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Abstract 

Ovarian Cancer (OC) is the fifth most common cause of death in women, and the leading 

cause of gynecological death in the United States. Although some OC patients are 

responsive to initial treatment (surgery and chemotherapeutic agents such as platinum 

compounds and taxane), majority of these patients later develop drug resistance and 

relapse. Initial results of PARP inhibitor (PARPi) therapy in hereditary OC with defects 

in DNA repair from BRCA1/2 mutations have shown promising results. However, PARPi 

treatment in OC with intact BRCA1/2 genes has been disappointing. Recent studies have 

shown that the cytotoxicity of PARPis correlate to its ability to trap PARP in chromatin, 

with BMN-673 (Talazoparib) demonstrating the most potent trapping activity. Given that 

DNA methyl transferases (DNMTs) bind PARP and DNMT inhibitors (DNMTi) trap 

DNMT, we determined whether combination of low, non-cytotoxic doses of the PARPi 

(Talazoparib) and DNMTi (Azacytidine, 5-AZA) show a significant increase in cytotoxic 

activity compared to monotherapy with these drugs. We show here that in BRCA1/2-wt 

OC cells (A2780 and TyKNu), combination treatment with PARPi and DNMTi 

decreased clonogenicity, in comparison to single agent treatments. In keeping with these 

findings, we also show that combination therapy leads to increased PARP “trapping” and 

apoptosis in OC cells. Finally, to develop reagents to test OC more accurately in-vivo, we 

have generated OC cells with YFP+ luciferase imaging capability, using lentiviral 

transduction, and determined the optimal conditions in which to test these two drugs in 

tumor xenografts. Future in-vivo studies with low non-toxic doses of these two drugs will 

hopefully provide a novel strategy to target OC with intact BRCA1/2 genes, while 

reducing adverse effects. 
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INTRODUCTION 

Ovarian Cancer and the unmet therapeutic needs 

Ovarian cancer (OC) is the fifth most common cause of death due to cancer in 

women and the leading cause of gynecological cancer in the United States. About 90% of 

epithelial OC cases are due to sporadic events, mechanisms of which remain unclear. 

Approximately 10% of epithelial OCs are due to inheritance of autosomal dominant 

susceptibility factors, breast cancer 1 and 2 (BRCA1 and BRCA2), and other genes such 

as MLH1 (MutL Homolog 1), MSH2 (MutS Homolog 2) (Zweemer et al., 1999; 

Weberpals et al., 2008). Over the past 30 years, significant progress has been made with 

OC treatment with five-year survival rate of about 50%. Current therapeutic options 

based on different stages include: debulking surgery, hysterectomy, bilateral splingo-

oopherectomy, and combination modality of taxane, and platinum compounds (Table 1), 

This treatment options have lower survival rates in advanced stages of the disease 

(Despierre et al., 2010). The poor survival rate may be attributed to late diagnosis (Stage 

III/IV), the off target toxicities of known chemotherapies which kills normal cells, and 

intrinsic resistance to chemotherapeutic agents. Adverse events include: neurotoxicity, 

bone marrow suppression, neuropathy e.t.c. 

Poly (ADP-ribose) polymerase inhibitors, PARPis are one of the most exciting 

recent developments in cancer therapy as it targets cells with defects in homologous 

recombination (HR) factor BRCA1/2, a pathway that is important for repair of DNA 

double strand breaks (DSBs). Breast cancer and ovarian cancer patients with epigenetic 

or genetic defects in BRCA1/2 have shown clinical efficacy with PARPis (Feng et al., 

2015). Recently, PARPi Olaparib received United States Food & Drug Administration 
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(USFDA) approval as a fourth-line therapy of germ-line BRCA1/2 mutation in OC 

patients (Feng et al., 2015, Tewari et al., 2015). However, as pointed out earlier, only 

10% of OCs have germ-line BRCA1/2 mutations, and HR proficient cancers fail to 

respond to PARPis as a single agent. This project explores novel methodologies to 

improve the efficacy of PARPis in BRCA1/2-wt and HR proficient OCs. 

Stages Treatment Options 

I. Cancer cells are found in 
one or both ovaries and on 
the surface of the ovaries or 
in fluid collected from the 
abdomen (ascites). 

Total Abdominal hysterectomy,  
Removal of both ovaries and fallopian tubes, 
Omentectomy +/- combinational chemotherapy 

II. Cancer cells have spread 
from one or both ovaries to 
other tissues in the pelvis, 
fallopian tubes, the uterus. 

Hysterectomy and bilateral salpingo-
oopherectomy, 
Debulking of as much tumor as possible, and  
Combination chemotherapy  

III. Cancer cells have spread 
to tissues outside the pelvis 
or to regional lymph nodes. 
Cells might be found on the 
outside of the liver. 

Treatment is the same as Stage II 

IV. Cancer cells have spread 
to tissues outside the 
abdomen and pelvis to the 
liver, lungs and other 
organs. 

Treatment involves surgery, then 
Combinational chemotherapy. 

Table 1. Four stages of ovarian cancer and their associated treatment options. Majority of patients 
are treated with combination of chemotherapy and surgery. 
 
OCs are staged according to how far the cancer has spread and graded according to how 

the tumor section appears under microscopic imaging. Consequently, OCs are classified 

into four common morphological subtypes according to their histology: serous high grade 

(most common) and serous low grade, endometroid, clear cell, and mucinous (least 
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common) (Table 2). Tumor suppressor BRCA1; 17q12-21 and BRCA2; 13q12-13 

mutations are mostly attributed to hereditary ovarian carcinomas (Weberpals et al., 

2008). There are two distinct types of ovarian serous carcinoma, low grade (least 

common) and high grade (most common) (Table 2) (Gilks, 2004). Low-grade serous 

carcinomas are usually associated with B-RAF, K-RAS, and ERB2 mutations while high-

grade serous carcinomas (HGSC) are associated with TP53/Rb mutations, LOH 17q 

(McCluggage, 2011). Loss of p53 in HGSC along with BRCA1 inactivation leads to 

chromosomal instability and wide-spread copy number changes. This create 

diversification eventually leading to individual tumors where their promotion of 

mutation, amplifications and deletions because cells were able to by-pass cell cycle 

checkpoints (George and Shaw, 2014). Besides the different mutations, they also have 

distinctive pathogenesis, molecular events, behavior, and prognosis. 

Histological Classification Stages 

 I-II III-IV Total 

Serous – high grade 30% 84.2% 70% 

Serous – low grade 1.9% 4.9% 3.5% 

Clear cell 26.2% 4.9% 10.4% 

Endometrioid 29.4% 3.5% 10.3% 

Mucinous 8.5% 1.1% 3.6% 

Table 2. The prevalence of OC according to histological classifications. 
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DNA DSB Repair Defects and Homologous Recombination (HR) in Ovarian Cancer 

DNA double-strand breaks (DSBs) are one of the most lethal forms of DNA 

damage in mammalian cells. This lethal damage can be repaired by at least two different 

pathways, Homologous Recombination (HR) and Non-Homologous End-joining (NHEJ). 

HR represents an essential DSB repair pathway especially in repair of induced DSB 

resulting from replication-fork collapse that arises in S- and G2-phases of the cell cycle. 

HR maintains genomic stability by using the undamaged sister chromatid as the repair 

template; thereby, maintaining an error-free repair mechanism during DNA replication 

(Rassool and Tomkinson, 2010). DSB dysfunction from HR deficiency significantly 

increases the risk of sporadic and hereditary breast and OC via mutation and subsequent 

loss of function of two proteins involved in HR pathway, BRCA1/2 (Girolimetti et al., 

2014). Repair via HR is initiated by the recognition of DSB by ataxia telangiectasia 

mutated (ATM) and ataxia telangiectasia and Rad3 (ATR) kinases which phosphorylate 

downstream targets including, BRCA1, p53, H2AX etc. Acting as a scaffold, BRCA1 

assembles other proteins - MRE11, RAD50, and NBS1 – in a complex called MRN 

complex to the site of repair. This complex resects the DNA and aids the formation of 

3’overhangs. At this stage, BRCA2 binds the resected overhang and recruits RAD51 

proteins, which facilitates strand invasion of the homologous DNA strand; thereby aiding 

recombination with the sister chromatid and error-free repair. Germline mutations in 

BRCA1 and BRCA2 halts the recruitment of RAD51 and other critical HR proteins, thus 

rendering HR dysfunctional (Rassool and Tomkinson, 2010). 

In the case of a dysfunctional HR pathway, DSBs can be repaired by alternate 

mechanisms that are often highly error-prone. These include the classical DNA-PKcs 
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dependent non-homologous end joining (c-NHEJ) and the alternative NHEJ (alt-NHEJ). 

All forms of NHEJ involve joining of DNA ends, which does not require DNA sequence 

homology, and ranges from being an error-prone to highly error-prone mechanism 

depending upon the number of insertions and deletions at the site of DNA break 

(Hartlerode and Scully, 2009; Khanna and Jackson, 2001; Lieber, 2008). c-NHEJ 

involves the recognition of DNA DSBs with Ku70/80 that recruits the other components 

such as DNA-dependent protein kinases catalytic subunits (DNA-PKcs), Artemis, 

XRCC4, and DNA Ligase IV (Oksenych et al., 2013; Rassool and Tomkinson, 2010; 

Patel et al., 2011). It is also known that defects in this pathway are associated with 

resistance to chemotherapy, including PARP inhibitors, and may contribute to the 

genomic instability and development of resistance in ovarian cancer (McCormick, 2013). 

Previous studies have provided evidence that in HR deficient cells, PARP inhibition or 

PARP knockdown enhances the error-prone c-NHEJ activity by inducing 

phosphorylation of DNA-PKcs targets (Patel et al., 2011). In contrast, Alt-NHEJ is a 

highly error-prone version of NHEJ that involves the recruitment of DNA repair proteins 

such as PARP-1, MRN, WRN, and DNA Ligase IIIa/XRCC1, resulting in larger DNA 

deletions and insertions with longer tracts of microhomology and high chromosomal 

translocations (Nussenzweig and Nussenzweig, 2007; Rassool and Tomkinson, 2010). 

Previous studies have also shown this pathway to be upregulated in cancers; whereas, 

DNA-PKcs dependent pathway is down regulated (Rassool and Tomkinson, 2010; 

Sallmyr, 2008; Tobin et al., 2012, 2013) 

Recently, the concept of BRCAness has brought a different perspective to 

understanding the potential molecular targets for OC. BRCAness is defined as a 
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phenotypic trait that some sporadic tumors share with tumors of BRCA1/2 germ-line 

mutation carriers. It is known that about 55% of sporadic high-grade serous OCs and 

about 14% of Triple Negative Breast Cancers (TNBC), BRCA1 is silenced via 

methylation of its promoter. Several studies have also revealed that mutations in repair 

enzymes involving the early steps of HR pathway will lead to defective HR, even with an 

intact BRCA gene (Michels et al., 2014). Defects in enzymes such as ATM, ATR, CHK1, 

RAD51, Aurora A, EMSY amplification, Fanconi Anemia (FA) genes, MRN (MRE11, 

NBS1, NBS1) complex, PTEN, ETS, and PARPBP (PARP Binding Protein) will also 

create synthetic lethality when combined with PARPis (Fig. 1). In fact, studies show that 

PTEN has been implicated as one of the most mutated tumor suppressors in cancer and 

its defect affects HR (Javle and Curtin, 2011). In addition to HR, post replication repair, 

FA pathway, polymerase beta (Polβ), and flap endonuclease 1 (FEN1) are also exploited 

as potential targets due to their critical function in repairing trapped PARP-DNA 

complexes (Murai et al., 2012). As a result, the therapeutic potential of PARP inhibitors 

as single agents has been suggested to expand beyond mutations in BRCA1 or BRCA2. 
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SSBs	resulting	from	DNA	
damage 
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Fig 1. Synthetic Lethality model. DNA damage leading to SSB can be repaired by Base Excision 
Repair (BER) pathway by recruiting PARP. In the presence of PARP inhibitor, a collapsed 
replication fork is created leading to DSB. DNA DSBs can be repaired by Homologous 
Recombination (HR) or a more error prone Non-Homologous End Joining (NHEJ), leading to 
repaired DNA and cell survival. Cells that are BRCA-mutated with no functional HR are highly 
sensitized to PARP inhibitors, resulting in chromosomal instability, cell-cycle arrest, and eventually 
cell death. 
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PARP Inhibition – A Synthetic Lethal Event in Ovarian Cancer 

Endogenous and exogenous DNA damaging agents cause DNA lesions that may 

compromise genomic integrity. Different DNA repair pathways have evolved to fix the 

lesions or enable apoptotic cell death to occur so that DNA sequence errors such as 

mutations are not passed on to the daughter cells. One of the enzymes that is activated in 

response to DNA damage is PARP. Normally the baseline level of PARP-1 is low, but  in 

the presence of increased DNA strand breaks, its level has been found to be up-regulated, 

playing an increased role in cancer growth and survival (Virag and Szabo, 2002; Nosho 

et al., 2006). PARP-1 has three major domains that are important in DNA damage repair. 

These include its three zinc-finger domains in the N-terminus of the protein that sense 

and bind to recognize DNA strand breaks. An auto-modification domain that serves as a 

regulatory segment and consists of a BRCA motif that serves as an interaction motif 

between PARP-1 and other DNA repair machinery, and a C-terminal catalytic domain 

that contains a NAD+ binding domain for its catalytic function (Fig. 2). 

 

Figure 2. PARP interaction domains. DNA Binding Domain allows DNA binding. Automodification 
Domain allows protein-protein interaction for recruitment and binding of PARP-1 and other DNA 
repair machinery. Catalytic Domain contains an active site that allows NAD+ binding domain that 
aids the catalytic function of PARP-1, PARylation. 
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There are 17 distinct members in this PARP family of enzymes, among these are 

PARP-1, PARP2, and PARP3 which are known to be more involved in cellular responses 

to DNA damage repair, DNA transcription, cell cycle regulation, inflammation, hypoxic 

response, spindle pole function, genomic stability maintenance as well as cell death 

(Robert et al., 2013; Michels et al., 2014; Lupo and Trusolino, 2014; Weaver and Yang, 

2013). PARP-1 is the most abundant of the members of the PARP family with a highly 

conserved structural and functional organization, and historically known as a sensor of 

DNA nicks, contributing to single-strand break (SSB) repair; thereby maintaining 

genomic stability (Michels et al., 2014). PARP2 has some overlapping functions similar 

to PARP-1 and some reports have shown PARP3 involvement in DNA repair, mitotic 

spindle integrity, and telomerase regulation (Boehler et al., 2011; Fernandez-Marcelo et 

al., 2014; Lupo and Trusolino, 2014). 

Binding of PARP-1 to DNA leads to the posttranslational modification of histones 

H1 and H2B and chromatin relaxation to increase DNA accessibility (Javle and Curtin, 

2011; Dantzer et al., 2006). Successive additions of ADP-ribose form a long branched 

chain of poly (ADP) ribose) PAR leading to increased negative charge and its 

dissociation from DNA break shows that repair is completed (Satoh and Lindahl, 1992; 

Javle and Curtin, 2011). This high negative charge is required to form a framework that 

recruits other repair proteins that are essential to various pathways such as base excision 

repair (BER) and chromatin remodeling (Javle and Curtin, 2011; DeMurcia et al., 1994; 

Ahel et al., 2009). Other studies revealed that overexpression of DNA-binding domain of 

PARP-1, which does not possess the catalytic domain for PARylation, is sufficient to 
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sensitize cancer cells to DNA damaging agents and that PARP inhibitors might be 

synergistic with conventional DNA-damaging agents (Michels et al., 2014). 

Recent therapy in hereditary OCs with BRCA1/2 DNA repair defects using PARP 

inhibitors has shown promising results, but follow-up studies have suggested that PARPis 

be used in combination with other drugs for greater efficacy (Oza et al., 2015, Despierre 

et al., 2010). PARP-1 is a critical factor in repair of SSBs, e.g. via base excision repair 

(BER) pathway. Inhibition of SSB repair from PARP inhibition leads to the formation of 

DSBs during DNA replication, which require a functional HR pathway to repair. 

Therefore, cells with defective HR are unable to repair DSBs, ultimately leading to 

apoptotic cell death (Fig. 1). This concept is known as synthetic lethality, meaning that 

absence of PARP or BRCA alone has little or no effect, however absence of both leads to 

a lethal effect. PARP inhibitors have been exploited in cases with HR defective mutant 

BRCA1 and/or BRCA2, to kill these tumor cells. The mechanism behind how PARP 

inhibitors work is not clearly elucidated, but several research studies have suggested 

potential models of synthetic lethality with PARP inhibitors in BRCA-deficient. Some of 

the discussed explanations include: reduced BER activity in the absence of HR that leads 

to increased accumulated DNA DSBs, PARP-1 trapping at the site of DNA damage that 

restricted access of other repair proteins, inability to recruit HR by PARP- dependent 

BRCA1 recruitment, and activating NHEJ – an error-prone repair pathway – in BRCA 

deficient cells (DeLorenzo et al., 2013). One model that is closely examined in this work 

is the trapping of PARP-1 at the site of damage (Fig. 3). This model suggests that 

trapping of PARP-1 at the site of damage prevents access of DNA repair factors that 
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leads to collapsed replication fork, resulting in DSBs and eventually cell death in HR-

deficient cells (Murai et al., 2012). 

 

Figure 3. Edited schematics from Murai et al., 2012 showing inhibitory mechanism of PARP 
inhibitors. 1.) Catalytic inhibition: in which SSB repair is inhibited leading to DSBs that either 
requires HR or NHEJ pathway. 2.) Trapping of PARP-DNA Complex: this complex reduces access 
of other repair proteins leading to collapse replication fork that requires repair pathways such as 
FA, HR, TS, ATM, FEN1, and Polβ. 
 

Role of DNA methylation in ovarian cancer and use of demethylating agents as therapy     

One of the several changes that affect gene expression is DNA methylation. 

Methylation of DNA by DNA methyltransferases (DNMTs) to the 5-position Cytosine 
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(Ghoshal et al., 2005). Hypomethylation of certain regulatory DNA sequences have been 

shown to increase expression of proto-oncogenes leading to genomic instability, 
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transcriptional activities in the genome. There are three enzymatically active members of 

DNMT family – DNMT1, DNMT3A, DNMT3B. DNMT1 is the main enzyme 

responsible for maintaining replication, whereas DNMT 3A and 3B are mainly functional 

in de novo DNA methylation (Mostowska et al., 2013). 

Quite a number of genes including the canonical BRCA1 gene have been shown 

to be hypermethylated and down-regulated in ovarian cancer, leading to repressed genetic 

information and loss of function (Despierre et al., 2010; Balch et al., 2009). P53, K-RAS, 

ß-catenin, and PTEN are some of the other genes that are deregulated in all-histological 

types of ovarian cancer (Despierre et al., 2010; Balch et al., 2009). Aberrant 

hypermethylation on CpG islands of DNA repair enzyme genes, and cell cycle control 

results in transcriptional silencing patterns similar to ovarian cancer when compared to 

normal cells (Despierre et al., 2010). Several other genes such as HSulf-1, DLEC1, 

RASSF1A, ARH1, ARLTS1, PALB2, SPARC, ANGPTL2, CTGF are also found 

methylated and altered in ovarian cancer (Despierre et al., 2010; Balch et al., 2009). 

These hypermethylated genes are associated with molecular, clinical, and pathological 

features found in ovarian cancer. Additionally, chemo-resistance at disease relapse, such 

as seen in cells resistant to platinum chemotherapeutic drug analogs, are associated with 

CpG methylation (Despierre et al., 2010). Several studies have show increased level of 

DNMT1 and DNMT3B mRNAs in certain subset of ovarian cancer cells as compared to 

normal cells (Ahluwalia et al., 2001). Even more importantly levels of DNMT1 have 

been shown to be increased in serous ovarian cancer tumor cells with correlation to E-

cadherin promoter methylation in ovarian cancer metastasis (Cheng et al., 2011). These 

studies point to the importance of DNMT inhibitors (DNMTis). After DNMTis are 
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metabolized, they become substrates for DNA replication machinery and get incorporated 

into DNA, where they have been used as substitutes for cytosine (Ghoshal et al., 2005). 

The incorporation of DMNTi blocks the initiation of methylation by DNMT and DNMT 

trapped on the DNA, thus compromising DNA replication and triggering DNA damage 

signaling, that involves PARP recruitment. This mechanism of DNMT trapping might 

make it possible for PARP-1 to also be trapped at the site of DNA damage. As a result, 

DNA methyl transferase inhibitors (DNMTis), which inhibit the enzymatic activity of 

DNA methyl transferases, have been developed for use in cancer treatment. Some of the 

DNMTis identified include: 5-aza-2’-Deoxycytidine (5-AZA), Zebularine, Procaine, 

Procainamide, and Decitabine (DAC) have been shown to reactivate TSGs that are 

silenced by promoter methylation action of DNMTs (Ghoshal et al., 2005). In fact, 

studies show that there are significant effects when demethylating agents are used in 

platinum drug resistant patients to restore platinum drug sensitivity (Azad et al., 2013). 

Although high dose DNMTis have been shown to be relatively toxic (Gnyszka et al., 

2013), recent studies have shown that low doses of this inhibitor (nM) are effective in 

causing enough cell death when combined with low dose of PARPis (Tsai, 2012). These 

studies provide an avenue to potentially target DNMTs hyper-methylation activity that 

has been correlated with silencing of TSGs in ovarian cancer. 

While low doses of DNMTis are likely to lead to demethylation of 

hypermethylated genes, demethylation of key negative regulators in DNA repair may 

generate decreased expression in some cases that could lead to synthetic lethality in 

concert with PARP inhibitors. Alternatively, DNMTis and combination with PARPis 

could lead to enhanced PARP trapping, since DNMT1 and PARP-1 interact (Ha et al., 
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2011, O’Hagan et al., 2011, Caiafa et al., 2009). In this thesis, we will explore the 

possibility of using low doses of DNMTi in combination with PARPis as a potential 

therapeutic strategy in OC. We have found that the use of low dose of more potent 

PARPi (BMN-673) in treatment of ovarian cancer cells results in significantly increased 

cell death. We also found that PARP-1 is significantly enhanced in chromatin following 

low dose combination treatment of DNMTi and PARPi, suggesting a possible mechanism 

by which the increased presence of PARP trapped at the site of damage causes the cell 

death. This increased PARP trapping correlates with increased apoptosis in both cell 

lines. This suggests that trapping PARP at the site of damage potentially prevents access 

of repair factors; therefore, resulting in death of ovarian cancer cells. In addition, we have 

developed and optimized luciferase expressing OC cell line models for potential use of 

this inhibitor combination in vivo.   
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Proposed Hypothesis and Specific Aims 

This study will test the central hypothesis that the use of DNA demethylating agents will 

sensitize ovarian cancer cells especially BRCA wild type cells to the most potent PARP 

inhibitors when used in combination. 

The Specific Aims are as follows: 

Specific Aim 1: Determine the biological effect of combination treatment (PARP 

inhibitor BMN-673 and DNMT inhibitor 5-AZA) in ovarian cancer cell lines.  

A.) Determine the optimal doses of 5-AZA and/or BMN-673 that will lead to 

significant killing of ovarian cancer cells. 

a. Colony Formation 

B.) Determine the mechanism of cell death post treatment using optimal doses. 

a. Assess the extent of PARP trapping on chromatin after combination 

treatment 

b. Examine the effects of dual treatment on apoptosis 

Specific Aim 2: Establish a luciferase-based xenograft model of ovarian cancer and 

optimize conditions for measuring tumor formation. 

A.) Express luciferase by lentiviral transfection in two ovarian cancer cell lines with 

the goal of measuring OC growth more accurately in-vivo  

B.) Optimize conditions for OC cell growth in-vivo. 
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CHAPTER II: 

DETERMINE THE BIOLOGICAL EFFECT OF COMBINATION 

TREATMENT PARP INHIBITOR TALAZOPARIB (BMN-673) AND 

DNMT INHIBITOR (5-AZA) IN OVARIAN CANCER CELL LINES. 

DNMTi and PARPi combination treatment shows decreased clonogenicity in 

cultured O.C cells 

With covalent trapping of the DNA-PARP-1 complex correlating to cytotoxicity 

of PARPis as one of the mechanisms by which PARP inhibitors work (Murai et al., 

2012), we decided to perform clonogenic assays to test the effect of low dose BMN-673 

in the presence of 5-AZA on two different OC cell lines. A2780 and TYKNU cells were 

treated for 7days (Fig. 4) during which DNMTi 5-AZA (500nM and 250nM) respectively 

were replenished everyday and PARPi BMN-673 (1nM and 2.5nM in each cell lines) was 

added every 3 days for both cell lines with fresh medium. 

Fig 4. Seven days combination treatment regimen. Ovarian Cancer cells were treated for 
7days. 5-AZA was treated each day for 7days allowing proper incorporation into the DNA 
and BMN-673 was treated every 3 days for 7days. 

 
These drug combinations significantly decreased clonogenicity of OC cells in comparison 

to single drug treatments (Fig. 5). Since PARPi’s have been shown to be effective 

specifically in BRCA-mutant cancers, we believe that the combination treatments of 

DNMTi and PARPi could be an effective strategy for utilization of PARPi in BRCA-wt 

cancers. A2780 cell line appears moderately more sensitive to the combination treatment 

COLONY SURVIVAL 7-DAYS TREATMENT REGIMEN

Day	0
(plate	cells)

5-AZA	(AZA)	+	BMN-673	(BMN)
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AZA+BMN
Day	1 Day	7
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than TyKNu cell line. Treatments of A2780 with 500nM 5-AZA in combination with 

1nM and 2.5nM BMN-673 leads to significant (p<0.005, p<0.01) reduction in colonies 

(Fig. 5a). Similarly, treatment of TyKNu with 250nM 5-AZA in combination with 1nM 

and 2.5nM BMN-673 also leads to significant (p<0.005) reduction in colonies (Fig. 5b) 

when compared with single treatment of 5-AZA alone or BMN-673 alone. 
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Fig. 5a. Colony survival in ovarian cancer cells after treatment with DNMTi and PARPi. i.) Graphs 
of % colonies relative to untreated cells in A2780 when treated with 5-AZA (500nM) and BMN-673 
(1nM). ii.) Representative colony plate of both single treatments and combination treatment shown 
above. iii.) Graphs of % colonies relative to untreated cells in A2780 when treated with 5-AZA 
(500nM) and BMN-673 (2.5nM). Three independent experiments performed in duplicates are 
represented, mean ± SEM #p<0.005, by ANOVA, significance is shown as combination treatments as 
compared to single treatment. 
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Fig 5b. Colony survival in ovarian cancer cells after treatment with DNMTi and PARPi. i.) Graphs of 
% colonies relative to untreated cells in TyKNu when treated with 5-AZA (500nM) and BMN-673 
(1nM). ii.) Representative colony plate of both single treatments and combination treatment shown 
above. iii.) Graphs of % colonies relative to untreated cells in A2780 when treated with 5-AZA 
(500nM) and BMN-673 (2.5nM). Three independent experiments performed in triplicates are 
represented, mean ± SEM #p<0.005, by ANOVA, significance is shown as combination treatments as 
compared to single treatment. 
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Combination of DNMTi and PARPi showed increased PARP trapping in chromatin 

in Ovarian Cancer cells 

The most potent class of PARPis such as BMN-673 have been shown to also trap 

PARP-1 in chromatin by forming a cytotoxic DNA-PARP-1 complex (Murai et al., 2012, 

Murai et al., 2014). Further, since DNMTi can lead to trapping of PARP-1 in chromatin, 

we were interested in determining whether low doses of 5-AZA and BMN-673 in 

combination would lead to a further increase in PARP trapping and cytotoxic double 

strand breaks (DSBs). Using a previously established low dose 72-hour treatment 

protocol (Tsai et al., 2012), A2780 cells were treated with 5-AZA (500nM) and BMN-

673 (1nM). Indeed, our results showed increased PARP-1 bound to chromatin, indicating 

PARP trapping, in combination treatment versus each single agent alone, following 72-

hours combination drug treatment (Fig.6a). 
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Fig. 6a. Western blotting for PARP-1 and histone H3 (loading control) in chromatin fractions from 
untreated cells (ctrl) and drug treated cells A2780 post 72hrs treatment with 5-AZA (500nM) and 
BMN-673 (1nM). i.) Panels shows graph of fold change relative to 1nM BMN-673. ii.) Panel shows 
representative western blot. Three independent experiments are represented, mean ± SEM *p<0.05, 
by ANOVA, combination treatments vs. PARPi, (1nM BMN) is significant, but not significant to 
DNMTi (500nM 5-AZA) with p=0.17. 
 
While combination treatments show significantly increased PARP entrapment compared 

to single drugs at 3 days, TyKNu cells do not show increases in PARP trapping at day 3 

post-treatments (data not shown). We hypothesized that the doubling rate of cell lines 

contributes to the biological effects of respective drug treatments since both DNMTis and 

PARPis exhibit higher potency in cells undergoing active replication. Doubling rates of 

A2780 and TyKNu are ~24h and ~48h respectively. Indeed, TyKNu cells also showed 

significant PARP trapping following 6days treatment with low dose of 5-AZA (250nM) 

and BMN-673 (2.5nM) (Fig. 6b). 

 

ii.) 
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Fig. 6b. Western blotting for PARP-1 and histone H3 (loading control) in chromatin fractions from 
untreated cells (ctrl) and drug treated cells TyKNu post 6days treatment with 5-AZA (250nM) and 
BMN-673 (2.5nM). i.) Panels shows graph of fold change relative to 2.5nM BMN-673. ii.) Panels 
shows representative western blot. Three independent experiments are represented, mean ± SEM 
*p<0.05, by ANOVA, combination treatments vs. PARPi, (2.5nM BMN) is significant, but not 
significant to DNMTi (500nM 5-AZA), p= 0.13. 
 
These results together suggest that the Increased presence of PARP-1 in chromatin may 

prevent access of DNA repair factors to sites of DNA breaks, leading to a decreased 

repair activity. We next tested whether increased PARP trapping from the combination 

treatment correlates with an increase in DNA DSB formation in cells, in the form of 

γH2AX (gamma H2AX), and whether that can explain increased cytotoxicity in cells 

from these drugs. We assess the induction of γH2AX via western blot. To our surprise, 

following 3day and 6day drug treatments (in A2780 and TyKNu, respectively) cells do 

not exhibit increased formation of γH2AX after combination treatment (Fig. 7a and 7b). 
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Although these results suggest that increased formation of DNA DSBs do not explain the 

cytotoxic effects of combination drug treatments, we will evaluate that 

immunofluorescence estimation of γH2AX foci in the future will reveal whether DNA 

DSBs are increased following combination therapy in OCs.  

 

Fig. 7a. γH2AX induction densitometry analysis of A2780. Showing no difference in γH2AX 
induction when comparing combination drug treatment with single treatment. 
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Fig. 7b. γH2AX induction densitometry analysis of TyKNu. Showing no difference in γH2AX 
induction when comparing combination drug treatment with single treatment. 
 

Combination of DNMTi and PARPi induced increased cell apoptosis in comparison 

to single agent treatments in O.C cell lines 

Apoptosis, a cell death controlled program, plays an important role in the 

pathogenesis and disease progression of ovarian cancer and also in its treatment. It is also 

a very reliable biomarker to evaluate therapeutic efficacy. In an attempt to further 

elucidate the mechanism behind the increased cell death seen in the clonogenic assay 

(Fig. 5), we determined to check if the drug combination is causing cell death via cellular 

apoptosis.  
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Fig. 8a. Annexin V/7AAD stain showing increased early apoptotic cell death in A2780 when treated 
with low doses of 5-AZA (500nM) and BMN-673 (1nM). Apoptosis was detected by staining with 
Annexin V-APC and 7AAD. Graph shows analysis of total apoptosis at which cells bind Annexin V 
while excluding 7AAD. Representative flow plot shown in the bottom panel. Experiments in 
triplicates are represented, mean ± SEM *p<0.05 by ANOVA, combination treatments vs. single 
treatments. 
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Fig. 8b. Annexin V/7AAD stain showing increased early apoptotic cell death in TyKNu when treated 
with low dose of 5-AZA (250nM) and BMN-673 (2.5nM). Apoptosis was detected by staining with 
Annexin V-APC and 7AAD. Graph shows analysis of total apoptosis at which cells bind Annexin V 
while excluding 7AAD. Representative flow plot shown in the bottom panel. Experiments in 
triplicates are represented, mean ± SEM *p<0.05, by ANOVA, combination treatments vs. single 
treatments. 
 

Apoptosis assay using Annexin V–Allophycocyanin (Annexin V-APC) combined 

with flow cytometry offers a unique advantage in that it allows analysis in single cells. As 

a result, we evaluated total apoptosis of A2780 and TyKNu by Annexin V-APC / 7-

aminoactinomycin (7AAD) staining and flow cytometry. Results showed that while 

apoptosis is induced by 5-AZA and BMN-673 alone, combination treatments yield 

significantly higher rates of apoptosis compared to the single treatment cells (Fig. 8a and 

8b). BMN-673 inhibited A2780 (Fig. 8a) and TyKNu (Fig. 8b) proliferation and 
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promoted apoptosis, and this effect is significantly enhanced in combination with 5-AZA 

with a 6-fold increase in A2780 (Fig. 8a) and about 4-fold increase in TyKNu (Fig. 8b). 
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CHAPTER III:  

ESTABLISH A LUCIFERASE-BASED XENOGRAFT MODEL OF 

OVARIAN CANCER AND OPTIMIZE CONDITIONS FOR 

MEASURING TUMOR FORMATION  

Express luciferase by lentiviral transfection in A2780 and TyKNu 

To optimally study A2780 and TyKNu cell lines in xenograft models and to 

measure ovarian cancer growth more accurately in-vivo as a confirmation of our in vitro 

findings, we next established O.C. cells that stably express YFP+, using lentiviral 

transduction. A set of 6-well plates were incubated with cells, virus, and polybrene, to 

increase transduction efficiency, while on other set of plates were incubated with cells 

and polybrene alone serving as control. After two replication cycles, about 48hrs for 

A2780 (Fig. 9a) and 96hrs for TyKNu (Fig. 9b). YFP+ cells were collected and single 

cell sorted into 96-well plates in a sterile environment using flow cytometry (UMGCC 

Flow Core) and analyzed using Diva software. Cells (A2780 and TyKNu) were then 

cultured in the 96-well for about 4-6 weeks yielding highly purified YFP+ cells. Single 

cell clones were selected and transferred to a 6-well plate to grow after checking them 

under fluorescent microscope. True clones of A2780 (Fig. 9a) and TyKNu (Fig. 9b) 

YFP+ cells from the 6 well plate were reanalyzed using flow cytometry for true YFP 

positivity and then transferred into a T-25 and T-75. Cells were tested for mycoplasma 

before been injected in the mice. 
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Optimize conditions for ovarian cancer cell growth in vivo 

After mycoplasma testing, cells were then injected via i.p in the mice at 3million, 

5million, and 7million and imaged every 7 days for tumor growth using Xenogen 

Imaging machine. In mice with tumors generated from YFP+ - A2780 cells, tumor growth 

was too fast for the study (Fig. 10b) with high photon intensity. A2780 cells were re-

injected in mice with 0.5million and 1million in order to optimize conditions for cell 

growth in-vivo, but tumor growth was too fast for this cell numbers (data not shown). 

3million, 5million, and 7million TyKNu cells were also injected in the mice for 

optimization, but cell number is too high for the study (data not shown). 0.5million and 

1million were then re-injected in the mice for optimization and as indicated in (Fig. 10a), 

injection of 0.5 million YFP+ - TyKNu cells in mice presented an optimal number for 

imaging tumor growth and the rate of growth appears to be optimal for a potential study 

involving combination drug treatments with DNMTi and PARPi in the future. With 1 

million cells injection, because of the lack of mice, we cannot statistically evaluate 

whether the tumor growth is optimal. Ideally, we expect tumor cells to grow slowly over 

at least 30 days in order to monitor tumor growth and account for effective treatment. 
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Fig. 9a. Flow cytometry analysis showing profile of true YFP+ A2780 sorted cells. Sorted cells were 
reanalyzed and result shows that >99% of selected clone were YFP+. 
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Fig. 9b. Flow cytometry analysis showing profile of true YFP+ TyKNu sorted cells. Sorted cells were 
reanalyzed and result shows that >99% of selected clone were YFP+. 
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Fig. 10a. Pilot study showing TyKNu cell gradual growth over 26days when injected with 0.5million 
cells and 1million cells via i.p and imaged every 7days. 
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Fig. 10b. Pilot study showing A2780 cell growth phase after 15days when injected with 3million cells, 
5million cells, and 7million cells via i.p and imaged every 7days. 
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DISCUSSION AND FUTURE DIRECTION 

Ovarian cancer still remains one of the leading gynecological causes of death in 

women because a majority of patients are diagnosed late and with advanced disease. 

While treatment of ovarian cancer has improved due to early diagnosis and preventive 

measures, there’s still the need for better treatment options with late-stage advanced 

ovarian cancer because many cancers are aggressive with limited therapeutic options. 

Current treatment modalities that include chemotherapy regimen of platinum compounds 

and taxane have shown some efficacy, but there have been reported issues of toxicity, 

relapse, and resistance. With an increased need for better therapeutic regimen for this 

disease, PARP inhibitors were developed and Olaparib was approved as a fourth-line 

therapy for women with BRCA1/2 mutation who have gone through at least 3 rounds of 

the current chemotherapy treatment without any improvement. Its efficacy has been seen 

in breast and ovarian cancer patients with hereditary deletion of BRCA1/2 (Farmer et al., 

2005), but not in BRCA1/2-proficient patient. This effectiveness of PARP inhibitors in 

BRCA1/2 mutant cells has spurred the development of several other PARP inhibitors, 

including BMN-673, a potent PARP inhibitor, and clinical testing of these molecules. 

An important event that allows us to consider this novel combination therapy is 

that PARP-1 interacts with DNMTs and can be co-immunoprecipitated (Caiafa et al., 

2009). Also, cells treated with DNMT inhibitors have been shown to trap DNMTs onto 

the DNA, which can further activate and enhance PARP-1 recruitment and retention in 

chromatin as a normal repair mechanism for SSBs (unpublished data Rassool lab). Based 

on these ideas, we decided to explore the possibility of combining DNMT inhibitors with 

a potent PARP inhibitor – BMN-673 – with the anticipation that this interaction will 
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allow an increased trapping of DNA-PARP-1 complex in chromatin, increase the 

presence of PARP-1 and DNMT1 at site of DSBs, and eventually enhance the cytotoxic 

effects on ovarian cancer cells in vitro and potentially in vivo. 

Inactivation of BRCA1/2 has been shown to predispose patients to breast and 

ovarian cancer as well as other malignancies and the use of PARP inhibitors in an event 

of synthetic lethality has suggested an attractive path for targeting tumor suppressor 

defects such as BRCA1/2 (Lupo and Trusolino, 2014). As a result, PARP inhibitors such 

as Olaparib, Veliparib, and MK-4827 have been developed and examined as a single 

agent or in combination with already available chemotherapeutic agents such as 

carboplatin and paclitaxel. Several of these clinical studies report adverse events such as 

alopecia, nausea, neutropenia, diarrhea, headache, neuropathy, but in a mild-to-moderate 

intensity (Oza et al., 2015). In phase II trials with Olaparib in combination with 

Cediranib, an anti-angiogenic agent in BRCA mutant ovarian cancer patients, there was a 

median progression free survival (PFS) of 17.7 months as compared to 9 months with 

Olaparib alone and 16.5 months as compared with 5.7 months in BRCA wild-type 

patients with about 24% response rate, but increased adverse effect of fatigue, diarrhea, 

and hypertension (Liu et al., 2014). These data suggest that PARP inhibitors in 

combination with chemotherapeutic agents might not be well tolerated. In a Phase Ib/IIa 

clinical study with DNMTi (decitabine and azacytidine) in combination with carboplatin 

for women with platinum refractory/platinum sensitive high grade ovarian cancer, report 

shows that 1 out of 29 women have compete response while 3 of 29 partial responses 

(Brown et al., 2014). This suggest that ovarian cancer treatment with DNMTi are found 
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to be in effective alone. As a result, the efficacy of PARPi needs to be augumented in 

combination with other therapies and DNMTi appear to be good candidate. 

The majority of OC have intact BRCA genes and PARPis and DNMTi as single 

therapies or combination have failed. However, the possibility exists that low doses of 

DNMTis (Tsai, 2012) may increase expression of negative regulators of DSB repair that 

may work in concert with PARPis to result in synthetic lethality. Our results show that 

when OC cells are treated with combinations of 5-AZA (DNMT inhibitor) and BMN-673 

(PARP inhibitor) there is a significant decrease in clonogenicity, compared with single 

agent treatments (Figs. 5a and 5b). While demethylation of genes could certainly play a 

role in mechanisms for the above effects, our data suggests that treatment with low dose 

5-AZA and low dose BMN-673 is sufficient to induce cytotoxicity in O.C cells and 

induce enhanced PARP trapping – a signature mechanism for PARP inhibitor in both O.C 

cell lines. Our data also suggests that there are different time points for this event to 

occur. Within 72hours, the combination drugs already cause significant increases in 

PARP trapping (Fig. 6a) in A2780, but took 6 days for drug combination to induce PARP 

trapping in TyKNu cells (Fig. 6b).  

One potential rationale for these observations is the difference in the replication 

cycle (doubling time) of the cells. A2780 has a faster replication cycle, with doubling 

time of about 27 hrs while TyKNu replicates more slowly with a doubling rate of about 

every 43 hrs (Yoshiya, 1989). DNMTi have to be incorporated in an actively replicating 

cell to cause damage that leads to PARP-1 recruitment, and inhibiting PARP-1 

recruitment mediates cytotoxicity and PARP trapping effects when the combination 

therapy is used. This suggests that increased effect of cytotoxicity may be dependent 
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upon the rate of cell replication. These observations suggest that the persistent presence 

of PARP-1 in chromatin after the combination treatment may be critical in blocking 

access to DNA repair machinery, playing an important role in toxicity. In an attempt to 

further elucidate the mechanism of cell death seen in clonogenic assay, we performed 

apoptosis assay using Annexin V–Allophycocyanin (Annexin V-APC) combined with 

flow cytometry. This assay offers a unique advantage as it allows the analysis of each 

single cells that are affected by the drug treatment. Our analysis of the apoptosis assays 

shows a significant increase in the percentage of cells stained by Annexin V (Fig. 8a and 

8b). This suggests that combination drug treatment cause DNA damage in cells; thereby, 

driving cells towards apoptotic machinery. Although there is a statistically significant 

increase number of cell death shown by percent annexin-V positive values (Fig. 8a and 

8b), we are not sure whether it is biologically relevant because there are few cells 

undergoing aopotosis. Perhaps the other small percentage of cells not undergoing 

apoptosis are undergoing cytostatic effect. 

 While the presence of γH2AX would have confirmed an increased DNA DSB and 

perhaps correlate PARP trapping with hindered access to the SSB repair machinery, the 

fact that we did not observe an increase in γH2AX might suggest that either 1) drug 

treatment is causing DNA DSBs at later time points with higher replication cycles or 2) 

that cytotoxic effects of increased PARP trapping and apoptosis are from mechanisms 

other than DNA DSB formation. γH2AX induction is considered a marker for DSBs and 

foci are reported to be formed within minutes at sites of DSBs to ensure proper DNA 

damage response (DDR) and to maintain genomic stability (Nakamura et al., 2010). For 

proper DDR, γH2AX foci formed are needed to recruit repair factors and to facilitate 
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their accumulation at the site of damage, suggesting that γH2AX is needed for rapid DDR 

signaling (Nakamura et al., 2010). Thus, a technical explanation of our observations is 

that we need to monitor γH2AX foci formation, rather than measurement of the nuclear 

levels of the protein as we have conducted. An immunofluorescence assay looking at the 

possibility of foci formation in these cells after treatment will be considered for future 

directions. Another possible reason is timing. γH2AX induction is within minutes after 

exposure to DNA damage (Kinner et al., 2008); therefore, there might be a need to 

perform a timed experiment to capture the appropriate time when γH2AX is induced.  

We believe that DNA lesions from PARP trapping may get recognized by various 

pathways that are independent from the classical DSB repair mechanisms. Such pathways 

include base excision repair pathway (BER), nucleotide excision repair pathway (NER), 

and DNA-protein crosslinks (DPCs) pathway. BER is essential for replacing damaged 

bases in the DNA. This pathway is initiated by damage recognition via DNA 

glycosylases, creating abasic sites, following several cascade of events that involve the 

removal of damaged base, recognition of a nick created by the apurinated site formed and 

recruitment of DNA polymerase beta to fill the gap with the correct nucleotide (Robert 

and Rassool, 2012). Similar to BER, the NER pathway is different in the repair factors 

recruited to the site of damage. This pathway is activated by a protein complex XPC-

RAD23B that recruits other repair factors such as TFIIH, XPA, XPF-ERCC1, XPG, 

DNA polymerase eta or gamma, and DNA ligase that are necessary in recognizing, 

incising, filling, and sealing the damage in the DNA (Robert and Rassool, 2012). DPCs 

are a very toxic to the DNA because their exceptional bulkiness interferes with essential 

DNA transactions such as transcription and replications and its repair may be essential 
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for tumor suppression, but whether there is a repair pathway is still unknown (Stingele 

and Jentsh, 2015). Studies have shown that DPCs might be repaired by repair pathways 

such as NER or HR (Barker et al., 2005). Some studies have shown that DPC-inducing 

agent such as 5-AZA can induce RAD51-loci formation that depends on Fanconia 

anemia-dependent HR pathway for proper repair (Orta et al., 2013).  

All of our data suggest that the potential of PARP inhibitors and DNMT inhibitors 

may improve clinical efficacies particularly when combined in low doses in ovarian 

cancer cells, especially BRCA-proficient OC where there has been evidence of non 

activity in a phase 2 clinical study with platinum-resistance ovarian cancer patients. 

These findings also highlight the possibility that the combination treatment traps PARP-1 

by decreasing its dissociation from DNA (Murai et al., 2012). The combination of 

DNMTi and PARPi conducted in AML cell lines suggests that the combination of 5-AZA 

and Olaparib cause synthetic lethality (Orta et al., 2014). Many clinical trials have 

examined PARPi as monotherapy or in combination with other chemotherapeutics for 

BRCA-mutant breast and ovarian cancer patients and in other solid tumors such as 

pancreatic, colorectal, and cervical cancer (DeBono et al., 2013). Report shows that 

toxicities from PARPi monotherapy or combination with other chemotherapeutic agents 

is similar to that seen in cytotoxic chemotherapeutic agents (DeBono et al., 2013). Our 

study shows a novel therapeutic option for BRCA wild-type ovarian cancer patients, 

suggesting an approach to expand the function of PARPi beyond targeting BRCA mutant 

patient population. 

There are other mechanisms that may also play a role in generating significant 

cell death with the inhibitor combination. While our model suggests that the combination 
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treatment entraps PARP and DNMT, leading to cell death, future studies will investigate 

different possible targets of the combination treatment. We will investigate the potential 

repair pathways involved in resolving DNA lesions from PARP trapping in chromatin, 

giving more insight into mechanism by which both BRCA-wt and BRCA-mutant ovarian 

cancer can be treated effectively, and perhaps aid in the development of a better 

therapeutic strategy for O.C treatment. Consequently, looking into major components of 

pathways such NER, BER, and DPCs might highlight the possible mechanisms by which 

cell death is occurring in these cell lines (Fig. 11). Secondly, future studies will also look 

at cancer stem cell population as the drugs might potentially target the stem cells and 

decrease their ability to proliferate; thus resulting in a cytostatic effect rather than a 

cytotoxic effect (Fig. 11). Testing the drug combination in ovarian cancer mouse 

xenografts will illuminate the potential translational effects of combination therapy with 

DNMTi and PARPi.  
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Fig. 11. Schematics representing potential mechanism of cytotoxicity with DNMTi and PARPi 
combination. This models suggests there are other possibilities that might result to the decreased 
clonogenicity in cultured cells as seen with the drug combination. 
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MATERIALS AND METHODS 

Cell culture and Drugs 

Ovarian Cancer cell lines A2780 were cultured in RPMI-1640 + 2mM L-Glutamine 

(MediaTech, Inc) and 1% penicillin-steptomycin (pen-strep) supplemented with 10% 

Fetal Bovine Serum (FBS, Sigma-Aldrich) at 37oC and 5% CO2. Medium were filtered 

sterilized. TykNu were a kind gift from Dr. Stephen Baylin (Johns Hopkins University) 

cultured in Eagle’s Minimal Essential Medium (EMEM) supplemented with 10% FBS at 

37oC and 5% CO2. 

5-Azaytidine (5-AZA, Sigma-Aldrich) was prepared at 500uM in PBS without Ca2+ and 

Mg2+. PARP inhibitor (BMN-673, Talzoparib, Medivation, San Francisco, CA) were 

prepared in Dimethylsulfoxide (DMSO – solvent) prepared at 5mM. Final concentration 

of DMSO did not exceed 0.1% and did not interfere with the assays. 

Colony forming assay 

A2780 cell was plated at 500cells/ml in 6 well plate with 2mL media and TyKNu was 

plated at 1000cells/ml in 6well plate with 2mL media. Cells were plated in duplicates, 

treated with BMN-673 and 5-AZA on the following day after cell and incubated for 7 

days. BMN-673 was treated every 3days with fresh media, while 5-AZA was 

supplemented everyday. Colonies were stained with 0.05% crystal violet solution, 

incubated in room temperature for 20 minutes, and thoroughly washed off with 1X PBS. 

Stained cells were counted using a colony counter (Synbiosis, Frederick, MD). Results 

(fold change compared to ctrl treatment) were representative of the mean +/- SEM of 

three independent experiments. 
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Nuclear Extracts, Chromatin extracts, and PARP trapping assay 

Cells were washed twice with PBS prior to preparation of nuclear and chromatin extracts. 

Extraction of chromatin-bound proteins was performed using the protocol for the 

subcellular protein fractionation kit for cultured cells (Thermo Fisher Scientific, 

Waltham, MA), with minor modifications. Micrococcal nuclease digestion was carried 

out for 30 mins at 37oC. The volume of micrococcal nuclease and CaCl2 (100mM) added 

was 8ul/100ul and 3ul/100ul respectively. Protein concentration was measured using 

Bradford reagent (Sigma) according to manufacturer’s instructions. Western blotting 

assessed relative PARP-trapping. 

Western Blot 

Proteins were loaded onto 4-15% SDS-PAGE gel (Bio-Rad laboratories), transferred on 

PVDF membrane e9GE (Life Sciences) and blots were washed in Tris Buffered Saline-

0.1% Tween 20 (TBST) three times, blocked in TBST comtaining 5% non-fat dry milk 

for 1hr. Primary antibodies were applied overnight at 4oC on a rocking platform. Blots 

were washed 3 times and secondary antibodies were added for 1hr followed by 3 washes. 

Blots were probed with antibodies PARP-1 rabbit monoclonal (1:1000, Cell Signaling), 

H3 rabbit polyclonal (1:30000, Sigma), yH2AX (1:500 Milipore). Membranes were 

developed using enhanced chemiluminescence (ECL) made by mixing 1mL/membrane 

100mM Tris HCl pH 8.0, 2ul/membrane Hydrogen peroxide, 5ul/membrane Luminal, 

and 2.5ul/membrane Coumaric acid. Bands were quantified using ImageJ software 

(NIH). 

Ovarian Cancer Xenograft 

Female nude mice were housed with free access to food and water and used for A2780 

and TyKNu xenograft studies. As tumor starts to grow after intraperitoneal (IP) injection 
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in a 200ul volume. Tumor incidence and volume was measured quantitatively by Perkin 

Elmer IVIV Xenogen Imaging System. On the day of imaging, mice are injected IP with 

150mg/kg luciferin and then anaesthetized with the inhalant isoflurane. Mice are placed 

in the xenogeny imaging chamber within 5minutes of injection. Photon intensity is 

measured, recorded, and plotted. 

Apoptosis Assay 

Cells collected in a 15mL tube after trypsinization and centrifugation were rinsed with 

1mL 1X PBS (w/o Ca2+ and Mg2+) and supernatant discarded. Cell pellets were 

suspended in 1mL 1X Annexin–V binding buffer and then incubated in fluorochrome-

conjugated Annexin V–Allophycocyanin (Annexin V-APC) at 4ul/100ul of the cell 

suspension for 30minutes. Cells were washed with 1mL 1X Annexin–V binding buffer 

after incubation and suspended in 4ul/200ul 7-aminoactinomycin (7-AAD) viability 

staining solution. Apoptosis was measured by flow cytometric determination of Annexin 

V-APC positive population (BD Bioscience, San Hose, CA) at UMCC Flow Core. 

Absorbance was defined at 590nM. Total Apoptotic cells were calculated by combining 

the percentage of cells undergoing early apoptosis with cells undergoing late apoptosis. 

Statistical Analysis 

Statistical analysis for biological assays were performed using one factor ANOVA. 

Plotting of results were performed using MS Excel. Response rates are specified as a 

percent with 95% confidence limits. Statistical significance was declared for a 2-tailed 

p<0.05 (*), p<0.01 (**), and p<0.005 (#). 

Lentiviral transduction and YFP+ selection 

A2780 were cultured in RPMI-1640 + 2mM L-Glutamine (MediaTech, Inc) and 1% 

penicillin-steptomycin (pen-strep) supplemented with 10% Fetal Bovine Serum (FBS, 
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Sigma-Aldrich) at 37oC and 5% CO2. Medium were filtered sterilized. TykNu were 

cultured in Eagle’s Minimal Essential Medium (EMEM) supplemented with 10% FBS at 

37oC and 5% CO2. On the day of transduction, actively growing cells were plated at 

4x105cells/ml in a 6 well plate with 2mL media. 0.5ul polybrene (8mg/ml stock) and 20ul 

(YFP+luc lentivirus) was added to well. Mock well has polybrene, but not virus. After 2 

replication cycles, YFP+ signal was checked under fluorescence microscope. 

Flourescence-activated cell sorting (FACS) was performed to single cell sort percentage 

of cells expressing YFP+ signal and YFP+ cells were placed into 96well plates in a sterile 

condition. After 2 weeks, single sorted cells in the 96 well plates were checked for YFP+ 

signal. Wells with more than 1 YFP+ signal clone were excluded as cells that reasonably 

stay together or not far apart with similar YFP+ intensity are believed to originate from 1 

cell. YFP+ cells that are believed to originate from a single clone were selected and 

transferred into 24 well plates with 1mL media. Once cells were about 50% confluent, 

they were transferred from 24 well plates to a new 12 well plates then to 6 well plate for 

expansion. Cells were checked under the microscope each time they were passaged for 

fluorescence to ensure that they were from a single clone with the same YFP intensity. 

Cells were checked with FACS for uniformity (single peak). Cells were tested for 

mycoplasma, expanded in T-75 and frozen down.  
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