Bcl-2 protein
family member to induce Bax/Bak-dependent cell death. In order to address this, a panel
of BH3 mimetics including obatoclax mesylate, TW-37, HA14-1, ABT-737 and ABT263 was tested to investigate their ability to induce cell death via a Bax/Bak mediated
mechanism in factor dependent myeloid (FDM) cells. Wild-type (WT) and Bax/Bak
double knockout (Bax/Bak-deficient) FDM cells were exposed to various concentrations
of drugs for 24 h (Figure 3.1). DMSO was used as a vehicle control, at equivalent
concentrations used for drug treatments. The proportion of cells in which cell death was
initiated by exposure was measured by flow cytometry using propidium iodide staining,
except for obatoclax where Annexin V-FITC staining was used. Obatoclax mesylate,
HA14-1 and TW-37 induced death in both WT and Bax/Bak-deficient FDM cells,
indicating lack of specificity for Bax/Bak mediated apoptosis. Although ABT-737 and
ABT-263 induced dose-dependent death of WT cells, only 10% of Bax/Bak-deficient
cells were PI positive following exposure to the highest concentration of 30 µM. Even
this cell death could be attributed to DMSO, which was used as a solvent for the drugs.
Hence out of all the BH3 mimetics tested, ABT-737 and ABT-263 induced cell death via
a Bax/Bak-specific mechanism.
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Figure 3. 1: ABT-737 and ABT-263 function in a Bax/Bak-dependent
mechanism in FDM cells.
FDM cells from wild-type (WT) mice or mice lacking Bax and Bak (-Bax/-Bak)
were treated with the indicated concentrations of each drug for 24 h. Apoptosis
was measured by Annexin V binding for obatoclax mesylate, and by propidium
iodide uptake assays for the remaining drugs. Cell death stimulated by the
corresponding concentrations of the solvent (DMSO) was also quantitated. Error
bars indicate the standard errors of the means from four separate experiments.
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To further elucidate the specificity of ABT-737/ABT-263, the ability of ABT-263 to
displace Bax and Bim from anti-apoptotic Bcl-2 proteins was investigated. To identify the
anti-apoptotic

Bcl-2

proteins

that

interacted

with

ABT-263,

anti-FLAG

immunoprecipitation was performed on transfected HEK-293T cells (Figure 3.2). HEK293T cells were transfected with a mixture of plasmids containing 10% pEGFP-C1 and
90% plasmids encoding either FLAG-CrmAT219R or anti-apoptotic Bcl-2 proteins Bcl-2,
Bcl-xL, Bcl-w, Mcl-1 or A1. Transfection frequencies ranged from 45-65%. Transfected
cells were treated with 10 µM ABT-263 4 h and 19 h post-transfection before being
subjected to anti-FLAG immunoprecipitation followed by immunoblotting. The detergent
Triton-x-100 was used in cell lysis for immunoprecipitation as it promotes the active
conformation of Bax and enables detection of interaction between Bax and anti-apoptotic
Bcl-2 proteins (Hsu & Youle, 1997). FLAG-CrmAT219R is an inactive mutant of a cowpox
caspase inhibitor (Ekert et al., 1999) and acted as a negative control. It did not show any
interactions with Bax or Bim. Upon treatment with ABT-263, FLAG-Bcl-2 showed
complete loss of association with Bax and decreased interaction with Bim. Exposure of
FLAG-Bcl-xL transfected HEK-293T cells to ABT-263 also resulted in partial loss of
interactions between Bcl-xL and Bax or Bim. ABT-263 was able to displace only a very
small amount of Bax from FLAG-Bcl-w, however no interaction between Bim and Bcl-w
was observed. No interactions with Bax or Bim were observed for FLAG-A1 in treated or
untreated immunoprecipitates. ABT-263 did not affect binding between FLAG-Mcl-1 and
Bim, but this treatment promoted binding of Bax to Mcl-1.

ABT-263 would have

displaced Bax from Bcl-2 and/or Bcl-xL, presumably making Bax available to bind with
Mcl-1.
These results confirmed ABT-737, and its orally bioavailable form ABT-263, used the
reported Bax/Bax-specific mechanism to induce apoptosis, and ABT-263 interacted with
the previously reported sub-set of anti-apoptotic Bcl-2 proteins: Bcl-2 and Bcl- xL (Tse et
al., 2008; van Delft et al., 2006), and to a lesser extent with Bcl-w (Rooswinkel et al.,
2012; Whitecross et al., 2009). As a result, this study focused on ABT-737 to investigate
mutagenic potential of BH3 mimetics.
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Figure 3. 2: Displacement of Bax and Bim by ABT-263 from pro-survival Bcl2 relatives in HEK-293T cells.
HEK-293T cells were transfected with plasmids encoding the specified FLAGtagged Bcl-2 relatives or a CrmA mutant. After treatment with or without 10 µM
ABT-263, cell lysates were subjected to anti-FLAG immunoprecipitation (IP).
Immunoblotting (IB) of lysates and eluates was performed using antibodies
recognizing the FLAG tag, Bax and Bim. The arrow indicates residual anti-Bax
signal still visible after anti-Bim re-probing in some lanes.
3. 2 Inhibition of Bcl-2 or IAP proteins does not provoke mutations in surviving cells
The investigation into mutagenic potential of BH3 mimetic ABT-737 and Smac mimetics
AT-406 and LCL161 has been published in Mutation Research (see attached publication).
In this publication, David M. Rayner conducted the “Comet” assay. Maja M. Green
conducted the experiments for Figure 1 Panel A, and Panel B (only MEF – HPRT and
Clonogenicity). The published article is followed by initial investigation into the
differences in mutagenic activity observed for treatment with TRAIL and ABT-737.
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a b s t r a c t
Chemotherapy and radiotherapy can cause permanent damage to the genomes of surviving cells, provoking severe side effects such as second malignancies in some cancer survivors. Drugs that mimic the
activity of death ligands, or antagonise pro-survival proteins of the Bcl-2 or IAP families have yielded
encouraging results in animal experiments and early phase clinical trials. Because these agents directly
engage apoptosis pathways, rather than damaging DNA to indirectly provoke tumour cell death, we reasoned that they may offer another important advantage over conventional therapies: minimisation or
elimination of side effects such as second cancers that result from mutation of surviving normal cells.
Disappointingly, however, we previously found that concentrations of death receptor agonists like TRAIL
that would be present in vivo in clinical settings provoked DNA damage in surviving cells. In this study,
we used cell line model systems to investigate the mutagenic capacity of drugs from two other classes
of direct apoptosis-inducing agents: the BH3-mimetic ABT-737 and the IAP antagonists LCL161 and AT406. Encouragingly, our data suggest that IAP antagonists possess negligible genotoxic activity. Doses of
ABT-737 that were required to damage DNA stimulated Bax/Bak-independent signalling and exceeded
concentrations detected in the plasma of animals treated with this drug. These findings provide hope
that cancer patients treated by BH3-mimetics or IAP antagonists may avoid mutation-related illnesses
that afflict some cancer survivors treated with conventional DNA-damaging anti-cancer therapies.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Chemotherapy and radiotherapy kill tumour cells largely via
damaging their DNA. Recognition of these DNA lesions provokes
tumour cell death. Unfortunately, non-cancerous cells also acquire
DNA damage during treatment with chemotherapy or irradiation. If
this damage is mis-repaired, mutations can arise, which can trigger
subsequent development of therapy-related tumours [1–3]. Over
20% of childhood cancer survivors were calculated to have developed a subsequent independent neoplasm within 30 years of their
original diagnosis [2]. Much of this approximately six-fold excess
risk can be attributed to therapy-related DNA damage, although
predisposing genetic or environmental factors can lead to development of multiple independent cancers in some individuals [4].
Genetic factors also modulate the risk of acquiring therapy-induced
malignancies [5].

∗ Corresponding author. Tel.: +61 394792339.
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http://dx.doi.org/10.1016/j.mrfmmm.2015.04.005
0027-5107/© 2015 Elsevier B.V. All rights reserved.
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A recent focus of cancer research has been the development
of agents that directly engage apoptosis pathways within tumour
cells, bypassing the need to trigger DNA damage in order to destroy
cancer cells [6–9]. It is hoped that these “direct apoptosis inducers” will successfully treat cancer types that are unresponsive to
currently available therapies. Because the mechanism by which
these agents eliminate tumour cells does not involve DNA damage,
we postulated that they may be less genotoxic than chemotherapy and radiotherapy, and hence less likely to cause subsequent
therapy-related malignancies.
Many cancers express elevated levels of IAP or Bcl-2 relatives,
which enable the survival of neoplastic cells that encounter a
plethora of pro-apoptotic stimuli including abnormal mitotic signalling, hypoxia and growth factor deprivation. Drugs have been
developed that target these pro-survival proteins, with the goal
of re-empowering these cancer cells to self-destruct. IAP antagonists, also known as Smac mimetics, emulate the pro-apoptotic
protein Smac/Diablo, interfering with the activity of the IAP family of anti-apoptotic proteins (chiefly XIAP, c-IAP1 and c-IAP2) and
killing cancer cells whose survival depends on these proteins [10].
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IAP antagonists can promote apoptosis by blocking XIAP-mediated
inhibition of caspases [11], and/or degrading c-IAP1 and 2, thus
diverting signalling from TNF-R1 away from pro-survival downstream pathways towards cell death [12–14]. Although precise
details of its specificity and potency have not yet been published,
LCL161 was reported to efficiently target XIAP, c-IAP1 and cIAP2 [15]. It was effective as a sole agent in a mouse model of
breast cancer, but not in paediatric xenograft cancer models [16]. A
combination of LCL161 and a Bcl-2 inhibitor killed hepatocellular
carcinoma cells in vitro and stalled tumour growth in a xenograft
model [17]. LCL161 also co-operated with paclitaxel to promote
tumour regression in other solid tumour models [15]. A phase I trial
of LCL161 revealed that the drug was well tolerated [18]. Phase II
trials are currently testing LCL161 in combination with paclitaxel
in solid tumour patients [19]. AT-406 (also known as SM-406) is
another Smac mimetic that potently targets c-IAP1 and c-IAP2, and
XIAP with somewhat lower affinity [20]. AT-406 killed ovarian carcinoma cells in vitro and slowed ovarian cancer progression in mice,
an effect which was augmented by co-treatment with carboplatin
[21]. Like other IAP antagonists, AT-406 co-operated with TRAIL to
kill cancer cells [22,23].
Many cancers feature overexpression of pro-survival members
of the Bcl-2 family [24]. In follicular lymphoma, constitutive high
level expression of Bcl-2 results from a translocation that brings
it under the control of the immunoglobulin heavy chain enhancer
[25,26], but expression of Bcl-2 or its pro-survival relatives Bcl-xL
and Mcl-1 is also elevated in other cancers [27]. Enhanced activity of pro-survival Bcl-2 family proteins contributes to oncogenesis
and can also result in resistance to chemotherapy and poor clinical
outcome. These observations have prompted the development of
small molecules that inhibit Bcl-2 family members, which could be
used in combination with DNA-targeting chemotherapy drugs and
radiation, or as sole agents [9].
ABT-737 was designed to bind to the hydrophobic groove of
Bcl-xL [28], and it has been confirmed to provoke apoptosis in
a Bax/Bak-dependent manner [29,30]. Mechanistic studies confirmed that ABT-737 exhibits very similar binding characteristics to
the BH3 domain of Bad: it binds in vitro with high affinity to Bcl-2,
Bcl-xL and Bcl-w, but with poor affinity to Mcl-1 and A1 [28,31,32].
In vitro studies of ABT-737 revealed rapid induction of apoptosis
in various patient-derived follicular lymphoma [28], chronic lymphoblastic leukaemia [33] and multiple myeloma [34–36] cells.
ABT-737 exhibited robust anti-tumour activity in mouse xenograft
models of multiple myeloma [36], chronic myeloid leukaemia [37]
and acute lymphoblastic leukaemia [38]. It also showed potent
single agent killing of small-cell lung carcinoma (SCLC) cell lines
[28], a cancer type typified by overexpression of Bcl-2 [39]. Disappointingly, however, other types of solid tumour xenografts failed
to respond to ABT-737 [40]. Very encouraging data is emerging
from early phase clinical trials testing an orally bioavailable derivative of ABT-737, ABT-263 (Navitoclax) in lymphoid malignancies
[41,42], but fewer patients with solid tumours benefited from the
drug [43,44]. Clinical dosing of ABT-263 is limited by thrombocytopenia due to Bcl-xL inhibition [45]. A derivative, ABT-199, has
been engineered to be more specific for Bcl-2. Promising animal
studies have confirmed its anti-cancer and platelet-sparing properties and it is currently being test in early phase clinical trials
[46].
It is hoped that direct apoptosis inducers, such as antagonists of
IAP and Bcl-2 relatives, may successfully treat cancers that are unresponsive to conventional therapies. Since direct apoptosis inducers
do not damage DNA as their primary mode of pro-apoptotic action,
we reasoned that they may offer another important advantage:
minimisation or elimination of side effects resulting from mutation of surviving normal cells. Counter-intuitively, we previously
observed that a third class of direct apoptosis inducers – death

receptor agonists including TRAIL (rhApo2L/dulanermin) – could
be genotoxic [47]. This study was designed to explore whether
this mutagenic activity may unfortunately be a general feature
of all direct apoptosis inducers, or could perhaps be specific to
death receptor agonists. We therefore investigated the genotoxic
potential of the BH3-mimetic ABT-737, and the IAP antagonists
AT-406 and LCL161. Drug-mediated DNA damage was analysed
by multiple independent techniques: quantitation of the formation of 6-thioguanine (6TG) resistant clones, which are indicative
of mutations at the HPRT locus in clonogenically competent cells
[48], immunoblotting and flow cytometric analyses of cells bearing
phosphorylated histone 2AX (!H2AX), a sensitive technique [49]
that predominantly provides a measure of double-stranded DNA
damage [50], and “COMET”, a single cell gel electrophoresis assay
that detects cells containing single and double strand DNA breaks
[51]. Therapy-related cancers arise in vivo due to mutations in noncancerous cells, however unfortunately such cells are not amenable
to robust mutagenicity quantitation in vitro. We employed cell
lines derived from astrocytic, fibroblastic and lymphoid lineages
to compare the mutagenicity of direct apoptosis inhibitors and
chemotherapy drugs. LN18 glioblastoma cells and murine embryonic fibroblasts (MEFs) were chosen to enable comparisons with
the drugs we previously tested [47]. We also used the TK6 cell line,
a lymphoblastoid cell line which was purposely created for mutagenicity testing [52]. Data from these experiments revealed that the
IAP antagonists lacked mutagenic activity. Only very high doses of
ABT-737, which stimulated Bax/Bak-independent signalling, provoked mutations in surviving cells.
2. Materials and methods
2.1. Cell lines and materials
The glioma cell line LN18 [53,54] and the TK6 lymphoblastoid
cell line [52] were purchased from ATCC (Manassas, Virginia, USA).
SV-40 transformed wild type and Bax/Bak knockout Mouse Embryonic Fibroblasts (MEF) were kindly provided by Anissa Jabbour and
Paul Ekert [55]. LN18 and MEF cells were cultured in DMEM high
glucose (Invitrogen; Carlsbad, CA, USA) and TK6 cells were grown
in RPMI (Invitrogen), both containing 10% foetal calf serum (Invitrogen).
Drugs used in this study were recombinant human sTRAIL/
Apo2L (Peprotech; Rocky Hill, NJ, USA), ABT-737 (Selleck Chemicals; Houston, Texas, USA), AT-406 (Selleck Chemicals), LCL161
(Active Biochem; Maplewood, NJ, USA), doxorubicin (Selleck Chemicals) and etoposide (Sigma-Aldrich; St. Louis, MO, USA). The
following antibodies were used: anti-!H2AX (Ser 139) clone 20E3
(Cell Signalling Technology; Danvers, MA, USA), goat anti-rabbit
FITC (Merck Millipore, Bellerica, MA, USA), anti-GAPDH (Merck
Millipore), anti-!H2AX (phospho S139) antibody (Abcam; Cambridge, UK), donkey anti-rabbit HRP conjugated antibody (GE
Healthcare Life Sciences; Piscataway, NJ, USA) and rabbit antimouse-Peroxidase antibody (Sigma-Aldrich).
2.2. Cell survival assays
For clonogenicity assays of adherent cells, one hundred thousand cells were plated per well of a 24-well plate and incubated
with drugs or normal media for the specified times. Cells were
washed once with phosphate buffered saline (PBS) (Astral Scientific; Tarren Point, NSW, Australia) and plated at different densities
in 6-well plates. After seven days (MEF) or fourteen days (LN18),
cells were stained with methylene blue (Sigma–Aldrich; 1.25 g/l
in 50% methanol) for 5 min, washed twice with water, and then
the numbers of colonies were counted. For propidium iodide
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Fig. 1. TRAIL, doxorubicin and etoposide stimulate mutations in surviving cells. LN18 or MEF cells were incubated with the indicated doses of (A) doxorubicin, (B) etoposide
or (C) TRAIL, then either grown in normal media to determine clonogenic survival, or incubated in media containing 6TG to estimate the HPRT mutation frequency. White
triangles indicate published peak plasma concentration of the drugs. Error bars indicate standard errors of the means from at least three independent experiments.

(PI) uptake, cells were harvested after 24 h of treatment. The
harvested cells were resuspended in PBS containing 1 "g/ml PI
(Sigma–Aldrich). The cells were analysed by flow cytometry for PI
positive cells using FACS Canto II (BD Biosciences; San Jose, CA,
USA). TK6 clonogenicity assays were adapted from a previously
published method [52]. Briefly, 5 × 105 cells in 1 ml were plated
per well in 24-well plate and incubated with drugs or normal media
for 24 h. After 24 h, cells were harvested and washed once with PBS.
Untreated and treated cells were seeded at the appropriate density
in 100 "l of RPMI/15% FCS per well in 96-well round bottom plates.
After 12 days, the plates were scored for number of wells with
growth and the cloning efficiency (CE) was calculated using the

formula: CE = -ln(proportion of the wells lacking growth)/number
of cells seeded per well.
2.3. HPRT assays
HPRT mutations in LN18 and MEF cells were assayed based
on a previously published method [56]. Three hundred thousand cells were incubated with drugs or normal media, then the
drug was removed and cells were washed once with PBS. After
culturing for seven days, cells were seeded at 3 × 105 cells per
150 mm dish in media containing 6TG (Sigma–Aldrich). Colonies
were stained with methylene blue and counted after 21 days (LN18)
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Fig. 2. IAP antagonists are not mutagenic to LN18 cells. LN18 cells were incubated
with the indicated doses of the specified drugs or media. Treated cells were (A)
either harvested and stained with propidium iodide (dotted lines) or washed and
grown in normal media to determine clonogenic survival, or (B) incubated in media
containing 6TG to estimate the HPRT mutation frequency. (C) Treated or untreated
LN18 cells were permeabilised and the proportions bearing phosphorylated H2AX
were determined by flow cytometry. (A-C) White inverted triangles indicate published peak plasma concentration of the drugs. Error bars indicate standard errors
of the means from at least three independent experiments.
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Fig. 3. IAP antagonists are not mutagenic to MEF cells. MEF cells were incubated
with the indicated doses of the specified drugs or media. Treated cells were (A)
either harvested and stained with propidium iodide (dotted lines) or washed and
grown in normal media to determine clonogenic survival, or (B) incubated in media
containing 6TG to estimate the HPRT mutation frequency. (C) Treated or untreated
MEF cells were permeabilised and the proportions bearing phosphorylated H2AX
were determined by flow cytometry. (A-C) White inverted triangles indicate published peak plasma concentration of the drugs. Error bars indicate standard errors
of the means from at least three independent experiments.

or 14 days (MEF). TK6 HPRT assays were conducted according to a
published method [52]. Briefly, 5 × 105 cells in 1 ml were plated
per well in 24-well plates and incubated with drugs or normal
media. After 24 h, cells were harvested and washed once with PBS
and incubated in normal media. After culturing for seven days,
cells were counted and distributed in two 96-well round bottom
plates with 100 "l of RPMI/15% FCS per well: one plate with 2
cells/well in normal media for plating efficiency and second plate
with 104 cells/well with selective 20 "M 6TG-containing media.
After 14 days, the plates were scored and mutation frequency
was calculated using formula: Mutation frequency = CE(selective
condition)/CE(non-selective condition).

unbound antibodies, the cells were resuspended in Tris-buffered
saline (50 mM Tris-Cl, pH 7.4, 150 mM NaCl) containing 1 "g/ml
propidium iodide, FCS (4%) and Triton-X 100 (0.1%). The !H2AX
signals from the G0 /G1 sub-population of permeabilised cells were
analysed using a FACS Canto II.
2.5. !H2AX immunoblotting
Cells were seeded in 10 cm plate (5 × 106 cells per plate) for
treatment the next day. The following day, cells were treated for
5 h and harvested. Samples were lysed in RIPA lysis buffer (150 mM
sodium chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mM Tris, pH 8.0) supplemented with protease inhibitor
cocktail (Roche; Basel, Switzerland), then forced 10 times through
a 23-gauge needle to shear the DNA. The lysates were cleared
by centrifuging for 15 min at 16,100 × g at 4 ◦ C. Total protein was
determined using the bicinchoninic acid (BCA) method (Micro BCA
Protein assay kit, Thermo Fisher Scientific; Rockford, IL, USA). Sixty
micrograms of lysates were subjected to immunoblotting. Lysates

2.4. !H2AX flow cytometry
Phosphorylation of H2AX was assayed according to a published protocol [57], with following changes: cells were exposed
to drugs then stained using 100 "l of an antibody recognising
phosphorylated H2AX (1:50 dilution) followed by 100 "l of an
anti-rabbit-FITC antibody (1:50 dilution). After washing to remove
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27

Fig. 4. Only very high doses of ABT-737 trigger DNA damage in surviving cells. LN18 (A), wild type MEF (WT) (B) or Bax/Bak double knockout MEF (DKO) cells (C) were
incubated with the indicated doses of ABT-737, then either harvested and stained with propidium iodide (dotted lines; upper panels), washed to remove the drugs and grown
in normal media to determine clonogenic survival (solid lines, upper panels), washed then incubated in media containing 6TG to estimate the HPRT mutation frequency
(middle panels), or were permeabilised and the proportions bearing phosphorylated H2AX were determined by flow cytometry (lower panels). White inverted triangles
indicate the published peak plasma concentration of ABT-737. Error bars indicate standard errors of the means from at least three independent experiments. (D) LN18 cells
were incubated with media (untreated; UT) or the stated concentrations of drugs for 5 h. TRAIL concentrations are expressed in ng/ml and all other drugs in "M. The cells
were then lysed and subjected to immunoblotting using antibodies recognising the antigens indicated to the right of the blots.

were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto Hybond PVDF 0.22 "m membrane
(Millenium Science; Mulgrave, Victoria Australia), blocked with 1%
blocking reagent (Roche) in phosphate-buffered saline (PBS), and
probed with anti-gamma H2A.X (phospho S139) antibody (1:4000)
or anti-GAPDH (1:4000) in 1% blocking reagent (Roche) in PBS with
0.1% Tween-20 (Sigma-Aldrich). Horseradish peroxidase (HRP)conjugated secondary antibodies were detected using SuperSignal
West Dura Extended Duration Substrate (Thermo Fisher Scientific).

2.6. Comet assay
Cells (1 × 105 ) were incubated with media or drugs in 24-well
plates for 5 h. Samples were processed and average “olive tail
moments” (OTM) were determined using a previously published
method [58], except that the cells were incubated in lysis buffer
for 50 min. Results are presented as the average OTM from three
or four independent experiments. Two-sided T tests were used to
calculate P values.
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3.1. IAP antagonists are not mutagenic
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We previously reported that death ligands like TRAIL could
stimulate mutations in surviving glioblastoma LN18 cells and
murine embryonic fibroblast (MEF) cells [47]. In this study,
we evaluated the mutagenicity of two other classes of direct
apoptosis-inducing drugs: IAP antagonists and BH3-mimetics. As
control mutagenic agents, we used doxorubicin and etoposide, two
DNA damaging chemotherapy drugs that have been established
to trigger second malignancies [59,60], and TRAIL. Concentrations of doxorubicin equivalent to or less than its reported peak
plasma concentration of 1.7 "M [61] stimulated emergence of
6-thioguanine-resistant (6-TGR ) clones, implying that these cells
had acquired mutations at the HPRT locus (Fig. 1A). Etoposide
also provoked mutations, but less efficiently: 6-TGR colonies were
produced following exposure to concentrations slightly higher
than the published peak plasma concentration of 28 "M [62]
(Fig. 1B). In contrast, treatment with TRAIL concentrations 250-fold
(MEF) or 2500-fold (LN18) lower than the peak plasma concentrations of TRAIL in clinical trial participants [63,64] led to
appearance of 6-TG-resistant clones (Fig. 1C), demonstrating that
physiologically achievable concentrations of TRAIL are mutagenic
in vitro.
To explore whether other classes of direct apoptosis-inducing
agents were also genotoxic, and hence could pose a risk of
therapy-related malignancies in cancer survivors, in this study
we investigated the mutagenic activity of the IAP antagonists
LCL161 and AT-406 and the BH3-mimetic ABT-737. LCL161 was
weakly toxic to LN18 cells at levels around those achieved in vivo
(2.2 "M) [19] but exposure to higher concentrations permeabilised
the plasma membrane of many cells, as detected by propidium
iodide uptake assays, and abolished the clonogenic potential of
most cells (Fig. 2A). Doses up to around 45-fold higher than the
peak plasma concentration in humans [19] failed to provoke resistance to 6TG in significant numbers of surviving cells (Fig. 2B),
suggesting that LCL161 did not stimulate mutations in the HPRT
locus, at least in clonogenically competent cells. Exposure for 24 h
to the highest dose of LCL161 (100 "M) provoked phosphorylation
of H2AX in a proportion of cells (Fig. 2C), suggesting that the drug
did cause double-stranded DNA damage. However, phosphorylated
H2AX was not detected in cells exposed to 100 "M LCL161 for 5 h
(Fig. 2C). We suspect that the !H2AX detected after the 24 h exposure may have been a secondary consequence of apoptotic DNA
damage [65] in clonogenically incompetent cells exposed to this
highly lethal dose.
Similar assays were performed to test the genotoxicity of a
second IAP antagonist, AT-406. The maximum concentration of
AT-406 in the plasma of mice administered a curative dose of the
drug was 9.9 "M [20]. This drug was less toxic to LN18 cells than
LCL161 (Fig. 2A). As was observed for LCL161, no 6TGR colonies
emerged following treatment with concentrations of AT-406 up
to ten times the reported peak plasma concentration in mice
(Fig. 2B). Even high doses of AT-406 failed to trigger phosphorylation of H2AX (Fig. 2C), consistent with the notion that the DNA
in cells exposed to this drug did not incur substantial levels of
damage.
LCL161 was less toxic to MEFs than LN18 cells (Fig. 3A).
Mirroring our observations in LN18 cells, neither LCL161 nor
AT-406 provoked development of 6-TGR clones in MEF cells
(Fig. 3B). Treatment with 100 "M LCL161 triggered phosphorylation of H2AX in a small proportion of MEF cells, but
incubation with lower concentrations of LCL161 or up to
100 "M of AT-406 failed to stimulate H2AX phosphorylation
(Fig. 3C).
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Fig. 5. “Comet” assays reveal DNA damage following treatment with etoposide and
high concentrations of ABT-737. (A, B) The indicated cell types were incubated with
media or the stated concentrations of drugs (in "M) for 5 h. The cells were then
embedded in agar and lysed, then electrophoresed in alkaline buffer and stained
with propidium iodide. The “olive tail moment” (OTM) was recorded as a measure
of increased electrophoretic mobility, indicative of relaxation of supercoiling due
to DNA damage. T tests compared the OTM values of treated and untreated cells. P
values less than 0.05 are noted. Error bars indicate standard error of the means from
three or four independent experiments. (A) Data from LN18 cells. (B) Black bars
depict data from wild type (WT) MEF cells; grey bars show results from Bax/Bak
knockout cells (DKO).

3.2. Concentrations of ABT-737 that stimulate
Bax/Bak-dependent pathways are not mutagenic
Given the promising clinical performance of BH3-mimetics,
we wanted to determine whether this class of anti-cancer agents
shared TRAIL’s genotoxic activity, or were non-mutagenic like the
IAP antagonists. Many compounds have been reported to target
Bcl-2 and its close relatives, but not all function purely through this
mechanism. Previous data suggested that ABT-737 and its derivatives acted more specifically than other compounds developed to
inhibit pro-survival Bcl-2 proteins [29,30,32,66–71]. We therefore
restricted our consideration of BH3-mimetics to ABT-737. The peak
plasma concentration of ABT-737 in animals, 5.9 "M [72], was similar to that of its clinical derivative ABT-263/Navitoclax in humans
(3.6 "M [45]).
Propidium iodide uptake and clonogenicity assays revealed
that LN18 cells were sensitive to ABT-737 (Fig. 4A, upper panel),
but very few wild type MEF cells were killed by doses up to 10 "M
(Fig. 4B, upper panel). Bax/Bak deficiency prevented this marginal
toxicity (Fig. 4C, upper panel). The insensitivity to ABT-737 may be
due to the high levels of Mcl-1 expressed by mouse fibroblasts [73].
Exposure to 30 "M ABT-737 decreased the clonogenic potential
of wild type and Bax/Bak-deficient MEF cells (Fig. 4B and C, upper
panels), implying that this concentration of the drug killed these
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Fig. 6. Neither LCL161, AT-406 nor ABT-737 provokes mutations in TK6 cells. (A, B) TK6 cells were incubated with the indicated doses of drugs for 24 h, then harvested and
stained with propidium iodide (dotted lines), or washed to remove the drugs and seeded in 96 well plates to determine clonogenic survival (solid lines). (C) TK6 cells were
treated with specified doses of drugs for 24 h. After growth in normal media for seven days to allow for emergence of a loss-of-function phenotype, they were seeded in
96-well plates containing or lacking 6-TG. The ratio of cloning efficiency in selective media to non-selective media was measured to estimate the mutation frequencies of
each drug. White inverted triangles indicate published peak plasma concentration of drugs. Error bars indicate standard errors of the means from at least three independent
experiments.

cells via an off-target mechanism. Concentrations up to 10 "M did
not trigger formation of 6TGR colonies in any of the cell types tested
(Fig. 4A–C, middle panels), suggesting that these physiologically
relevant concentrations are non-mutagenic. A 24 h exposure to the
higher dose of ABT-737 (30 "M) did stimulate generation of significant numbers of 6TGR clones (Fig. 4A–C, middle panels), implying
that this treatment did lead to loss-of-function HPRT mutations
within surviving cells. Importantly, this mutagenesis occurred in
MEF cells expressing and lacking Bax and Bak, suggesting it was
due to an off-target effect of the drug. Flow cytometry revealed that
a sub-population of LN18 cells and wild type MEFs treated with
10 or 30 "M ABT-737 contained phosphorylated H2AX (Fig. 4A–C,
lower panels).
H2AX phosphorylation was also investigated using
immunoblotting. No H2AX phosphorylation was detected following treatment of LN18 cells with a physiologically achievable

concentration of ABT-737 (6 "M), but phosphorylated H2AX was
observed following incubation with a level five-fold higher than
the peak plasma concentration (30 "M) (Fig. 4D). In contrast,
exposure to LCL161 or AT-406, at concentrations similar to their
peak plasma concentrations or even ten-fold higher, did not
result in phosphorylation of H2AX (Fig. 4D). The “comet” assay
provided further confirmation that cells sustained DNA damage
following treatment with 30 "M of ABT-737 or etoposide, but not
IAP antagonists (Fig. 5).
3.3. IAP antagonists and BH3 mimetics fail to provoke mutations
in TK6 lymphoid cells
The data presented above illustrated that specific inhibition of
IAP or Bcl-2 family members did not lead to mutation in surviving cells of astrocyte (LN18) or fibroblast (MEF) lineages. To extend
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this examination to the lymphoid lineage, we used TK6 cells. This
cell line was specifically developed for mutagenicity testing [52]
and has been widely used to investigate the mutagenic potential of
various treatments. Treatment with 200 "M of the mutagen ethyl
methanesulfonate or 34 nM of doxorubicin abolished the clonogenic potential of most TK6 cells (Fig. 6A) but the few surviving cells
exhibited an increased frequency of 6TG resistance (Fig. 6C), consistent with mutagenesis at the HPRT locus. Treatment with LCL161,
AT-406 or ABT-737 elicited dose-dependent loss of clonogenicity (Fig. 6B). Exposure to concentrations of these drugs similar to
peak plasma levels failed to provoke development of 6TGR colonies
(Fig. 6C). Even concentrations 5–10-fold higher than those achievable in vivo were not mutagenic in these cells.

can cause mutations in a small proportion of surviving cells.
However, published pharmacokinetic data for these agents suggests that safe and efficacious in vivo concentrations are likely to be
lower than those required to provoke mutagenesis in vitro. The IAP
antagonists LCL161 and AT-406 failed to generate mutations in surviving cells, even at doses substantially higher than achieved in vivo.
It is currently unclear why IAP antagonists and BH3-mimetics are
less mutagenic than death receptor agonists, and this mechanistic
question is under active investigation in our laboratory. These data
provide hope that, in patients, IAP antagonists and BH3 mimetics
may provoke fewer mutations than chemotherapy drugs, and may
reduce the risk to patients of second malignancies.
Conflict of interest

4. Discussion
Modern regimens employing DNA damaging chemotherapeutics have significantly reduced the mortality rates of many cancers.
Unfortunately, subsequent side effects of targeting cellular DNA,
including development of therapy-related malignancies, are now
well recognised [2]. Agents capable of specifically killing tumour
cells but not triggering mutations in surviving non-cancerous cells
would be expected to spare patients therapy-related late effects
including the development of second malignant neoplasms.
We confirmed the mutagenicity of the topoisomerase inhibitors
etoposide and doxorubicin, and the death ligand TRAIL. Genomic
damage was produced using concentrations of TRAIL 250 to 2500fold lower than the peak plasma concentration achieved in patients
[63]. This study used techniques to detect DNA damage (!H2AX,
comet) and mutations in surviving cells (HPRT), and cell lines from
astrocyte, fibroblast and lymphoid lineages, to investigate whether
two other classes of direct apoptosis inducers, IAP antagonists and
BH3 mimetics, may also be mutagenic, and hence possibly oncogenic in vivo.
Bcl-2 family antagonists, such as ABT-737, were designed to kill
tumours whose survival depends on the activity of Bcl-2 and its
pro-survival relatives. We tested the ability of ABT-737 to cause
DNA damage and subsequent mutations in MEF cells, which were
markedly resistant to the pro-apoptotic effects of the drug. Unlike
TRAIL, sub-lethal and physiologically achievable concentrations of
ABT-737 failed to induce HPRT mutations in surviving cells. Mutations did occur when higher doses (30 "M) of ABT-737 were used,
but these were observed in Bax/Bak double knockout MEF cells
as well as wild type cells. Thus, mutagenic doses of ABT-737 activate alternative, Bcl-2-independent pathways, consistent with the
notion that specific inhibition of Bcl-2 relatives does not stimulate DNA damage in clonogenically competent cells. The weakly
genotoxic effect of ABT-737 was confirmed using LN18 cells, which
were more sensitive to ABT-737-induced cell death. ABT-737 only
provoked HPRT mutations in LN18 cells at doses that abolished
the clonogenic potential of the majority of the cells. In both MEF
and LN18 cells, mutagenic doses of ABT-737 exceeded the reported
peak plasma concentration in mice administered an effective antitumour dose of the drug [28,72]. Even 30 "M of ABT-737 failed to
induce HPRT mutations in the lymphoid TK6 cells, suggesting that
these cells are less prone to the off-target actions of this drug that
were evident in LN18 and MEF cells.
Both of the IAP antagonists employed in this study, LCL161 and
AT-406, lacked mutagenic activity, even when applied at concentrations higher than those achieved in vivo. Some cells treated with
toxic concentrations of LCL161 did sustain DNA damage, but these
cells were evidently incapable of forming 6TGR colonies, presumably because they died.
This study revealed that very high doses of BH3-mimetic drugs,
which function at least partly via Bax/Bak-independent pathways,
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3. 3 Dissecting the pathways by which TRAIL but not BH3-mimetics trigger
mutations
3. 3. 1 Proposed model for the differential mutagenicity of TRAIL and ABT-737
The results above revealed that physiologically relevant doses of the direct apoptosis
inducer ABT-737 did not cause DNA damage. However, this study and previously
published data (Lovric & Hawkins, 2010) showed that another class of direct apoptosis
inducer, death receptor agonists such as TRAIL, did provoke DNA damage in surviving
cells. Both of these classes of drugs provoke apoptosis in cells without the need for
triggering DNA damage, and caspases play a crucial role in execution of cell death by
both types of drugs. It has been previously shown that inhibition or down-regulation of
initiator caspases-8 and the apoptotic nuclease CAD reduced proportion of γH2AX
positive cells in TRAIL treated cells (Lovric & Hawkins, 2010), implying that death
receptor agonists trigger DNA damage via caspase-mediated activation of CAD. Given
this proposed mechanism, it was somewhat surprising that the BH3 mimetic ABT-737,
which also activates caspases, did not stimulate DNA damage in surviving cells.
This study aimed to further understand the differential mutagenicity of TRAIL and ABT737. A model was proposed to explain this differential mutagenicity (Figure 3. 3): TRAIL
induces apoptosis through death receptor-mediated activation of initiator caspases such as
caspases-8, which further activates executioner caspase-3/-7. If TRAIL signaling is weak
due to inefficient activation of death receptors, or partial inhibition of apoptosis through
cellular inhibitors of apoptosis like cFLIP or IAPs, it may lead to partial or weak
activation of caspases. The model postulates that this weak activation of caspases may not
be enough to induce cell death, but could be sufficient to activate some CAD nucleases,
leading to DNA damage. If these DNA lesions are inaccurately repaired, the model
predicts that those cells may be able to survive bearing mutations. On the other hand,
ABT-737 induces activation of Bax/Bax through inhibition of anti-apoptotic Bcl-2
proteins, resulting in MOMP, thereby activating caspases through the apoptosome. The
formation of the apoptosome would be expected to amplify caspase signaling resulting in
apoptosis, so perhaps ABT-737-treated cells never contain just a small amount of caspase
activity as TRAIL-treated cells may. In addition to caspase signaling, damage caused to
mitochondria through BH3-mimetic activity would eventually cause the cell to
senescence or die. We propose that this difference in level of caspase activation and/or
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damage to mitochondria could be the reason for difference in DNA damage induction by
these drugs in surviving cells.
Legend:
: Inefficient activation
: Apoptotic pathway

TRAIL

Caspase-8

ICAD
cleavage

DNA damage

Type I cells

Type II cells

Caspase-3/-7
activation

Bid cleavage

BH3$only/'

Caspase-9
activation

Bax/
Bak
Cyt-C
SMAC
Smac

ABT-737
XIAP

Apoptosis

Bcl$2/'
Bcl$XL'

Smac

Apaf-1
Procaspase
-9

Figure 3. 3: Proposed model for TRAIL mutagenesis.
TRAIL induces apoptosis by activation of death receptors, leading to activation of
initiator caspase-8, which further activates executioner caspases. Inefficient activation
of either initiator or executioner caspases leads to inefficient activation of CAD,
resulting in DNA damage without execution of apoptosis. During ABT-737 induction
of apoptosis, caspase activation is amplified by the apoptosome complex composed of
Apaf-1/cytochrome-c (cyt-c)/propcaspase-9/ATP.

3. 3. 2 Low level of caspase activity is not the sole determinant of TRAIL mutagenesis
The model predicts that TRAIL-mediated mutagenesis occurs in surviving cells bearing
low (sublethal) levels of caspase and CAD activity, but ABT-737 is non-mutagenic
because it fails to provoke comparable similar low (sub-lethal but mutagenic) levels of
caspase and CAD activity. In order to investigate whether low level of caspases activation
could be responsible for causing DNA damage in surviving cells, thereby enabling cells
to survive and proliferate with mutations, this study investigated mutations at the HPRT
locus in cells bearing different levels of caspase activity. To quantitate caspase activation
in cells upon treatment with TRAIL and ABT-737, cells were stained with poly-caspase
FLICA 660-VAD-FMK. Firstly, the levels of caspase activity in LN18 cells treated with
different concentrations of TRAIL for 5 h and ABT-737 for 24 h were determined (Figure
3. 4). TRAIL induces apoptosis in cells more rapidly than ABT-737, hence 24 h of
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drug exposure was chosen for ABT-737 to enable good detection of caspases activity at
concentrations closer to Cmax of 5.9 µM observed in animals (Tse et al., 2008). As
expected, with increased drug concentrations, the level of caspase activity increased.
Caspase activity was detected following exposure to ABT-737 concentrations above 3
µM.
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Figure 3. 4: Caspase activity is evident in LN18 cells treated with TRAIL and
ABT-737.
LN18 cells were incubated with indicated concentrations of (A) TRAIL for 5 h and
(B) ABT-737 for 24h. The cells were then stained with FLICA 660-VAD-FMK and
analysed by flow cytometry to determine cells bearing caspase activity. Error bars
indicate standard errors of the means from at least three independent experiments.

After establishing a method for staining active caspases, and verifying that caspase
activity could be induced by both drugs at lower concentrations, mutagenicity
experiments were conducted. Cell sorting was employed to investigate the ability of cells
bearing various levels of active caspases to survive and acquire mutations in the HPRT
locus. LN18 cells were treated with concentrations of TRAIL or ABT-737 that abolished
the clonogenic potential of 50% of treated cells, before subjecting the cells to polycaspase FLICA 660-VAD-FMK staining and sorting. This concentration of ABT-737
acted via a Bax/Bak-dependent mechanism of action (Figure 3.1). Untreated LN18 cells
stained with poly-caspase FLICA 660-VAD-FMK were also subjected to cell sorting, and
cells lacking caspase staining (FLICA negative) were isolated (Figure 3. 5). Three cell
populations were sorted from TRAIL- and ABT-737-treated LN18 cells stained with
FLICA 660-VAD-FMK: no caspase staining (FLICA negative), low caspase staining
(FLICA low) and high caspase staining (FLICA high).
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Untreated

TRAIL 2.5 ng/ml 5 h

ABT-737 7.5 µM 24 h

P6 = FLICA negative P5 = FLICA low P4 = FLICA high

Figure 3. 5: Sorting LN18 cells with different level of caspase activity.
LN18 cells were incubated with indicated concentrations of TRAIL, ABT-737 or
media alone (untreated). The cells were then stained with FLICA 660-VAD-FMK and
analysed by flow cytometry to determine cells bearing caspase activity. Cells bearing
no caspase activity (FLICA negative), low caspase activity (FLICA low) and high
caspase activity (FLICA high) were sorted.

The sorted cells bearing different level of caspases activity, along with the remaining
unsorted cells, were then subjected to clonogenicity and HPRT assays (Figure 3. 6). As
planned, approximately 50% clonogenic death resulted from treatment with either drug.
Interestingly, FLICA negative cells from the treated samples showed lower clonogenic
survival compared to untreated sorted cells, which could be due to lack of sensitivity of
FLICA stain. Very few cells sorted from FLICA low and FLICA high populations of
treated cells were clonogenically competent.
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Figure 3. 6: Clonogenicity and mutagenicity of LN18 cells bearing
caspase activity upon TRAIL and ABT-737 treatment.
LN18 cells were incubated with indicated concentrations of TRAIL for
5 h and ABT-737 for 24h. The cells were then stained with FLICA 660VAD-FMK and analysed by flow cytometry to determine cells bearing
caspase activity. Cells bearing no caspase activity (FLICA negative),
low caspase activity (FLICA low) and high caspase activity (FLICA
high) were sorted, then either grown in normal media to determine their
clonogenic potential (A) or grown in 6-TG containing media after
culturing for 7 days to determine mutagenic frequency (B). Error bars
indicate standard errors of the means from at least three independent
experiments.
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Consistent with previous results, TRAIL treatment provoked an increase in number of
6TGR colonies in unsorted LN18 cells compared to untreated cells, and ABT-737
treatment did not show any such increase. Interestingly, TRAIL-treated FLICA negative
sorted cells formed more 6TGR colonies compared to untreated FLICA negative sorted
cells. This result, coupled with loss of clonogenic potential observed in the FLICA
negative population of treated cells, suggests that cells bearing some caspase activity
would have been present in this population, but these were not detected due to a lack of
sensitivity of the poly-caspase FLICA 660-VAD-FMK stain. Surviving TRAIL-treated
cells containing low and high caspase activity did show an increase in frequency of 6TGR
colonies compared to untreated FLICA negative population. Surprisingly, ABT-737treated LN18 cells bearing caspase activity did not show a similar rise in the frequency of
6TGR colonies, despite having similar levels of active caspases (as detected by FLICA
staining). The mutation frequency in surviving cells bearing high caspase activity was
about 20 fold higher in cells treated with TRAIL than with ABT-737.
3. 3. 3 Alternative approaches to identify mechanism of TRAIL mutagenesis against ABT737
The results above (Figure 3. 6) showed that low level of TRAIL-induced caspase
activation is unlikely to account for the difference in the mutagenic potentials of TRAIL
and ABT-737, but these results confirmed the involvement of caspases in TRAIL-induced
mutagenesis. An alternative possible reason for the ability of TRAIL but not ABT-737 to
create mutations could be inefficient activation of a specific mutagenic caspase during
TRAIL but not ABT-737 signaling, perhaps caspase-8.
To identify and test activation of specific caspases upon treatment with TRAIL or ABT737, FLICA stains specific to certain caspases could be employed. However, initial work
with supposedly specific FLICA stain in this study (data not shown) and reports from
other published studies (Kuželová et al., 2007; Pozarowski et al., 2003), preclude their
use due to non-specificity. Because specific probes were not available, other approaches
will be needed to dissect the differential mutagenic activity of TRAIL and ABT-737.
Another possible explanation for different mutagenic activity of TRAIL and ABT-737
could relate to the involvement of mitochondria. In ABT-737 signaling, mitochondrial
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function would be compromised by activation of Bax/Bak, which may hinder the ability
of cell to survive and/or proliferate, and possibly lead to cell senescence (Song et al.,
2011). Since the HPRT mutagenesis assay quantitates surviving and proliferating mutated
cells, non-proliferating cells would not be identified even if they bear mutations.
Experiments could be designed to investigate the integrity and membrane potential of
mitochondria in cells treated with ABT-737, and to determine whether surviving ABT737-treated cells express markers of senescence.
Time constraints precluded further investigation into this question. At this point in the
project, the focus of this study switched towards investigating the ability of Smac
mimetics to co-operate with TNFα to kill osteosarcoma cells (Chapter 4).
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Chapter 4 Combining TNFα and SM-164 to kill osteosarcoma cells
This chapter is presented as a manuscript, which was submitted for publication to
Oncotarget in December 2015. Dr. Christine Hawkins contributed the data presented in
Figures 1, 2 & 3, whereas Mark Miles (PhD student, Hawkins Lab) contributed data in
Figure 11.
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Abstract
Outcomes for patients diagnosed with osteosarcoma, a type of bone cancer, have not
improved significantly in the last four decades. Only around 60% of patients and
about a quarter of those with metastatic disease survive for more than five years.
Although DNA-damaging chemotherapy can be effective, these drugs can provoke
serious or fatal adverse effects including cardiotoxicity and therapy-related cancers.
Better and safer treatments are therefore needed. We investigated the antiosteosarcoma activity of IAP antagonists (also known as Smac mimetics) using cells
from primary and metastatic osteosarcomas that arose spontaneously in mice
engineered to lack p53 and Rb expression in osteoblast-derived cells. The IAP
antagonists SM-164, GDC-0152 and LCL161, which efficiently target XIAP and
cIAPs, sensitized cells from most osteosarcomas to killing by low levels of TNFα but
not TRAIL. RIPK1 expression levels and activity correlated with sensitivity. RIPK3
levels varied considerably between tumors and RIPK3 was not required for IAP
antagonism to sensitize osteosarcoma cells to TNFα. IAP antagonists, including SM164, lacked mutagenic activity. These data suggest that drugs targeting XIAP and
cIAP1 may be effective for osteosarcoma patients whose tumors express abundant
RIPK1 and contain high levels of TNFα, and would be unlikely to provoke therapyinduced cancers in osteosarcoma survivors.
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Introduction
The primary bone cancer osteosarcoma typically arises in teenagers, with an
incidence of 8 per million per year in adolescents and young adults. Osteosarcoma is
rare in people aged 25-60, but its incidence increases in older individuals including
those with Paget’s disease [1]. The introduction of high dose multi-agent
chemotherapy in the 1970s, particularly doxorubicin and cisplatin, led to substantial
increases in survival rates for osteosarcoma patients [2]. Unfortunately, little recent
progress has been made. Around 40% of patients diagnosed with osteosarcoma, and
almost three quarters of those with metastatic disease, still die within five years of
diagnosis [2].
Almost 90% of the individuals who survive osteosarcoma suffer from disease and/or
disability due to their treatment [3]. Most osteosarcoma patients are treated with high
dose methotrexate, doxorubicin and cisplatin, before and after surgery [4]. These
chemotherapeutic agents can cause severe and sometimes fatal adverse effects
including cardiac and kidney damage, neurotoxicity and/or therapy-related second
cancers [5], which preclude administration of higher, more effective, doses of these
drugs. Around 1 in 13 osteosarcoma survivors develop subsequent malignancies
within 30 years of diagnosis [6], more than half of whom die of their second cancers
within five years [6]. To improve outcomes for osteosarcoma patients, drugs are
needed that can either (1) eliminate osteosarcoma cells as sole agents, without causing
severe sequelae, or (2) cooperate with lower doses of currently used chemotherapies
to destroy tumor cells more safely.
A number of anti-cancer agents have been recently developed that directly engage
programed cell death pathways, rather than initially provoking DNA damage in order
to secondarily stimulate tumor cell death. One class of new agents act by antagonizing
members of the IAP family of pro-survival proteins. One member of this family,
XIAP, inhibits caspases-3, -7 and -9 to block apoptosis [7]. Two other relatives,
cIAP1 and cIAP2, are ineffective caspase inhibitors [8]. Instead, these proteins
participate in a complex assembled around the cytoplasmic domain of TNF-R1 that
promotes canonical NF-κB-mediated expression of proteins with roles in
proliferation, invasion and inflammation [9-11]. Crucially, within this complex
cIAP1/2 can poly-ubiquitinate the kinase RIPK1, preventing it from transitioning into
secondary complexes, the “ripoptosome” and “necrosome”, that initiate caspasedependent apoptotic or caspase-independent necroptotic cell death respectively [12].
IAP activity within cells can be reduced by Smac/Diablo, a natural IAP antagonist
protein [13, 14]. A number of “IAP antagonists” (also known as “Smac mimetics”)
have been created that bind IAPs in a similar way to Smac, relieving XIAP-mediated
caspase inhibition and promoting the auto-ubiquitination and proteosomal degradation
of cIAP1 and 2 [15]. This loss of cIAP1/2 results in deubiquitination of RIPK1,
leading to formation of the ripoptosome [16]. Caspase-8 is activated within this
complex, and can then proteolytically activate caspases-3 and -7. If the IAP
antagonist drug prevents XIAP from inhibiting these executioner caspases, they can
induce apoptosis. RIPK1 can also promote caspase-independent, necroptotic cell
death [17, 18]. This pathway classically involves a relative of RIPK1, RIPK3, and the
pseudokinase MLKL [19, 20]. Necroptosis is negatively regulated by caspase-8 [21]
and can be provoked by TNFα treatment of cells lacking IAP and caspase activity.
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IAP antagonist drugs can be sub-classified by their structures and specificities.
“Monovalent” IAP antagonists such as Debio1143(AT-406) [22], GDC-0152 [23] and
LCL161 [24] resemble the amino terminus of processed Smac/Diablo and can interact
with a single site within an IAP protein. Bivalent agents, including Birinapant [25],
BV6 [26] and SM-164 [27], possess two such moieties. They tend to exhibit higher
affinities and potencies than the monovalent drugs, at least in vitro, but their size
necessitates intravenous administration [28]. IAP antagonists also vary in their
reported specificities for XIAP versus cIAP1/2. Some, like DEBIO1143/AT406 and
Birinapant [22, 25], preferentially target cIAP1 and cIAP2 rather than XIAP. Others,
including BV6, LCL161, GDC-0152 and SM-164, have similar affinities for XIAP,
cIAP1 and cIAP2 [23, 26, 27, 29].
Early phase clinical trials have revealed that most patients tolerate IAP antagonists,
although high doses of at least some can trigger cytokine release syndrome due to
their promotion of autocrine TNFα production [30]. As single agents, IAP
antagonists triggered complete or partial remissions in a minority of patients with
ovarian cancer, colon cancer, melanoma or MALT lymphomas, and stabilized disease
in additional patients [28]. More promising data has emerged from studies in which
patients were given IAP antagonists with standard anti-cancer therapies. Over a third
of poor-risk acute myeloid leukemia patients administered Debio1143 (AT-406) with
daunorubicin and cytarabine experienced complete remissions, although half of these
subsequently relapsed [31].
Pre-clinical studies revealed that IAP antagonists could also augment the cytotoxicity
of other targeted therapies such as chromatin remodeling agents [32-34]. Various IAP
antagonists were reported to cooperate with TNF-related apoptosis inducing ligand
(TRAIL; Apo2L) to kill carcinoma and leukemia cells in vitro and in vivo [25, 35-44].
The utility of some of these co-treatments are presently being assessed in clinical
trials. In addition to hopefully offering robust anti-cancer efficacy, IAP antagonists
lack the mutagenicity associated with DNA damaging chemotherapy [45], so they
may spare cancer survivors the risk of developing therapy-related cancers.
In some cell types, exposure to IAP antagonists results in stimulation of noncanonical NF-κB pathways that promote induction of TNFα expression, which
stimulates autocrine TNF-R1 signaling of apoptotic and/or necroptotic cell death [46].
IAP antagonists kill these cell types as sole agents. Other cell types fail to produce
TNFα following treatment with IAP antagonists. IAP antagonists only kill these cells
in the presence of exogenous TNFα produced by other surrounding cells in vivo, or
provided experimentally in vitro [46]. Production of inflammatory cytokines such as
TNFα by tumor associated macrophages can enhance the development and
progression of various malignancies [47-49]. Recent evidence suggests that
osteosarcoma may be a cancer type whose growth and spread is driven by TNFα.
TNFα was reportedly required for osteosarcoma progression in mice [50]. Levels of
TNFα were elevated in the blood of osteosarcoma patients, particularly those with
large tumors [51, 52], and the local concentration at the tumor site would presumably
be even higher. Thus the presence of local TNFα probably promotes osteosarcoma
expansion and invasion, but could also be exploited therapeutically, if it could
cooperate with IAP antagonists to promote tumor cell death.
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Most research into the anti-cancer potential of IAP antagonists has focused on
carcinomas and hematopoietic malignancies. Very little research has assessed their
utility for sarcomas such as osteosarcoma. GDC-0152 was recently published to
counter the pro-survival effects of Angiopoietin-like protein 2 on an established
human osteosarcoma cell line, SaOS2 [53]. Human osteosarcoma xenografts grew
somewhat slower in SCID mice treated with LCL161 than in untreated mice [54],
although TNFα levels may be lower in SCID mice than wild type animals [55], so
that study may have underestimated the ability of LCL161 to cooperate with hostderived TNFα to kill implanted tumor cells.
In this study we characterized the anti-osteosarcoma activity of a panel of IAP
antagonists, using cells derived using two spontaneous osteosarcoma mouse models.
Fibroblastic osteosarcomas were isolated from mice in which the p53 and Rb genes
were deleted from cells expressing the osteoblast marker Osterix [56], whereas
osteoblastic osetosarcomas were harvested from animals following lineage-specific
deletion of Rb coupled with sh-RNA-mediated p53 downregulation [57].
RESULTS
SM-164, GDC-0152 and LCL161 sensitize murine osteosarcoma cells to TNFα
Cells from osteoblastic (98Sc, 147H and 148I) and fibroblastic (493H, 494H and
1029H) primary tumors were incubated with six different IAP antagonists, with or
without TRAIL or TNFα. None of the IAP antagonists were toxic to osteosarcoma
cells as sole agents or in conjunction with TRAIL (Fig. 1), however LCL161, GDC0152 and SM-164 cooperated strongly with TNFα to kill the murine osteosarcoma
cells. Cells from some tumors were more sensitive to the combination treatment than
others, but the responsiveness did not correlate with the tumor type (fibroblastic
versus osteoblastic).
The osteosarcoma cells were only sensitive to IAP antagonists as a co-treatment with
TNFα. Use of TNFα as a therapeutic agent has been limited to isolated limb perfusion
[58] due to serious toxicities such as hypotension and hepatotoxicity following
systemic administration [59]. Therefore, clinical efficacy, particularly for metastatic
cancers, would require sufficient endogenous TNFα at the tumor site to cooperate
with exogenously administered IAP antagonists. Previous studies documented
average TNFα levels in osteosarcoma patients’ blood to be 12 [51] and 28 pg/ml [52].
These concentrations were about twice those in the blood of healthy individuals [51,
52], and patients with larger tumors had three-fold higher serum TNFα levels than
controls [51]. Although the concentration of TNFα within osteosarcomas has not been
reported, presumably the excess TNFα in the blood derives from the tumor site,
implying that the intratumoral levels would be much higher.
To define the levels of TNFα required for IAP antagonists to kill murine
osteosarcoma cells, we performed dose titration experiments using TNFα and the
most potent members of the panel of IAP antagonists: GDC-0152 and SM-164. To
focus on physiologically achievable concentrations of the IAP antagonists, we set the
upper limit of their concentrations at 10 µM, slightly higher than the GDC-0152 peak
plasma concentration (7 µM [23]). Pharmacokinetic data have not yet been published
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for SM-164, but the levels of LCL-161 [30] and Birinapant [60] detected in the blood
of treated patients resembled those of GDC-0152, so it seems likely that SM-164 may
also reach similar levels in vivo.
Both IAP antagonists cooperated with low concentrations of TNFα to kill the
osteosarcoma cells (Fig. 2, 3). As observed previously, the extent to which IAP
antagonists sensitized cells from the different tumors to TNFα varied. Using ATP
levels to monitor survival, cells from four tumors (98Sc, 493H, 494H and 1029H)
were killed by levels of SM-164 or GDC-0152 that are likely to be physiologically
achievable, coupled with concentrations of TNFα that were similar to or up to 100fold higher than those detected in the blood of osteosarcoma patients [52]. Cells from
tumor 147H exhibited dose-dependent sensitivity to the combined treatment but
higher concentrations of both agents were required to kill these cells. Cells from the
148I tumor were also relatively resistant: these cells responded to all concentrations
of SM-164 or GDC-0152, but only when co-treated with high concentrations of
TNFα. SM-164 seemed to cooperate with TNFα slightly more strongly than GDC0152 (Fig. 2, 3), so the remainder of this study focused on SM-164.
To verify that the decrease in ATP levels observed following combined treatment
with SM-164 and TNFα reflected abolition of clonogenic survival, we exposed
primary tumor cells from three mice to a concentration of SM-164 likely to resemble
the peak plasma level (5 µM) together with a concentration of TNFα similar to that
reported in the blood of osteosarcoma patients (10 pg/ml). Clonogenic survival was
monitored after a 24 h exposure or after continuous exposure (replacing media
containing or lacking the drugs every 48 h). Combined treatment for 24 h reduced the
cells’ clonogenicity by 25-40%, and extended exposure abolished the clonogenicity of
the majority of the cells (Fig. 4).
Doxorubicin cooperates with IAP antagonists plus TNFα to kill osteosarcoma
cells
Doxorubicin is a crucial component of multi-agent chemotherapy regimens for
osteosarcoma patients [4]. We therefore explored whether SM-164 and TNFα could
enhance the anti-osteosarcoma activity of doxorubicin. Cells from each of the tumors
were incubated with no drugs, SM-164, TNFα or both, coupled with a range of
doxorubicin concentrations up to that detected in the blood of treated cancer patients
[61]. The impact on survival was monitored by measuring ATP levels in the treated
and untreated cells. Increasing concentrations of doxorubicin enhanced the lethality
mediated by co-treatment with SM-164 plus TNFα (Fig. 5). The magnitude of this
cooperation was similar to that predicted for an additive interaction.
Sensitization of osteosarcoma cells to TNFα by IAP antagonists requires RIPK1
To explore the molecular basis for the heterogeneity in responses we observed
between cells derived from different tumors, particularly the relative resistance of
cells from tumors 147H and 148I, we surveyed expression of proteins previously
implicated in cell death induced by IAP antagonists. Antagonism of IAP proteins can
sensitize cells to TNFα-mediated apoptosis, which requires the “ripoptosome”
components RIPK1, caspase-8 and FADD, and/or necroptosis, which typically
involves the “necrosome” constituents RIPK1, RIPK3 and MLKL. The levels of
surface and total expression of the receptor TNF-R1, and intracellular levels of FADD
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and caspases-8 and -3 were no lower in the resistant cells than the sensitive ones (Fig.
6A, B). Cells from each of the tumors expressed similar amounts of XIAP and cIAP1,
and none expressed detectable levels of cIAP2 (Fig. 6 C-E). SM-164 treatment
stimulated equally dramatic degradation of cIAP1 in cells from each of the
osteosarcomas (Fig. 6 E). Interestingly, the two more resistant cell lines, 147H and
148I, expressed less RIPK1 than cells from the other tumors (Fig. 6A). Cells from the
148I tumor also lacked any detectable RIPK3 expression and bore only low levels of
MLKL (Fig. 6A).
Treating cells from the 98Sc tumor with SM-164 and TNFα provoked DEVDase
activity (Fig. 7A), which has been shown to predominantly reflect levels of active
caspases-3, -7, -8 [62, 63]. The combined treatment also led to externalization of
phosphatidylserine, prior to disruption of the plasma membrane, similar to the
classical caspase-dependent apoptosis provoked by exposure to Fas ligand (Fig. 7B).
The lethality and DEVDase activity stimulated by SM-164/TNFα co-treatment were
efficiently inhibited by necrostatin (Fig 7A, C, D), implying that the death involved
RIPK1-dependent activation of caspase-8 and executioner caspases [64]. Pan-caspase
inhibition by Q-VD-OPh [65] suppressed the DEVDase activity associated with SM164/TNFα treatment (Fig. 7A), but the caspase inhibitor slightly augmented rather
than suppressed the death following the co-treatment (Fig 7C, D). This presumably
reflects the ability of Q-VD-OPh to indirectly stimulate RIPK1-mediated necroptosis
by preventing the proteolysis of RIPK1 by caspase-8 [21].
SM-164 sensitizes primary and metastatic osteosarcoma cells to TNFα
Metastatic osteosarcomas are particularly unresponsive to current therapies. One of
the strengths of the genetically engineered murine osteosarcoma models used in this
study is their ability to recapitulate the typical metastatic pattern of human
osteosarcoma; primarily metastasizing to lung and less commonly to other sites
including liver [56, 57, 66]. Most of the mice whose primary tumors were analyzed in
the preceding experiments developed lung metastases (denoted by a “L” suffix) and
one had a secondary tumor in its liver (#1029LV). We examined the sensitivity of
cells from these secondary osteosarcomas to SM-164 and TNFα, in parallel with cells
from the matching primary tumors. Cells from all of the metastatic osteosarcomas
were sensitive to the combination treatment (Fig. 8). Interestingly, however, cells
from the lung metastasis in mouse #147 were more sensitive than cells from that
animal’s primary tumor, whereas cells from the metastatic tumors from mice #98 and
#1029 were somewhat less sensitive than cells from their primary tumors (Fig. 8).
These data suggest that TNFα signaling pathways changed during metastasis in these
animals. However, osteosarcomas are highly penetrant in these genetically engineered
mice, so it is also possible that some of the metastatic tumors arose independently,
from a distinct primary cancer from that which we resected and analyzed. In contrast,
cells from primary and metastatic tumors from each mouse generally exhibited similar
sensitivity to doxorubicin and cisplatin, although cisplatin was more toxic to cells
from the metastatic tumor from mouse #98 than to those from its primary tumor (Fig.
9).
Cells from the lung metastases 98L and 148L, which were relatively insensitive to
SM-164/TNFα-induced death (Fig. 8), expressed comparatively little RIPK1 (Fig.
10). Interestingly, RIPK3 levels varied considerably in cells from the metastatic
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osteosarcomas: 1029LV and 493L expressed robust levels, 494L expressed less, and
none was detected in lysates of cells from the metastatic tumors 98L, 147L or 148L
(Fig. 10). The RIPK3 levels did not correlate with sensitivity, however. Cells from the
metastatic tumor 147L lacked RIPK3 expression, yet SM-164 sensitized these cells to
TNFα as efficiently as cells from the RIPK3-expressing tumors 493L and 1029LV.
Necrostatin completely prevented or substantially reduced SM-164/TNFα-mediated
death of cells from most of the tumors (Fig. 8). Although necrostatin completely
blocked the lethality to 98Sc cells of 1 µM SM-164 plus 1 ng/ml of TNFα (Fig. 7), it
was less effective at suppressing death provoked by co-treatment of these highly
responsive cells with 10 µM SM-164 coupled with 100 pg/ml of TNFα (Fig. 8).
Necrostatin was also less active on cells expressing low levels of RIPK1 (from the
primary tumor 148I and metastases 98L, 147L and 148L). Caspase inhibition by QVD-OPh failed to suppress SM-164/TNFα-induced death in cells from any tumors.
Unlike doxorubicin, SM-164 does not provoke mutations in surviving cells
An emerging challenge in cancer treatment is minimizing the risk of survivors
acquiring subsequent malignant neoplasms due to their exposure to DNA damaging
chemotherapy or radiotherapy [67]. We previously found that the IAP antagonists
LCL161 and DEBIO1143 (AT-406) were non-mutagenic [45], implying that they
would lack the oncogenic potential of current anti-cancer drugs. To determine
whether SM-164 also lacks mutagenic activity, we compared the ability of
equivalently lethal concentrations of doxorubicin and SM-164 (alone or with a low
concentration of TNFα) to provoke loss-of-function mutations in the HPRT locus of
TK6 lymphoid cells. This assay capitalizes on the ability of active HPRT enzymes to
convert the purine analog 6-thioguanine into a toxin, hence the clonogenicity of drugtreated TK6 cells grown in the presence of 6-thioguanine provides a measure of the
drug’s ability to induce mutations in the HPRT gene [68]. A concentration of
doxorubicin that abolished the clonogenicity of around 40% of the TK6 cells
provoked frequent emergence of 6-thioguanine resistant clones (implying HPRT
mutations) (Fig. 11). In contrast, a concentration of SM-164 that had a similar impact
on clonogenicity failed to yield any more 6-thioguanine-resistant clones than no
treatment. Addition of a physiologically-relevant concentration of TNFα had no effect
on clonogenicity or mutagenicity (Fig. 11).
DISCUSSION
IAP antagonists cooperated with low doses of TNFα to kill cells from most primary
and metastatic murine osteosarcomas, suggesting that this class of drugs may be
therapeutically useful anti-osteosarcoma agents. The cooperation we observed
between SM-164/TNFα and doxorubicin further suggests that IAP antagonists may
augment the efficacy of currently used chemotherapy regimens, and/or could permit
lower (safer) doses of chemotherapy drugs to be employed without compromising
anti-tumor responses.
The IAP antagonists that cooperated most strongly with TNFα to kill osteosarcoma
cells efficiently targeted XIAP in addition to cIAP1 and 2. Treatment of the sensitive
osteosarcoma cells with SM-164 plus TNFα provoked rapid DEVDase activity and
exposure of phosphatidyl serine, followed by subsequent plasma membrane
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disruption. The responsive cells could be protected by pre-treatment with necrostatin,
and cells from some of the sensitive osteosarcomas expressed little or no RIPK3.
Together these observations suggest that, for TNFα to kill osteosarcoma cells, RIPK1
is required and the activities of cIAP1 and XIAP must be reduced. We infer that, in
osteosarcoma cells, IAP antagonist-mediated degradation of cIAP1 enables formation
of the ripoptosome and activation of caspase-8, which can stimulate caspase-3/7
activity if the IAP antagonist permits this by relieving XIAP-mediated inhibition.
Presumably Birinapant and DEBIO1143/AT-406 were less effective because they
target XIAP less efficiently than SM-164, GDC-0152 and LCL161. BV6 appears to
represent an exception to this rule: its affinity for XIAP was reportedly only around
three-fold lower than for cIAP1 [26] yet it was the least potent IAP antagonist of
those tested in this study. It is possible that this surprisingly marginal impact of BV6
plus TNFα reflects less efficient uptake of BV6 than the other drugs, rather than
differences in their biochemical activities.
RIPK1 expression levels predicted sensitivity to IAP antagonist/TNFα-induced death
in cells from the different tumors. Necrostatin reduced or abolished the lethality
triggered by treatment of osteosarcoma cells with IAP antagonists plus TNFα,
implying that RIPK1 is required for this cell death. In contrast, caspase inhibition (by
Q-VD-OPh) failed to protect these cells from IAP antagonist/ TNFα-mediated death.
The simplest explanation for this is that Q-VD-OPh prevented caspase-8 from
proteolytically disabling RIPK1, and hence switching signaling from ripoptotic to
necroptotic cell death. We were however surprised to note that caspase inhibition was
ineffectual even in cells lacking RIPK3. Cells from one primary and three secondary
tumors lacked detectable RIPK3 expression, however this did not appear to modulate
sensitivity to death induced by treatment with IAP antagonists and TNFα. Cells from
the 147L lung metastasis, which expressed robust levels of RIPK1 but no RIPK3,
were as sensitive as cells from other tumors that expressed similar levels of RIPK1
and high levels of RIPK3. Q-VD-OPh slightly enhanced the sensitivity of these cells
to SM-164/TNFα, while necrostatin markedly reduced their sensitivity. Thus, our data
suggest that although IAP antagonist/TNFα treatment of osteosarcoma cells normally
leads to ripoptosome-mediated apoptosis, suppression of caspase activity in
osteosarcoma cells treated with these agents seems to provoke cell death that is
primarily RIPK1-dependent but does not require RIPK3. A similar observation was
recently reported in murine fibrosarcoma cells [69]. Necrostatin failed to protect
primary or metastatic cells from mouse #148 from death caused by treatment with
high doses of SM-164 and TNFα. These cells lacked RIPK3 and expressed low levels
of RIPK1, and were relatively unresponsive to IAP antagonists plus TNFα. These
data suggest that high doses of SM-164 plus TNFα can reduce the survival of cells
from this tumor through pathways that are independent of caspases, RIPK1 and
RIPK3, but because high concentrations of drugs were required to stimulate this death
in vitro, such pathways may not occur in vivo.
CONCLUSION
The ability of necrostatin to protect sensitive osteosarcoma cells from death triggered
by co-treatment with IAP antagonists plus TNFα imply that RIPK1 is an important
determinant of sensitivity. Consistent with this, the less sensitive osteosarcoma cell
lines expressed lower levels of RIPK1. If the results of this study translate to human
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osteosarcomas, the levels of TNFα and RIPK1 in patients’ tumors may predict their
responses to treatment with pan-specific IAP antagonists. Because IAP antagonists
including SM-164 are non-mutagenic, we expect that they would be less likely than
DNA-damaging chemotherapy drugs to stimulate therapy-induced cancers in cured
osteosarcoma patients.
MATERIALS AND METHODS
Reagents
Drugs used in this study were recombinant murine sTRAIL/Apo2L (Peprotech; NJ,
USA), murine TNFα (Peprotech), Debio1143/AT-406 (Selleck Chemicals; Texas,
USA), LCL161 (Selleck Chemicals), SM-164 (ApexBio; Texas, USA), Birinapant
(ApexBio), BV6 (ApexBio), GDC-0512 (Selleck), doxorubicin (Sigma-Aldrich; MO,
USA) and cisplatin (Sigma-Aldrich). The following antibodies were used: anti-cIAP1
(Enzo Life sciences; NY, USA) , anti-cIAP2 (R&D systems; MN, USA), anti-XIAP
(MBL International; MA, USA), anti-FADD (Abcam; Cambridge, UK), anti-TNFR1
(Abcam), anti-caspase-3 (BD Biosciences; NJ, USA), anti-caspase-8 (Abcam), antiRIPK1 (BD Biosciences), anti-RIPK3 (ProSci; CA, USA), anti-MLKL1 (Abcam),
rabbit anti-GFP (polyclonal in-house antibody), goat anti-rabbit FITC (Merck
Millipore; MA, USA), mouse anti-GAPDH (Merck Millipore), donkey anti-rabbit
HRP conjugated antibody (GE Healthcare Life Sciences; NJ, USA), goat anti-rat HRP
conjugated antibody (GE Healthcare Life Sciences), and rabbit anti-mouse-HPRT
conjugated antibody (Sigma).
Animals and cells
Spontaneous fibroblastic primary and metastatic osteosarcomas were obtained from
Osx-Cre p53fl/fl pRbfl/fl mice [56]. Osteoblastic osteosarcomas were harvested from
Osx-Cre TRE-p53.1224 pRb fl/fl mice [57]. Cells were isolated from the tumors by
dissociation with a scapel and cultured from these tumors as described previously
[70], and used within 14 ex vivo passages. TK6 cells [71] were obtained from ATCC
(Manassas, Virginia, USA) and were grown in RPMI (Invitrogen; CA, USA)
containing 10 % heat inactivated FBS. HEK-293T cells were cultured in Dulbecco’s
modified Eagle medium with high glucose (Invitrogen) supplemented with 10 % heat
inactivated FBS. All cells were grown at 37 °C in air supplemented with 5 % CO2.
Cell death and caspase assays
For clonogenicity assays, one hundred thousand cells were plated per well of a 24well plate and incubated with drugs or normal media for the specified times, then
washed once with phosphate buffered saline (PBS; Astral Scientific; Tarren Point,
NSW, Australia) and plated at various densities in 6-well plates. After seven days
(494H and 493H), ten days (98Sc and 1029H) or fourteen days (147H and 148I), cells
were stained with methylene blue (Sigma-Aldrich; 1.25 g/l in 50 % methanol) for 5
min, washed twice with water, and then the numbers of colonies were counted.
For acute cell death experiments, cells incubated with drugs or media were harvested,
washed once with PBS, then resuspended in binding buffer (10 mM Hepes, 140 mM
NaCl, 2.5 mM CaCl2; pH 7.4) containing 1:500 of Annexin-V-FITC (Abcam). After
incubating the cells at 4°C for 15 min, an equal amount of binding buffer containing 2
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µg/ml propidium iodide (Sigma-Aldrich) was added before analysis. Cells were
analyzed by flow cytometry for propidium iodide and/or Annexin-V-FITC positive
cells using FACS Canto II (BD Biosciences). In some experiments cells were pretreated for 1 h with 10 µM of the pan-caspase inhibitor Q-VD-OPh (R&D systems) or
the RIPK1 inhibitor necrostatin-1 (Sigma-Aldrich).
The amount of ATP or DEVDase activity in cells upon treatment were determined
using CellTiter-Glo 2.0 or Caspase-Glo 3/7 assay kits respectively (Promega; WI,
USA). Two thousand cells per well were plated in 96-well white plates containing
desired drugs or media to a final volume of 75 µl, and incubated for specified time. In
some experiments cells were pre-treated for 1 h with 10 µM of Q-VD-OPh (R&D
systems) or necrostatin-1 (Sigma-Aldrich). After treatment, 75 µl of CellTiter-Glo or
Caspase-Glo 3/7 solution was mixed into each well. The plates were incubated at
room temperature for 10 min (CellTitre-Glo) or 30 min (Caspase-Glo3/7) then
luminescence was recorded using a Spectromax M5 (Molecular Devices; CA, USA).
Flow cytometry
Expression of TNFR1 on the surface of murine osteosarcoma cells was determined by
flow cytometry. Cells were harvested and fixed in 4 % paraformaldehyde (SigmaAldrich) for 15 min at 4 °C. Fixed cells were washed with PBS containing 4 % FBS
(PFS), then resuspended in 100 µl of PFS alone, or PFS containing anti-TNFR1
antibody or anti-GFP antibody. Samples were incubated, rotating, at 4 °C overnight,
followed by washing twice with PFS and incubating with 100 µl of PFS containing
anti-rabbit FITC antibody for 1 h at room temperature, rotating. Samples were washed
twice with PFS and FITC positive cell populations were determined using a FACS
Canto II (BD Biosciences).
Cell lysis, electrophoresis and immunoblotting
Cell samples were lysed using RIPA lysis buffer (150 mM sodium chloride, 1.0 %
Triton X-100, 0.5 % sodium deoxycholate, 0.1 % SDS, 50 mM Tris, pH 8.0)
supplemented with protease inhibitor cocktail (Roche; Basel, Switzerland), then
forced 10 times through a 23-gauge needle to shear the DNA. The lysates were
cleared by centrifuging for 15 min at 16,100 g at 4°C. Total protein was determined
using the bicinchoninic acid (BCA) method (Micro BCA Protein assay kit, Thermo
Fisher Scientific; IL, USA). Thirty micrograms of lysates were loaded on Tris-glycine
gels and the proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The proteins were then either stained with coomassie stain followed
by de-staining, or transferred onto Hybond PVDF 0.22 µm membrane (Millenium
Science; Victoria Australia), blocked with 1% blocking reagent (Roche) in phosphatebuffered saline (PBS), and probed with primary antibodies in 1% blocking reagent
(Roche) in PBS with 0.1% Tween-20 (Sigma-Aldrich). Horseradish peroxidase
(HRP)-conjugated secondary antibodies were detected using SuperSignal West Dura
extended duration substrate (Thermo Fisher Scientific).
Mutagenesis
HPRT mutagenesis was performed as previously described [42] except that 2x104
cells were seeded per well in 96 well plates the presence of 30 µM 6-thioguanine.
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FIGURES

Figure 1: SM-164, GDC-1052 and LCL161 sensitize osteosarcoma cells to TNFα
but not TRAIL. Cells from the specified primary murine osteosarcomas were
incubated for 48 h with the listed IAP antagonist drugs (IAD, colored columns) or
media (black columns), together with murine TRAIL or TNFα, or no death ligand.
ATP levels were measured with the CellTiterGlo reagent.
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Figure 2: SM-164 cooperates with low concentrations of TNFα to kill cells from
some primary murine osteosarcomas. Cells from the specified primary murine
osteosarcomas were incubated for 48 h with the listed concentrations of SM-164
(colored lines) or media (black columns) together with a range of concentrations of
TNFα, or none. ATP levels were measured with the CellTiterGlo reagent.
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Figure 3: GDC-0152 cooperates with low concentrations of TNFα to kill cells
from some primary murine osteosarcomas. Cells from the specified primary
murine osteosarcomas were incubated for 48 h with the listed concentrations of GDC0152 (colored lines) or media (black columns) together with a range of concentrations
of TNFα, or none. ATP levels were measured with the CellTiterGlo reagent.
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Figure 4. Co-treatment with SM-164 and low concentrations of TNFα reduces
the clonogenic survival of osteosarcoma cells. 98Sc, 1029H or 494H cells were
grown in media containing no drugs or the indicated concentrations of TNFα and/or
SM-164, and the numbers of colonies that arose were counted. The drugs were either
removed and replaced with normal media after 24h (left side) or replaced every 48 h
(right side). Mean relative clonogenic survival and SEM are graphed from three
independent experiments.
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Figure 5: Doxorubicin cooperates with SM-164 and TNFα co-treatment to kill
primary murine osteosarcoma cells. Osteosarcoma cells from the specified murine
tumors were incubated in media containing no drugs, 1 µM SM-164 and/or 1 ng/ml
TNFα with the indicated concentrations of doxorubicin for 48 h. ATP levels in the
cells were then measured using the CellTiterGlo kit. The green line shows the
expected outcomes based on an additive interaction between SM-164/TNFα and
doxorubicin, calculated using a fractional product approach. Means and SEM from
three independent experiments are shown.
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Figure 6: RIPK1 and RIPK3 levels vary between primary murine
osteosarcomas. (A) Cells from the specified tumors were lysed and subjected to
SDS-PAGE, then immunoblotted with the indicated antibodies or subjected to
Coomassie staining. (B) Unpermeabilized cells were stained with anti-TNFR1
antibody (red lines) or anti-GFP (as a control; blue lines) followed by FITCconjugated anti-rabbit, then analyzed by flow cytometry. The average specific mean
fluorescence intensities (anti-TNFR1 minus anti-GFP) are stated (+/- SEM, from
three experiments). (C) To validate the specificity of the IAP family member
antibodies, 293T cells were transfected with plasmids encoding the specified proteins
or empty vector (pEF), then lysates were immunoblotted with the listed antibodies.
(D) Lysates from the osteosarcoma cells and 293T cells transfected with a cIAP2
expression plasmid were immunoblotted with an antibody recognizing cIAP2. (E)
Cells were incubated in media (UT) or 10 µM SM-164 (SM) for 45 min then lysed
and subjected to immunoblotting with the listed antibodies.
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Figure 7: Co-treatment with SM-164 plus TNFα stimulates RIPK1-dependent
apoptosis of 98Sc osteosarcoma cells. (A) 98Sc cells were pre-treated with no
inhibitor, Q-VD-OPh (to inhibit caspases) or necrostatin (to inhibit RIPK1) for 1 h,
then additional media was added containing either no drugs, 1 ng/ml TNFα plus 1 µM
SM-164, or 100 ng/ml FasL. After 6 h, DEVDase (caspase) activity was measured.
(B) 98Sc cells were incubated with 1 ng/ml TNFα plus 1 µM SM-164 or 100 ng/ml
FasL for the designated periods of time. The cells were stained with propidium iodide
(PI) and Annexin-V-FITC to identify dead and dying cells and analyzed by flow
cytometry. (C) 98Sc cells were treated as outlined for panel A. After 6 h, cell death
was monitored flow cytometrically after staining with Annexin-V-FITC and
propidium iodide. (D) 98Sc cells were treated as outlined for panel A. ATP levels,
reflecting the proportion of surviving and metabolically active cells, were measured
after 24 h. (A-D) Means and SEM are shown from three independent experiments.
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Figure 8: SM-164 sensitizes metastatic murine osteosarcoma cells to TNFα. (A,
C) Cells from primary (A) or metastatic (C) tumors were incubated in the media
containing no drugs or a range of concentrations of SM-164 and/or TNFα for 48 h,
then ATP levels were measured. (B, D) Cells from the specified primary (B) or
metastatic (D) tumors were pre-treated with no inhibitor, 10 µM of Q-VD-OPh (to
inhibit caspases) or 10 µM necrostatin (to inhibit RIPK1) for 1 h, then additional
media was added containing either no drugs or SM-164 plus TNFα. Ten micromolar
SM-164 was used for cells from all tumors. TNFα was used at 1 ng/ml for the more
resistant cells (147H and 148I) and 100 pg/ml for the remainder. ATP levels,
reflecting the proportion of surviving and metabolically active cells were measured
after 48 h. Means and SEM are shown from three independent experiments.
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Figure 9: Doxorubicin and cisplatin kill murine primary and metastatic
osteosarcoma cells. Osteosarcoma cells from murine early passage cell lines derived
from primary or metastatic tumors from the numbered mice were incubated in the
media containing no drugs or the indicated concentrations of doxorubicin or cisplatin
for 48 h, then ATP levels were measured.
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Figure 10: RIPK1 and RIPK3 levels vary between primary and metastatic
murine osteosarcomas. Cells from the specified tumors were lysed and subjected to
SDS-PAGE, then immunoblotted with the indicated antibodies or subjected to
Coomassie staining.
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Figure 11. SM-164 does not induce mutations at the HPRT locus of TK6 cells.
TK6 cells were incubated for 24 h with no drug, 5 nM doxorubicin (dox), 15 µM SM164 (SM) or 15 µM SM-164 plus 5 pg/ml TNFα (SM+T). Clonogenic survival was
determined (left bars) or the cells were seeded in 96-well plates containing or lacking
6-thioguanine to determine the HPRT mutation frequency (right bars). Means and
SEM from three independent experiments are shown.

103

Chapter 5 General discussion

Chapter 5 General discussion
5. 1 ABT-737 is not mutagenic at physiologically achievable concentrations
Current regimens for anti-cancer treatment include therapies that rely on DNA damage
for their mechanism of action, which has resulted in the emergence of therapy-induced
cancers in cancer survivors (Leone et al., 2010). It is hoped that therapeutics developed to
directly induce apoptosis in cells, without the need to first provoke DNA damage, may
reduce the susceptibility of cancer survivors to therapy-induced cancers. Unlike TRAIL
treatment, exposure of cells to physiologically relevant concentrations of ABT-737 failed
to provoke mutations in surviving cells. At very high concentrations, ABT-737 treatment
did induce Bax/Bak-independent death in cells and provoked mutations in surviving cells.
This indicated that, at very high concentrations, ABT-737 functioned through other
mechanisms, possibly like generation of reactive oxygen species (Howard et al., 2009) to
promote death and/or mutations in surviving cells. Data from this study establishes that
physiologically relevant concentrations of ABT-737 and specific inhibition of antiapoptotic Bcl-2 proteins failed to provoke mutations in surviving cells.
More recently, work published by Ichim and colleagues showed that ABT-737 treatment
could cause sub-lethal MOMP and DNA damage (Ichim et al., 2015). Consistent with the
data presented in Chapter 3, Ichim and colleagues observed Bax/Bak-dependent
phosphorylation of H2AX in ABT-737-treated MEF cells. However, the γH2AX assay
does not distinguish between cells that will survive and proliferate with DNA damage and
those that have lost clonogenic capacity, so those cells bearing γH2AX may have been
dying. In contrast to the work described in this thesis, however, Ichim and colleagues also
detected γH2AX in HeLa and U2OS cells treated with 1-10 µM ABT-737; doses that did
not reduce clonogenic survival in those cell lines (Ichim et al., 2015). This DNA damage
could be prevented by downregulating CAD or Apaf-1, or overexpressing Bcl-xL,
implying that unlike the cell types examined in this study, sub-lethal inhibition of Bcl-2
family proteins can cause DNA damage in surviving HeLa and U2OS cells (Ichim et al.,
2015). Micronuclei, suggestive of genomic instability, were formed following long-term
culturing of HeLa or U2OS cells in media containing 2.5 or 10 µM of ABT-737 (Ichim et
al., 2015). Those data suggest that mutagenic pathways similar to those provoked by
TRAIL (involving caspases and CAD) could be stimulated by ABT-737 in HeLa and
U2OS cells. Ichim and colleagues attributed this caspase activation and DNA damage to
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sub-lethal MOMP occurring in a small sub-population of mitochondria (Ichim et al.,
2015). It is puzzling that this study failed to observe any mutations at the HPRT locus of
surviving cells in three independent cell lines treated with concentration of ABT-737 less
than 10 µM (section 3.2), yet Ichim et al reported evidence that this treatment provoked
DNA damage in surviving HeLa and U2OS cells that seemed to require caspases and
CAD, and could be blocked Bcl-2 proteins (Ichim et al., 2015). The simplest explanation
to reconcile these apparently conflicting data is that they reflect difference between the
cells used in the two studies. Perhaps the cells employed in this study, unlike HeLa and
U2OS cells, either never experienced “minority” MOMP, or always lost clonogenic
potential if it occurred. These possibilities are explored further below.
Ichim and colleagues also reported enhanced transformation and tumorogenicity of MEF
cells following treatment with 10 µM ABT-737 (Ichim et al., 2015). At this high
concentration of ABT-737 [well above Cmax of 5.9 µM in animals (Tse et al., 2008)],
mechanism of ABT-737 starts to deviate from Bax/Bax-dependent cell death, and even in
this study concentrations of ABT-737 higher than 10 µM provoked mutations at HPRT
locus in surviving cells (Figure 4 - section 3.2). It is therefore possible that the apparent
oncogenicity of ABT-737 observed by Ichim and colleagues reflects off-target rather than
specific effects of the drug, similar to those reported here following high dose treatment.
5. 2 Differential mutagenesis of BH3 mimetics and death receptor agonists
Differences in the mutagenic capacities of the death receptor agonist TRAIL and other
classes of direct apoptosis inducers raise an obvious question as to how TRAIL induces
mutations. This question was partly addressed in a previous study, which identified
caspases and CAD to be important components of mutagenic activity of TRAIL (Lovric
& Hawkins, 2010). There are other possible mechanisms that could be responsible for
TRAIL-mediated DNA damage. Activation of endonuclease G by caspase-3 has been
implicated in DNA damage provoked by radiation (Liu et al., 2015). TRAIL treatment
has also been implicated in causing double strand breaks induced due to cleavage of
topoisomerase I by caspase-3, and double strand break repairs involves DNA-PK
activation leading to formation of γH2AX (Solier et al., 2009; Sordet et al., 2008). This
study sought to further explore the involvement of caspases in TRAIL mutagenesis, and
to investigate why caspases activated following BH3-mimetic treatment failed to provoke
mutations. Caspases are primarily involved in execution of apoptosis, however there is
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compelling evidence for caspase involvement in other cellular activities. Both initiator
and executioner caspases have been implicated in processes such as differentiation, cell
migration, T cell proliferation and cell cycle regulation (Galluzzi et al., 2012; McComb et
al., 2010; Miura, 2012; Salvesen & Walsh, 2014). The ability of cells to survive after
activation of executioner caspases is still not completely understood, however level of
caspase activation, localization of active caspases, duration of caspase activation and
limitation of substrates might control the fate the cells (Kuranaga, 2012).
One hypothesis for the differential mutagenicity of TRAIL versus ABT-737 related to the
levels of executioner caspase activity stimulated by the different drugs. It was reasoned
that stochastic variation in TRAIL signaling between individual cells might create subpopulations of treated cells whose caspase-3/7 activity may vary considerably. Perhaps
intermediate levels of active caspases could cleave some ICAD molecules leading to
some CAD activation, and these intermediate levels of active caspases and CAD caused
DNA damage but permitted the cells to survive. ICAD is efficiently cleaved by active
caspase-3/-7 to release CAD (Liu et al., 1999; McIlroy et al., 1999; Wolf et al., 1999). In
contrast, it seemed possible that the mitochondrial amplification associated with ABT737 treatment may ensure that treated LN18, MEF and TK6 cells contain universally high
levels of active executioner caspases and therefore (presumably) a lot of active CAD.
Perhaps the cells that survive this treatment are no longer clonogenically competent, so
would not form 6TG-resistant colonies in the HPRT assay. To test this idea, HPRT
mutation assays were conducted on cells treated with TRAIL or ABT-737 that exhibited
different levels of caspase activity.
Arguing against the model outlined above, TRAIL and ABT-737 treatment provoked a
similar range of caspase activities in the treated cells. This was consistent with the data
reported by Ichim et al showing that sub-lethal ABT-737 exposure led to MOMP in only
a small proportion of the mitochondria within HeLa and U2OS cells (Ichim et al., 2015),
thus arguing against the notion that mitochondrial amplification necessarily results in
massive caspase activation. In this study, TRAIL-treated cells bearing very high caspase
activity were most frequently mutated. These surviving TRAIL treated cells with high
caspase activity showed a huge increase in mutation frequency compared to ABT-737treated cells exhibiting similar caspase activity. Two alternative hypotheses were formed
in the light of these data. One possibility is that the difference in mutagenicity following
TRAIL versus ABT-737 treatment relates to the different upstream caspases involved in
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the pathways triggered by these drugs, indicating specific caspases (like caspase-8) may
be involved in TRAIL mutagenesis. Given that in vitro, caspase-8 has some ability to
cleave ICAD to release CAD, although less efficiently than caspase-3/-7 (Liu et al.,
1999), it is possible for caspases other than executioner caspases, like caspase-8, to cause
DNA damage through the activation of DNases. The ability of caspase-8 to cleave ICAD
(or activate other DNases) needs further validation, and procaspases-3 is a major substrate
for caspase-8 (Stennicke et al., 1998), so it would be expected for cells to have some level
of activated caspase-3 upon caspase-8 activation. However, in scenarios where activity of
caspase-3/-7 is restricted by caspase inhibitors like XIAP, it is feasible that ICAD could
be cleaved by caspase-8 resulting in DNA damage. The FLICA reagent used in this study
was not caspase specific, and was used to detect overall caspases activity in the cells.
Although there are commercially available FLICA probes that marketed as caspase-8specific, published evidence revealed that these probes are not very specific (Kuželová et
al., 2007; Pozarowski et al., 2003). Hopefully in the future caspase-8 specific FLICA
probes will be developed that would allow this hypothesis to be directly tested.
Mitochondria are an important component involved in ABT-737 mediated apoptosis, but
not necessarily required for TRAIL-mediated apoptosis. This is the basis of another
alternative explanation for the differential mutagenicity of TRAIL and ABT-737: it is
possible that following exposure to non-mutagenic concentrations of ABT-737, even if
apoptosis is not initiated, the mitochondria may be compromised due to Bax/Bak
activation, which could cause cell to senescence, as has been previously observed in cells
treated with ABT-737 (Song et al., 2011). Senescent cells would not be able to form
6TG-resistant colonies in HPRT assays. Future studies could be designed to determine
whether surviving ABT-737 treated cells harbor genomic damage but express markers of
senescence. Generating knockout or knockdown cell models of different components of
apoptotic pathways could also help to identify mutagenic components specifically
involved in TRAIL mutagenesis that do not participate in ABT-737 signaling.
In patients, the dosage of ABT-263/Navitoclax (orally bioavailable form of ABT-737) is
limited by thrombocytopenia due to inhibition of Bcl-xL (Rudin et al., 2012). A more
recently developed drug, ABT-199/Venetoclax, that specifically targets Bcl-2 (Souers et
al., 2013), can reach peak plasma concentration of 4.2 µM in patients (Konopleva et al.,
2014), which is slightly higher than that achieved by ABT-263 (3.6 µM) (Wilson et al.).
Although thrombocytopenia was not a dose-limiting factor in ABT-199 treatment, dosage
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of ABT-199 was restricted by tumor lysis syndrome and neutropenia observed in some
patients (Davids et al., 2013; Seymour et al., 2014). It would be interesting to investigate
the mechanism of death induced by ABT-199 at very high concentrations, and whether
this drug can provoke mutations in surviving cells. Similar to ABT-263, ABT-199 may
not reach concentrations in patients at which it may be mutagenic and function in
Bax/Bak-independent mechanism, but in the future other BH3-mimetic drugs may be
developed that can reach these high mutagenic concentrations in vivo. Hence, it is
important to consider the potential mutagenic effects of high dose BH3 mimetics, to
evaluate the risk to cancer survivors of therapy-induced malignancies.
5. 3 Smac mimetics are devoid of mutagenic activity
Smac mimetics AT-406/Debio1143 and LCL161 failed to induce mutations in surviving
cells even at concentration substantially exceeding those achievable in patients (Cai et al.,
2011; Dhuria et al., 2013). Although treatment with Smac mimetic does induce caspase
activity in at least some cell types (Chapter 4), it was surprising to observe that treatment
with even very high concentrations of Smac mimetics failed to provoke mutations in
surviving cells. It is formally possible that, unlike the osteosarcoma cells used in Chapter
4, the cells used for mutagenesis experiments in Chapter 3 (LN18, MEF and TK6) die by
caspase-independent necroptosis following Smac mimetic treatment, so surviving cells
escape DNA damage because they do not contain active caspases or CAD. This
possibility was not addressed experimentally in this study, but it seems somewhat
unlikely, as exclusive necroptotic death is usually triggered when caspases are artificially
inhibited (Zamaraev et al., 2015). Another possible reason for absence of lack of Smac
mimetic mutagenic activity lies in the ability of Smac mimetics to inhibit XIAP activity.
Since cell death can be initiated by Smac mimetics through TNFR1 mediated caspase
activation, relief of XIAP-mediated caspase inhibition may lead to caspase-mediated
apoptosis and reduce the possibility of cells to survive with active caspases. Even though
the affinity for XIAP differs between various Smac mimetic compounds, even low-level
relief of XIAP-derepressed executioner caspases might be enough to push the cells
towards apoptosis. Future studies to determine the level of caspase activation upon
exposure to Smac mimetics (e.g. using FLICA) in cells expressing normal levels of
XIAP, or engineered to over-express XIAP, and conducting mutagenesis assays on cell
bearing different levels of caspase activity could help explain the differential mutagenesis
of Smac mimetics and other direct apoptosis inducers used in this study.
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5. 3. 1 Future work and significance
Unlike death receptor agonists like TRAIL, the BH3 mimetic ABT-737 and Smac
mimetics provide hope that they may reduce the incidence of therapy-induced cancers in
patients treated with these agents. Future studies will investigate the ability of low
concentrations of traditional chemotherapeutic agents to co-operate with ABT-737 or
Smac mimetics to induce killing in majority of treated cells, without causing mutations in
surviving cells. Since the experiments conducted in this study relied on different cell line
systems, it is very important to see if the outcome of this work can be translated in vivo,
and hence animal studies are warranted to investigate the mutagenicity and oncogenicity
of BH3 mimetics and Smac mimetics in vivo. Nonetheless, this study provides data
suggesting a possible reduction in therapy-induced malignancies in cancer survivors
treated with these drugs.
One of the major hurdles faced in anti-cancer therapy is resistance to treatment of
relapsed cancers. Exposure of cancer cells to the DNA damaging drugs during anti-cancer
treatment can cause genetic alterations within the cancer cells leading to intratumoral
heterogeneity, which is frequently observed in patients with relapsed cancer (Ding et al.,
2012; Turajlic et al., 2015). These cancer cells that survive and expand with genetic
alterations after treatment may harbor mechanisms that cause resistance to drugs that
were initially effective for primary tumors (Ding et al., 2012; Turajlic et al., 2015). It is
hoped that these non-mutagenic BH3 mimetics and Smac mimetics would reduce the
evolution of intratumoral heterogeneity and thereby reduce the resistance to anti-cancer
therapies in the cases of relapsed cancer.
5. 4 Treating osteosarcomas with SM-164
Osteosarcoma is most frequent in young adults (Mirabello et al., 2009). The long
lifespans of cured osteosarcoma patients (Allison et al., 2012), relatively common genetic
predispositions to cancer due to inherited defects in DNA damage responses (Birch et al.,
1998), and the high intensity treatments employed for this cancer (Isakoff et al., 2015)
contribute to a high incidence of therapy-induced malignancies in osteosarcoma survivors
(Janeway & Grier, 2010; Lee et al., 2014). As discussed above, this study established that
Smac mimetics did not cause mutations in surviving cells. Non-mutagenic treatments like
Smac mimetics might be particularly beneficial to patients with cancer like osteosarcoma.
The second part of this study investigated the ability of TNFα to co-operate with the
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Smac mimetic SM-164 to kill cells from independent spontaneous murine osteosarcomas
(Mutsaers et al., 2013) in vitro. The data from this study indicates that cells derived from
different osteosarcomas respond differently to SM-164 and TNFα treatment, and the
sensitivity of these cells is RIPK1-dependent. Further validation is required for the
involvement of RIPK1 in TNFα and SM-164 mediated cell death, and it is currently
being investigated by using siRNA approach to investigate the effect of RIPK1 downregulation on sensitivity of osteosarcoma cells to this treatment. In vivo, the efficacy of
SM-164 would presumably also depend on the intratumoral level of TNFα. In
osteosarcoma patients’ serum, levels of TNFα have been shown be elevated, and patients
with larger tumors and metastases had significantly higher level of TNFα compared to
patients with small tumors and only localized disease (Xiao et al., 2014). Presuming the
high TNFα level in the osteosarcoma patients’ blood is derived from their tumors,
intratumoral levels of TNFα would be higher than those observed in patients’ blood.
Since the TNFα levels at tumor sites of osteosarcoma patients have not been published
yet, it will be important to determine its levels using tumor samples from osteosarcoma
mouse models and osteosarcoma patients in order to predict the possible utility of Smac
mimetics for this type of cancer.
5. 4. 1 Future work and significance
Animal experiments are currently being planned to test the efficacy of SM-164 for
treating sensitive osteosarcoma implants (Mutsaers et al., 2013) in BALB/c nu/nu mice.
Nude mice have been shown to have normal TNFα levels (Choudhury et al., 2000), and if
osteosarcoma development induces overexpression of TNFα at tumor sites in these mice,
it would mimic high TNFα level observed in serum of osteosarcoma patients. The
efficacy of SM-164 will also be tested by treating immunocompetent mice that develop
spontaneous osteosarcomas with the drug. These osteosarcoma mouse models will also be
utilized to test the ability of Smac mimetics such as SM-164 to co-operate with low doses
of chemotherapeutic agents in treating tumors without causing DNA damage in normal
cells.
If SM-164 is effective in these mouse experiments, it will provide an exciting therapeutic
option for osteosarcoma patients. Current treatments for osteosarcoma rely on DNA
damaging chemotherapeutic agents, and since a young population is commonly affected
with osteosarcoma, survivors have long potential lifespans during which they may
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develop therapy-induced cancers. Similar to other Smac mimetic agents AT-406 and
LCL161, SM-164 does not induce mutations in surviving cells (See Chapter 4 Manuscript
– Figure 11). Hence, if SM-164 does cooperate with endogenous TNFα to kill
osteosarcomas in some patients, as suggested by the in vitro data presented here, it might
provide osteosarcoma patients with a new therapeutic option with reduced risk of therapyinduced malignancies. However, before Smac mimetics like SM-164 could be used for
treatment of osteosarcoma patients, it is necessary to evaluate their efficacy by
conducting further investigation on human osteosarcoma tumor samples and clinical
trials. Future studies will be required to evaluate the level of TNFα present at tumor sites
of osteosarcoma patients using interstitial fluid from tumor samples, and expression of
proteins like RIPK1 in tumor cells, that can modulate tumor response to Smac mimetics
like SM-164. The clinical trials involving Smac mimetics alone or in combination with
traditional chemotherapeutic agents have shown that they are well tolerated in humans
(DiPersio et al., 2015; Flygare et al., 2012; Infante et al., 2014). It is unlikely that SM164 would be pursued into clinical trials, but there are other Smac mimetics like GDC0512 and LCL161, which have been shown to be well tolerated in patients as sole agents
or in combination with other anti-cancer drugs (Flygare et al., 2012; Infante et al., 2014).
If the results from animal experiments and assays using human tumor samples lead to
progression of Smac mimetics into clinical trials for osteosarcoma patients, most likely
Smac mimetics such as GDC-0512 or LCL161 will be utilized in combination with low
doses of chemotherapeutic agents such as doxorubicin. For such clinical trials, it will be
essential to determine the safety of Smac mimetics in combination with low doses of
chemotherapeutics like doxorubicin, and identify early signs of cytokine release
syndrome, which is rarely associated with high doses of Smac mimetics (Infante et al.,
2014). If safety tests are successful, this combination treatment could progress through
further stages of clinical trials to test its efficacy in treating osteosarcoma patients
exhibiting essential biomarkers such as TNFα and RIPK1. Results from this study, and
future studies could provide osteosarcoma patients with new therapeutic option, that
could lower the risk of therapy-induced cancers and other chemotherapy-associated sideeffects. Also, biomarkers such as TNFα and RIPK1 could be used to predict tumor
response to such therapies in osteosarcoma patients.
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