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Abstract 

Title of Thesis: Enhancing the therapeutic effects of low doses of ionizing radiation in non-

small cell lung cancers using a combination of PARP Inhibitors and DNA Demethylating 

Agents. 

 

Christopher Biondi, Masters of Science, 2016 
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   Associate Professor, 
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Lung cancer (LC) is the leading cause of cancer related deaths and treatment with ionizing 

radiation (IR) and platinum based DNA damaging agents has had minimal advances. 

Additionally, patients suffer acute and chronic side-effects due to the high doses of IR that 

severely limit their quality of life.  Therefore, new treatment methods are needed in 

combination with lower doses of radiation.  The Rassool laboratory has recently shown 

that Poly (ADP-Ribose) Polymerase (PARP) and DNA methyltransferase (DNMT) 

interact, and inhibition of these proteins increased cytotoxicity in vitro and in vivo in breast, 

ovarian, and leukemia cancer models. We show here that treatment of LC tumors with both 

PARP and DNMT inhibitors is effective at reducing viability and clonogenicity, and 

reducing tumorigenicity in vivo. Moreover, combining the two inhibitors with low 

radiation doses further decreases tumor growth.  This suggests that this therapy can 

potentially target tumors, while improving effects on normal tissues.  
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Chapter 1: Introduction 

 

Lung Cancer and Current Therapeutic Strategies 

Since the early 1950s, lung cancer (LC) has led the mortality rate in both male and 

female populations when compared to all other forms of cancer.  (Siegel, 2016).  The 

incidence rates of LC in males has been steadily dropping since the early 1980s, and slowly 

rising in females since the early 1990s, but overall diagnosis remains relatively consistent 

in the population since 1950.  Although LC is the second most diagnosed cancer in males 

and females, it remains as the most lethal cancer in the United States with over 155,000 

expected deaths in 2016 (Siegel, 2016). Lung cancers can be diagnosed at four different 

stages.  Although there is much more involved, stage I is often classified as local disease 

with no lymph node presence.  Stage II is classified by the presence of disease in local 

lymph nodes, but no nodes in the middle of the chest.  Stage III is split into two categories 

with IIIA being advancement of the disease into lymph nodes in the middle of the chest, 

but on the same side as the primary tumor, and stage IIIB being advancement to lymph 

nodes near the second lung.  Stage IV is classified as advancement of disease to other 

organs, involving the other lung, or to lymph nodes in other areas of the body or above the 

collar bone. The five-year survival rate for those patients that respond positively to 

treatment is 17%, regardless of disease stage when diagnosed.  If while on treatment, a 

patient’s LC has progressed, survival drops to 3% (Siegel, 2016).  Unfortunately, over 50% 

of patients will be diagnosed with distant disease, providing a poor prognosis for most 

patients (Siegel, 2016). These facts lead to the understanding that the current methods of 
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treatment in patients diagnosed with LC are not effective and new therapy options need to 

be established. 

Although surgery is the most common treatment in patients with localized tumors, 

radiation therapy is often used with patients with more advanced disease, as well as with 

those who have non-resectable tumors.  Early in the 1980s, platinum based DNA damaging 

chemotherapeutic agents, such as carboplatin and cisplatin, were added as co-primary 

treatments due to improved survival time and enhanced cure-rate compared to radiation 

therapy (RT) alone, or when using these agents sequentially with RT (Schaake-Koning, 

1992, Auperin, 2010).  Although many factors contribute to total radiation dose and 

radiation treatment schedules, often a total dose of 60-70 Gy is administered in a 

fractionated manner of 2 Gy/day, five days a week, for a total of 6-7 weeks.  In one patient 

study, it was found that doses of radiation between 63Gy and 103Gy were more effective 

than low doses of radiation, leading to improved tumor control and increased long-term 

survival in patients (Kong, 2005).  The current doses used are toward the lower range of 

the effective dose, yet they still cause adverse side effects, such as radiation pneumonitis 

and fibrosis, which can eventually lead to death.  Treatment methods that allow for lower 

doses of radiation need to be developed to reduce the incident of side-effects without 

limiting the effect of cytotoxicity on tumor cells. 

 The standard of care (SOC) for patients varies from each individual, as many 

factors such as tumor size, stage, and shape may lead to issues when administering 

radiation due to its effect on normal lung tissue response.  While radiation modalities have 

improved to better target the tumor tissue, the normal tissue side-effects of radiation are 

still a major cause of concern. Maximum tolerated radiation dose of surrounding organs 
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also can limit the total treatment dose if the tumor is near tissues, such as the heart or the 

spinal cord, which may receive radiation. One patient study has shown that in 40% of 

patients that obtain an accumulated dose of 20Gy in over 42% of normal lung tissue (V20) 

will develop grade 3 or higher radiation pneumonitis (RP), an acute radiation-induced 

inflammation of the lungs, from treatment (Kim, 2005).  If a patient obtains an average of 

15Gy in all normal lung tissue, the risk of developing grade 3 or higher RP increases to 

45%.  Persistent RP can manifest into late effects, such as fibrosis of the lung, as well as 

secondary radiation induced malignancies and genomic instability.   

 Fibrosis is a late stage form of RP that has a potentially highly complex and lethal 

normal tissue reaction that develops between 6 and 24 months following RT (McDonald, 

1995).  The development of RP is dependent on many different factors, including total 

delivered dose, volume of irradiated lung, schedule of radiation used, and the concurrent 

use of chemotherapy with radiation (Williams, 2010).  As a dose-limiting side effect of 

RT, RP treatment and prevention has been a goal for researchers for many years, however 

little to no progress has been made in this field.  This is primarily due to the inability of 

detecting this late effect following RT, leading to the silent progression of the disease for 

months until it is recognized (Williams, 2010).  These late-effect complications arising 

from normal tissue response has led to research for alternative treatments to reduce the 

dose of radiation used through radiosensitization, as well as to develop chemotherapeutic 

agents that can delay or prevent the potentially lethal late-effects of RT. 

 Radiation induces cellular damage in both direct and indirect mechanisms.  Direct 

ionization of the DNA strands will lead to double strand breaks (DSBs), which are known 

to be the most important mechanism of lethality (Wallace, 1998).   Indirect damage to DNA 
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is caused by oxidative stress induced single strand breaks (SSBs). These lesions occur at 

much higher rates in the cell with ~10 SSBs occurring for every 1 DSB (Roots, 1985) and 

are abundant in the cell, occurring at a rate of approximately 1000 SSBs per 1Gy of 

radiation (Elkind, 1979).  This SSB damage has been shown to account for ~70% of 

radiation-induced DNA damage (Ward, 1985; Ward, 1988).  When irradiated, hydrolysis 

of water leads to production of hydroxyl radicals, as well as free electrons, and hydrogen 

ions.  The hydroxyl radicals are the main source of SSBs in DNA (Achey, 1974), and are 

primarily generated by direct interaction with DNA bases.  When the radical interacts with 

the nucleic base directly, they interact with the π-bonds which lead to either a stable 

complex, or an unstable intermediate that breaks down into a stable end complex (Figure 

1). Dozens of these stable modified bases have been observed and characterized for all four 

DNA bases. Hydroxyl radicals can also interact directly with the sugar phosphate backbone 

where hydrogen abstraction can occur leading to an altered backbone structure, however 

this only accounts for ~7% of the hydroxyl radical uptake (Breen, 1995).  Accumulation of 

SSBs does not lead to significant cell apoptosis alone, but if the SSBs occur in close 

proximity to each other, a DSB will form, leading to cellular death through locally multiple 

damaged sites (LMDS) (Ward, 1985; Ward, 1988).  Most SSB lesions are repaired 

however, leading to cell survival if a lethal dose of DSBs are not accrued.  Therapeutically 

targeting these typically non-lethal SSBs could allow for lower doses of radiation to be 

used in treatment of LC. 
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Figure 1: Radiation Damage to DNA: Radiation induces damage via two major 
mechanisms.  Direct radiation interaction with the DNA can lead to a double strand break 
within the DNA, which can lead to cellular death.  Radiation can also interact with free 
water molecules surrounding the DNA.  This will lead to the production of hydroxyl 
radicals which can interact with the DNA bases or the sugar phosphate backbone and create 
a variety of DNA adducts that will be recognized by the cell.  Upon recognition, the cell 
will repair this damage by removing the adduct, leading to a single strand break 
intermediate.  This single strand break is then repaired by base excision repair quite 
efficiently, leading to cell survival. 
 

PARP1 and Base Excision Repair 

 SSBs in DNA are repaired by two main repair pathways in the cell.  Nucleotide 

excision repair is commonly known to correct UV radiation damage and bulky adducts 

whereas base excision repair pathway (BER) has been shown to be responsible for 

repairing other radiation-induced single strand lesions (Lupo, 2014).  This pathway is 

mainly responsible for fixing lesions in bases which have been altered from mechanisms 

such as oxidative damage (Baute, 2008; Robertson, 2009).  The BER pathway is a highly 

conserved and complex pathway, generally consisting of five steps: removal of the 

damaged base by DNA glycosylase, abasic site insertion by apurinic/apyrimidinic (AP) 

endonuclease, removal of the sugar fragment by a lyase, base insertion by DNA 
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polymerase, and finally sealing by a DNA ligase (Kim, 2012) (Figure 2).  BER is composed 

of two main routes: short patch which is responsible for single nucleotide replacement, and 

long patch which is responsible for the replacement of two or more nucleotides (Robertson, 

2009). 

 

Figure 2: Base Excision Repair Pathway: The base excision repair pathway consists of 
five main steps.  1) Incorrect nucleotide bases are recognized and removed by DNA 
glycosylase.  2) AP Endonuclease-1 (APE1) makes an incision in the sugar phosphate 
backbone, creating an apurinic/apyrimidinic site (AP site).  3) The remaining sugar 
fragment is removed by AP lyase.  4) The gap is filled with the correct nucleotide base by 
DNA polymerase β.  This is mediated by x-ray repair cross-complementing protein 1 
(XRCC1), which binds to the polymerase.  PARP-1 interaction with the single strand break 
leads to PARylation of XRCC1, recruiting it to the area of the damage following PARP-1 
dissociation, allowing for gap filling to occur.  5) DNA ligase III seals the DNA allowing 
for completion of repair. 
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 It has been shown that ~90% of radiation induced SSBs are repaired via the short 

patch pathway (Rahmanian, 2014), which is initiated by poly(ADP-ribose) polymerase 1 

(PARP-1). PARP-1 is a DNA damage sensor that binds to DNA SSBs, which occurs after 

the incision step of the BER pathway.  PARP-1 has also been implicated in an alternate 

non-homologous repair pathway (aNHEJ), which is responsible for the repair of DSBs 

when the classical components of traditional NHEJ, which is responsible for the repair of 

DSBs without the use of a homologous template, are absent or deficient (Wang, 2006). The 

main function of PARP-1 in DNA repair comes through its function in BER.  PARP-1 is 

part of a sub-group in the PARP superfamily known as the DNA-dependent PARPs.  This 

sub-family includes PARP-2 and PARP-3, and their activation is dependent on recognition 

of discontinuous DNA strands (Gibson, 2012), however the role of PARP-2 and PARP-3 

in DNA repair has not been completely characterized.  

 PARP-1 consists of three domains: two zinc finger located at the N-terminal DNA 

binding domain, the C-terminal catalytic domain, and an auto-modification domain (Virag, 

2002) (Figure 3).  The N-terminal zinc fingers (ZnF) work together to interact with the 

DNA backbone at a location of a single base overhang following incision.  ZnF1 and ZnF2 

bind to opposite grooves of the DNA to form a functional unit that allows increased binding 

affinity to a DNA overhang, with b-strands 2 and 3 of ZnF2 being responsible for the DNA 

binding (Eustermann, 2011; Ali, 2012).   b-strands 2 and 3 of ZnF1 do not directly interact 

with DNA, but it overhangs ZnF2 to form a hydrophobic interface.  Disruption of the 

interaction with DNA via mutation of either ZnF, as well as disruption of the intermolecular 

interaction, is shown to impair recruitment of PARP-1.  This shows that the activation at 
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DNA strand breaks is modulated via protein-protein interaction between ZnF1 and ZnF2, 

making this interaction essential for DNA SSB recognition (Ali, 2012). 

 

Figure 3: PARP-1 and the Inhibition of PARylation: PARP-1 consists of three main 
domains.  The N-terminus consists of a DNA binding domain which contains two zinc 
fingers.  These work together to recognize DNA damage and bind to the area of damage.  
The C-terminal catalytic domain is responsible for cleaving the ADP-ribose moiety off of 
NAD+ and generating poly(ADP-ribose) (PAR).  This domain is then responsible for 
PARylating several receptor proteins, including PARP-1 itself.  PARP-1 PARylates itself 
in the auto-modification domain of the protein.  This allows for the dissociation of PARP-
1 from the DNA if bound at a single strand break, allowing for DNA repair proteins to 
access the DNA.  MDV3800 is a novel inhibitor of PARP-1 that interacts with the NAD+ 
binding site on the protein.  This allows PARP-1 to bind to the DNA at the site of a single 
strand break, but the auto-modification is inhibited, thus trapping PARP-1 in the DNA. 
 

 The C-terminal catalytic and auto-modification domains of PARP-1 are responsible 

for the formation of poly(ADP-ribose) (PAR) from NAD+, a branched polymer with up to 

200 units attached to nuclear acceptor proteins (heteromodification), or to PARP itself 

(automodification) (Virag, 2002; Smith, 2001; Schreiber, 2006).  It has been shown that 

upon DNA break recognition, there is upwards of a 500-fold increase in PARP-1 activity 

(Schreiber, 2006), and upon activation of PARPs, there is a 10- to 500- fold increase in 

cellular PAR levels with a concurrent decrease in NAD+ levels (Hassa, 2006).  

Furthermore, removal of NAD+ leads to 4-6 fold decrease in repair (Allinson, 2003).  The 
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acceptor proteins often have a specific PAR binding motif (Pleschke, 2000), in which PAR 

is attached (PARylation) to glutamic acid, lysine, or aspartic acid residues (Robert, 2013). 

Due to the largely negative charge of PAR, the function of the target protein is drastically 

altered upon binding.  These binding motifs have been identified in XRCC1 and DNA 

ligase III, two proteins involved in short patch repair, as well as DNA polymerase e which 

is involved in long patch repair (Pleschke, 2000).  PARP-1 association with BER proteins 

(e.g. XRCC1, DNA ligase III, N-methylpurine DNA glycosylase (MPG), DNA 

Polymerase b, and AP endonuclease 1) and PARylation of many of these proteins has also 

been established (Sousa, 2012; Jungmichel, 2013; Leppard, 2003; El-Kahimsy, 2003; 

Suskhanova, 2010).  Following BER protein recruitment, PARP-1 automodification occurs 

which leads to its dissociation from SSBs (Kawaichi, 1981). This is consistent with 

findings that PARP is not required for effective BER (Strom, 2011), but is essential for the 

repair activation.  The dissociation of this enzyme from the DNA SSB is key. If PARP is 

unable to automodify and dissociate from the DNA, the DNA repair machinery is unable 

to access the break to repair it, and the cell will undergo programmed death.  In vivo studies 

have also shown that PARP-1-/- PARP-2-/- mice suffer from embryonic lethality.   PARP-

2-/- mice were found to have genome instability and chromosomal rearrangements, while 

PARP-1-/- or PARP-2-/- mice were found to be highly radiosensitive and suffer from 

increased chromatid breaks after low dose radiation (Menissier, 2003). Together, research 

suggests that although the exact mechanism of PARP involvement in DNA repair is not 

completely resolved, it is clear that the PARP family plays an essential role in the early 

activation and recruitment of the DNA BER proteins, the maintenance of genome integrity, 
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and effective DNA SSB repair (although it is not actively involved in the repair process), 

all of which are upregulated in the presence of DNA lesions.   

 

PARP1 Inhibitors as a Therapeutic Agent 

 The PARylation of DNA repair enzymes via PARP-1 is an essential component of 

SSB repair through BER.  This action recruits the enzymes to the spot of the DNA break 

and allows them to form a repair complex. This allows for the ability to prevent DNA repair 

through inhibition of the initiating factor PARP by one of two mechanisms.  The first 

mechanism involves blocking the DNA binding site of PARP to prevent DNA SSB 

recognition.  The inability of PARP to repair SSBs can potentially lead to DSB, which can 

be lethal to the cell if it is not properly repaired through homologous recombination (HR) 

or NHEJ.  A novel method of PARP inhibition by covalently trapping PARP at the site of 

DNA SSB prevents SSB repair machinery from accessing the DNA damage, such as 

XRCC1 which is required for BER (Tebbs, 1999).  This will lead to downstream 

irreversible DSB formation at the location of trapped PARP and eventual cell death (Figure 

4).  PARP trapping has emerged as the more promising mechanism of treatment in cancers.  

Although both forms forms of inhibitors target PARP, it has been shown that PARP 

trapping agents are more cytotoxic than PARP inhibiting agents (Murai, 2012).  This has 

allowed for the development of new PARP trapping compounds that can be used at very 

low doses, such as BMN673 (now MDV3800) (Figure 3), but elicit increased cytotoxicity 

when compared to compounds with lower PARP trapping capability, such as olaparib or 

veliparib (Murai, 2014).   
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Figure 4: Mechanisms of PARP Inhibition: PARP inhibitors can have an effect in two 
main ways. 1) Inhibitors can bind to PARP-1 in the DNA binding motif, or in an allosteric 
position that alters the DNA binding ability of PARP-1.  This will prevent PARP-1 from 
binding to the site of SSB, thus preventing repair and leading to downstream DSBs.  This 
DSB ban be repaired via HR DSB repair, leading to cellular survival.  2) PARP-1 inhibitors 
can prevent the dissociation of PARP-1 from the site of DNA damage by binding the 
catalytic site and preventing auto-PARylation of PARP-1.  This will lead to downstream 
DSBs, however PARP-1 will be covalently trapped at the area of DSB, preventing HR 
proteins from binding. Adapted from Murai, 2012. 
 

 In phase I and II studies, PARP inhibitor olaparib (FDA approved for ovarian 

cancer) has elicited significant and sustained effects in BRCA1 or BRCA2 deficient patient 

tumors as a single agent treatment.  This was seen in breast, ovarian, prostate, and 

pancreatic cancers (Kaufman, 2015).  It has also been shown to reduce recurrence risk 

when used after chemotherapy as a maintenance agent (Fong, 2009; Tutt, 2010; 

Ledermann, 2014).  Synthetic lethality in tumors with BRCA mutations or deficiencies has 

been the foundation of PARP inhibitors.  BRCA mutations lead to a deficiency in HR 

therefore cause a higher chance of tumorigenicity.  If the cells are deficient in DSB DNA 

repair, then overloading the cell with DSBs will lead to cellular toxicity.  PARP inhibition 

in BRCA deficient cells will lead to an increase in SSB that will eventually lead to DSBs 

that cannot be repaired by homologous repair (HR) due to BRCA deficiencies.  This idea 

has been expanded to cover a wider array of cancers that exhibit a ‘BRCAness’ phenotype.  
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These cancers are often lacking other elements of HR that allow PARP inhibitors to serve 

as an effective treatment agent.  These mutations and deficiencies allow for tumor specific 

cytotoxicity and treatment of these tumors (Benafif, 2015; Fong, 2009).  Although BRCA 

mutations and deficiencies have not been characterized in LC, treatment with PARP 

inhibitors is increasingly being discussed to exploit the thousands of repaired SSBs that 

occur from radio-therapy.  Interestingly, it has also been shown that radiation induces 

BRCA nuclear export in a dose dependent manner (Feng, 2004).  This could allow for the 

concept of synthetic lethality to be exploited in lung cancers with functional HR through 

the use of radiation and PARP inhibitors. 

 As described in above sections, radiation induces thousands of SSBs in cells 

through reaction oxygen species (ROS). Almost all of the SSBs are successfully repaired 

by BER, leaving the cytotoxic effects of radiation to the limited number of DSBs that can 

occur.  The damage formed by the high doses of radiation in both the tumor cells and the 

surrounding healthy cells can give rise to late-onset fatal diseases such as fibrosis and cause 

large amounts of genomic instability that can induce secondary tumors.  To overcome these 

issues, dual treatment using RT with concurrent PARP inhibition to inhibit the repair of 

the SSBs that are formed, lead to increased cytotoxicity in tumor cells and decreased 

tumorigenic properties (Albert, 2007).  Pre-clinical research has shown promising results 

using this method of treatment.  Studies have shown that veliparib treatment in conjunction 

with RT decreased the amount of radiation needed to achieve 75% cell toxicity and 

decreased tumor volume in vivo, as well as decreased toxicity compared to RT alone 

(Albert, 2007).  Radiation is also known to decrease angiogenesis of tumors in patients, 

reducing tumorigenic characteristics.  Interestingly, the combination of PARP inhibitors 
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with RT significantly decreased blood vessel formation in vitro as well as in vivo (Albert, 

2007).  Similar data has been observed using olaparib in combination with RT in lung 

cancer models, which increased cytotoxic effects in vivo and in vitro, with increased tumor 

regression. The most important finding was that with the combination therapy, total 

radiation dose was cut nearly in half to obtain the same results as radiation alone (Senra, 

2011).  Clinical investigations have evaluated the effects of PARP inhibitors in 

combination or mono-treatment with standard chemotherapeutic agents and RT, and the 

results have been promising (Levra, 2014).  Currently, ongoing clinical trials are evaluating 

veliparib treatment methods in stage III non-small cell LC patients with non-resectable 

tumors. These clinical trials often use higher doses of PARP inhibitor as treatment, often 

resulting in unfavorable side effects such as nausea, anemia, neutropenia, and asthenia.  To 

overcome this, other inhibitors are being synthesized with increased bioavailability, 

potency, and binding affinity.  MDV3800 (Medivation) is a newly developed PARP 

inhibitor that has been shown to be 20- to more than 200- fold more potent than those 

currently available.  With a low IC50, it has been shown to decrease the cellular PAR 

formation, and has also been seen to decrease tumor growth more effectively then olaparib 

at lower doses (Shen, 2013; Murai, 2014).  More importantly, MDV3800 has a rigid 

structure with a very high specificity for the catalytic site of the PARP-1 and PARP-2 

proteins (Figure 3), thus preventing NAD+ binding and PARylation.  This compound also 

shows significantly more trapping of PARP at the DNA level at lower concentrations when 

compared to other PARP inhibitors (with ~100-fold more PARP trapping occurring when 

compared to the currently FDA approved olaparib) (Aoyagi-Scharber, 2014; Murai, 2012; 

Murai, 2014).   These PARP-DNA complexes are also more cytotoxic than the SSBs that 
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are unrepaired due to simple inactivation of PARP (Murai, 2012).   The incorporation of 

compounds that can effectively inhibit PARP in combination with low doses of radiation 

in RT regimens is shown to be a highly effective treatment method (Albert, 2007; Levra, 

2014; Senra, 2011).  Dual treatment can severely decrease radiation burden in normal 

tissue, and in turn can prevent the late-onset fatal side effects that are seen in RT through 

using lower total doses of radiation for treatment.  This effect can be enhanced when using 

the more potent PARP trapping agent MDV3800 at low doses.  Therefore, combination 

treatment with agents that can enhance PARP trapping would be a beneficial therapeutic 

strategy. 

 

DNMT1: The possibility of Synthetic Lethality 

 DNA methyltransferase 1 (DNMT1) is the most prevalent DNMT is adult cells 

(Robertson, 1999).  This enzyme is responsible for binding hemi-methylated DNA after 

DNA replication to methylate the newly synthesized strand at cysteine bases in promoter 

CpG islands (Figure 5).  This action is a normal process of DNA replication and maintains 

the genome methylation pattern, thus regulating gene expression.  An over activation of 

this system has been classified in LC, with different methylation patterns observed between 

tumorigenic and non-tumorigenic cells. Many genes have been characterized as 

hypermethylated, which results in the silencing of these genes (Tsou, 2007; Liu, 2013).  

DNMT1 has also been shown to associate with PARP and other BER proteins both directly 

and indirectly (Caiafa, 2009; De Vos, 2014; Orta, 2014).  Interestingly, DNMT inhibitors 

have been shown to radiosensitize cells due to a stall in the G2-M phase of the cell cycle.  

Using moderate doses of DNMT inhibitors increases cytotoxicity when used concurrently 
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with RT (Kim, 2012; Kumar, 2016; Schutter, 2009).  This leads to the potential for lower 

doses of radiation to be used in treatment, thus limiting the potentially lethal side-effects 

associated with this treatment. 

 

Figure 5: DNMT Activity and Inhibition: DNMT-1 follows replication machinery and is 
responsible for maintaining methylation patterns in the DNA.  This mechanism can be up-
regulated in certain cancers leading to hypermethylated DNA and genetic silencing.  
DNMT inhibitors incorporate into promoter CpG islands in place of cytosine, binding to 
DNMT-1 as it passes over and trapping it at that location.  This can lead to hemi-methylated 
DNA, restoration of proteomic expression, and cellular death due to differentiation.  These 
inhibitors can also induce direct damage to the DNA through replication fork collapse at 
the site of DNMT trapping, potentially leading to downstream cell death. 
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 Currently, targeting the epigenome of cancer is emerging as a promising treatment 

option.  Therapeutic DNMT inhibiting agents such as 5-azacitidine (AZA) and decitabine 

(DAC) have been approved for treatments of myelodysplastic syndromes (cancers in which 

immature blood cells do not mature) (Liu, 2013; Daskalakis 2002).  These drugs are often 

administered at relatively high doses and almost always in combination with other 

clinically approved drugs (Liu, 2013).  When DNMT inhibitors are administered, they are 

transported into the cell and phosphorylated to their active form.  These active forms are 

then incorporated into the DNA in place of cysteine bases during the S-phase of 

proliferating cells.  Due to the highly proliferative state of cancer cells, they are 

incorporated more readily into tumorigenic cells, thus limiting epigenetic effects in normal 

cells (Yang, 2010).  Both AZA and DAC lack a proton needed for methyl group transfers, 

thus DNMT forms a covalent bond to the inhibitors to catalyze a reaction, but remains 

trapped in the DNA and unable to transfer the methyl group (Wu, 1987).  This idea of 

DNMT trapping has been the acknowledged mechanism of lethality for many years. 

(Figure 5). 

 Treatment with AZA and DAC has been shown to induce cellular damage, but can 

only be accomplished at high doses which can have adverse effects on normal cells (Qin, 

2009).  Re-expression of genes at a global level can result in unfavorable side effects.  Low 

doses of these epigenetic drugs have been shown to produce effects in patients which do 

not cause immediate toxicity and can produce an antitumor response that is mediated by 

inhibition of subpopulations of cancer stem-like cells.  Decreases in genome promoter 

methylation, re-expression of genes, and changes in cellular pathways promoting antitumor 

cellular phenotypes were observed in hematological and epithelial tumor cells (Tsai, 2012).  
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Low doses of DNMT inhibitors as a single agent are less effective, but the addition to RT 

can increase cellular toxicity of low dose radiation and increase treatment effectiveness. 

 DNMT inhibitors have also been shown to display radiosensitizing effects.  

Addition of these compounds to LC cells increased cytotoxicity of RT (Kim, 2012).  

Another emerging hypothesis is that these compounds can be recognized by cellular 

enzymes as improper bases and removed from the DNA.  DNA glycosylase recognition of 

the improper base initiates the cascade of BER, which will recruit PARP to the SSB site.  

This site will then be repaired by normal BER, and result in corrected DNA.  This has been 

demonstrated in acute myeloid leukemia, where treatment with olaparib prevented the 

repair of 5-azacitidine induced lesions, however this was done using high doses which may 

also elicit major side effects (Figure 6) (Orta, 2015). 
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Figure 6: PARP Inhibitors Inhibit Repair of DNMT Inhibitor Lesions: DNMT 
Inhibitor incorporation into the DNA can have two main effects.  1) DNMT can be 
covalently trapped in the DNA and lead to replication fork collapse and cellular death.  2) 
DNMT Inhibitor can be recognized and repaired through BER.  This repair can be inhibited 
by a PARP trapping agent, which will trap PARP at the location of DNMT inhibitor 
induced SSBs and lead to cellular death.  Adapted from Orta, 2014. 
 

 The combination of RT and DNA damaging platinum based agents is the SOC in 

many cases of LC.  This therapy has left patients facing a poor survival chance, and if they 

do survive therapy they face the risk of being diagnosed with radiation-induced fibrosis.  

The limitations of the current therapy have left researchers searching for a way to limit the 
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dose of radiation received by normal tissue to avoid long term issues.  PARP inhibitors 

have been shown to successfully enhance the cytotoxicity of RT.  Olaparib is a currently 

approved PARP inhibitor used in BRCA deficient cancers, however the cytotoxic PARP 

trapping ability of this drug is only significant at moderately high doses.  MDV3800 is a 

novel compound that has enhanced PARP trapping abilities, thus allowing for low doses 

of this agent to be used in therapy.  DNMT inhibitors have also been shown to 

radiosensitize LC models through increased DSB damage relative to radiation alone.  

Interestingly, through the incorporation of DNMT agents into the DNA, PARP inhibitors 

in combination with DNMT inhibitors exhibit significant cytotoxicity through PARP 

trapping at the site of DNMT inhibitor lesions.  We hypothesize that low-dose DNMT and 

low-dose PARP inhibitors is an effective treatment strategy in LC, and when used 

concurrently with low dose radiation, will significantly enhance the cytotoxicity of RT, 

requiring less radiation for successful patient treatment (Figure 7). 
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Figure 7: DNMT Inhibitor + PARP Inhibitor Can Enhance the Effects of Low Dose 
Radiation: Cells may overcome low dose DNMT Inhibitor and PARP inhibitor to survive 
combination treatment.  DNMT Inhibitor can sensitize cells to low dose radiation through 
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cell cycle stall at the G2/M phase.  Low dose radiation can also enhance the number of 
SSB lesions present in the DNA.  DNMT inhibitor and radiation induced SSBs can be 
targeted by the use of PARP trapping agents, leading to cellular death. 

 

Notably, unpublished studies in leukemia, breast and ovarian cancer models in the 

Rassool laboratory have shown that the combination of PARP inhibitors and DNMT 

inhibitors decreases cell viability and clonogenicity.  This combination also decreased 

tumor growth in vivo while significantly increasing survival.  In these models, it was shown 

that PARP trapping at the chromatin was significantly increased following dual therapy, 

which led to prolonged DNA damage and increased apoptosis.  It was also seen that with 

the addition of low dose radiation in MDA-MB231 breast cancer cells that PARP trapping 

at the chromatin was further enhanced. 

 We therefore set out to study the effects of low dose DNMT inhibitors in 

combination with low doses of the novel PARP inhibitor MDV3800 on lung cancer cells.  

This was done using A549 and H358 cell lines, as well as radiation resistant A549 and 

H358 that was derived from the parental cell line by repeated exposure to low dose 

radiation.  We also studied if the combination of these two drugs could sensitize lung cancer 

models to low dose radiation.  Our results show that in vitro the combination of AZA and 

MDV3800 significantly decrease cell survival in all four cell lines, and that the two drugs 

work in a synergistic fashion at multiple doses.  We also showed that this combination 

significantly increased cell sensitivity to low dose radiation.  In vivo experiments showed 

that the two drugs decreased tumorigenicity, enhanced survival and are tolerated. All of 

these effects appear to be further extended in combination with a single dose of 2Gy 

targeted radiation.  Our data suggests that this therapy can potentially target tumors, while 

improving effects on normal tissues. 
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Chapter 2: PARP-1 Inhibitors in Combination with DNA Demethylating 

Agents Increase cytotoxicity in Lung Cancer Models. 

 

As discussed in the previous chapter, non-small cell lung cancer (NSCLCs) 

diagnosis results in a poor prognosis with current therapies, leading to a 5-year patient 

survival rate of approximately 17%.  Therefore, novel therapeutic regimens are needed to 

treat this disease.  It has been recently shown in the Rassool lab that the combination of 

PARP inhibitors and DNA demethylating agents decreased tumorigenicity in multiple 

cancers, including, acute myeloid leukemia (AML) and breast cancer models both in vitro 

and in vivo.  Given that both inhibitors have been shown to interact and increase 

cytotoxicity (unpublished data from Rassool lab), and both inhibitors exhibit 

radiosensitizing properties (Albert, 2007; Kim, 2012; Senra, 2011), we decided to evaluate 

whether NSCLCs would also be sensitive to this treatment method with or without 

concurrent radiotherapy. 

 

Combination of DNMT Inhibitor and PARP Inhibitor Act Synergistically in Lung Cancer 

Models 

 Current chemotherapeutic regimens involve a combination of drugs administered 

simultaneously.  While these drugs may elicit different and specific effects, when given in 

combination they may enhance the efficacy of the other compounds.  If the combined effect 

of the two drugs elicit is greater than the predicted potency, the combination is said to be 

synergistic.  This may allow for lower doses to be used in the combination (Tallarida, 2011) 

leading to decreased toxicity.  Synergy is calculated through the CompuSyn software using 
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the mean viability values of the treatments.  The software produces a combination index 

(CI) value.  CI values equal to one represent an additive effect, CI values less than one 

represent a synergistic effect, and a CI value greater than one represents an antagonistic 

event (Chou, 2010).  We tested two demethylating agents, 5-azacytidine (AZA) and 

decitabine (DAC) in combination with MDV3800 to determine if demethylating agents 

and this PARP inhibitor act synergistically.   For AZA, we performed synergy experiments 

using a 7-day treatment schedule with a 50:1 ratio of AZA to MDV3800; cells were 

exposed to 2nM, 4nM, 8nM, and 16nM MDV 3800.  The viability values that we obtained 

were used to determine the CI of the combination treatments in parental A549 (A549P), as 

described below.  As shown in Figure 8C, the CI was lower than one for all four 

combination treatments, demonstrating that the two agents act synergistically.  We then 

tested DAC in combination with MDV3800. We tested DAC to MDV3800 at a 2:1 ratio.  

We show the effects of each drug alone, and show that this combination is indeed 

synergistic (Figure 9).  Thus, we were able to show in A549P cells, both DNMT inhibitors 

in combination with PARP inhibitors act in a synergistic fashion to increase the effects of 

the other drug. (Figures 8 and 9).  These results indicate that these two drugs work together 

to enhance the effect on cell viability in lung cancer tumor cells. 
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Figure 8: AZA Combination treatment with MDV3800 is Synergistic after 7-day 
Treatment in A549P: MTS assays were performed to measure cell viability following 
single agent or combination treatment.  Following treatment, viability values were obtained 
and used to calculate CI values at a variety of doses.  Graphs on the left represent the 
viability values obtained for the single agents’ relative to the combination therapy.  *p<0.05 
as determined by student-t test.  Figures representative of one experiment, with three 
replicates per experiment. Graphs are presented as mean+/- SD. 

 

Figure 9: DAC Combination treatment with MDV3800 is Synergistic after 7-day 
Treatment: MTS assays were performed to measure cell viability following single agent 
or combination treatment in A549P cell line.  Following treatment, viability values were 
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obtained and used to calculate CI values at a variety of doses.  Graphs on the left represent 
the viability values obtained for the single agents’ relative to the combination therapy.  The 
graph on the right represents the calculated CI values at each dose. *p<0.05 as determined 
by student-t test. Figures representative of one experiment, with three replicates per 
experiment. Graphs are presented as mean+/- SD. 
 

Combination of DNMT Inhibitor and PARP Inhibitors Decreases Clonogenicity in Vitro 

 To further evaluate the effects of the DNMT Inhibitor and PARP Inhibitor 

combination treatment, colony survival assays were performed to evaluate the cytotoxicity 

of the treatment method.  Therefore, A549P cells were treated with 250nM AZA alone, 

5nM or 10nM MDV3800 alone, or the combination of these doses.  Colonies were counted 

after six days of treatment using a threshold of 50 cells per colony. We saw that there was 

a significant decrease in clonogenicity of approximately 45% relative to the control when 

250nM AZA and 5nM MDV was administered.  This decrease in clonogenicity was 

enhanced to a 65% decrease when 10nM MDV was used with the same dose of AZA.  

These results indicate that this combination therapy is effective in lung cancer models and 

may be a potential therapy. 
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Figure 10: DNMT Inhibitor and PARP Inhibitor Combination Decrease 
Clonogenicity in A549P Lung Cancer Tumor Cells: Colony survival assays were 
performed in A549P cells with single agent or combination treatment.  The above graphs 
represent survival relative to untreated cells and show combination treatment significantly 
reduced clonogenicity relative to single agent treatment.  **p<0.01 relative to AZA single 
agent as determined by one-way ANOVA.  ##p<0.01 relative to MDV3800 single agent 
treatment.  βp<0.05 relative to control.  Figures representative of three experiments, with 
three replicates per experiment. Graphs are presented as mean+/-SEM. 
 

 Both demethylating agents and PARPis have been shown to be radiosensitizers 

(Albert, 2007; Kim, 2012; Senra, 2011), therefore, we next tested the radiosensitizing 

effects of the two inhibitors combined using A549.  Due to the potent radiosensitizing 

effect of PARP inhibitors, we lowered the doses used in combination with radiation to 1nM 

or 2nM MDV3800.  Cells were treated with the two inhibitors at 250nM AZA alone, 1nM 

MDV2800 or 2nM MDV3800 alone, or the combination for 24 hours prior to 2Gy of 

radiation.  Colonies were counted seven days following plating using a threshold of 50 

cells per colony.  Treatment with 250nM AZA for 24 hours prior to low dose radiation did 

not enhance the effect of the radiation, while both 1nM and 2nM MDV3800 alone 

displayed a large increase in radiation induced cytotoxicity. However, the combination of 

250nM AZA and 2nM MDV3800 displayed more cytotoxicity than either inhibitor in 

combination with radiation, radiation alone, or the combination of 250nM AZA and 2nM 

MDV3800 without radiation. The addition of the combination therapy reduced 

clonogenicity by approximately 45% relative to radiation alone, supporting the hypothesis 

that the combination therapy radiosensitizes lung cancer cells to low dose radiation (Figure 

11). 
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Figure 11: DNMT Inhibitor and PARP Inhibitor Combination Enhances the Effect 
of Low Dose Radiation in A549: Colony survival assays were performed on A549P cells 
using single agent or combination treatment.  Addition of 2Gy radiation 24 hours following 
the initial dose of drug treatment significantly decreased clonogenicity relative to single 
agent treatments and combination treatments without radiation in the combination 
containing 2nM MDV3800.  Blue bars represent non-radiated samples.  Red bars represent 
radiated samples.  *p<0.01 as determined by student-t test. Figures representative of three 
experiments, with three replicates per experiment. Graphs are presented as mean+/-SEM. 
 

 To further evaluate the effects of low doses of combination therapy on low dose 

radiation, flow cytometry was performed to measure total apoptosis in A549P cells.  Cells 

were treated for 24 hours with no drugs (untreated), 250nM AZA, 2nM MDV, or the 

combination of the two agents.  After 24 hours of treatment, cells were given 0Gy or 2Gy 

of radiation.  Cells were collected 24, 48, or 72 hours following radiation (Supplemental 

Figure 1, Figure 12, and Supplemental Figure 2 respectively) to examine the effects of the 

treatment on apoptosis.  Cells were stained with Annexin V (APC-A) to identify 

phosphatidylserine and 7-aminoactinomycin (7-AAD) to measure total DNA.  We 
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analyzed 10,000 cells to obtain the cell population following the various treatments.  It was 

seen at 24, 48, and 72 hours post-IR that the combination therapy enhanced the number of 

cells undergoing apoptosis relative to all other treatments, with the greatest effect seen 48 

hours following radiation addition (Figure 12).  At 72 hours following radiation the 

combination therapy in conjunction with radiation did not increase apoptosis relative to the 

combination alone or AZA in conjunction with radiation, which will be expanded on in the 

discussion section.  These results support that the combination therapy enhances the effects 

of low dose radiation which leads to increased apoptosis. 

 

Figure 12: Combination Therapy Increases Radiation Induced Apoptosis 48 Hours 
Following Radiation: A549P cells were treated with single agent or combination therapy 
and 24 hours after a single dose of 2Gy IR was administered to cells.  After 48 hours, cells 
were stained with Annexin V (APC-A) to identify phosphatidylserine, and 7-
Aminoactinomycin (7-AAD, indicated as PerCP-Cys5-5-A in images above) to stain total 
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DNA.  Quadrant 4 (Q4) represents live cell population (APC-A negative/7-AAD negative).  
Quadrant 3 (Q3) represents early apoptotic cell population (APC-A positive/7-AAD 
negative).  Quadrant 2 (Q2) represents late stage apoptotic cell population (APC-A 
positive/7-AAD positive).  Quadrant 1 (Q1) represents dead (necrotic) cells (APC-A 
negative/7-AAD positive).  Results show that combination therapy enhances total 
apoptosis (early apoptosis (Q3) + late apoptosis (Q2) induced by radiation treatment.  
Bottom graph represents total apoptosis relative to untreated cells.  Images on top are 
representative images of the cell population following treatments.  Images representative 
of one experiment. 
 

 

Combination of DNMT Inhibitor and PARP Inhibitor Decreases Tumor Volume and 

Increases Survival in Vivo 

 To further investigate the effects of the combination therapy on lung cancer models, 

we performed in vivo studies using the A549 cell line.  For all in vivo studies a different 

clone of the A549 cell line was used.  In an initial study, female nude mice (6 weeks old) 

were injected with 3 million cells subcutaneously on the right flank.  When the tumor 

volume reached approximately 100mm3, mice were randomized into four treatment 

groups; control group (vehicle), 0.5mg/kg AZA, 0.3mg/kg MDV3800, or the combination 

of 0.5mg/kg AZA and 0.3mg/kg MDV3800.  Mice were weighed and treated five days a 

week, and tumors were measured two days per week. Unfortunately, injection of 3 million 

cells produced very rapid tumor growth (Supplemental Figure 3) causing the study to be 

of short duration which was not sufficient to evaluate the effects of treatment.  To produce 

a slower growing tumor model and to allow for longer treatment regimens in the mice, the 

study was repeated injecting one million A549 cells rather than 3 million cells.  This cell 

number allowed for a slower tumor growth rate and allowed administration of the drugs 

for a longer period of time.  In this study, we evaluated both single agents alone using AZA 
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at 0.5mg/kg and MDV3800 at 0.3mg/kg, and their combination along with a control group 

(vehicle).  Treatment began when tumors were approximately 100mm3 as described above.  

For these studies a tumor size of 1500mm3 was defined as the maximum tumor volume. 

The number of days that it takes for each tumor to reach this volume is equal to the ‘time 

to endpoint’ or TTE for each mouse.  When tumors reached this size, animals were 

euthanized for tumor sample and bone marrow collection.  To measure the toxicity of the 

treatment, animals were weighed and observed on all treatment days.  We defined a 20% 

body weight loss or animal immobility as a toxic dose in these studies. When measuring 

tumor volume versus time, we observed a near significant effect (p<0.06) in the tumor 

volume at day 15 in the combination treatment group, relative to the control. However, no 

significant effect was observed relative to the single agent treatments (Figure 13a).  A 

Kaplan-Meier curve was plotted using the TTE as the survival endpoint.  When we 

evaluated survival (i.e., TTE) as an endpoint, the mice treated with the combination of 

AZA and MDV lived significantly longer than the mice treated with AZA, but not when 

compared to the control or the BMN groups (Figure 13b).  In this study, the mice tolerated 

the treatments well as demonstrated by the minimal body weight loss over time (Figure 

13c).  
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Figure 13: A549 Injected at 1 Million Cells Responds to Combination Treatment: One 
million A549 cells were injected subcutaneously into the right flank of female nude mice.  
Treatments were administered as described until animals reached TTE.  A) Tumor volume 
versus time was monitored twice per week as treatment was administered.  No significant 
difference was observed in tumor size at the time of first animal reached 1500mm3 TTE. 
Tumor volumes graphed as mean +/- SEM.  B) Kaplan Meier survival graph was created 
to represent the TTE data.  The mice in the combination group lived significantly longer 
relative to the mice in the AZA treatment alone, but survival was not significant relative to 
MDV treatment or control group.  C) Animal weight was measured on treatment days.  
Animals tolerated treatment well and did not lose weight during the experiment. 
 

 Since we did not see a significant effect on the growth of A549 cells in vivo when 

treating with AZA and MDV3800 in combination, we decided to evaluate whether a single 

dose of targeted radiation to the tumor would enhance the tumor response to the inhibitors.  

First, we had to determine the optimal dose of radiation.  Twelve female nude mice were 

injected with one million A549 cells subcutaneously and were randomized into four 

treatment groups when tumors reached approximately 100 mm3.  Mice (three) were then 

treated with a single bolus dose of 5Gy, 10Gy, or 15Gy of targeted radiation to the tumors 
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using a small animal radiation research platform (SARRP).  Tumor were measured twice 

weekly over a period of three weeks, and results showed that these doses had a large effect 

on the tumors, that would potentially mask the effects of the inhibitors (Supplemental 

Figure 4)). Therefore, a second similar experiment was performed except with lower single 

bolus radiation doses (1Gy, 2Gy, or 3Gy) of targeted single dose radiation and followed 

tumor growth for approximately three weeks following radiation (Figure 14).  The results 

were much better for these doses of radiation, however we did have one tumor in the 2Gy 

group that was very large and that contributed to very high error values.  Our results showed 

that compared with controls, 1Gy of radiation did not have a large effect on tumor volume, 

while 3Gy had the largest effect. We therefore chose a single dose of 2Gy radiation (with 

intermediate effects on tumor volume) for the final in vivo experiment. 

 We next designed the experiment that would combine the demethylating agent 

AZA, the PARP inhibitor MDV3800, along with a single bolus dose of radiation to treat 

A549 cells in female nude mice.  Since DNMTis need to be incorporated into DNA for 

their cytotoxic affects we treated the animals with the inhibitors for one week prior to 

administration of radiation.  As in prior experiments, female nude mice were injected with 

one million A549 cells subcutaneously.  When tumors reached approximately 100mm3, 

mice were sorted into treatment groups; control group, 2Gy radiation alone, combination 

therapy alone, and combination therapy with 2Gy radiation.  For the combination therapy, 

0.5mg/kg AZA and 0.3mg/kg MDV3800 were administered to the mice. The mice were 

treated for nine consecutive days, receiving the radiation dose seven days after the first 

dose was administered.  The mice were given two days of rest and were then treated for 

twelve consecutive days.  Following a second two-day break, mice returned to a five day 
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per week treatment schedule.  In this experiment, we also defined tumor ulceration as an 

endpoint due to the radiation therapy as treatment toxicity.  Compared with earlier in vivo 

experiments (Fig 13), when measuring tumor volume vs time, the drug combination alone 

presented better results, showing increased survival relative to the control group (p<0.07) 

(Figure 15a).  Notably, when measuring survival (or TTE), the combination + RT group 

had significantly increased survival (p<0.05) relative to both the control group and the 

radiation alone group.  However, the combination + RT group was not significant to the 

combination group in survival or tumor volume (Figure 15a and Figure 15b).  It was 

interesting to note however that the combination + RT group tumor growth did slow down 

following the single dose of radiation which led to a slightly longer, but not significant, 

time to endpoint (TTE), or time to reach 1500mm3 (Figure 15c).  The treatment was well 

tolerated among the groups; however, one animal in the combination alone group, and two 

animals in the radiation alone group did suffer toxicity (Figure 15d) which is addressed in 

the discussion section.  Since the results of combining a single dose of 2Gy radiation with 

the drug combination increased survival, future experiments using multiple fractionated 

doses of 2Gy radiation may enhance these effects.  Due to a different clone of A549 cells 

was used in vivo which was much more radiosensitive than the cell line studied in vitro.  

Currently, studies are under way to evaluate the response of these more sensitive A549 

cells in vitro to explain the variance in response to drug treatment. 
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Figure 14: A549 Flank Model Responds Well to Low Dose Radiation: A549 was 
irradiated with various doses of radiation. Administration of 1Gy, 2Gy, or 3Gy had a robust 
effect, however there was one large tumor in the 2Gy group that was removed in the bottom 
graph.  Although there was one major outlier, 1Gy did not have a large effect on tumors, 
and 3Gy showed a large response that could potentially mask the effects of the drug 
combination in future experiments.  For these reason, the intermediate effect of 2Gy had 
the most appropriate effect on tumors and was used in conjunction with combination 
treatment in the following in vivo experiments. Experiment performed with three per group.  
Tumor volumes graphed as mean+/-SEM. 
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Figure 15: Combination Therapy Enhanced the Effect of Low Dose Radiation in A549 
Flank Model:  Mice with A549 flank xenografts were evaluated following drug 
administration and low dose radiation. A) Tumor volume was measured over time.  There 
was no significance seen relative to the other groups in tumor size.  Graph represents mean 
tumor size +/- SEM.  B) Survival was determined by time to endpoint or toxicity.   The 
combination + RT group survived significantly longer relative to control animals and 
radiation alone animals, however combination + RT was not significant relative to the 
combination group.  C) Time to endpoint was evaluated to compare mean survival. The 
combination + RT group has a significantly increased TTE relative to control group and 
radiation alone, however was not significant relative to control. Graph represents mean 
TTE+/- spread of data.  D) Animal weight was recorded on treatment days.  Animals 
tolerated treatment well and did not lose weight from treatment. Control group contained 
of 3 mice. Radiation alone group contained 6 mice. Combination alone group contained 7 
mice.  Combination + RT group contained 6 mice. 
 

Radiation Resistance 

Although many factors contribute to the poor prognosis of NSCLC, a major player is 

intrinsic or acquired resistance to radiation and chemotherapy.  The mechanism underlying 

radiation resistance is not completely understood, but many pathways have been implicated 

in this including, alterations in signal transduction pathways such as EGR and P13K/AKT 
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(Willers, 2013).  However, two mechanisms that have been associated with resistance to 

radiation are DNA methylation patterns and DNA repair.  In a recent study, radiation 

resistant and radiation sensitive isogenic control cell lines were tested for DNA 

methylation.  A multitude of genes were found to be differentially methylated between 

these two cell lines, leading to differential gene expression including an increased 

expression of DNA methyl transferase, DNMT3A.  Treatment of these resistant cells with 

AZA lead to significant toxicity alone, and enhanced the effect of radiation at a multitude 

of radiation doses (Chen, 2015).   

 DNA repair alterations have been highly implicated in radiation resistance.  This 

has been highly studied in the radio resistant bacteria, Deinococcus radiodurans.  This 

organism has developed extreme resistance at doses upward of 3000Gy radiation through 

the alteration of multiple DNA repair mechanisms (Byrne, 2014).  Alterations in classical 

DSB repair systems have also been implicated in radiation response, with HR and NHEJ 

mutations being implicated in radiation response (Willers, 2004). 

 Therefore, we determined whether the combination therapy would also be 

applicable to radiation resistance acquired lung cancer models.  A549 radiation resistant 

cells (A549IRR) were obtained from the Deng lab at Emory University.  These cell lines 

were derived from the A549 parental (A549P) cell line through exposure to 2Gy of 

radiation two times a week, for 40 weeks.  This group recently showed that these cells 

exhibited increased anti-apoptotic protein expression, such as BCL-2 and BCL-XL.  It was 

also shown that when this pathway was inhibited by targeted inhibition of STAT3 

activation by niclosamide, response to radiation was restored (You, 2014).  However, as 

single agent therapy can often lead to acquired resistance, we set to test the combination 
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therapy in these cells.  These cells were made resistant by weekly exposure to 2Gy radiation 

for 40 weeks, for a combined total of 80Gy.  Weekly maintenance radiation was performed 

on these cells to maintain radiation resistance, and radiation resistance was confirmed at a 

single dose of 2Gy, as well as 6Gy of fractionated doses given in 2Gy doses, for three 

consecutive days (Figure 16).   

 

Figure 16: A549IRR Radiation Resistance: Colony survival experiments were 
performed on cell lines with radiation to determine the sensitivity of the cells to radiation.  
Cells received a single dose of 2Gy radiation or three doses of 2Gy radiation with 24 hours 
between doses.  The graphs represent the overall survival relative to non-radiated cells and 
show that the A548IRR cell line is resistant to both radiation treatments relative to A549P. 
The images on the right are representative images of the fractionated treatment. *p<0.05 
as determined by two-way ANOVA. **p<0.01.  Figures representative of three 
experiments, with three replicates per experiment. Graphs are presented as mean+/- SEM. 
 

 We tested the combination of AZA and MDV3800 on these radiation resistant cells 

in vitro and saw promising results.  The same treatments that were administered to the 

parental cells in above experiments were administered to the resistant cells and we were 

able to show that the combination of the two agents were synergistic relative to the either 

drug alone in A549 resistant cell lines. However, compared with parental counterparts, the 

resistant cell lines were more resistant to the combination treatments at all doses.  In 

particular, in MTS assays, the A549IRR were much less sensitive to the PARP inhibitor 

MDV3800 compared to parental (Figure 17).  In the radiation sensitive cells, 16nM MDV 
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led to a decreased viability of approximately 51%, however in radiation resistant cells this 

dose only led to a decrease of approximately 5%. We next conducted clonogenic assays to 

examine the effects of the combination treatment on colony formation.  In A549IRR, we 

saw that the combination of AZA and MDV3800 significantly decreased clonogenicity 

relative to single agent treatments (Figure 18). However, as in above experiments, the 

radiation resistant cells were also resistant to the drug combination relative to the parental 

cells, and again the radiation-resistant cells were resistant to the PARP inhibitors.  While 

the combination therapy reduced clonogenicity by approximately 42% and 65% (5nM 

MDV combination and 10nM MDV combination respectively) in A549P cells, similar 

treatments decreased clonogenicity by approximately 30% and 40% in A549IRR. We 

further tested the addition of radiation to the combination therapy in A549IRR cells 

following doses and treatment schedules similar to A549P (Figure 11).  Again we saw that 

the cells exhibited resistance to the single agents and the combination relative to A549P 

cells, however at doses of 250nM AZA and 2nM MDV, radiation significantly decreased 

clonogenicity relative to all other treatments (Figure 19).  The combination therapy with 

low dose radiation decreased clonogenicity by approximately 65% in A549P cells, 

however this effect was lower in A549IRR, only reducing clonogenicity by approximately 

30%.  Interestingly, A549IRR cells were highly resistant to the addition of PARP inhibitor 

to radiation therapy relative to A549P cells, showing that these cells do not respond similar 

to parental cells when PARP inhibitor is used alone, in combination with DNMT inhibitors, 

or in combination with radiation.  To counteract the inherent resistance of the A549IRR 

cells to MDV, and to increase the effect of the combination therapy in conjunction with 

low dose radiation in radiation resistant cells, we increased the MDV doses used in the 
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clonogenic assays from 1nM and 2nM MDV to 5nM and 10nM MDV.  We treated 

A549IRR cells as described above and saw an increased effect when 5nM and 10nM MDV 

was used.  When 250nM AZA + 5nM MDV was used, we saw a significant decrease of 

approximately 38% in clonogenicity relative to control, radiation alone, combination alone, 

and both single agents in conjunction with radiation.  The combination of 250nM AZA + 

10nM MDV decreased clonogenicity to approximately 50%, leading to a significant 

reduction relative to all other treatments.  To support these findings, we performed flow 

cytometry on A549IRR cells to measure total apoptosis induced with the treatments.  Cells 

were treated as above and collected 24, 48, and 72 hours following radiation (Supplemental 

Figure 5, Figure 20, and Supplemental Figure 6 respectively).  At 24, 48, and 72 hours 

following radiation, the combination therapy did increase total apoptosis relative to all 

other treatments, with the greatest effect seen at 48 hours following radiation (Figure 20), 

supporting the idea that the combination therapy may re-sensitize radiation resistant cells 

to radiation.  For the resistant cells, there were also less cells undergoing apoptosis at 24 

and 48 hours following radiation relative to the parental cell line, supporting the idea that 

these cells are also resistant to the combination therapy relative to the parental cells.   

Interestingly, at 72 hours following radiation, there was still increased apoptosis seen in 

A549IRR cells which was not seen in the parental cells.  This will be expanded on in the 

discussion section.  These results suggest that this combination drug treatment could be a 

good treatment option for patients that respond to radiation therapy, and may also be 

applicable to some tumors that are resistant to radiation therapy. The poor responses of 

both radiation resistant cell lines to PARP inhibitors suggest mechanisms for resistance 

may involve DNA repair alterations involving PARP.   
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Figure 17: DAC Combination treatment with MDV3800 is Synergistic after 7-day 
Treatment in A549IRR Lung Cancer Tumor Cells: MTS assays were performed to 
measure cell viability following single agent or combination treatment in A549P and 
A549IRR cell lines.  Following treatment, viability values were obtained and used to 
calculate CI values at a variety of doses.  Graphs on the left represent the viability values 
obtained for the single agents’ relative to the combination therapy.  The graph on the right 
represents the calculated CI values at each dose, showing that the combination is 
synergistic at all doses used.  Blue lines represent single agent treatments.  Red lines 
indicate combination treatment.  *p<0.05 as determined by student-t test. Figures 
representative of one experiment, with three replicates per experiment. Graphs are 
presented as mean+/- SD. 
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Figure 18: DNMT Inhibitor and PARP Inhibitor Combination Decrease 
Clonogenicity in A549IRR Lung Cancer Tumor Cells: Colony survival assays were 
performed in A549P and A549IRR cells with single agent or combination treatment.  The 
above graphs represent survival relative to untreated cells and show combination treatment 
significantly reduced clonogenicity relative to single agent treatment.  Blue bars represent 
parental cell line.  Red bars represent resistant cell line.  **p<0.01 relative to AZA single 
agent as determined by one-way ANOVA. #p<0.05 and ##p<0.01 relative to MDV3800 
single agent treatment. βp<0.05 relative to control. Figures representative of three 
experiments, with three replicates per experiment. Graphs are presented as mean+/- SEM. 
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Figure 19: DNMT Inhibitor and PARP Inhibitor Combination Enhances the Effect 
of Low Dose Radiation in A549IRR: Colony survival assays were performed on 
A549IRR cells using single agent or combination treatment.  Addition of 2Gy radiation 24 
hours following the initial dose of 250nM AZA and 2nM MDV treatment significantly 
decreased clonogenicity relative to radiation treatment, single agent treatments, and 
combination treatments without radiation.  This is represented in the top graph.  This 
experiment was repeated using higher doses of 5nM and 10nM MDV due to the resistant 
nature of the cells.  Addition of 2Gy radiation 24 hours following initial drug addition 
significantly decreased clonogenicity in both combination treatments relative to 
combination alone, single agents with radiation, radiation alone, and control.  This is 
represented in the bottom graph.  Blue bars represent non-radiated samples.  Red bars 
represent radiated samples.  p<0.05 as determined by student-t test. Figures representative 
of one experiment, with three replicates per experiment. Graphs are presented as mean+/-
SD for A549IRR. 
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Figure 20: Combination Therapy Increases Radiation Induced Apoptosis 48 Hours 
Following Radiation in Radiation Resistant Cells: A549IRR cells were treated with 
single agent or combination therapy and 24 hours after a single dose of 2Gy IR was 
administered to cells.  After 48 hours, cells were stained with Annexin V (APC-A) to 
identify phosphatidylserine, and 7-Aminoactinomycin (7-AAD, indicated as PerCP-Cys5-
5-A in images above) to stain total DNA.  Quadrant 4 (Q4) represents live cell population 
(APC-A negative/7-AAD negative).  Quadrant 3 (Q3) represents early apoptotic cell 
population (APC-A positive/7-AAD negative).  Quadrant 2 (Q2) represents late stage 
apoptotic cell population (APC-A positive/7-AAD positive).  Quadrant 1 (Q1) represents 
dead (necrotic) cells (APC-A negative/7-AAD positive).  Results show that combination 
therapy enhances total apoptosis (early apoptosis (Q3) + late apoptosis (Q2) induced by 
radiation treatment.  Bottom graph represents total apoptosis relative to untreated cells.  
Images on top are representative images of the cell population following treatments.  
Images representative of one experiment. 
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To examine the mechanism of resistance in A549IRR cells, we performed 

immunofluorescence experiments to examine DSB damage. Following slide fixation and 

antibody incubation, images were captured to count g-H2AX foci in the cells. When foci 

in the cells were counted, cells were sorted into four groups: 0-4 foci, 5-9 foci, 10-20 foci, 

or >20 foci (Figure 21).  We saw that the A549IRR cells had increased baseline foci relative 

to radiation sensitive counterparts with more cells having >5 foci.  To expand on this, we 

examined the effects of low dose exogenous IR on these cells.  Cells were exposed to 2Gy 

IR and were processed as above one-hour post IR.  It was seen that following low dose 

radiation, the A549IRR cells presents less cells with >20 foci.  This led to more cells with 

5-20 foci, and unlike the parental cells, there were resistant cells with <5 foci present after 

IR.  Although there were less, the foci were larger in the resistant cells relative to parental 

cells.  It has also been shown that g-H2AX foci change composition during different phases 

of the cell cycle (Nakamura, 2010).  This may alter the size and shape of foci created by 

IR, indicating that resistant cells may be stalling in a different stage of the cell cycle 

following IR.  This will be expanded on in the discussion section.  This data supports the 

idea that alterations in DNA repair may be involved in the radiation resistance of these 

cells, and the resistant cells may present different DNA repair kinetics relative to their 

parental counterparts. 
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Figure 21: Radiation Resistant Cells Present Lower g-H2AX Foci Following 
Radiation: Immunofluorescence experiments were performed on A549P and A549IRR 
one-hour post 0Gy IR or 2Gy IR.  Baseline damage in the radiation resistant cells was 
higher than in radiation sensitive counterparts.  Following 2Gy exogenous radiation, 
resistant cells presented less cells with >20 foci, and more cells with 5-20 foci. Images in 
the top panel are representative images of quantitated samples.  Graphs in bottom panels 
illustrate percent of cells with 0-4 foci, 5-9 foci, 10-20 foci, or >20 foci following treatment.  
Images representative of 50 cells counted within one experiment. 
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Discussion and Future Direction 
 
  

Lung cancer still remains the leading cause of cancer related deaths in the United 

States.  There are many factors, such as late stage diagnosis, limitations of chemotherapy, 

limitations of radiotherapy, and resistance to chemotherapy that contribute to the limited 

progress made in patient survival. Due to these limitations of current lung cancer 

treatments, novel treatment methods must be explored to improve survival and reduce 

radiation treatment side effects. 

 As described in the introduction, both PARP inhibitors and DNA methyl transferase 

inhibitors have been used as radiosensitizers in treatment of lung cancer (Albert, 2007; 

Kim, 2011; Senra, 2011). Notably, previous work in the Rassool lab in multiple cancer 

models, including Acute Myeloid Leukemia (AML), breast cancer, and ovarian cancer, has 

shown that DNMT inhibitors used in combination with the novel PARP trapping agent 

MDV3800, significantly increased cytotoxicity through PARP trapping at the chromatin 

level, which led to prolonged DNA damage and increased apoptosis.  Therefore, we 

explored whether this combination therapy would be a novel therapeutic strategy in 

NSCLC. Our data shows that when used in combination, DNMT inhibitors and PARP 

inhibitors have a synergistic effect relative to single agents (Figure 8 and 9).  We were also 

able to show that this treatment combination decreased clonogenicity relative to single 

agent treatments, and increased cytotoxicity in lung cancer models at very low doses 

(Figure 10).  The combination also further enhanced the effects of low dose radiation in 

A549, supporting the main hypothesis that the combination therapy is effective in lung 

cancer models alone and in conjunction with radiation therapy (Figure 11). This effect was 
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enhanced when the cells were treated with the combination of inhibitors in addition to low 

dose radiation.  Flow cytometry was performed to evaluate the effects of the combination 

therapy with or without concurrent radiation treatment.  We observed in parental A549 

cells obtaining combination therapy that 24 and 48 hours post radiation there was increased 

total apoptosis relative to all other treatments supporting the idea that the combination 

therapy enhances the effects of low dose radiation (Figure 12 and Supplemental Figure 1).  

However, at 72 hours post radiation this was no longer seen (Supplemental Figure 2).  We 

believe this may be due to the short-term effects of the radiation on the cells, however this 

experiment will need to be repeated to confirm results.  The data presented in this thesis 

suggests that the combination PARP inhibitors and DNMT inhibitors may be a novel 

therapeutic strategy in lung cancer and that low dose radiation would further enhance these 

effects. The combination of a demethylating agent and PARP inhibitor along with low 

radiation doses may reduce the unfavorable side effects of current therapies and improves 

patient quality of life.   

While the exact mechanism of combination therapy has not fully been elucidated, 

we believe that DNMT inhibitor incorporation into DNA creating SSB lesions that require 

BER to occur.  Addition of PARP inhibitor to these agents has been shown to prevent 

recruitment of BER machinery to these lesions, thus preventing the repair of the trapped 

DNMT, increasing DSB lesions, and increasing cytotoxicity in AML and breast cancers 

(Orta, 2015).  MDV3800 is a novel PARP inhibitor that interacts with the active site of the 

protein, preventing the PARylation activity of PARP, thus trapping PARP at the chromatin 

level at very low doses (Murai, 2014).  Previous work in the Rassool lab has shown that 

treatment with both agents’ increases PARP trapping at the chromatin in AML, breast 
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cancer, and ovarian cancer.  This trapping leads to prolonged DSB damage following 

radiation treatment, increased apoptosis, and increased cytotoxicity (Unpublished Data).  

We believe that this therapy works similarly in lung cancer models and current ongoing 

work will further detail the mechanism of action.  Currently we are working on determining 

the induction of γ-H2AX foci via immunofluorescence, the extent of apoptosis via 

Annexin-5 and 7-AAD staining, and extent of PARP trapping at the chromatin in order to 

elucidate the mechanism by which the combination enhances cytotoxicity in cells. We 

hypothesize that the PARP trapping in the chromatin increases after combination treatment, 

which will lead to prolonged DNA damage and increased apoptosis.  With the addition of 

radiation, these effects will be enhanced and lead to further cell death. 

We translated our in vitro findings into mouse models to examine the effect of the 

combination therapy in an A549P subcutaneous xenograft in vivo. While the combination 

therapy did increase the survival time of the animals, as well as reduce tumor growth, we 

were unable to show significance relative to any group other than AZA treatment alone.  

While the doses used in the experiment were consistent with doses previously used in the 

lab, the doses chosen may not be adequate to treat lung cancer models and higher doses 

may be needed (Figure 13).  This may not be possible in nude mice models however, due 

to the toxicity of the drugs.  In this first study, the treatment was fairly safe; no mouse lost 

more than 20% body weight or exhibited any signs of toxicity, the body weight did decrease 

in a few of the mice in the combination group.  Based upon the first study evaluating the 

effects of the single agents, we believe this toxicity may be from the doses of MDV used 

in the treatment.  In a systemic leukemia model, decreasing the dose of MDV to 0.1mg/kg 

reduced toxicity while maintain efficacy and reducing tumor burden.  It was also noted that 
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in the lung cancer in vivo studies, 0.5mg/kg AZA was very well tolerated by the animals, 

and also had no influence on tumor volume or size.  Future studies will examine the effects 

of higher doses of AZA with lower doses of MDV to increase the effect of the combination 

therapy. 

To determine whether low doses of radiation enhanced the effects of the 

combination of inhibitors in vivo, we performed preliminary experiments to test the effect 

of various doses of radiation (Figure 14 and Supplemental Figure 4). Based on pilot data 

for a range of radiation doses, we chose a dose of 2Gy targeted radiation to use with the 

combination therapy to determine if there are enhanced effects of the radiation.  Upon the 

addition of 2Gy targeted radiation to the flank A549P tumor, there was no significant effect 

observed relative to the combination therapy alone, however the trend was very promising 

when radiation was introduced.  We observed that in the combination + RT group, the 

tumor growth slowed and allowed for a significantly longer survival time relative to the 

vehicle group and the RT alone group, and although not significant, the addition of RT to 

the combination therapy did prolong survival and time to reach a tumor volume of 

1500mm3 (Figure 15).  Interestingly, in this experiment the combination alone did much 

better than in the previous experiment (Figure 13) relative to the control group (p<0.07). 

We believe this may be due to treatment in these tumors beginning at a smaller volume 

compared to the previous experiment.  These studies involving a single bolus dose of 

radiation show promising results and provide the foundation for future experiments.  It is 

important to note that some mice were removed from this study.  In the radiation alone 

group, two mice were removed due to tumor necrosis that resulted in massive tumor 

shrinkage.  Two mice were also removed from the combination + RT group due to technical 
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error.  These mice were found dead due to what we believe was error with the oral gavage 

when administering treatment.  Unfortunately, these two mice presented the smallest 

starting tumors in that group and these two animals potentially could have further enhanced 

the survival of the combination + RT group.  One mouse from the combination alone group 

was removed due to toxicity from the combination therapy.  We believe this may have been 

caused from the addition of two days of treatment in the second week, leading to 12 days 

of consecutive treatment. 

Based on the results of this in vivo study, future studies will incorporate fractionated 

radiation into the treatment cycle.  Single bolus dose radiation was administered due to the 

effect seen from 2Gy single dose radiation in preliminary studies, however in the final in 

vivo experiment there was no effect seen from the radiation alone.  This was most likely 

due to the difference in tumor size when radiation was administered.  In the preliminary 

studies, tumors were irradiated at approximately 120mm3.  For the last study, tumors were 

treated prior to radiation therapy which delayed radiation to a size of approximately 

400mm3.  This delay could have influenced the tumor response to radiation, allowing for 

less of a response to the radiation.  We did note however, that the combination group alone 

did have more of an effect relative to the first experiment.  We believe this may be due to 

treatment of the tumors beginning at a lower tumor volume than in the first experiment, as 

well as the differing treatment regimens that were used.  In the first study, mice were only 

treated 5 days per week, however in the second study, the mice were initially treated for 10 

days prior to radiation treatment, then given 14 days of consecutive treatment following a 

2-day break.  The treatment cycle followed in the final experiment allowed for a better 
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response to the combination, thus allowing for a near significant effect relative to the 

control that was not seen in the first study (P<0.07).  

While in vivo studies often present better clinical relevance than in vitro data, quite 

often these models are poor predictors of how these treatments will influence patients in 

the clinic. Currently, we are working with A549 cells to determine the optimal treatment 

dose and regimen in vivo, however following the optimization of therapy in the mice we 

plan to expand to patient-derived xenografts (PDXs).  The ability to examine this treatment 

method on PDX models will offer a greater clinically predictive model, and orthotopic 

PDX models responses resemble the response rate of therapy in clinical trials (Siolas, 

2013).  Additionally, the development of orthotopic animal models of lung cancer is critical 

to our understanding and treatment of this devastating disease.  Conditional mouse models 

provide new opportunities for testing novel chemopreventives, therapeutics and screening 

methods that are not possible with cultured cell lines or xenograft models.  The Jacks group 

reported how to initiate tumors in two conditional genetic models of human non-small cell 

lung cancer (NSCLC) using the activation of oncogenic K-ras alone or in combination with 

the loss of function of p53.   Both of these mutations occur in Lung cancer (Mogi, 2011; 

Riely, 2009).  Their model sporadic describe expression of Cre in the lungs through 

engineered adenovirus or lentivirus, and provide a detailed protocol for the administration 

of the virus by intranasal inhalation or intra-tracheal intubation.  The protocol requires 1–

5 min per mouse with an additional 30–45 min to set-up and allow for the recovery of mice 

from anesthesia.  Mice may be analyzed for lung tumor formation and progression starting 

2–3 weeks after infection (DuPage, 2009).  Future work will include studies in orthotopic 
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lung models, such as those discussed above, to be targeted with radiation which will allow 

us to evaluate this therapy in a more clinically relevant model. 

Quite often, patients are diagnosed with lung cancer after the disease has begun to 

spread and metastasize, so to prevent this spread new therapies need to be evaluated on 

their ability to treat and prevent metastasis.  To evaluate the effects of our therapy on 

metastasis, we plan to examine our therapy in a Lewis lung carcinoma model.  This model 

is largely used to examine the effects of therapeutic agents on metastasis in vivo.  This 

model is also murine derived, thus is compatible with immunocompetent animals, which 

allows for true immune response and true toxicity responses when evaluated in 

immunocompetent animals (Kellar, 2015).  This model can be evaluated as a syngeneic 

flank or syngeneic orthotopic model, however both offer limitations.  As an orthotopic 

model, we cannot properly target radiation therapy to the tumors, so to evaluate the effects 

of the combination with concurrent radiation, whole-body radiation would need to be 

administered.  As a syngeneic (flank) model, the observed results may not fully translate 

to human conditions.  While we hope to expand this therapy to include radiation, we plan 

to first investigate the effects of our combination on an orthotopic model to evaluate the 

effect on metastasis. 

Radiation resistance occurs in many patients and can lead to an even worse 

prognosis.  We were able to obtain A549 cells that are radiation resistant at single 2Gy 

dose IR and fractionated IR (A549IRR) to test whether the combination of AZA and MDV 

can sensitize a radioresistant line (Figure 16).  We were able to show that the combination 

therapy was synergistic in this resistant line (Figure 17), and decreased clonogenicity 

relative to single agents (Figure 18).  Moreover, as in the parental cells, this effect was 
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enhanced by the addition of low dose radiation (Figure 19).  Interestingly, the radiation 

resistant cells were slightly resistant to the combination therapy and were highly resistant 

to the PARP inhibitor relative to their parental cells.  We performed flow cytometry 

experiments to evaluate total apoptosis as we did in the parental cells, and at 24, 48, and 

72 hours post radiation administration, total apoptosis was increased when radiation was 

administered with the combination therapy (Supplemental Figure 5, Figure 20, and 

Supplemental Figure 6 respectively).  Although total apoptosis was increased, it did not 

increase at a rate similar to the parental cells, supporting the idea that these cells survive 

the treatment better.  We did note that unlike the parental cells, the resistant cells did still 

present higher levels of total apoptosis in the combination + radiation group 72 hours 

following radiation administration.  We believe that the effect of the radiation may have 

worn off by 72 hours post administration, however we saw the largest increase in total 

apoptosis at this time point in the radiation resistant cells.  We believe that following 

radiation administration, the resistant cells stall in a different cell cycle phase relative to 

the parental cell, which may alter the response to radiation therapy in these cells.  There 

may also be differential levels of DNA repair, cell cycle regulation, or apoptotic pathway 

proteins in the resistant cells that further alter the response to radiation.  The resistance may 

be due to enhanced DNA repair in the resistant cells, primarily in the PARP pathway due 

to the resistance to PARP inhibitors, and future work will try to examine the efficiency of 

DNA repair between the parental and resistant cell lines.   

We performed immunofluorescence experiments to compare DNA damage in 

A549P and A549IRR cells.  We were able to show that radiation resistant cells have less 

g-H2AX foci at baseline levels relative to the parental cells (Figure 21).  This may be due 
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to increased DNA damage caused by increased levels of reactive oxygen species (ROS) 

present in the cells from the weekly radiation schedule.  The increased ROS levels can 

induce SSBs in the cells, which may go unrepaired if there are defects in SSB repair 

pathways involving PARP.  When these cells received 2Gy radiation, we noticed that the 

resistant cells presented lower cells with >20 g-H2AX foci, leading to an increase in cells 

with 5-19 foci.  This is consistent with the idea that the radiation resistant cells may exhibit 

differential DNA repair kinetics that allow them to respond and repair DNA DSB damage 

at a faster rate.  We also noticed that in the resistant cells, g-H2AX foci were much larger 

than the parental cells.  It has been show that cell cycle phase affects g-H2AX foci 

composition (Nakamura, 2010).  This effect on foci size may be due to cells stalling in a 

different cell cycle phase relative to the parental cells.  While parental cells may be stalling 

in the G2/M phase as expected following radiation, the resistant cells may be stalling at a 

different checkpoint (Xu, 2002).  This may also explain a mechanism of resistance in these 

cells as the G2/M phase checkpoint is highly important in radiation induced apoptosis.  It 

has been shown that p53 is a highly important protein in regulating apoptosis following IR.  

In vitro work has shown that p53 mutations are associated with radioresistance, and in vivo 

work has shown that wild type p53 is essential for determining radiosensitivity in various 

tissues (Fei, 2003).  We believe that p53 may be mutated or absent in radioresistant cells, 

which may allow cells to advance through the G2/M checkpoint and survive following 

radiation.  Further experiments will need to be performed to explain this observation, 

however we believe that the resistant cells may be stalling at a different cell cycle 

checkpoint following radiation, and this may be due to differences in cell cycle checkpoint 

proteins. 
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The results we obtained support the hypothesis that low dose DNMT inhibitor in 

combination with low dose PARP inhibitor increases cytotoxicity in lung cancer models 

relative to single treatments, and also further enhances the effects of low dose radiation.  

Although the mechanism by which this combination has not fully been elucidated, results 

from these experiments hold promise for potential future treatment in lung cancer patients, 

and this work has also laid the foundation for future studies in the laboratory.  Current 

ongoing work will help elucidate the mechanism of increased cytotoxicity and will allow 

for an explanation as to how these two drugs work together.  While the effects of the drug 

were not significant in vivo, the results did show an improvement in survival, and the 

addition of a single low dose of radiation did enhance these effects. The single dose of 

radiation did not reduce tumor growth as expected from the pilot studies, potentially due 

to the difference in tumor size and growth when mice were irradiated. We believe that 

targeted fractionated radiation will be well tolerated by the mice, be more biologically 

relevant than single dose radiation, and will further enhance the effects of the combination 

treatment.  We plan to test the effect of fractionated radiation on A549P cells in vivo in 

conjunction with combination therapy. We also plan to examine the effect of the inhibitor 

combination on radiation resistant cells in vivo. It was also noticed that the radiation 

resistant cells responded differentially to the MDV3800 treatment while 5-AZA treatment 

was relatively similar between parental and resistant cell lines.  The resistant cell lines 

survive MDV3800 single agent therapy better when compared to the parental cells, and 

due to the nature of the drug inhibiting DNA repair. We plan to examine the differential 

DNA repair between parental and resistant cells by creating stable cell lines presenting 

DNA repair plasmids to measure the differential levels of DNA repair.  The results obtained 
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provide a promising treatment option for reducing the amount of radiation that patients 

obtain during therapy, as well as a treatment for patients whose tumors have become 

resistant to radiation therapy.  We hope that this combination therapy may one day be used 

clinically to treat patients with non-small cell lung cancer and help improve prognostic 

outlook. 
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Appendix I: Supplemental Data 
 

 

Supplemental Figure 1: Combination Therapy Increases Radiation Induced 
Apoptosis 24 Hours Following Radiation: A549P cells were treated with single agent or 
combination therapy and 24 hours after a single dose of 2Gy IR was administered to cells.  
After 24 hours, cells were stained with Annexin V (APC-A) to identify phosphatidylserine, 
and 7-aminoactinomycin (7-AAD, indicated as PerCP-Cys5-5-A in images above) to stain 
total DNA.  Quadrant 4 (Q4) represents live cell population (APC-A negative/7-AAD 
negative).  Quadrant 3 (Q3) represents early apoptotic cell population (APC-A positive/7-
AAD negative).  Quadrant 2 (Q2) represents late stage apoptotic cell population (APC-A 
positive/7-AAD positive).  Quadrant 1 (Q1) represents dead (necrotic) cells (APC-A 
negative/7-AAD positive).  Results show that combination therapy enhances total 
apoptosis (early apoptosis (Q3) + late apoptosis (Q2) induced by radiation treatment.  
Bottom graph represents total apoptosis relative to untreated cells.  Images on top are 
representative images of the cell population following treatments.  Images representative 
of one experiment. 
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Supplemental Figure 2: Combination Therapy Increases Radiation Induced 
Apoptosis 72 Hours Following Radiation: A549P cells were treated with single agent or 
combination therapy and 24 hours after a single dose of 2Gy IR was administered to cells.  
After 72 hours, cells were stained with Annexin V (APC-A) to identify phosphatidylserine, 
and 7-aminoactinomycin (7-AAD, indicated as PerCP-Cys5-5-A in images above) to stain 
total DNA.  Quadrant 4 (Q4) represents live cell population (APC-A negative/7-AAD 
negative).  Quadrant 3 (Q3) represents early apoptotic cell population (APC-A positive/7-
AAD negative).  Quadrant 2 (Q2) represents late stage apoptotic cell population (APC-A 
positive/7-AAD positive).  Quadrant 1 (Q1) represents dead (necrotic) cells (APC-A 
negative/7-AAD positive).  Results show that combination therapy enhances total 
apoptosis (early apoptosis (Q3) + late apoptosis (Q2) induced by radiation treatment.  
Bottom graph represents total apoptosis relative to untreated cells.  Images on top are 
representative images of the cell population following treatments.  Images representative 
of one experiment. 
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Supplemental Figure 3: Three Million A549 Cells Grow Too Fast In Vivo: Three 
million A549 cells were injected into the right flank of female nude mice.  The mice were 
treated with vehicle treatment, 0.5mg/kg AZA alone, 0.3mg/kg MDV (BMN) alone, or the 
combination of the two agents.  The animals were treated five times per week, however 
upon completion of the study it was determined that three million cells grew too rapidly in 
vivo. 
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Supplemental Figure 4: A549 Tumors are Sensitive to High Doses of Radiation: Mice 
were injected with one million A549 cells and treated with 0Gy (vehicle), 5Gy, 10Gy, or 
15Gy of a single bolus dose of targeted radiation.  These doses had a large effect on tumors 
that could have been too effective for use with the combination therapy. 
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Supplemental Figure 5: Combination Therapy Increases Radiation Induced 
Apoptosis 24 Hours Following Radiation in Radiation Resistant Cells: A549IRR cells 
were treated with single agent or combination therapy and 24 hours after a single dose of 
2Gy IR was administered to cells.  After 24 hours, cells were stained with Annexin V 
(APC-A) to identify phosphatidylserine, and 7-aminoactinomycin (7-AAD, indicated as 
PerCP-Cys5-5-A in images above) to stain total DNA.  Quadrant 4 (Q4) represents live 
cell population (APC-A negative/7-AAD negative).  Quadrant 3 (Q3) represents early 
apoptotic cell population (APC-A positive/7-AAD negative).  Quadrant 2 (Q2) represents 
late stage apoptotic cell population (APC-A positive/7-AAD positive).  Quadrant 1 (Q1) 
represents dead (necrotic) cells (APC-A negative/7-AAD positive).  Results show that 
combination therapy enhances total apoptosis (early apoptosis (Q3) + late apoptosis (Q2) 
induced by radiation treatment.  Bottom graph represents total apoptosis relative to 
untreated cells.  Images on top are representative images of the cell population following 
treatments.  Images representative of one experiment. 
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Supplemental Figure 6: Combination Therapy Increases Radiation Induced 
Apoptosis 72 Hours Following Radiation in Radiation Resistant Cells: A549IRR cells 
were treated with single agent or combination therapy and 24 hours after a single dose of 
2Gy IR was administered to cells.  After 72 hours, cells were stained with Annexin V 
(APC-A) to identify phosphatidylserine, and 7-aminoactinomycin (7-AAD, indicated as 
PerCP-Cys5-5-A in images above) to stain total DNA.  Quadrant 4 (Q4) represents live 
cell population (APC-A negative/7-AAD negative).  Quadrant 3 (Q3) represents early 
apoptotic cell population (APC-A positive/7-AAD negative).  Quadrant 2 (Q2) represents 
late stage apoptotic cell population (APC-A positive/7-AAD positive).  Quadrant 1 (Q1) 
represents dead (necrotic) cells (APC-A negative/7-AAD positive).  Results show that 
combination therapy enhances total apoptosis (early apoptosis (Q3) + late apoptosis (Q2) 
induced by radiation treatment.  Bottom graph represents total apoptosis relative to 
untreated cells.  Images on top are representative images of the cell population following 
treatments.  Images representative of one experiment. 
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Methods and Materials 
 
Cell lines and culture conditions 

 

Human lung cancer cell lines (A549-P, A549-IRR) were a gift from Xingming 

Deng (Emory University) (You, 2014).  Cells were cultured in filtered and sterilized 

Roswell Park Memorial Institute 1640 (RPMI-1640) + 2mM L-Glutamine (MediaTech, 

Inc.) with 10% fetal bovine serum and 1% penicillin and streptomycin (Gemini Bio-

Products).  Cells were grown at 37°C in a 5% CO2 atmosphere. 

Weekly maintenance radiation at a dose of 2 Gray (Gy) was delivered to maintain 

the resistance of A549-IRR cells at ~60% confluence.  The culture media was changed 

within 20 minutes of radiation.  Cells were not trypsinized on days when maintenance 

radiation was given. 

 

Chemicals 

 

 5’-Aza-2’-deoxycitidine (DAC) and 5-Azacitidine (AZA) (Sigma-Aldrich) were 

prepared at 500uM in phosphate buffered saline (PBS) without Ca2+.  MDV3800 (MDV, 

Medivation, San Francisco, CA) was prepared at 5mM in Dimethylsulfoxide (DMSO).  

Chemicals were stored in -80°C until use.  Final DMSO concentration did not exceed 0.1% 

in assays. 
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Irradiation Method 

 

X-ray irradiation was delivered using a Pantak Seifert Model HS320.  The 

instrument was calibrated prior to radiation treatment to measure the average exposure of 

three one-minute exposure readings.  This was performed with the radiation settings at 

250KeV and 13mA.  The average of the readings was plugged into the following equation: 

𝐷𝑜𝑠𝑒	𝑅𝑎𝑡𝑒 =
𝑇(𝑖𝑛	°𝐾)	
295.15𝐾 	×	

29.92
𝑃	(𝑖𝑛	𝐻𝑔)	×	𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑅𝑒𝑎𝑑𝑖𝑛𝑔𝑠	×	9.33 

This was used to measure the dose rate of X-ray radiation being given in centi-Gray 

(cGy) per minute.  This dose rate was used to determine the exposure time for treatment. 

 

Colony Survival Assays 

 

 All cell lines were seeded at 500cells/well in 6-well plates 24 hours prior to 

treatment with 2mL of media.  Cells were plated in triplicate for experiments.   For 

chemical treatments, AZA and BMN were introduced 24 hours following plating (Day 1).  

New AZA was added to the wells on days 2, 3, 5, and 6, with new AZA and MDV3800 

being added in fresh media on day 4.  Following 6 days of chemical treatment, colonies 

were stained (0.05% crystal violet, 37% Formaldehyde (1%), 1X PBS, 1% Methanol, and 

water) at room temperature for 20 minutes and counted on a colony counter (Synbiosis, 

Frederick, MD). For chemical treatment in combination with irradiation, the cells were 

irradiated on day 2.  Survival (relative to control treatment) graphs are presented as mean+/- 

SEM.  Results are representative of three separate experiments. 
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 For radiation survival with no chemical treatment, cells were radiated 24 hours 

following plating or 24, 48, and 72 hours following plating for single dose and fractionated 

dose irradiation, respectively.  Survival (relative to non-radiated controls) is presented as 

mean +/- SEM.  Results are representative of three separate experiments. 

 

Synergy Assays 

 

 All cell lines were plated at 200cells/well in a 96-well plate.  The cells were allowed 

to adhere for 24 hours.  Following plating, 100uL of fresh media containing the respective 

chemical treatment or control media was added daily for 7 days.  Following treatment (on 

the 8th day), 20uL of Promega CellTiter 96 Aqueous One Solution (Catalog #G3580) was 

added to each sample and the absorbance was read at 540nm using SoftMax Pro to analyze 

the readings.  Viabilty values were used to determine the combination index (CI) values of 

the varous combination doses using CompuSyn.  Viability (relative to control treated cells) 

is presented as mean +/- SD.  Graphs are representative of one experiment performed in 

triplicate. 

 

Statistical Analysis 

 

 Statistical analysis for in vitro biological assays were performed using a one-way 

ANOVA in GraphPad Prism 6.  In vitro clonogenic assays where combination therapy was 

evaluated with or without concurrent radiotherapy statistics were evaluated using student-

t test on Microsoft Excel.  Results were plotted in Microsoft Excel. 
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Statistical analysis for in vivo models were performed using a two-tailed unpaired 

ANOVA in GraphPad Prism 6.  Graphs were plotted in Graph Pad.   

 

A549P/IRR Immunofluorescence 

 

 Cells were trypsinized and 60,000 cells were spun onto slides at 250RPM for five 

minutes.  Cells were washed 3x5 minutes in 1xPBS.  Cells were fixed for 10 minutes in 

4% Paraformaldehyde in PBS, washed 3x5 minutes in 1xPBS, then rocked in 

permeabilization solution (50mM NaCl, 3mM MgCl2, 10mM HEPES, 200nM Sucrose, 

and 0.5% Triton X-100 in 1xPBS) for 5 minutes.  Cells were washed 2x5 min in 1xPBS + 

0.1% Triton X-100, and then blocked for 60 minutes in 5% bovine serum albumin (BSA, 

Sigme-Aldrich).  Cells were washed 2x5 minutes in 1xPBS + 0.1% Triton X-100, then 

incubated in primary g-H2AX antibody (EMD Millipore, Darmstadt, Germany) at 1:200 

dilution in 5% BSA.  Cells were washed 3x5 minutes in 1xPBS + 0.1% Triton X-100, then 

incubated in DyLight 594 secondary antibody (Abcam, Cambridge, UK) for 45 minutes.  

Cells were washed 2x5 minutes in 1xPBS + 0.1% Triton X-100, then mounted on slide 

using Prolong(R) Gold Antifade with DAPI Molecular Probes (Cell Signaling Technology, 

Danvers, Massachusetts).  Slides were allowed to dry, sealed, and examined for g-H2AX 

foci on a Nikon Eclipse 80i (Nikon, Shinagawa, Tokyo, Japan).  Images were obtained and 

analyzed using NIS-Elements software (Nikon).  Images presented are representative 

images of the data obtained.  Graphs presented are representative of one experiment in 

which 50 cells were analyzed for g-H2AX foci. 
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Apoptosis Assay 

 

Cells were collected at appropriate times, counted, and 500,000 cells were rinsed 

in 1xPBS.  The cells were centrifuged, the PBS was discarded, and cells were washed in 

1X Annexin V binding buffer.  Cells were centrifuged and re-suspended in flurochrome 

conjugated Annexin V-Allophycocyanin (Annexin V-APC) at 3uL per 100uL of cell 

suspension and allowed to incubate for 15 minutes.  Cells were centrifuged and washed in 

1xPBS.  Cells were centrifuged and re-suspended in Annexin V binding buffer at 3uL 7-

aminoactinomycin (7-AAD) per 200uL of cell suspension.   Apoptosis was measured by 

flow cytometric analysis of Annexin V-APC (BD Biosciences, San Hose, CA) positive 

population using an absorbance of 590nM at the University of Maryland Baltimore Flow 

Core Facility.  Total apoptotic cell population was determined by combining cells 

undergoing early apoptosis and cells undergoing late apoptosis (all Annexin V-APC 

positive cells). 

 

Lung Cancer Xenograft 

 

 Female nude mice (6-8 weeks old) were used for A549 in-vivo xenograft studies 

and were housed in a 12-h light/dark cycle with access to food and water ad libitum. 

Exponentially growing cells (3x106 or 1x106) were mixed with 33% matrigel and injected 

subcutaneously above the right hind leg of the mice. When tumors began growing 

(approximately 7-9 days following injection), the tumor volumes were externally measured 

in two dimensions via caliper ((length X width2)/2). When the tumors reached between 80-
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100mm3 mice were sorted into respective groups (n = 8) so that similar mean volumes were 

observed between the groups. Mice were visually observed daily, weighed 5 days per week 

prior to drug administration, and tumor volume was measured twice per week. Mice were 

treated with 0.3 mg/kg MDV, 0.5 mg/kg AZA, the combination or vehicle. The tumors 

were treated with targeted radiation at approximately 100mm3 in experiments involving 

only radiation treatment using a Small Animal Radiation Research Platform (SARRP) by 

Xstrahl.  Radiation was administered after 7 days of continuous treatment when 

administered with the two drug treatments.  Treatment was administered for three days 

following radiation therapy, released for two days, and then treated for 12 days with the 

drugs.  The mice were released from drug administration for two days, and were then 

returned to treatment 5 days per week.  AZA was prepared in PBS (Ca2+ and Mg2+ free) 

and stored at -80°C in aliquots. MDV was prepared fresh weekly in 10% DMAc, 6% solutol 

and 84% PBS and stored at 4°C in the dark. MDV was administered by oral gavage and 

AZA was administered by subcutaneous injection daily for the duration of the study. 

 To administer radiation, mice were given isoflurane anesthesia.  Tumors were 

scanned for 360 projections using an aluminum filter at 70kV and 0.8mA.  Duration of 

beam exposure was calculated using distance from skin to isocenter of the tumor.  The 

aluminum filter was replaced with a copper filter, a 10mm x 10mm collimator was placed 

on the gantry, and the energy was adjusted to 220kV and 13mA for exposure.  The beam 

was administered through in two 1Gy doses, with the first dose coming from the top of the 

tumor (0 degrees), and the second exposure coming from the bottom (180 degrees). 
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