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Abstract 

Title of Dissertation: Regulation of Alt-NHEJ Repair and Devising Novel Targeted 

Therapies Involving PARP1 in Triple Negative Breast Cancer 

Khadiza Chowdhury, Doctor of Philosophy, 2015 

Dissertation Directed by:  Feyruz. V. Rassool 

    Associate Professor, Radiation Oncology 

    University of Maryland    

 

Triple negative breast cancers (TNBCs) are one of the most clinically 

challenging sub-types of breast cancers with high genomic complexity and 

heterogeneity making it difficult to devise targeted therapies against them. 

Deficiency in repair of potentially lethal DNA double strand breaks (DSBs), 

including deletions/mutations of BRCA1/2 homologous recombination (HR) repair 

genes are associated with acquisition of chromosomal aberrations and 

translocations that can lead to disease progression. Recent studies in TNBCs from 

the Rassool laboratory have reported elevated expressions of LIG3 and PARP1, 

components of highly error-prone alternative-non-homologous end-joining (Alt-

NHEJ) pathway for repairing DSBs. Thus, deficient HR is thought to lead to 

compensatory repair of DSBs by Alt-NHEJ, likely leading to genomic instability. In 

addition, the Rassool Laboratory has reported that increased Alt-NHEJ may be a 

mechanism for survival in TNBCs. However, the mechanism through which TNBCs 

regulate Alt-NHEJ is not understood. Elevated levels of PARP1 make TNBCs 

potential therapeutic targets for PARP inhibitors (PARPi) that are known to 

catalytically inhibit DNA repair functions of PARP1 as well as trap PARP1 in 

chromatin, forming cytotoxic DNA-PARP1 complexes. However, clinical trials 



involving PARPis as single agents of treatment of BRCA-deficient or BRCA-

proficient TNBCs have failed to demonstrate sustained responses, suggesting that 

PARPis may need to be combined with other therapies. In addition to exhibiting 

high levels of PARP1, our preliminary data demonstrate that TNBCs express 

increased levels of DNA methylation factor, DNA methyl transferase 1 (DNMT1). 

In addition, PARP1 has been reported to interact with DNMT1, and these above 

observations suggest that a combination treatment of PARPi and DNMTi might 

enhance anti-tumor responses in TNBCs. 

In this study we investigated in both BRCA -proficient and -deficient TNBCs: 

i) mechanism(s) underlying Alt-NHEJ regulation and ii) determined whether 

therapy using PARPi and DNMTi enhance anti-tumor effects, in vitro and in vivo, 

compared with administration of PARPis alone. The first part of our investigation 

led to the discovery that the oncogene C-MYC which is frequently upregulated in 

TNBCs, is a transcriptional regulator of Alt-NHEJ components, LIG3 and PARP1, 

resulting in upregulation of Alt-NHEJ activity in TNBCs. In the next part of our 

study, we devised a promising new strategy to improve the efficacy of PARPi when 

combined with DNMTi in TNBCs. Combination treatment showed significant 

reduction in clonogenicity and strong anti-tumor effects in BRCA -proficient and -

deficient cell lines and mouse xenograft models. An initial insight into the 

mechanisms for this increased sensitivity of the drug combination revealed a 

significant increase in PARP1 trapping which correlates with increased levels of 

cytotoxic DSBs. Thus our study provides compelling pre-clinical results suggesting 

that TNBCs with elevated PARP1 and DNMT1 levels are potential targets for 



PARPi and DNMTi combination treatment. Since both drugs are in clinical use, 

these studies lay the groundwork for the development of clinical trials to treat these 

devastating diseases. 
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Chapter 1: Introduction 

Breast Cancer: a leading cause of death in women 

Breast cancer is a major health problem afflicting millions of lives around the globe. 

It is a malignant tumor that initiates within the ducts and lobules of the breast and 

spreads within the surrounding tissue (Weigelt, Geyer, & Reis-Filho, 2010). Every 

year about 1.4 million breast cancer patients are diagnosed worldwide (Tao et al., 

2014). According to the American Cancer Society’s estimate about 220,000 

women are diagnosed with breast cancers every year in the United States alone 

and about 40,000-65,000 of these patients die from the disease (Engel & 

Kaklamani, 2007) (Ahmad, 2013). Even though breast cancer in men is very rare, 

an estimated 2100 men are also diagnosed with breast cancer each year in the 

United States (Engel & Kaklamani, 2007). With this alarming increase in breast 

cancer numbers, it has become the second leading cause of death in women 

following lung cancer (Ahmad, 2013).  Over the last two decades research in the 

field of breast cancer has made significant scientific advancements that have led 

to improved and increased disease-free survival in these patients. However, this 

is true only with early diagnosis of the disease, because once it spreads and 

metastasizes to other organs, therapeutic efficacy diminishes greatly.  

Breast cancers are primarily treated by surgically removing the tumor by 

mastectomy or lumpectomy that is either preceded by neo-adjuvant therapies or 

followed by adjuvant therapies (Sparano, 2015). The aims of neo-adjuvant 

therapies are to shrink the tumor prior to the surgical procedure making it more 
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likely for the procedure to be successful. Adjuvant therapies are treatments given 

after surgery that reduce the chances of relapse or treat any residual cancer cells 

that might have escaped surgery. Such treatments include, chemotherapies, 

radiation or targeted therapies that are prescribed according to the classification 

of the breast cancer (Sparano, 2015). 

Classifications and treatments of breast cancers 

Breast cancers are commonly classified based on their receptor statuses. About 

70-75% of the breast cancers are hormone receptors positive; these include 

estrogen (ER) and progesterone (PR) receptors (Lumachi, Brunello, Maruzzo, 

Basso, & Basso, 2013). Growth in these cancers are dictated by the amplified 

signals triggered from the interactions between the hormones and their receptors 

(McGuire, Horwitz, Pearson, & Segaloff, 1977). These cancers are treated with 

anti-estrogen therapies, such as tamoxifen (TAM), which blocks binding of 

estrogen to its receptors in the breast tissue and are usually given to pre-

menopausal women (Johnston, 2010). Aromatase inhibitors (AI), such as letrozole 

(LTLT) are more effective in post-menopausal women, as it stops production of 

estrogen in the adipose tissue which is the main source of estrogen post-

menstruation (Brodie & Long, 2001).  

Fifteen to thirty percent of breast cancers are human epidermal growth 

factor 2 (HER2) receptor positive, i.e. these cancer cells express 40-100-fold 

higher HER2 receptors, compared to normal breast tissue (Engel & Kaklamani, 

2007) (Iqbal & Iqbal, 2014). HER2 receptors are tyrosine kinases which are 
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activated by homo-dimerizing or hetero-dimerizing with HER1/3 receptors in 

response to epidermal growth factors (EGF) initiating downstream signaling 

pathways that result in cell proliferation and differentiation (Iqbal & Iqbal, 2014). An 

overexpression of HER2 receptors of this magnitude allows cells to grow and 

divide uncontrollably, making it a very aggressive type of breast cancer. A 

significant portion of the hormone-positive breast cancers also overexpress HER2 

receptors and are commonly targeted with humanized mono-clonal antibodies 

such as trastuzumab (Vu & Claret, 2012). Binding of trastuzumab to HER2 

receptors prevents receptor dimerization and can also cause receptor degradation. 

Trastuzumab is the first FDA (Food and Drug administration) approved targeted 

therapy for breast cancers (Vu & Claret, 2012).  

At some point during their malignant transformation about 15-20% of the 

breast cancers lose their expression of ER, PR and HER2 receptors and grow 

independent of the growth signals (Arnedos, Bihan, Delaloge, & Andre, 2012). 

These breast cancers do not respond to any of the hormonal or targeted therapies 

and are classified as triple negative breast cancers (TNBCs) (Arnedos et al., 2012).  

Lack of receptors makes TNBCs a therapeutic challenge. These breast cancers 

have the poorest prognosis and are treated with radiation and non-targeted 

chemotherapeutics such as cisplatin, carboplatin or other DNA alkylating agents. 

TNBCs are usually fast growing and have high incidences of early recurrence 

within the first 3-5 years after primary treatment (Pogoda, Niwinska, Murawska, & 

Pienkowski, 2013). Recurrence of the tumor usually leads to metastasis to other 
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organs such as lung, bones or even brain and survival is shorter, compared to non-

TNBC patients (Pogoda et al., 2013). 

About 5-10 % of all breast cancers are hereditary with 25% inheriting 

mutations in breast cancer susceptibility gene 1 or 2 (BRCA1 or 2), that express 

non-functional proteins (Smith & Isaacs, 2011). These are hereditary breast 

cancers with germ line mutations in the BRCA1 or BRCA2 gene which predispose 

their carriers to a 60-80% life-time risk of developing breast cancer (Welcsh & King, 

2001). BRCA1/2 are key components of the DSB repair pathway homologous 

recombination (HR) (Welcsh & King, 2001). Sporadic hyper-methylation in the 

promoter regions of these genes might also prevent expression of these proteins 

(Bouwman & Jonkers, 2012). About 75% of the BRCA deficient breast cancers do 

not express ER/PR/HER2 receptors showing a considerable overlap with the 

TNBCs (Brouckaert, Wildiers, Floris, & Neven, 2012). PARP (poly-ADP ribose 

polymerase) inhibitors (PARPi), are in clinical studies as a potential targeted 

therapy for BRCA deficient cancers (Lehmann et al., 2011) (Johnston, 2010). This 

therapeutic strategy relies on generating synthetic lethality and lethal DSBs during 

replication, discussed in more detail later in this chapter. Currently these cancers 

just like TNBCs, are also treated using radiation and non-targeted chemotherapies.  

How well an individual responds to the current treatments varies from 

patient to patient but with the advancement of breast cancer treatments the 

survival rate has also improved significantly over the years. The five year survival 

rate in TNBCs with treatment is 77%, while it is considerably longer, 93% for all 

other breast cancer subtypes (Godman, 2014). These outcomes largely depend 
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on whether at the time of diagnosis the tumor is localized to the breast only or it 

has spread to the lymph nodes or metastasized to other organs. In metastatic 

breast cancer the 5-year survival rate goes down to only 25%. Compared to other 

subtypes, TNBCs usually have a higher tendency of metastasis (Anders & Carey, 

2009). 

Breast cancer, their prevalence and current treatment strategies are summarized 

in the table below (Table 1). 

Table1: Classification of breast cancers, their prevalence and current treatment 

strategy based on their receptor status. 

Types of 
Breast Cancer 

% of the 
population 

Current Treatment Problems with 
current treatments 

ER/PR +ve 70-75 Anti-hormone targeted 
therapies such as 

tamoxifen, aromatase 
inhibitors 

Recurrence, 
resistance 

HER2 +ve 20-30 Humanized mono-clonal 
antibodies such as  

trastuzumab 

Mild toxicities, 
resistance 

TNBC, 
ER/PR/HER2   

-ve 

15-20 Radiation, Non-targeted 
chemotherapies such as 

cisplatin, carboplatin 

High toxicity, 
recurrence, 
resistance 

BRCA deficient 5-10 Chemotherapies, targeted 
therapy in development- 

PARP inhibitors 

High toxicity, 
recurrence, 
resistance 

 

Challenges of breast cancer treatments 

One of the most difficult challenges to breast cancer treatments is the drug 

resistance to current therapies. Patients exhibit two kinds of resistance, i) de novo 
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resistance i.e. some patients fail to show any response to the drugs from the very 

beginning of the treatment and ii) others may acquire resistance after showing 

initial signs of improvement, but over time become refractory to therapy (Rivera & 

Gomez, 2010). In addition, many of the current therapies demonstrate short-term 

or long-term side effects. For instance, prolonged exposure to tamoxifen increases 

risk of uterine cancer in ER+ breast cancer (Swerdlow, Jones, & British Tamoxifen 

Second Cancer Study Group, 2005). Non-targeted chemotherapies exhibit high 

toxicities in the normal cells and have many severe to moderate side effects. The 

other major concern in the treatment of breast cancer is the recurrence of the 

disease within a few years of initial treatment.  Recurrence is one of the major 

clinical concerns and the principal cause of death among breast cancer patients 

(Ahmad, 2013).  

One mechanism through which patients acquire resistance to targeted 

therapies is due to cells up-regulating alternate pathways that compensate for the 

one targeted by the drug (Szakacs, Paterson, Ludwig, Booth-Genthe, & 

Gottesman, 2006). This almost always occurs as a result of single drug therapy, 

which is the current treatment strategy with targeted therapies. Therefore, a large 

number of the current cancer research strategies focus on developing combination 

therapies to target cancer (Ahmad, 2013). However, this will require a deeper 

understanding of the dynamics between the deregulated pathways in cancer and 

compensatory mechanisms to overcome this therapy.  
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DNA repair pathways are commonly deregulated in breast 

cancers 

One of the most commonly deregulated pathways in breast cancers are DNA-

repair pathways (Hromas, 2011). Breast cancers have mutations in their genome 

indicating some form of abnormal DNA repair has occurred, which can either be a 

result of defective DNA repair genes or decreased function of normal repair 

activities (Hromas, 2011). Cancer cells replicate faster than normal cells and 

encounter several-fold higher replication-associated DNA damage. Due to 

defective repair pathways these cancer cells develop reliance on alternative forms 

of repair for survival (Bouwman & Jonkers, 2012) which is a weakness of the 

cancer cells and might be exploited as targets for therapies (Rassool & Tomkinson, 

2010) (Bouwman & Jonkers, 2012).  

The genomes of mammalian organisms are constantly exposed to various 

genotoxic insults (Hoeijmakers, 2001) and one of the most deleterious forms of 

damage is the DSB (Huhn, Bolck, & Sartori, 2013). DSBs occur due to damage 

from endogenous reactive oxygen species (ROS) generated during metabolic 

processes or from unrepaired single strand breaks (SSBs) during replication, as a 

result of replication fork stalling (Cadet & Wagner, 2013). Exogenous sources of 

DNA damage, such as ionizing radiation (IR) or chemotherapeutic drugs are also 

responsible for creating DSBs. Correct repair of DSBs particularly during 

replication, allows cells to survive without any adverse effects. However, 

inaccurate repair of DSBs might lead to mutations in the genome (Cadet & 



8 
 

Wagner, 2013) (Woods & Turchi, 2013). To maintain genomic integrity cells have 

evolved a highly complex and well-coordinated DNA repair systems, whose 

function is to repair DSBs as accurately as possible, and trigger cell cycle arrest or 

cell death in the event of such failures (Fig 1-1) (Huhn et al., 2013) (Hoeijmakers, 

2001).  

Genomic instability 

In normal tissue, growth and genomic integrity is tightly regulated by making sure: 

i) replication of DNA occurs with high fidelity at S-phase, ii) chromosomes are 

accurately divided in daughter cells during mitosis, iii) error-free repair of sporadic 

DNA damages occur throughout the cell cycle and iv) cell cycle check points are 

Figure 1-1: Schematic showing DNA damage, repair mechanisms and their 

consequences. 

(Hoeijmakers,J.H. 2001) 
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functional and can induce senescence or cell death to prevent abnormal replication 

of DNA (Shen, 2011). A defect in any of these processes will gives rise to genomic 

instability leading to neoplastic transformation of the cells and accumulation of 

more of these alterations over a series of cell divisions transforming the cells into 

cancerous (Shen, 2011). Therefore genomic instability is both a driver as well as 

a consequence of tumorigenesis. The aftermath is gene amplification or deletion, 

rearrangements of chromosomal segments, gain or loss of an entire chromosome 

or an entire set of chromosomes (aneuploidy) (Kwei, Kung, Salari, Holcomb, & 

Pollack, 2010; Shen, 2011).  

DNA double strand break (DSB) repair pathways  

There are two primary DSB repair pathways in mammalian cells, HR and classical 

non-homologous end-joining pathway (C-NHEJ) (Huhn et al., 2013) (Fig 1-2). HR 

repairs replication-associated DSBs at late S and G2 phases in the cell cycle 

(Saleh-Gohari & Helleday, 2004). It utilizes the homologous sister chromatid as a 

template for the DSB repair and is considered an error-free pathway (Saleh-Gohari 

& Helleday, 2004). In contrast, the C-NHEJ pathway repairs DSBs by directly 

joining the two broken DNA ends, without any sequence homology, and with very 

minimal processing leading to small deletions or insertions (Chiruvella, Liang, & 

Wilson, 2013). Therefore, C-NHEJ is considered an error-prone pathway that is 

present throughout the cell cycle, but is predominant in the G1 phase (Mao, 

Bozzella, Seluanov, & Gorbunova, 2008). 
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Alternative Non-homologous End Joining (Alt-NHEJ) is an 

alternative and highly error-prone form of DSB repair  

More recently an alternative form of DSB repair has been reported, known as 

alternative non-homologous end-joining pathway (Alt-NHEJ), which exists at low 

levels in normal cells, but is elevated in cancer cells (L. Li, Robert, & Rassool, 

2011) (Powell & Bindra, 2009) (Fig 1-3A). Alt-NHEJ has been reported to be a 

back-up repair pathway when other DSB repair mechanisms are impaired or 

overwhelmed by excessive DNA damage. Some studies have also reported Alt-

NHEJ as a competitor of C-NHEJ (Dueva & Iliakis, 2013). One of the 

characteristics of Alt-NHEJ is repair of DSBs using micro-homologous (MH) DNA 

sequences, i.e.,  DNA end-joining occurs at small regions of homologous 

Figure 1-2: Schematic showing components of homologous recombination 

(HR) and classical non-homologous end joining (C-NHEJ) pathways. 

Adapted from (Li, L. 2011) 
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sequence, aligning the strands at these MH regions, and resecting all the 

intervening bases (Dueva & Iliakis, 2013) (Fig 1-3B). If end-joining occurs between 

DSBs on the same chromosome, but are far apart, then it will result in large DNA 

deletions. If DSBs occur on two different chromosomes, then end-joining increases 

the chances of chromosomal translocations (Dueva & Iliakis, 2013). Therefore, Alt-

NHEJ is considered highly error-prone and is associated with genomic instabilities 

in cancers, including leukemia and breast cancer (Muvarak, Kelley, Robert, Baer, 

Perrotti, Gambacorti-Passerini, Civin, Scheibner, & Rassool, 2015b). In these 

cancers, the expression levels of essential C-NHEJ proteins such, Ku70 and LIG4 

are reduced. In contrast, the expression levels of Alt-NHEJ components, such as 

LIG3 and PARP1 are elevated (Dueva & Iliakis, 2013) (Fig 1-3A). One of the recent 

reports from the Rassool laboratory, by Lisa Tobin, et, al., has shown that TNBC 

cell lines, MDA-MB-231 or tamoxifen (TAM) and AI- letrozole (LTLT) resistant cell 

lines have increased levels of LIG3 and PARP1, while levels of Ku70 and LIG4 are 

reduced, when compared to non-tumorigenic breast epithelial cell line, MCF10A 

(Tobin et al., 2012) (Fig1-3C, D).  
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B 

Figure 1-3: Components of Alt-NHEJ pathway are upregulated in cancer cells. 

(A) Schematic showing C-NHEJ and Alt-NHEJ pathways in cancer cells vs 

normal cells. (B) Schematic diagram showing the process of direct end joining vs 

micro homology (MH) mediated end joining. (C and D) Alt-NHEJ components, 

LIG3 and PARP1 are upregulated in tamoxifen resistant (TAM), letrozole 

resistant (LTLT) and TNBC, MDA-MB-231 breast cancer cells. 

A C 

D 

 

(Zha,S. 2009) 

 

(Li, L. 2011) 

(Tobin,L.A. 2012) 

Adapted from (Tobin,L.A. 2012) 
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Alt-NHEJ components, LIG3 and PARP1 promoters have potential 

binding sites for oncogene C-MYC 

PARP1 and LIG3 as mentioned above are two important components of the Alt-

NHEJ repair pathway. PARP1 has been shown to interact with the Mre11 nuclease 

of the MRN (Mre11/Rad50/Nbs1) complex and CtIP (CtBP interacting protein) 

which promotes resection of the DNA at the break site as the initial steps of Alt-

NHEJ (Chiruvella et al., 2013). Once the resection exposes the MH region creating 

3’ overhangs, the two strands are aligned at the MH region and ligated with the 

help of LIG3. FEN1 (flap endonuclease 1) removes the overhanging DNA strands 

leading to deletions of DNA bases (Chiruvella et al., 2013; L. Li et al., 2011). An 

area of Alt-NHEJ which still requires considerable attention is the mechanism of 

how Alt-NHEJ is upregulated in cancer and what the upstream regulators are. 

Recently Rassool lab has found that Tyrosine kinase (TK) activated leukemia have 

an upregulated level of Alt-NHEJ and an overexpression of oncogene C-MYC 

(Muvarak, Kelley, Robert, Baer, Perrotti, Gambacorti-Passerini, Civin, Scheibner, 

& Rassool, 2015a). They also show that C-MYC has binding sites in the promoter 

regions of LIG3 and PARP1 and can transcriptionally regulate expressions of both 

LIG3 and PARP1 proteins, contributing to the error-prone repair by Alt-NHEJ in TK 

activated leukemia. As mentioned above Rassool lab has also shown 

overexpression of LIG3 and PARP1 in TNBC, MDA-MB-231 (Tobin et al., 2012).  

Therefore this raises the question if C-MYC is potentially responsible for elevated 

levels of Alt-NHEJ components in TNBCs contributing to the genomic instability in 

these cancers.  
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Role of BRCA1/2 in repair of DSBs in hereditary breast cancers  

BRCA1 is involved in multiple cellular processes but its role in HR pathway is the 

major mechanism that contributes to its tumor suppressor activities (Zhang, 2013). 

BRCA1 and BRCA2 are essential for HR pathway activity, and mutations in these 

genes are associated with a high risk of malignancies in the breast (Welcsh & King, 

2001). HR is responsible for the repair of DSBs from stalled or damaged replication 

forks. BRCA1 is one of the first proteins to be recruited to the sites of DSB at 

H2AX foci, initiating the processing of damaged DNA ends for other repair 

proteins such as BRCA2 and RAD51 to access the sites of damage (Welcsh & 

King, 2001) (Zhang, 2013). BRCA2 mediates formation of RAD51 foci at DSBs and 

strand invasion of the template strand which is an essential step for repair by HR 

(Zhang, 2013).  

              Inheritance of BRCA1 or BRCA2 mutation in hereditary breast cancer 

predisposes the carriers to the disease (Petrucelli, Daly, & Feldman, 1993) 

because cells deficient in DSB due to defective HR, exhibit characteristic 

chromosomal breaks, abnormalities and aneuploidy (Welcsh & King, 2001; Zhang, 

2013). Accumulation of such genomic alterations form the basis of pathogenesis 

and increases risk of developing cancer. BRCA1 or BRCA2 due to having a high 

density of repetitive elements in their genes are also susceptible to somatic 

alterations (Welcsh & King, 2001). 
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Role of PARP1 in DNA repair in BRCA-deficient cancers 

PARP1 is part of a super-family of PARP proteins that function in DNA damage, 

DNA repair, chromatin modification and transcriptional regulation (Swindall, 

Stanley, & Yang, 2013). PARP1 is the most extensively studied protein of the 

PARP family and it includes three domains, a zinc finger DNA binding domain, a 

catalytic domain and an auto-modification domain (Prasad et al., 2014) (Fig 1-4). 

The catalytic domain catalyzes synthesis of poly-ADP-ribose (PAR) molecules 

from the donor nicotinamide adenine dinucleotide (NAD+) which are added to 

PARP1 itself and its target proteins in a process known as PARylation (Prasad et 

al., 2014). PARylation is very important for many cellular processes, including the 

DNA damage response, DNA repair, chromatin modification, transcription and cell 

death (M. Y. Kim, Zhang, & Kraus, 2005). 

PARP1 is primarily known for its SSB repair function in the base excision 

repair (BER) pathway which removes damaged DNA bases with the help of DNA 

glycosylase and APE (apurinic/apyrimidinic endonuclease) enzymes, creating a 

SSB intermediate in the process. (Wang et al., 2006). PARP1 is recruited to the 

SSB site as an early DNA damage response protein and initiates PARylation of 

repair proteins, recruiting them to the SSB site (Y. J. Kim & Wilson, 2012) (Swindall 

et al., 2013). Auto-PARylation of PARP1 allows it to leave the DNA damage site, 

enabling access to the other repair proteins, to complete repair (Prasad et al., 

2014).  
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As discussed in an earlier section, PARP1 is also an important component 

of the Alt-NHEJ pathway and it has been reported to compete with the C-NHEJ 

proteins Ku70 and Ku80 for binding to the DSB site, which is mostly won by Ku 

proteins in normal cells (Wang et al., 2006). However, in cancer cells, elevated 

levels of PARP1 increase the chances of PARP1 binding to the DSB site, thus 

initiating repair by Alt-NHEJ.  

Since BRCA-mutated cancers are deficient in replication-associated DNA 

damage repair by HR, the significance of SSB repair mechanisms is increased. 

Any SSB left unrepaired will cause replication fork stalling, resulting in formation 

of DSBs in S-phase of the cell cycle, exerting considerable replication stress on 

these cells (Mazouzi, Velimezi, & Loizou, 2014). During excessive stress the cell 

can trigger cell cycle arrest giving the repair machinery more time to repair all the 

DSBs before the DNA is duplicated and the genetic information is passed onto its 

daughter cell (Mazouzi et al., 2014). If the repair machinery fails to repair these 

DSBs, as in HR-deficient BCs, apoptosis will be triggered. Recent studies show 

that MH mediated Alt-NHEJ that also repairs end-resected DSBs, increases in S-

phase. Thus, Alt-NHEJ also has the potential to compensate for the lack of HR in 

Figure 1-4: Diagram showing structural domains of PARP1. 

 

(Kim,M.Y. 2005) 
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BRCA-deficient cancers (Truong et al., 2013). Since PARP1 plays major roles in 

both BER and Alt-NHEJ, therefore a functional PARP1 protein is essential for the 

survival of BRCA- deficient cancer cells. 

Synthetic Lethality of PARP inhibitors in BRCA deficient and Alt-

NHEJ proficient breast cancers 

Deficiency in BRCA1 or BRCA2 make these cancers highly sensitive to PARPis in 

a mechanism known as synthetic lethality (Smith & Isaacs, 2011). Synthetic 

lethality by definition means that a combination of mutations in two genes in a 

pathway is lethal but cells will survive with a mutation in any one of these genes 

(Kaelin, 2005).  Therefore, when a drug targets a protein in this synthetic lethal 

pathway, then a mutation in the other gene in this pathway will affect only the 

cancer cells, but not the normal cells because they do not have the mutation. When 

PARP1 is inhibited, both BER and Alt-NHEJ will be affected making BRCA1/2- 

deficient cells highly vulnerable to any kind of DNA damage, leading to apoptotic 

cell death (Frizzell & Kraus, 2009) (Fig 1-5A). TNBCs with intact BRCA genes but 

with elevated levels of Alt-NHEJ, respond to PARPis, but only when treated with 

inhibitor of Alt-NHEJ protein DNA ligase 3, L67, decreasing clonogenicity by more 

than 50%, and reducing Alt-NHEJ repair activity (Fig 1-5B) (Tobin et al., 2012). 

This indicates that the Alt-NHEJ pathway provides a survival advantage to these 

cells, and that Alt-NHEJ may be an attractive therapeutic target. 
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S-phase 

Figure 1-5: Synthetic lethality of PARPi in HR deficient and Alt-NHEJ proficient 

cells (A) Intact (Int) BER can repair SSBs leading to cell survival. Defective (def) 

BER, increased base damage by ROS or PARP inhibition can lead to SSBs that 

persist into S-phase, leading to replication fork collapse and potentially lethal DSBs 

in HR deficient cells (green arrows). HR deficient cells with high Alt-NHEJ can 

repair the DSBs leading to cell survival. But PARPis will inhibit Alt-NHEJ preventing 

HR deficient cells to repair DSBs leading to cell death. (B) TNBC, MDA-MB-231 is 

highly sensitive to a combination treatment of LIG3 and PARP inhibitors showing 

decrease in colony survival while the non-tumorigenic breast epithelial cell line, 

MCF10A does not show any effect.  

 

A 

B 

 

 

 

(Tobin,L.A. 2012) 

Prepared by F Rassool. 2015 
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Mechanisms of PARPis: 

The discovery of synthetic lethality with inhibition of PARP spurred the 

development of potent PARPis. The main target of PARPis is inhibition of 

PARylation.  Some PARPis are analogues of NAD+ and competitively binds to the 

catalytic domain of PARP1 preventing PARylation. Without auto-PARylation 

PARP1 cannot leave the site of damage, nor can the repair proteins gain access 

to it for repair (Murai et al., 2012) (Fig 1-6A). However, some PARPis bind to 

PARP1 causing allosteric changes in the protein, tightly binding it to the chromatin, 

and preventing its release. Both these mechanisms can cause PARP trapping in 

chromatin which is associated with the formation of cytotoxic DNA-PARP 

complexes (Murai et al., 2012) (Fig 1-6A). One of the recent studies though claims 

that the PARP trapping occurs only due to catalytic inhibition without any allosteric 

changes in the PARP structure (Hopkins et al., 2015)  

Catalytic inhibition of PARP1 causes unresolved SSBs leading to DSBs 

during replication that are repaired by HR in HR-proficient cells (Murai et al., 2012). 

Therefore cells defective in HR are sensitive to PARPis, as described above. 

However PARP trapping is a complex form of PARP inhibition and removal of the 

trapped PARP bound to the chromatin is not a simple one-step process, and 

besides HR, it also requires assistance from other repair pathways, such as the 

Fanconi Anemia pathway (FA) and Translesion synthesis pathway (TS) (Murai et 

al., 2012) (Fig 1-6B). Therefore, cells deficient in any of these other pathways will 

also show sensitivity to this kind of PARP inhibition. This is a concept defined as 

BRCAness, when a collective mutation in some sporadic cancers give rise to traits 
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of BRCA deficient tumors (Turner, Tutt, & Ashworth, 2004) (Muggia & Safra, 2014). 

PARPis that are potent PARP trapping agents and are more cytotoxic may 

increase its therapeutic application in tumors not only with BRCA deficiency but 

also in tumors exhibiting BRCAness.  

 

 

 

 

A 

B 

(Murai,J. 2012) 

Figure 1-6 Schematic showing mechanisms of PARP inhibitors. (A) Catalytic 

inhibition (1-red arrows) and PARP trapping (2-blue arrows). (B) Schematic 

showing difference in the synthetic lethality of catalytic inhibition of PARP1 (1) 

and PARP trapping (2). DSBs resulting from catalytic inhibition of PARP1 is 

repaired by HR while removal of trapped PARP requires not only HR but other 

repair pathways, FA and TS and repair proteins such as, ATM, FEN1 and POLB. 
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History of PARPis in clinical trials 

The potential synthetic lethal mechanism of PARPis have led to several clinical 

trials in BRCA1/2-mutated cancers. In one of the early clinical Phase II trials, 

PARPi olaparib showed encouraging results with more than 18 months of disease 

free survival in metastatic BRCA1 or BRCA2 mutated breast cancers (A. Tutt, M. 

Robson, J. E. Garber, S. Domchek, M. W. Audeh, J. N. Weitzel, M. Friedlander 

and J. Carmichael, 2009). Olaparib has recently shown an overall response period 

of 8 months in hereditary BRCA negative ovarian cancer and is FDA approved for 

its treatment. In another Phase II trial involving PARPi iniparib for metastatic breast 

cancer in combination with chemotherapy, results showed only marginal 

improvement of 2.5 months of overall survival in patients, compared to 

chemotherapy alone (Patel, De Lorenzo, Flatten, Poirier, & Kaufmann, 2012) 

(Sinha, 2014). Over the past years several other PARPis have been tested in 

clinical trials, and while most of the Phase II clinical trials had been promising, 

Phase III trial outcomes were less promising as it failed to show any improved 

survival or efficacy of the drugs, which have impeded the approval of PARPis for 

the treatment in breast cancers.  

However, PARPis are yet to show any improved response in Phase III trials, 

some of which are still underway for BRCA-deficient breast cancer (Matulonis, 

2015). Currently several Phase III clinical trials are on-going in metastatic breast 

cancer with germline BRCA1/2 mutation involving old generation PARPis such as 

olaparib, rucaparib, veliparib as well as newly discovered PARPi BMN 673 in 

combination with or without other chemotherapeutic agents. Only one Phase III 
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trial is on-going in early stage TNBC involving PARPi veliparib in combination with 

chemotherapy paclitaxel. Nonetheless, TNBCs have an unmet need as one of the 

biggest killers in women with breast cancers, and novel therapies are urgently 

needed for these cancers. 

Newly discovered PARPi, BMN 673 is a potent PARP trapping 

agent: 

BMN 673, commercially known as talazoparib is a new generation of PARPis 

which is a more potent PARP trapping agent compared to earlier generations of 

PARPis, such as veliparib, rucaparib and olaparib (Murai et al., 2014). A 

comparative analysis of PARP trapping was performed at various concentrations 

of olaparib and BMN 673 (0.1, 1 and 10µM) in DT40 avian cells (Murai et al., 2014) 

(Fig 1-7B). Western blotting of the chromatin fractions show that BMN 673 

exhibited higher PARP1 trapping (~100 fold) compared to olaparib or any of the 

early generation PARP inhibitors. The study also showed that BMN 673 was more 

cytotoxic in WT DT40 cells at only 0.01µM compared to PARP1 knock out, PARP1-

/- DT40 cells at 1µM (Murai et al., 2014) (Fig1-7C, D). Similar findings are seen for 

the other PARPis. This is because in absence of PARP1 protein BMN 673 fail to 

generate highly toxic DNA-PARP1 complexes suggesting that it might exhibit more 

cytotoxicity in cells with higher levels of PARP1 such as TNBCs (Murai et al., 

2014). However, due to the aggressive nature of TNBCs, BMN 673 might have to 

be combined with other drugs to enhance its effect and increase its PARP trapping 

ability. 
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Figure 1-7: BMN 673 is a potent PARP trapping agent (A) Structural diagram 

of PARP inhibitor, BMN 673. (B) Western blotting analysis of  PARP1 in 

chromatin fraction from DT40 cell line after treatment with old generation PARP 

inhibitor, olaparib (0.1, 1 and 10µM) and new generation PARP inhibitor, BMN 

673 (0.1, 1 and 10µM). H3 is used as a loading control for chromatin fraction. 

(C) Viability assay in DT40 with intact PARP1 after treatment with BMN 673 

(0.001, 0.01µM) and various concentration of methyl methane sulfonate (MMS). 

(D) Viability assay in DT40, PARP1 knock out cell line (PARP1-/-) showing 

effects of PARP inhibitors, olaparib, rucaparib and BMN 673 at 1µM after 

treatment with various concentrations of MMS. Wild type (WT) DT40 cells are 

highly sensitive to low doses of BMN 673 whereas PARP1-/- are not. 

(Murai,J. 2014) 

(Kim,M.Y. 2005) 
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TNBC, MDA-MB-231 respond to a low non-toxic dose of DNMT 

inhibitor (DNMTi) 

A recent study by the Baylin group at Johns Hopkins, showed that TNBC, MDA-

MB-231 tumor xenografts showed a modest reduction in tumor growth when 

treated with low nano-molar doses of DNMTi (DNA methyl transferase inhibitor), 

5-AZA-cytidine (AZA) (Tsai et al., 2012) (Fig 1-8A, B). DNMT1 (DNA methyl 

transferase 1) is known to transfer methyl groups to the CpG (cytosine and guanine 

rich regions) islands in the promoter regions of genes leading to gene silencing 

(Issa & Kantarjian, 2009). In many cancers hyper-methylation of promoters leads 

to silencing of tumor suppressor genes aiding in cancer progression. DNMTis are 

primarily known as epigenetic modulators as they inhibit hyper-methylation and 

restore expressions of tumor suppressor genes (Issa & Kantarjian, 2009). DNMTis, 

such as, AZA and 5-aza-2'-deoxycytidine (DAC) have shown impressive anti-

leukemic activity in myelodysplastic syndromes (MDS) and therefore are FDA 

approved for the treatment of these diseases (Issa & Kantarjian, 2009). 

DNMTis are analogues of cytidine, a nucleotide that is incorporated into the 

DNA during replication (Issa & Kantarjian, 2009). DNMT1 recognizes DNMTis 

bound to the DNA as their natural substrate and binds to these inhibitors with 

irreversible co-valent bonds that trap DNMT1 in the chromatin with formation of 

bulky DNA adducts, and inhibition of DNA synthesis during replication (Christman, 

2002). This triggers a DNA damage response resulting in the degradation of the 

DNMT1 and preventing methylation, leading to SSBs and DSBs in the process. At 
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low doses these adducts are removed, DNA is repaired and DNA synthesis is 

resumed (Christman, 2002). At higher doses DNMTis are known to be cytotoxic 

due to large amounts of DNA damage (Christman, 2002).   

Potential interactions between DNMT1 and PARP1  

Previous studies have shown that PARylated PARP1 can interact with DNMT1 and 

prevent methylation activity of DNMT1 (Caiafa, Guastafierro, & Zampieri, 2009). 

Besides its epigenetic regulation, more recently, DNMT1 has been shown to be 

rapidly but transiently recruited to the sites of laser induced DNA damage within 

minutes of the damage (Ha et al., 2011). While this observation has yet to be 

completely elucidated, it is indicative that epigenetic factors play roles in the DNA 

damage response. As described, PARP1 a known player in DNA repair is also 

recruited to the site of damage very rapidly within seconds of damage 

B 

Figure 1-8: TNBC, MDA-MB-231 xenografts respond to low dose AZA 

treatment. (A) Structural diagram of AZA. (B) In a MDA-MB-231 xenograft 

mouse model, tumor growth was reduced by treatment with 0.5,1 and 2mg/kg 

doses of AZA. Tumor growth reduced the most for lowest dose of AZA 

treatment, 0.5mg/kg. 

 

(Tsai,H.C. 2012) 

A 

(Kaminskas,E. 2005) 
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(Mortusewicz, Ame, Schreiber, & Leonhardt, 2007). Therefore there is a potential 

for interaction between these two proteins within the large DNA damage response 

complex (Fig 1-9) that can be exploited for therapy; PARPis in combination with 

DNMTis might enhance therapeutic effects in TNBCs.  

 

 

 

 

 

Figure 1-9: Schematic showing 

possible interactions between 

PARP1 and DNMT1 during a 

DNA damage response. DNMT1 

and PARP1 both function as 

DNA damage response protein 

and rush to the site of damage 

shortly after DNA damage. 

 

Adapted from (Kaminskas,E. 2005) 
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Purpose of the Study 

We now know that TNBCs have high levels of Alt-NHEJ components, LIG3 and 

PARP1 that might serve as a survival mechanism in these cells, and as a result 

may be potential targets of Alt-NHEJ factors, including PARPis. Therefore this 

thesis will have 2 two related aims:  

Specific Aim 1): Determine the mechanism(s) by which C-MYC regulates Alt-

NHEJ in TNBCs (Chapter 2). 

Specific Aim 2): Determine the role of combination of PARPi and DNMTi for 

therapy of BRCA proficient and deficient TNBCs (Chapter 3).  
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Chapter 2: Alternative Non-Homologous End-

Joining (Alt-NHEJ) is regulated by the 

oncogene C-MYC in triple negative breast 

cancers (TNBCs) 

The oncogene C-MYC is upregulated in TNBCs and has binding 

sites in the promoter regions of Alt-NHEJ components, LIG3 and 

PARP1 

In normal cells, expression of C-MYC is highly regulated throughout the cell cycle, 

as it is a key transcription factor controlling gene expression for cell-cycle, cell 

differentiation, DNA repair and apoptotic mRNA and proteins (Dang, 1999). 

However, in cancer cells C-MYC is highly overexpressed due to point mutations, 

chromosomal translocation or amplification (Dang, 1999). Therefore, an 

overexpression of C-MYC leads to a catastrophic change in the overall expression 

of the genes in the cells which also includes many DNA repair and cell cycle genes, 

causing abnormal regulation of these pathways and giving rise to high genomic 

instability in cancer cells (Z. Li et al., 2012). About one-third of all breast cancers 

are found to have elevated levels of C-MYC (Dang, 1999). A study by the national 

cancer institute (NCI) shows that more than 92% of triple negative primary tumors 

had an increased C-MYC gene score meaning that the cells of these patients had 

multiple copies of C-MYC gene (Horiuchi et al., 2012).  
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Recently Rassool lab has shown that C-MYC have several consensus 

binding sites at the E-box CACGTG, in the promoters of Alt-NHEJ components, 

PARP1 and LIG3 (Fig 2-1A) (Muvarak, Kelley, Robert, Baer, Perrotti, Gambacorti-

Passerini, Civin, Scheibner, & Rassool, 2015a), in addition to many other DSB 

repair genes (Juttermann, Li, & Jaenisch, 1994). C-MYC is also known to suppress 

C-NHEJ in human fibroblasts by binding to Ku70/Ku80 heterodimer and preventing 

it from forming complex with DNA-PKcs that is essential for C-NHEJ pathway (Z. 

Li et al., 2012) (Fig 2-1B). 

 

Figure 2-1: C-MYC has potential binding sites at LIG3 and PARP1 promoters 

(A) Schematic diagram showing potential binding sites for C-MYC at the 

promoter regions of PARP1 and LIG3. Binding sites are denoted by the 

triangles. (B) Schematic diagram showing interaction of C-MYC with Ku70/80 

complex in the C-NHEJ pathway which suppresses (red line) repair by C-

NHEJ. 

B A 

Adapted from (Dueva, R. 2013) 

Adapted from (Muvarak, N. 2015) 
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Rationale: 

Previous studies have mainly focused on understanding the role of Alt-NHEJ 

pathway and its components as a source of genomic instability in cancer cells. 

Most of these studies do not shed light on how Alt-NHEJ is regulated in cancer. 

Nevertheless, studies indicate that the oncogene C-MYC is highly upregulated in 

TNBCs, and is associated with high chromosomal translocations and genomic 

instability, which is also a feature of Alt-NHEJ repair (Tobin et al., 2012). In 

addition, the Rassool lab has shown for the first time that C-MYC can 

transcriptionally regulate LIG3 and PARP1 in AML cells (Muvarak, Kelley, Robert, 

Baer, Perrotti, Gambacorti-Passerini, Civin, Scheibner, & Rassool, 2015a). 

Therefore, we enquired whether C-MYC has a potential role in the regulation of 

Alt-NHEJ repair in TNBCs. 

Specific Aim: Determine the mechanism(s) by which C-MYC regulates Alt-NHEJ 

in TNBCs.  

Hypothesis: C-MYC regulates Alt-NHEJ repair activity in TNBCs by 

transcriptionally regulating its components, LIG3 and PARP1.  

Studies: In both BRCA -proficient and –deficient TNBCs we will: 

i) First analyze the steady state expressions of C-MYC and Alt-NHEJ components, 

LIG3 and PARP1, using qRT-PCR (quantitative reverse transcriptase polymerase 

chain reaction) and western blotting confirming that the TNBCs used in the study 

have elevated levels of C-MYC and Alt-NHEJ mRNA and proteins. 
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ii) Knock down (KD) C-MYC, using siRNA (small interfering RNA) or overexpress 

C-MYC with pcDNA3-cMYC vector and study its effect on the expressions of LIG3 

and PARP1. 

iii) Also study whether MYC KD affects binding of C-MYC to the promoters of LIG3 

and PARP1 genes using chromatin immuno-precipitation (ChIP), and also 

determine its effect on the promoter activity, using luciferase vectors integrated 

with LIG3 and PARP1 promoters.   

iii) Analyze the effect of C-MYC KD or inhibition on the activity of LIG3, using a 

nick-ligation assay, and PARP1, using PARP activity assay.  

iv) Finally, study the effect of MYC KD or inhibition on Alt-NHEJ levels, using a 

chromosomally integrated Alt-NHEJ construct. 
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Results 

TNBCs with high C-MYC expression also shows increased levels 

of Alt-NHEJ components, LIG3 and PARP1 

To determine the role of C-MYC in the error-prone Alt-NHEJ repair, we first 

examined the mRNA and protein expression levels of C-MYC and Alt-NHEJ and 

C-NHEJ components in TNBCs, MDA-MB-231 (BRCA1 proficient) and HCC1937 

(BRCA1 mutated) SUM149PT (BRCA1 mutated), in comparison to the non-

tumorigenic breast epithelial cell line, MCF10A (Fig 2-2A). In comparison to 

MCF10A, all three TNBCs were found to have significantly higher steady state C-

MYC mRNA and protein levels along with LIG3 and PARP1 (Fig 2-2 A, B and C). 

In contrast, even though mRNA expression levels of C-NHEJ components, Ku70 

and Ku80 were higher in TNBCs, their protein levels were not significantly different 

from that of non-tumorigenic control MCF10A cells. TNBCs also exhibited higher 

levels of endogenous DSBs, examined using immunostaining for phosphorylated 

H2AX (H2AX), which is an established marker for DNA DSBs (Orta et al., 2013). 

We, therefore, defined TNBC cells as “MYC high” based on levels of C-MYC 

protein expressed in comparison to MCF10A. 
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Figure 2-2: C-MYC high TNBCs have increased expressions of LIG3 and 

PARP1. (A) Western blot analysis showing expressions of Alt-NHEJ proteins, 

PARP1, LIG3 and C-NHEJ proteins, Ku70, Ku80 and DSB marker, H2AX in 

TNBCs and non-tumorigenic, MCF10A.  (B and C) Graphs showing average 

fold difference in the (B) mRNA expressions analyzed by qRT-PCR and (C) 

protein expression analyzed by western blotting, of C-NHEJ and Alt-NHEJ 

components in TNBCs compared to MCF10A. Significant differences are shown 

by the asterisks on the graphs in comparison to MCF10A. Results represent 

average of 3 repeats ± SD (standard deviation). 

**** p<0.0001 

  ***p<0.001 

     **p<0.01 

      *p<0.05 
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C-MYC regulates expression of LIG3 and PARP1 

Next, C-MYC’s role in the regulation of the expression of C-NHEJ and Alt-NHEJ 

components was studied by transient KD of C-MYC, using siRNA, followed by 

analysis of mRNA and protein levels, using qRT-PCR and western blotting, 

respectively. C-MYC KD by approximately 30-60% in TNBCs resulted in a 

significant decrease in the mRNA as well as protein levels of LIG3 and PARP1 in 

comparison to control cells transfected with scrambled siRNA. (Fig 2-3A, B). In 

contrast, C-MYC KD experiments did not significantly altered mRNA expression 

for C-NHEJ component Ku70 in TNBC cells; However, Ku80 mRNA was 

significantly decreased in HCC1937 (Fig 2-3A, B). Importantly, C-MYC KD resulted 

in a significant downregulation of PARP1 and LIG3 protein levels in TNBCs. Non-

tumorigenic MCF10A cells, showed discordant results with C-MYC KD, 

significantly decreased expression of PARP protein and upregulation of LIG3 

protein expression. We attribute to the fact that C-MYC behaves differently in 

normal cells compared to cancer cells (Horiuchi et al., 2012). Next, to determine 

whether these results were specific to downregulation of C-MYC, it was 

overexpressed by transient expression of pcDNA3-cMYC vector in MCF10A (Fig 

2-3C). This resulted in a significant increase in the expression of LIG3 and PARP1 

protein, but not Ku70 and Ku80, suggesting that C-MYC can transcriptionally 

regulate LIG3 and PARP1.  
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Figure 2-3: C-MYC regulates expressions of LIG3 and PARP1. Graphs 

showing fold changes in the expressions of (A) mRNA analyzed by qRT-PCR 

and (B) protein analyzed by western blotting, for C-MYC, LIG3, PARP1, Ku70 

and Ku80 after 48hrs of MYC knock down with siRNA in comparison to cells 

treated with non-specific scrambled siCTRL. Expressions of mRNA and 

proteins for siCTRL are normalized to 1. (C) Graph showing fold changes in 

expression of proteins analyzed by western blotting 24hrs after expression of 

pcDNA3-cMYC vector in comparison to cells treated with pcDNA3-empty 

vector. Significant differences are shown by the asterisks on the graphs in 

comparison to the empty vector. Results represent average of 3 repeats ± SD. 

**** p<0.001 

  ***p<0.001 

     **p<0.1 

      *p<0.05 
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C-MYC regulates transcriptional activity of LIG3 and PARP1 

promoters  

To investigate whether C-MYC regulates transcription of LIG3 and PARP1 by 

directly binding to their promoters, the Rassool lab has identified multiple potential 

C-MYC binding sites in the full-length PARP1 and LIG3 promoters using 

Genomatrix® bioinformatics software (Fig 2-4A) (Muvarak, Kelley, Robert, Baer, 

Perrotti, Gambacorti-Passerini, Civin, Scheibner, & Rassool, 2015a). To explore 

the hypothesis that C-MYC can regulate the activity of LIG3 and PARP1, we 

transiently transfected wild-type (WT) LIG3 and PARP1 promoters containing 

luciferase reporters (pGL4-LIG3-WT and pGL4-PARP1-WT) in 293T cells, which 

were also co-transfected 24hrs beforehand with pcDNA3-cMYC or empty vector 

controls. Transcriptional regulation of the promoters is assayed by measuring 

luciferase activity in the transfected cells. These particular experiment required 

transfection of cells with several large vectors which were not well tolerated by the 

TNBCs or MCF10A. Therefore, we elected to perform these experiments in 293T 

cell line, which have been shown to be very compatible for such assays (Sarah 

Chauvin, 2012).  

Overexpression of pcDNA3-cMYC significantly increased luciferase activity 

of both LIG3-WT and PARP1-WT promoters, relative to the promoter-less 

PGL4.10 vector indicating that C-MYC directly regulates the promoter activity of 

LIG3 and PARP1 genes (Fig. 2-4B). To determine whether these sites were  
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necessary for the regulation of these promoters by C-MYC, site-specific mutations 

were made in the E-box of C-MYC binding sites (with the highest probability as 

determined by the Genomatrix® software) in the LIG3 and PARP1 promoters 

(pGL4-LIG31-mut and pGL4-PARP1-mut), in the Rassool laboratory (Muvarak, 

Kelley, Robert, Baer, Perrotti, Gambacorti-Passerini, Civin, Scheibner, & Rassool, 

2015a). The sites mutated are shown in Fig 2-4A. Overexpression of pcDNA3.1-

MYC vector significantly (p<0.05) increased the luciferase activity for mutated LIG3 

promoter, pGL4-LIG31-mut, compared with the activity of WT promoter which was 

Figure 2-4: C-MYC transcriptionally regulate LIG3 and PARP1 promoters. (A) 

Schematic diagram showing the wild type (WT) and the mutated C-MYC binding 

sites in the full length PARP1 and LIG3 promoters (Muvarak, N. 2015). Binding 

sites and the probabilities were generated by Genomatrix® bioinformatics 

software. (B) Graph showing luciferase activity of the PGL4-LIG3 and PGL4-

PARP1 WT and mutant promoters, pGL4-LIG3-mut and pGL4-PARP-mut, after 

24hrs of expressing pcDNA3.1-Empty and pcDNA3.1-MYC vector in 293T cells. 

pRL-TK vectors are used as a transfection efficiency control, PGL4-CADp is used 

as a positive control. Significant differences are shown by the asterisks on the 

graphs in comparison to pcDNA3.1-Empty vector. Results represent average of 

3 repeats ± SD. 

 (Muvarak,N. 2015) 

**** p<0.001 

A B 
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only mildly increased. One explanation is that there are other C-MYC binding sites 

which are also important for LIG3 promoter activity. In contrast, overexpression of 

pcDNA3.1-MYC vector did not significantly alter the luciferase activity in mutated 

PARP1 promoter, pGL4-PARP1-mut, in comparison to the empty vector (Fig 2-4B) 

indicating that this particular C-MYC binding site is important for C-MYC driven 

PARP1 promoter activity.  

C-MYC directly binds to the promoter regions of LIG3 and PARP1 

To further determine whether C-MYC directly binds to the human LIG3 and PARP1 

promoters, chromatin immunoprecipitation (ChIP) assays were performed in 

extracts from MCF10A and SUM149PT cells. First, we performed immuno-

precipitation for C-MYC protein using C-MYC antibody, then performed PCR, using 

primers spanning the C-MYC-binding sites at LIG3 and PARP1 promoter regions 

shown in Fig 2-5A. The PCR products were examined on an agarose gel 

(representative blot, Fig 2-5B) and the densitometry of the bands was measured 

to generate % enrichment (% of MYC binding to the promoters relative to input). 

Our results showed amplification of LIG3 and PARP1 promoter regions, which is 

a qualitative assessment of C-MYC binding to these promoters (Fig 2-5B). 

Importantly, C-MYC binding to the LIG3 and PARP1 promoters in C-MYC high 

TNBC, SUM149PT showed a 50% enrichment, compared to MCF10A (Fig 2-5C). 

To further investigate this effect, C-MYC activity was inhibited in SUM149PT cells 

using MYC inhibitor, 10058-F4 that prevents C-MYC’s association with its activator 

MAX, resulting in blocking of C-MYC’s transcriptional activity. After 24 hrs of 
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treatment with 50µM MYC inhibitor, C-MYC’s association with LIG3 and PARP1 

promoters decreased significantly (p<0.05), indicating that C-MYC regulates 

transcription of LIG3 and PARP1 by direct association with their respective 

promoters (Fig 2-5D).  

Figure 2-5: C-MYC binds to the promoter regions of LIG3 and PARP1. (A) 

Schematic showing C-MYC binding sites amplified for ChIP. (B) Representative 

gel image of the PCR products from chromatin immunoprecipitation (ChIP) 

extracts of C-MYC binding to PARP1 and LIG3 promoter regions in MCF10A and 

SUM149PT. IgG serves as a negative control for non-specific binding of the 

antibody and H3 serves as a positive control for chromatin extracts. (C and D) 

Densitometry quantitation of PCR products from ChIP extracts of MYC binding to 

PARP1 and LIG3 promoter regions in (C) MCF10A and SUM149PT and (D) 

SUM149PT when treated with MYC inhibitor 10058-F4. % enrichment of MYC 

binding to PARP1 and LIG3 promoters are normalized relative to the respective 

inputs. Significant differences are denoted by asterisk on the graph in comparison 

to (C) MCF10A and (D) DMSO (dimethyl sulphoxide) control. Results represent 

average of 3 repeats ± SD. 

 

A B 

C 

** p<0.01 

 * p<0.05 

 

D 
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C-MYC influences LIG3 and PARP1 activity  

Next, we investigated whether deregulated expression of C-MYC also affects the 

catalytic activity of LIG3 and PARP1. To measure the activity of LIG3, an 

established oligonucleotide based nick-ligation assay was used (Fan, Li, Small, & 

Rassool, 2010). This assay measures the capacity of LIG3 and LIG1 to efficiently 

ligate a nick in two DNA oligonucleotides. When C-MYC was knocked down using 

siRNA technology, or its activity was inhibited using MYC inhibitor, 10058-F, it 

significantly reduced the nick-ligation capacity in SUM149PT protein extracts, 

indicating that the level of C-MYC influences the activity of LIG3 (Fig 2-6A, B). As 

a positive control for these experiments, T4 ligase was incubated with the protein 

extracts, which demonstrates ligated product, as shown in Fig 2-6A.  

Similarly, for the assessment of PARP1 catalytic activity, an established 

chemiluminescent immunoassay for measuring PARP1 activity was used (Ahel et 

al., 2008). This assay measures the PARylation capacity of H2AX (a substrate of 

PARP1) in cellular extracts, as a measure of PARP1 activity. When C-MYC was 

knocked down using siRNA, the amount of PARylation substantially decreased in 

extracts from both MCF10A and SUM149PT, indicating that deregulation of C-

MYC not only affects their transcripts and protein levels in these cells, but also 

affects their activity (Fig 2-6C). 
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Lane 1: no protein; Lane 2: Ligation with T4 ligase as a positive control 

SUM149PT 

Figure 2-6: C-MYC influences LIG3 and PARP1 activity. (A) Representative gel 

image of the fluorescent labeled oligonucleotide nick ligation assay in cell extracts 

of SUM149PT. (B) Densitometry analysis of the nicked ligation product over a 

period of 15, 30, 60 and 120 mins after 48hrs of siRNA MYC KD and 24hrs of 

MYC inhibition using MYC inhibitor, 10058-F4. (C) Measurement of the cellular 

PARylation activity of PARP1 on H2AX using cell extracts from MCF10A and 

SUM149PT cells after 48hrs of siRNA MYC KD. Asterisks denote significant 

difference between cell lines and as well as between siCTRL and siMYC 

treatments. Results represent average of 3 repeats ± SD. 

 

A 

B  C 

*** p<0.001 

* 
* p<0.05 

* 
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C-MYC regulates Alt-NHEJ levels 

The studies discussed in above sections demonstrate that C-MYC regulates 

expression of Alt-NHEJ components, LIG3 and PARP1. Therefore, we next set out 

to investigate whether C-MYC directly impacts the level of Alt-NHEJ activity and 

the quality of DSB repair. First, a plasmid reactivation assay was used to study the 

effect of C-MYC on the quality of DNA repair (Tobin et al., 2012). In this assay a 

DSB was created in a circular pUC18 plasmid within the β-galactosidase (β-gal) 

gene and thereafter transfected into SUM149PT cells in which C-MYC had been 

siRNA knocked down for 48hrs. Approximately 24hrs after transfection, the 

repaired plasmids were extracted and transformed into bacteria (DH5α) and plated 

on agar, containing IPTG (Isopropyl β-D-1-thiogalactopyranoside) and X-gal (5-

bromo-4-chloro-3-indolyl-β-D-galactopyranoside). Correct repair of β-gal allows 

the bacteria to express the β-gal enzyme, enabling it to metabolize the X-gal to 

form blue colonies. In contrast, if the gene was mis-repaired or incorrectly repaired, 

then no β-gal would be produced, resulting in white colonies (Fig 2-7A). SiRNA 

depletion of C-MYC decreased the percent of mis-repaired colonies by 50%, 

compared with that of mis-repaired colonies from experiments using siCTRLs. This 

significant (p<0.05) decrease in mis-repair upon C-MYC KD indicates that it plays 

a role in the mis-repair of DSBs in SUM149PT cells (Fig 2-7B).  

Next, to determine whether C-MYC depletion specifically affected micro-

homology-mediated Alt-NHEJ repair, SUM149PT cells with chromosomally-

integrated EJ2-GFP reporter (Gunn & Stark, 2012) were examined with or without 
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siRNA knocked down of C-MYC or inhibitor (10058-F4). To induce expression of 

a DSB, EJ2-GFP-integrated cells were transfected with pcba-SceI plasmid that 

expresses SceI endonuclease.  As shown in Fig 2-7C,D, the DSB site is flanked 

by micro-homologous DNA sequences and can only be repaired using micro-

homology mediated Alt-NHEJ, leading to restoration and expression of the GFP 

(green fluorescent protein) (Gunn & Stark, 2012) (Fig 2-7C, D). Flow cytometric 

analysis (FACS) for GFP-positive cells revealed that when C-MYC was knocked 

down or inhibited, the number of GFP-positive cells significantly (p<0.05) 

decreased indicating a decrease in error prone Alt-NHEJ repair (Fig 2-7E). 

Depletion of C-NHEJ component XRCC4 has previously been reported to increase 

Alt- NHEJ activity (Bennardo & Stark, 2010). Therefore, as a positive control, 

XRCC4 was siRNA knocked down, showing a significant (p<0.05) increase in Alt-

NHEJ activity. Therefore the results show that C-MYC can regulate Alt-NHEJ 

activity. 
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Figure 2-7: C-MYC regulates Alt-NHEJ repair. (A) Schematic diagram of NHEJ 

assay which is used to identify quality of DSB repair in puc18 plasmid. (B) Graph 

showing % mis-repair (% white colonies over total colonies) in SUM149PT cells 

after a total of 48 hrs of MYC KD and 24 hrs after transfection with puc18 plasmid 

containing a DSB. (C) Schematic diagram of the in vivo EJ2-GFP puro-based 

NHEJ assay for measurement of micro-homology mediated Alt-NHEJ. (D) 

Schematic showing EJ2-GFP construct before and after Alt-NHEJ repair. (E) 

Graph showing flow cytometric analyses of fold change in GFP+ cells from 

restoration of EJ2-GFP construct in SUM149PT cells post 48 hrs of MYC KD, 24 

hrs of MYC inhibition in comparison to siCTRL. 48hrs of siXRCC4 serves as a 

positive control. Asterisks denote significance compared to siCTRL. Results 

represent average of 3 repeats ± SD. 

 

A B 

C D 

(Gunn,A. 2012) 

pUC18-EcoR1 in-vivo NHEJ 

* p<0.05 

*** p<0.001 

****p<0.001 

 

E 
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Discussion 

 

TNBCs are characterized by complex genomic rearrangements, compared with all 

the other breast cancers, making them extremely aggressive and challenging 

targets for therapy (Arnedos et al., 2012). Therefore, identifying the mechanisms 

underlying genomic instability in TNBCs will contribute to the development of 

therapeutic strategy to improve patient outcomes. Recently, the Rassool 

laboratory has demonstrated that C-MYC can transcriptionally regulate Alt-NHEJ 

in acute myeloid leukemia (AML) cells (Muvarak, Kelley, Robert, Baer, Perrotti, 

Gambacorti-Passerini, Civin, Scheibner, & Rassool, 2015a). In our study we report 

a similar finding, but for the first time in TNBCs, that overexpression of C-MYC 

transcriptionally regulates Alt-NHEJ components LIG3 and PARP1, that 

contributes to increased Alt-NHEJ activity. 

Several TNBC cell lines were screened for levels of C-MYC that included 

both BRCA -proficient and -deficient cell lines. While a large percentage of TNBCs 

acquire BRCA mutations that are associated with genomic instability (Tung, 

Garber, Lincoln, & Domchek, 2012) all the TNBCs, regardless of BRCA status had 

elevated expression of C-MYC as well as Alt-NHEJ components, LIG3 and 

PARP1, compared with the non-tumorigenic MCF10A breast epithelial cell line. 

When C-MYC was knocked down using siRNA, Alt-NHEJ components, LIG3 and 

PARP1 mRNA and protein expressions were down-regulated in the TNBCs, as 

well as in MCF10. Similarly, C-MYC overexpression in MCF10A, using the MYC 

cDNA (complementary DNA) construct (pcDNA3.1MYC), upregulated LIG3 and 
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PARP1 protein levels. However, overexpression of C-MYC in MCF10A for more 

than 24 hrs was cytotoxic highlighting the importance of stringent regulation of C-

MYC in the normal cells (Horiuchi et al., 2012).  But alternation of C-MYC levels 

only modesty affected levels of NHEJ proteins, Ku70 and Ku80 which is supported 

by Luoto et al. In their study, induction of MYC in MCF10A with stably transfected 

MYC inducible system (Gev-16 inducible pF MYC) shows minimal changes in 

NHEJ protein Ku70 and XRCC4 expression (Luoto et al., 2010). Clearly, MYC 

binding to a gene promoter does not always regulate the gene expression. This 

study showed that MYC KD in H1299 cells (non-small cell lung cancer) reduced 

MYC binding to Ku70 promoter but had no effect on the expression of Ku70 (Luoto 

et al., 2010). In another scenario, this group showed that MYC KD resulted in a 

reduction of MYC binding to the promoter of HR RAD51 gene and expression of 

RAD51, but no effect was seen on the level of HR activity (Luoto et al., 2010). This 

clearly shows that MYC’s occupancy of the promoter regions are not always 

functionally significant for all genes and therefore regulation of Alt-NHEJ by C-MYC 

in this study is specific to this repair pathway.  

 Both Alt-NHEJ and C-NHEJ genes have binding sites at their promoter 

regions for C-MYC (Luoto et al., 2010). But the differential regulation of Alt-NHEJ 

and C-NHEJ genes by C-MYC might be explained from the finding by Lin et al (Lin 

et al., 2012). In their study, they showed that besides occupying the E-box at the 

promoter regions, C-MYC can also bind to variants of E-Box sequences at the 

enhancers upstream of the gene promoters, and over expression of MYC 

increases MYC’s binding at the enhancers increasing the transcriptional outcome 
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of C-MYC (Lin et al., 2012) (Rahl et al., 2010). Therefore, the role of C-MYC in the 

regulation of Alt-NHEJ as a consequence of potential binding to the enhancers of 

Alt-NHEJ genes might be a potential topic of further study. 

Besides direct regulation of Alt-NHEJ components, C-MYC also disrupts 

formation of Ku70/Ku80 and DNA-PKc complex causing suppression of C-NHEJ 

(Z. Li et al., 2012). DNA-PKc is a kinase which initiates a phosphorylation signaling 

cascade during repair by C-NHEJ and relies on Ku heterodimer to guide it to the 

site of damage. Therefore, blocking interactions between DNA-Pkc and the Ku 

heterodimer blocks repair by C-NHEJ. This leaves no other option for highly 

replicating cells like TNBCs which are constantly under genotoxic stress, but to 

rely on Alt-NHEJ repair pathway in particularly in BRCA-deficient cancers with HR 

deficiency (Z. Li et al., 2012). Such reliance of TNBC cells on Alt-NHEJ for DNA 

repair can be a target for therapeutic intervention. Previously the Rassool lab has 

shown that TNBCs are highly sensitive to a combination treatment of LIG3 and 

PARP inhibitors, in addition to hormone therapy-resistant breast cancer cells 

(Tobin et al., 2012). This indicates that Alt-NHEJ is a potential target in not only 

TNBCs, but in other breast cancer types as well. Increased expression levels of C-

MYC, PARP1 and LIG3 may be used as biomarkers for targeting breast and also 

other cancers which may be sensitive to this therapy. 
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Materials and Methods: 

Cell Lines: Triple-negative breast cancer cell lines (TNBCs) included MDA-MB-

231, HCC1937 (insertion of a cytosine residue at position 5382 in the gene), and 

SUM149PT (deletion of a thymidine residue at position 2288 in the gene) 

(Elstrodt.F et al., 2006). MCF10A is the non-tumorigenic breast epithelial cell line. 

All the cell lines were received as a gift from Dr. Cynthia Zahnow (Johns Hopkins 

University, Baltimore, MD). MCF10A was cultured according to the American Type 

Culture Collection (ATCC) protocol. MDA-MB-231 was cultured in DMEM 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin 

(Pen-strep). SUM149PT was cultured in Ham’s F-12 supplemented with 5μg/ml 

insulin, 1μg/ml hydrocortisone, 10mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) buffer, 5% FBS and 1% Pen-strep. All the cell lines 

were maintained in 5% carbon dioxide (CO2) at 37°.  

Plasmids: EJ2-GFP-puro (Addgene plasmid # 44025) was a gift from Jeremy 

Stark (Gunn & Stark, 2012). SUM149PT-EJ2 and cell line was generated by 

lipofection of 2μg of XhoI-linearized, using the lipofectamine® 2000 reagent 

(Invitrogen) in one-well of a 6-well dish. 48 hrs post-transfection, cells were 

trypsinized and transferred to a 150mm x 120mm dish. After further 48hrs, 

puromycin was added at a concentration of 3-5µg/ml for selection. Media was 

replenished every 4 days and single puromycin selectable colonies were isolated 

~ 2-3 weeks after the first dose of puromycin. Stable integration of the EJ2 

constructs were verified by PCR using the following primers p1 forward (for): 5’-

CTGCTAACCATGTTCATGCC, p2- Reverse (rev): 5’-AAGTCGTGCTGCTTCAT 
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GTG. The luciferase expression vector pGL4.10, was obtained from Promega 

(Madison, WI). pGL4-LIG3, pGL4-PARP1, pGL4-LIG3-mut, pGL4-PARP1-mut 

were created by Nidal Muvarak in Rassool Lab (Muvarak, Kelley, Robert, Baer, 

Perrotti, Gambacorti-Passerini, Civin, Scheibner, & Rassool, 2015a). pMax-GFP 

was used throughout the study as a control for transfection efficiency. 

SiRNA knockdowns and MYC inhibition: Non-targeting scrambled siRNAs 

(siCTRL; D-001810-10-05); siRNA targeting Human MYC ORF (siMYC; 003282-

02) or Human XRCC4 ORF (siXRCC4; 004494-08) were purchased from GE 

Dharmacon (Lafayette, CO). Cells were transfected either with 50 nM of siRNAs 

of non-targeting control, siMYC or siXRCC4. Lipofectamine® 2000 was used as 

the transfection reagent for knockdown experiments. For chemical inhibition of 

MYC, MYC inhibitor, 10058-F4 (Sigma), dissolved in DMSO, was used. Cells 

were treated with 20μM 10058-F4 for 24 hrs unless specified. 

Quantitative Reverse transcriptase polymerase chain reaction (qRT-PCR) 

analysis: Total RNA was extracted using RNeasy Mini Kit (Qiagen). qRT-PCR 

was performed on 20ng of mRNA from siCTRL or siMYC treated samples using 

Power SYBR® Green RNA-to-CT™ 1-Step Kit (Life Technologies). Primers 

amplified mRNA targets: C-MYC, LIG3, PARP1, Ku70, Ku80 and Actin 

(endogenous control). All the primers were bought from QuantiTect Primer assay 

from Qiagen. Catalog numbers as follows: MYC- QT00035406, PARP1- 

QT00032690, LIG3- QT00017115, Ku70- QT00036064, Ku80- QT00052731 and 

Actin- QT00240478. Gene expression levels were adjusted relative to the 
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expression of the Actin as the endogenous control and normalized to the mRNA 

levels of the siCTRL-treated samples for analysis.  

Western blot analysis: Whole cell extracts were prepared by lysing the cells in 

RIPA buffer (1% NP-40, 0.1% SDS, 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% 

Sodium Deoxycholate, 1 mM EDTA), supplemented with 1% complete protease 

inhibitor cocktail (Roche) phosphatase inhibitors (Sigma), for half an hour with 

periodic vortexing. Protein concentrations were measured using Pierce BCA 

Protein Assay Kit (Thermo Scientific). For western blot analysis 15μg of the extract 

was electrophoresed on 4-20% gradient precast gels (Mini-PROTEAN TGX™, 

BioRad). Proteins from the gels were transferred to a PVDF (poly-vinylidene 

fluoride) membrane using the standard wet transfer method at 350 mA, for an hour 

over ice. The membrane was blocked with 5% BSA (bovine serum albumin) and 

immunoblotted either overnight at 4°C or room-temperature (RT) for 1hr with 

primary antibodies against following: MYC (9E10, sc-40, Santa Cruz 

Biotechnology), PARP1 (46D11, Cell Signaling Technology-CST), LIG 3, γ-H2AX 

(anti-phospho-Histone H2AX, ser-139, Millipore) and β-actin (CST). Membranes 

were developed following incubation with respective horseradish peroxidase-

conjugated secondary antibody (CST) and detection of proteins by 

chemiluminescence (Amersham ECL® Select, GE Healthcare). 

In-vivo NHEJ Repair Assay: This assay was conducted as described previously 

(Tobin et al., 2012)  MCF10A or SUM149PT cells were lipofected with siCTRL or 

siMYC. pUC18 plasmid (Fermentas) was linearized using EcoR1 (Fermentas) and 

treated with shrimp alkaline phosphatase (SAP, Promega) to prevent self-ligation 
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of the plasmid. 24 hrs after siRNA treatments, 2μg of the linearized pUC18 plasmid 

was transfected into 1 million cells. 24hrs after pUC18 transfection, the repaired 

and re-circularized plasmid was isolated using Qiagen Plasmid Mini kit. E.coli 

strain DH5α (Invitrogen) was transformed using 0.5μg of the extracted pUC18 and 

plated on lysogeny broth (LB)-ampicillin plates containing X-gal (5-bromo-4-chloro-

3-indolyl-β-D-galactopyranoside) and IPTG (Isopropyl β-D-1-

thiogalactopyranoside) and incubated at 37°C overnight, approximately 17 hrs. 

Efficient NHEJ (correct repair) is represented by blue colonies and NHEJ mediated 

repair with errors (incorrect repair, i.e. deletions/insertions) is represented by white 

colonies. % mis-repair is calculated by taking ratio of white colonies over the total 

number of colonies (blue + white). As a negative control for the assay, DH5α are 

transformed with EcoR1-linearized PUC18, which gives zero colonies.  

In-vivo EJ2 Alt-NHEJ Assay for Alt-NHEJ: The protocol was followed as 

described by the Gunn et al. in (Gunn & Stark, 2012) SUM149PT-EJ2 cell line was 

lipofected with either 50nM siCTRL, 50 nM siMYC or 50 nM siXRCC4 for 24hrs, 

followed by transfection with 2.5μg of pCBA-SceI construct, a gift from Maria Jasin 

(Addgene plasmid # 26477) using Lipofectamine® 3000 (Invitrogen) in OPTI-MEM 

media. For chemical inhibition of MYC, 10058-F4 was added 16 hrs after pCBA-

SceI lipofection. All the transfections were done in antibiotic free F-12 medium with 

5% FBS but no other supplements.  To control for transfection efficiency, cells were 

transfected with pMax-GFP (Lonza) instead of pCBA-Sce1 transfections. After 

72hrs of pCBA-SceI or pMax-GFP treatment, cells were trypsinized, washed thrice 

in 1XPBS and GFP+ve cells were quantified using flow cytometric analysis 
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(FACS). Approximately 100,000-200,000 events/ sample were analyzed. FACS 

was conducted at the UMGCC Flow cytometry Core Services. 

Chromatin immunoprecipitation assay (ChIP) - ChIP was carried out using the 

Dynlacht Lab protocol (Rayman et al., 2002). Approximately 6 million MCF10A or 

SUM149PT cells were treated either with 50μM of MYCi, or DMSO (Ctl) for 48 

hrs and sonicated 12 times at 10 pulses each at a setting of: output control-2.5s, 

duty cycle-40% and refractory period-30s. 3μl of the sonicated chromatin was 

analyzed in 2% agarose gel to check if desirable fragment size of chromatin 500–

1200bp was achieved. About 100-130μg of the sonicated DNA was used per 

ChIP. Proteins were immune-precipitated with 4μg of antibodies; non-specific IgG 

(Negative control; anti-rabbit IgG HRP-linked; Cell Signaling), H3 (positive 

control; anti-Histone H3, CT, Pan, rabbit polyclonal; Millipore) and MYC (N-262, 

sc-764, rabbit polyclonal; Santa Cruz Biotechnology). For analysis of the PARP1 

and LIG3 promoter regions immune-precipitated following primers were used in 

semi-quantitative PCR (20 PCR cycles),                                                          

LIG3 (forward) 5’AACTACTCCCAAACATCACAGG-3’                                                

LIG3 (reverse) 5’-CTTTAAATCCGGGTCCTAGAGC-3’;                                            

PARP1 (forward) 5’GGTCTCAAACTCCTGCTACAA-3’;                                                

PARP1 (reverse) 5’-AGGACACACTTAAGAGTTTGGG-3’;                                         

CAD (forward) 5’- TAGCCACGTGGACCGACT-3’ ;                                                     

CAD (reverse) 5’- TACGGAGAAGCGGGAAGGA-3’. High Salt immune complex 

wash buffer (cat # 20-155; Millipore). Low Salt Immune Complex Wash Buffer 
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(cat # 20-154; Millipore). Protein A (cat#100-02D; Life Technologies). Protein G 

(cat#100-03D; Life Technologies).  

Luciferase assay- Luciferase assay was carried out using the Dual-Luciferase 

Reporter Assay System (Promega) following the manufacturer’s protocol. After 48 

hrs of lipofection with pcDNA3.1 vector (negative Control) or pcDNA3.1-MYC, co-

transfected with pRL-TK (transfection efficiency control) 293T cells were 

transfected with luciferase reporter constructs from Promega, pGL4.10 (empty 

promoter control) and pGL4.10- containing either PARP1 WT /PARP1-mut1 or 

LIG3 WT/LIG3-mut1 or CAD constructs inserted upstream of the luciferase 

cassette in Opti-MEM media (Lonza) with 2% FBS. 48 hrs after the second 

transfections, lysates were collected and luciferase activity was measured. 

PARP activity assay- PARP activity assay was carried out using HT 

Chemiluminescent PARP/Apoptosis Assay Kit (Trevigen) following the 

manufacturer’s protocol. After 48 hrs of lipofection of 250,000 cells with 50 nM of 

siCTRL or siMYC, whole cell lysates were collected. Western blotting was used to 

confirm C-MYC knockdown in each sample. 20pg of the proteins was loaded to 

the wells of the HT chemiluminescent histone-coated plate for the assay for each 

sample in replicates. Chemiluminescent readings were compared between the 

siCTRL and siMYC samples. A higher reading represented higher PARP activity.  

Nick Ligation assay- Oligonucleotide nick ligation assay was performed as 

described previously, except that instead of radioisotope labeling, fluorescent 

labeling of the substrate oligo was performed (Fan et al., 2010). The substrate 



54 
 

was prepared by annealing 3 DNA oligos: 15-FAM (CTGCAGCTGATGCGC), 

pC19(pCGTACGGATCCCCGGGTAC), and 

34G(GTACCCGGGGATCCGTACGGCGCATCAGCTGCAG). The 15-FAM oligo 

was labeled by 6-FAM (6- 6-fluorescein amidite) at the 5′ end. Ligation between 

15-FAM and pC19 results in a 34-nt fragment. Whole cell extracts were prepared 

by sonicating cells suspended in lysis buffer (50mM Tris-HCl, pH 7.4, 1mM 

ethylenediaminetetraacetic acid, 1mM dithiothreitol, 10% glycerol, 0.5mM 

phenylmethylsulfonyl fluoride, and complete protein inhibitor cocktail, Roche 

Diagnostics). Ligation reactions were performed at 37°C for 2 hours in buffer 

(50mM Tris-HCl, pH 7.4, 60mM potassium acetate, 1mM dithiothreitol (DTT), 5 

mM MgCl2, 5mM deoxyadenosine triphosphate, 10µM dNTP and 5% glycerol), 

using 100 ng of nick substrate and 4 μg cell extracts. Reactions were separated 

in 10% denaturing acrylamide gel, and the products were detected using BioRad 

ChemiDoc™MP Imaging System. 

Statistical analysis: The statistical analysis for all the figures were conducted 

using the GraphPad Prism® Software and Excel, student t-test with * or # meaning 

p<0.05 unless indicated otherwise. Densitometry quantitation were conducted 

using the ImageJ software (NIH).  
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Chapter 3: Devising a novel therapeutic 

strategy in TNBCs, based on elevated 

expression of PARP1 

Targeting TNBCs with a combination of PARPi and DNMTi 

PARPis are devised as a targeted therapy against BRCA deficient breast cancers 

to induce DSBs in a synthetic lethal mechanism (Smith & Isaacs, 2011) as 

described in Chapter 1. But most of the clinical trials using PARPis have failed to 

show any significant improvement or desired outcome in BRCA-deficient patients 

or those with intact BRCA genes (Matulonis, 2015; Patel, Sarkaria, & Kaufmann, 

2011; Sinha, 2014). This suggests that the effects of PARPi could be enhanced by 

combining it with other agents (Chen, 2011). Based on the finding in the Rassool 

laboratory that TNBCs overexpress both LIG3 and PARP1 and respond to a 

combination of these two inhibitors, Alt-NHEJ is an attractive potential therapeutic 

target for TNBCs (Tobin et al., 2012). While PARPis have been extensively studied 

in clinical trials, LIG3 inhibitors (LIG3i) on the other hand are relatively 

undeveloped. LIG3i, L67 (Tomkinson, Howes, & Wiest, 2013) showed 

encouraging results in-vitro when combined with PARPi, ABT888, in the study by 

Tobin et al (Tobin et al., 2012). However, in-vivo studies with this inhibitor failed 

due to its hydrophobic structure and consequent insolubility. Moreover, synthetic 

analogues of L67, while demonstrating less hydrophobicity, also showed 

decreased activity. Therefore, while development of LIG3i was clearly needed, we 

sought novel approaches to increase efficacy of PARPis in TNBCs. 
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In response to DNA damage, PARP1 has been shown to physically interact 

with, and PARylate, multiple DNA repair factors as well as epigenetic factors, such 

as DNMT1 (Caiafa et al., 2009). We performed Co-IP (co-immunoprecipitation) for 

DNMT1 and PARP1 in MDA-MB-231 cells to verify that PARP1 and DNMT1 

interact, and indeed showed that these proteins can be co-immuno-precipitated 

(Fig 3-1B). As we know that DNMTis also trap DNMT1 in DNA as its mechanism 

of action (Juttermann et al., 1994) and these small molecule inhibitors are also in 

use in the clinic, in particular to treat myelodysplastic syndromes (MDS) and acute 

myeloid leukemia (AML) that are refractory to chemotherapy (Kantarjian et al., 

2006). Therefore, combining these two drugs to enhance therapeutic responses 

through increased interaction and formation of cytotoxic PARP1-DNMT1-DNA 

complexes, is an attractive strategy. 

Rationale: 

Therefore, due to the fact that PARP1 and DNMT1 interact and inhibitors that 

target these proteins promote their trapping, we will determine whether DNMTis in 

B A 

Figure 3-1: DNMT1 and PARP1 proteins can interact with each other. (A) 

Western blotting analysis show high levels of DNMT1 in TNBCs but not in non-

tumorigenic MCF10A cells. (B) Co-IP of DNMT1 or PARP-1 in chromatin in 

MDA-MB-231. Left panels show western blotting for input proteins as positive 

control; middle and right panels show western blotting analyses for DNMT1 and 

PARP1 as labeled. IgG is used as negative control.  

 

IgG IgG 
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combination with PARPis enhance cytotoxic effects in TNBCs, compared with 

single agent therapy. Studies will determine, whether DNMTis will cause trapping 

of DNMT1 which in turn has the potential to increase recruitment of PARP1, 

generating increased cytotoxic PARP1-DNA complexes.  

Specific Aim: Determine the role of combination of PARPi and DNMTi for therapy 

of BRCA proficient and deficient TNBCs.  

Hypothesis: Combining DNMTi (AZA) with PARPi (BMN 673) will increase 

PARP1 trapping in chromatin enhancing the cytotoxic effects of PARPis 

Studies:  In both BRCA-proficient and –deficient TNBCs we will: 

i) First examine whether the drugs act synergistically in combination using 

cytotoxicity (MTT) assays. 

ii) As an insight into the mechanism, examine recruitment of PARP1 and DNMT1 

to DNA damage sites, using laser micro-irradiation; PARP1 trapping analysis of 

chromatin fractions and immuno-staining analysis of H2AX, DSB marker, will be 

performed, following single and combination treatments.  

iii) To determine the effect of the drugs on cell clonogenicity, colony formation 

assays will be performed following single and combination drug treatments in 

TNBCs.  

iv) Perform efficacy studies for the combination treatments in BRCA proficient 

(MDA-MB-231) and BRCA deficient (SUM149PT) xenograft models. 



58 
 

RESULTS 

Treatment of PARPi (BMN 673) in combination with DNMTi (AZA) 

show synergistic effects in BRCA-proficient TNBC cell line, MDA-

MB-231  

PARPis as single agents showed initial anti-tumor effects in Phase II studies of 

BRCA-deficient breast and ovarian cancers (Chen, 2011), but failed as therapy 

against triple negative breast cancer (O'Shaughnessy et al., 2014). As stated in 

the rationale above, our aim is to expand the usage of PARPis in combination with 

DNMTi in breast cancers which are not BRCA deficient. Therefore, we first 

performed experiments to determine whether the combination of the two drugs is 

synergistic, additive or antagonistic in cytotoxic MTS assays, using the Compusyn 

model (Ashton, 2015). MDA-MB-231 cells were treated for a week with increasing 

concentrations of BMN 673 (2.5-20nM) and AZA (50-400nM), singly and in 

combination, and the drug effects were analyzed using a software Compusyn 

which generated a combination index (CI) for the treatments. A CI value of >1 

indicates antagonism, additivity =1 and <1 indicates synergism. Our results show 

that a combination of 50nM AZA with 2.5nM BMN 673 failed to show any synergy, 

but higher doses of AZA, 100, 200 and 400nM along with 5, 10 and 20nM BMN 

673 respectively showed strong synergism in MDA-MB-231 cells (Fig 3-2).  
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Figure 3-2: PARPi, BMN 673 shows synergism with DNMTi, AZA. MDA-

MB-231 treated with AZA (50-400nM) and BMN 673 (2.5-20nM) daily for 7 

days followed by MTS assay to determine cytotoxicity (A) AZA vs AZA + 

BMN, (B) BMN vs AZA + BMN, (C) Fa - fraction of cells affected and 

combination index (CI) based on Chou-Talalay method for determination of 

synergy. Asterisk represents significance (p<0.05) in comparison single 

treatments. Results represent average of 3 repeats ± SEM (standard error 

of mean). 
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A combination of PARPi (BMN 673) and DNMTi (AZA) increases 

recruitment of DNMT1 and PARP1 to the site of damage  

It is known that both PARP1 (Mortusewicz et al., 2007) and DNMT1 (Ha et al., 

2011) are recruited at the sites of DNA damage within minutes of treatment with 

DNA damaging agents. Since both PARPi and DNMTi can trap their respective 

targets in DNA, we next investigated the effect of the drugs on the recruitment of 

these proteins as a DNA damage response. Laser micro-irradiation was used to 

induce discrete cuts in the nuclei of live MDA-MB-231 cells, followed by co-

immunostaining for H2AX (marker of DSB) and DNMT1 or PARP1 (Ha et al., 

2011). Cells treated for 72hrs with AZA (150nM) and/or BMN 673 (10nM) or 

untreated controls were laser-irradiated and then cells were fixed at different time-

points post DNA damage  (0, 1, 5, 15 and 30 mins). Thereafter, cells were first 

immuno-stained for H2AX to localize the region of DNA damage in the nucleus.  

Next, cells were co-immuno-stained for DNMT1 or PARP1 to determined timing of 

recruitment to DSBs (Fig 3-3 A, B). From a qualitative stand-point, examining the 

intensity of the fluorescence between the treatments, DNMT1 recruitment is 

particularly brightest in the cells that received combination treatment (Fig 3-3A). 

Whereas, PARP1 is brightest for the BMN 673 and the combination treatments 

(Fig 3-3B). However, when the percentage of cells showing co-localization of 

DNMT1/PARP1 with H2AX was quantitated, a significantly (p<0.05) higher 

percentage was observed in those cells that received the combination treatments 
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A 

B 
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C 

Figure: 3-3 Combination of AZA and BMN 673 significantly increase the number 

of cells demonstrating co-localization of DNMT1 and PARP1 to laser-induced 

DNA damage sites.  MDA-MB-231 cells were treated with AZA (150nM) and BMN 

673 (10nM) alone and in combination for 72 hours, followed by laser induced IR 

DNA damage and then fixed at the indicated time points (0, 1, 5, 15 and 30 min). 

DNMT1/PARP1 and H2AX co-localization at DNA damage sites were examined 

by immunofluorescence staining. (A, B) Representative images of cells 

untreated, AZA, BMN 673 and combination treated for indicated time points after 

laser IR in each group are shown. (C, D) Graphs showing % cells with co-

localized DNMT1/PARP1 and H2AX at different time points following laser IR. 

Significant p values are shown in the graph. Results represent average of 3 

repeats ± SEM. 

 

D 
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at all of the time points (Fig 3-3, C, D). In the presence of the inhibitors, an increase 

in the observed recruitment of PARP1 and DNMT1 might be indicative of increased 

trapping of these proteins at the DNA damage sites. However, this requires further 

investigation.  

 
DNMTi (AZA) in combination with PARPi (BMN 673) increases 

PARP1 trapping in chromatin 

To follow up on the previous experiment where increased recruitment of DNMT1 

and PARP1 was observed at DNA damage sites after combination drug 

treatments, we investigated whether this was due to increased trapping of the 

proteins at the DNA sites. Therefore, MDA-MB-231 cells were treated for 72hrs 

with AZA (150nM) and/or BMN 673 (10nM) and followed by 4Gy IR and chromatin 

fractions were isolated at 4 or 24 hrs thereafter (Murai et al, 2012). This protocol 

utilizes buffers with high salt concentrations removing any proteins which are 

loosely bound and leaving behind only those tightly bound or trapped in the 

chromatin. Western blotting analysis of chromatin fractions revealed that at 4hrs 

post IR there is an increased PARP1 trapping for the single as well as combination 

treatments, compared to the control (Fig 3-4A, C). But this trapping was 

significantly (p<0.05) higher for the combination treatment, compared to single 

treatments and controls. Notably, this increased trapping in the combination 

treatment group was observed even at 24hrs post IR whereas PARP1 trapping 

decreased in single agent-treated cells (Fig 3-4B). Interestingly, 4hrs post IR, 

DNMT1 trapping in chromatin was also highest for the cells receiving the combined 

treatments, even though its overall level was lower than that of PARP1 (Fig 3-4A), 
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but was absent at 24hrs post IR (Fig 3-4B). This could be due to degradation of 

the trapped DNMT1, as previously reported (Juttermann et al., 1994). The 

presence of PARP1 in the chromatin even 24hrs after IR in TNBC, MDA-MB-231 

cells, indicates that the combination of AZA and BMN 673 is more effective in 

trapping PARP1, compared to the single treatments.  

             We performed the same experiments in the BRCA deficient SUM149PT 

cells but the cells were highly sensitive to the treatment with IR. Therefore, we 

repeated the experiment without any IR for 48 and 72hrs of drug treatments with 

the inhibitors. SUM149PT cells demonstrated higher sensitivity to the inhibitors as 

even in the absence of IR, the combination drug treated cells showed highest 

PARP1 trapping after only 48hrs (Fig 3-4D). PARP1 trapping was also observed 

at 72hrs but there was no difference between the single vs the combination 

treatments (Fig 3-4E). DNMT1 levels in chromatin were higher for the drug treated 

cells vs controls, but there was no significant difference between the single vs 

combination treatments. These results indicate that combining DNMTis with 

PARPis enhances PARP1 trapping. 
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DNMTi (AZA) and PARPi (BMN 673) combination drug treatment 

increases levels of cytotoxic DSBs  

The effect of the combination drug treatment was further investigated to determine 

whether at time-points of significant PARP1 trapping, we could also observe 

increased cytotoxic DSBs. Therefore, as described above, MDA-MB-231 cells 

were treated for 72hrs with either single or combination drug treatments, followed 

by 4Gy IR, and subsequently immune-stained for H2AX. Treatment with IR 

induces DNA damage which can lead to formation of H2AX foci/cell ranging from 

Figure 3-4 Combining AZA with BMN 673 enhances PARP1 trapping in TNBC 

cells. Upper panels show western blotting analysis of chromatin extraction. 

Bottom panels show graphical representation of average PARP1 trapping from 

three individual experiments (A) MDA-MB-231 received 72hrs of drug treatment 

followed by 4Gy IR. Cells were collected 4 and 24hrs post IR (B) SUM149PT cells 

were treated with 48 and 72hrs of drug treatment. Significance (p<0.05) is denoted 

by asterix on the graph in comparison to control and single treatments. Results 

represent average of 3 repeats ± SD. 
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only a few to as many as 50 or more. Therefore, as a measure of levels of DSBs 

in this experiment, only the cells with >20 foci are shown. In the absence of IR, the 

percentage of cells with >20 foci was lower than 10%, but 30 mins post IR about 

60-70% cells acquired >20 H2AX foci, both in control and drug treated cells (Fig 

3-5A, B).  4hrs and 24hrs post IR, the percentage of cells with >20 foci decreased 

significantly (p<0.05) in control cells and single drug treated cells, indicating that 

the majority of DSBs were repaired. In contrast, with the combination drug 

treatment, the percentage of cells with >20 H2AX foci remained significantly 

higher (p<0.05) both 4 and 24hrs post IR, compared to control and single drug 

treatments indicating that, compared to the control and single treatments. 

Therefore, higher levels of cytotoxic, unrepaired DSBs were observed in presence 

of the combination treatments (Fig 3-5A, B). 

 

A 

Figure 3-5: Combination treatment shows highest amount of DSB 
accumulation. MDA-MB-231 cells were treated with 150nM AZA and 10nM 

BMN 673, for 72hrs followed by 4Gy IR. H2AX foci was quantitated pre IR 
and 30 min, 4hrs and 24hrs post IR. (A) Representative images shown are 

from 4hrs post IR. (B) Graph showing % of cells with >20 H2AX foci after IR 
over a period of 24hrs. Significance (p<0.05) is denoted by asterix on the 
graph in comparison to control and single treatments. Results represent 
average of 3 repeats ± SEM.  

B 

 
* 

* 

 

* p<0.05 
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DNMTi (AZA) in combination with PARPi (BMN 673) decreases 

clonogenic survival in TNBCs 

 Given that the BMN 673 combined with AZA increased PARP1 trapping and levels 

of cytotoxic DSBs, we next investigated the effect of combining PARPi with DNMTi 

in clonogenic assays for both BRCA deficient TNBC (SUM149PT, HCC1937) and 

proficient TNBC (MDA-MB-231, MDA-MB-468) cell lines. Therefore, cells were 

plated at a very low density with only 1000 cells/well in 6-well plates and treated 

with 150nM AZA and 10nM BMN 673 alone or in combination for a period of 10-

12 days until the cells formed colonies. As expected from previous reports (Smith 

& Isaacs, 2011) (Issa & Kantarjian, 2009) BRCA deficient, SUM149PT cells 

showed high sensitivity to 10nM BMN 673 treatment alone, but they were even 

more sensitive and showed significant (p<0.05) reduction in clonogenic ability to 

the combination drug treatments (Fig 3-6B). In contrast, the BRCA deficient cell 

line, HCC1937 did not exhibit any sensitivity to treatment with 10nM BMN 673 

alone, but showed a significant (p<0.05) decrease in colony formation with the drug 

combination (Fig 3-6C). More importantly, TNBC cell line MDA-MB-231, with intact 

BRCA genes, showed significant (p<0.05) sensitivity to the drug combination 

treatment and was unresponsive to the single drug treatments. MDA-MB-468, also 

with intact BRCA1/2 genes showed sensitivity (p<0.05) to AZA treatment alone, 

and this sensitivity was further increased with the combination drug treatment (Fig 

3-6D, E). In contrast to all of the above results, non-tumorigenic MCF10A cells 

were unaffected by the drugs (Fig 3-6A). This indicated that the combination of low 

doses of these drugs is more effective in reducing the clonogenic ability in both 
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BRCA proficient and deficient TNBCs cells, compared to either of the drugs alone 

or non-tumorigenic cells treated with these drugs. 

 

 

 

 

Figure 3-6: AZA in combination with BMN 673 decreases clonogenicity. 

Graphs show % survival relative to Ctrl in (A) non-tumorigenic MCF10A and 

BRCA mutant TNBCs (B) SUM149T, (C) HCC1937 and BRCA proficient 

TNBCs (D) MDA-MB-231, (E) MDA-MB-468. * represents significance 

(p<0.05) in comparison to control and single treatments. # represents 

significance (p<0.05) compared to Ctrl. Results represent average of 3 repeats 

± SEM. 

 

# 

# 
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The Role of DNMT1 in PARP trapping with DNMTi (AZA) and 

PARPi (BMN 673) combination treatment 

Previous studies have shown that knock-out of PARP1 in the DT40 cell line (DT40 

PARP-/-) makes them less sensitive to PARPis, compared to their isogenic control 

(Murai et al., 2014). However the role of DNMT1 in PARP trapping has not been 

examined. Therefore, to investigate the importance of DNMT1 in the treatment with 

AZA and BMN 673, we analyzed the effect of these drugs in PARP1 trapping and 

colony survival in colon cancer HCT116 cell lines wild-type (WT) for DNMT1 and 

in HCT116 with an N-terminal truncated DNMT1 protein (DNMT1 hypomorph) 

(Rhee et al., 2002). The N-terminal domain is required for the recruitment of 

DNMT1 to the replication foci in the DNA (Takeshita et al., 2011), therefore deletion 

of N-terminal domain reduces the activity of DNMT1 but does not abolish it 

completely (Rhee et al., 2002). Both cell lines were treated with150nM AZA and 

5nM BMN 673 for 72 hours, and thereafter, PARP1 trapping was performed. Our 

results show that PARP1 trapping was significantly increased (p<0.05) in HCT116 

WT, with combination and single agent treatments, compared to controls (Fig 3-

7A, B). However, we failed to observe increased PARP1 trapping either with single 

agent or combination drug treatments in the DNMT1 hypomorphic cell line. When 

we analyzed the trapping of DNMT1 in chromatin using an N-terminal specific 

antibody, we observed an increase in the DNMT1 trapping for AZA and 

combination treatment in HCT116 WT cells, but not for the BMN 673 single 

treatment, compared to the control (Fig 3-7A). In contrast, we failed to observe any 

DNMT1 trapping for the DNMT1 hypomorph. Using a C-terminal antibody for 
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DNMT1 in future should more accurately test for DNMT1 trapping capability. Our 

results show that presence of a functional DNMT1 may be important for the 

trapping of PARP1 in chromatin, as we did not observe any increase in trapping 

for the treatments, compared to the control HCT116 DNMT1 hypomorph. 

  

 

Figure 3-7: WT HCT116 cells are more sensitive to the combination treatment 

compared to its DNMT1 hypomorphic derivative. (A) Western blotting analysis 

of PARP1 and DNMT1 trapping in chromatin fractions after 72hs of 150nM 

AZA and 5nM BMN 673 treatment alone and in combination (B) Graphical 

representation of the PARP1 trapping after single and combination treatments 

relative to Ctrl. Results represent average of 3 repeats ± SD. (C) Graph 

showing % colony survival relative to Ctrl. # represents significant difference 

compared to Ctrl; * represents significant difference compared to Ctrl and 

single treatments. Results represent average of 2 repeats ± SEM. 
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Despite the difference in the PARP1 trapping in the two cell lines, they both 

showed significant (p<0.05) sensitivity to 5nM BMN 673 and combination 

treatment, but not to 150nM AZA (Fig 3-7B). Noticeably the WT cell line showed 

significantly (p<0.05) higher sensitivity to the combination treatment, compared 

with the hypomorph. This suggests that a functional DNMT1 and its inhibition is 

important to sensitize the cells to the combination treatment. 

TNBC xenografts are sensitive to the combination treatment of 

AZA and BMN 673  

To translate the in vitro data generated with combination of DNMTis and PARPis, 

we tested the efficacy of combining these two agents in two xenograft models i) 

human BRCA1 mutant TNBC, SUM149PT and ii) human TNBC, MDA-MB-231. 

The experimental paradigm is shown in Fig 3-8. For BRCA mutant SUM149PT 

xenografts, as expected, treatment with BMN 673 alone (0.3mg/kg) significantly 

(p<0.05) reduced tumor growth compared to those treated with vehicle or AZA 

(0.5mg/kg) alone. Addition of AZA to BMN 673 significantly reduced tumor growth 

even more from day 28 to the end of the study (Fig 3-9A). The reduction in tumor 

volume in the combination group seems to be a combined effect of AZA and BMN 

673 together and suggests an additive effect of the two drugs. Time to end point 

(TTE; time in days for tumors to reach 1500mm3) is shown in the Kaplan Meier 

curve (Fig 3-9B), mice were euthanized when tumors reached TTE. The median 

survival of the mice in vehicle and AZA groups were 32 and 33 days (Fig 3-9B). 

However it took much longer for the tumors in the BMN 673 group to reach TTE 
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with a median survival for 58 days. But mice in the combination group lived 

significantly longer than mice in the vehicle, AZA alone and BMN 673 alone groups 

(p<0.05; Fig 3-9B) with the highest median survival of 71.5 days. The treatment 

was well tolerated as no significant weight loss was observed in the animals (Fig 

3-9C).  These data suggest that testing the combination of DMNTis with PARPis 

in women with BRCA mutant breast cancer would be an attractive therapeutic 

strategy. 

We next wanted to determine whether the combination of BMN 673 and 

AZA would be effective in an in vivo model of the most lethal type of breast cancer, 

TNBC, MDA-MB-231 cancer cells with intact BRCA genes.  The experimental 

paradigm is shown in Fig 3-8. As expected, administration of BMN 673 had no 

effect as a single agent. The combination treatment of AZA (0.5mg/kg) and BMN 

673 (0.3mg/kg) significantly (p<0.05) reduced tumor burden from day 24 and 

onwards compared to vehicle or either treatment alone (Fig 3-9D). This is 

suggestive of the drugs acting in a synergistic manner as the combined effects of 

the two drugs is larger than the sum of the effect of each drug alone. Unlike the 

SUM149PT tumors, the tumors displayed signs of necrosis (central necrosis 

surrounded by viable tumor tissue) during the later stages of this study which has 

been reported previously with the same xenograft model (Coxon et al., 2009).  To 

evaluate this data by the “TTE” method (time to 1500 mm3), we had to account for 

the necrosis, thus we included both tumor size and necrosis as endpoints to 

remove mice from the study. Mice whose tumors were removed from the study due 

to necrosis are denoted by a pyramid in Fig 3-9E.  For the combination group, 
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increase in survival was significant (p<0.05), compared to the single treatments, 

but not compared to the vehicle group (Fig 3-9E), since we had one mouse, an 

outlier, in the vehicle group that lived until day 63. However, the median survival 

for the vehicle, AZA alone and BMN alone were 44.5, 48 and 43 days, whereas 

the combination mice had the highest median survival of 63 days. The drug doses 

were also well tolerated by the mice in this study as shown by the lack of weight 

loss for the duration of the study (Fig 3-9F).  These data suggests that the effect 

of PARPis can be potentiated to show efficacy even in BRCA proficient TNBCs 

with a combination of DNMTis.  

 

Figure 3-8: Model for treatment of breast cancer cells SUM149PT and 

MDA-MB-231 in vivo. Nude or NSG (NOD-scid-gamma) mice were injected 

subcutaneously with breast cancer cells. After tumors reached 100 mm3 

mice were divided into vehicle and treatment groups: AZA (0.5mg/kg), BMN 

673 (0.3mg/kg) or the combination. Mice were weighed and dosed 5 days a 

week and tumors were measured twice weekly.  
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Figure 3-9: Anti-tumorigenic effect of combination of DNMTi and PARPi in 

xenograft models of TNBCs. Tumor volume (mm3) measurements in vehicle and 

drug treated groups (0.5mg/kg AZA, 0.3mg/kg BMN or combination) in (A) 

SUM149PT and (D) MDA-MB-231 xenografts for the duration of the experiment. 

A significant difference in tumor volume from (A) Day 28 for SUM149PT and (D) 

Day 24 for MDA-MB-231 post treatment and onwards is denoted by the asterisk 

and arrow. Graphs of percent survival with time until (B) tumor volume reached 

1500mm3 for SUM149T and (E) tumor volume reached 1500mm3 or showed 

necrosis for MDA-MB-231, for the duration of the experiment.   For SUM149PT 

significant (p<0.05) survival is shown for control vs combination, AZA vs 

combination, and BMN vs combination. For MDA-MB-231 Significant (p<0.05) 

survival is shown for BMN 673 vs combination, and AZA vs combination. (C and 

F) Graph of % body weight change vs time for the duration of the experiment. 

(F) The triangles denote mice removed from study due to necrosis of tumor. 

Results represent average data from 6-8 mice/treatment group ± SEM. 
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PARP1 trapping in the tumor tissue: 

As the tumors reached 1500mm3, the end point of these studies, mice were 

euthanized and tumors were excised and preserved by flash freezing in dry ice. 

Using the subcellular fractionation kit for tissue from the Thermo Pierce Scientific, 

the chromatin fraction was extracted from the tumor tissue of the MDA-MB-231 

xenograft mice. Western blotting analysis revealed that the tumor tissue from mice 

treated with 0.5mg/kg AZA, 0.3mg/kg BMN 673 and their combination showed two 

fold increase (p<0.05) in PARP1 at the chromatin compared to those of vehicle 

treated mice (Fig 3-10A, B). Though there was no difference in PARP1 trapping 

between the tumors treated with each agent alone and their combination, an 

increased presence of PARP1 at the chromatin is still an important observation. A 

probable explanation for the lack of differential PARP1 trapping between the 

treatment groups could be that the tumors were not extracted until they reached 

1500mm3, a very large size and perhaps trapping had reached a saturation point 

by this time. This can be investigated by repeating this experiment with a 

pharmacodynamics endpoint rather than an efficacy endpoint.  We could extract 

the tumors when they are smaller, healthier and have just started to show 

differential growth between the treatments.  In rodent studies, it is very difficult to 

have both pharmacodynamics and efficacy endpoints derived from the same mice.  
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Figure 3-10: Tumors from treatment groups show increase in PARP1 trapping 

(A) Chromatin fraction in tumor tissue from 0.5mg/kg AZA, 0.3mg/kg BMN 673 

and combination treated mice show increase in PARP1 trapping compared to 

those of vehicle treated mice. H3 is used as loading control. (B) Graphical 

representation of the PARP1 trapping combined from two different tumors from 

the same group. # denotes significance relative to Ctrl only. Results represent 

average of 2 repeats ± SD. 
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Discussion  

TNBCs have a poor prognosis and a high incidence of recurrence within 5 years 

of initial treatment (Pogoda et al., 2013). Once in remission TNBCs are difficult to 

treat due to decreased response to the chemotherapies, which are remaining 

current treatment options for TNBCs (Arnedos et al., 2012). The aim of this study 

was to investigate new combination therapeutic strategies involving PARPi for both 

BRCA proficient and deficient TNBCs. PARPis which have been primarily 

designed for BRCA deficient breast and ovarian cancers have recently been 

approved for the treatment of BRCA deficient ovarian cancer and not yet for BRCA 

deficient breast cancers (Matulonis, 2015). The potential for these highly promising 

PARPis are yet to be realized in non-BRCA deficient TNBCs.  

An innovative method of increasing the effectiveness of PARPis was to 

combine it with DNMTis for two main reasons:  

i) TNBCs have higher levels of PARP1 and DNMT1 expression compared 

to non-tumorigenic MCF10A. Murai et al showed that while WT DT40 cells were 

sensitive to PARP inhibition by BMN 673, but PARP1 DT40 KO cells were not 

(Murai et al., 2014). Studies suggest that cells with increased levels of PARP1 are 

more susceptible to these inhibitors. To further reduce the toxicity we combined 

very low non-toxic doses of both the drugs which showed growth reduction of the 

MDA-MB-231 and SUM149PT tumors but were well tolerated in the xenograft mice 

models. Therefore a combination treatment involving low dose AZA and BMN 673 

has the potential to target TNBCs without causing unwanted cytotoxicity in normal 

cells.  
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ii) DNMT1 interacts with PARP1 (Caiafa et al., 2009) and therefore DNMTi 

trapping DNMT1 into DNA (Christman, 2002) can enhance PARP1 recruitment. 

Trapped DNMT1 can also induce a DNA damage response and recruit PARP1 

(Juttermann et al., 1994; Stresemann & Lyko, 2008). Therefore, both of these 

mechanisms increase the chances of PARP1 trapping in the presence of PARP 

inhibitor and trapping agent, BMN 673. While our data supports the hypothesis that 

more trapping of PARP1 occurs in the presence of the PARPi and DNMTi drug 

combination in both MDA-MB-231 and SUM149PT cells, the mechanism requires 

further investigation. Generating DNMT1 KO MDA-MB-231 or SUM149PT cells 

and investigating their response to the combination drug treatment would be an 

important first step. If the KO cells fail to show increased trapping it will highlight 

the importance of DNMT1 in PARP trapping mechanism by BMN 673. We have 

demonstrated that the HCT116 WT cells show increased trapping and increased 

sensitivity in presence of the drugs compared to the hypomorph but both the cell 

lines were extremely sensitive to the treatments and a more relevant model of 

TNBC cell line is required.  

Recent study shows that high dose of DNMTi, DAC (mentioned in chapter 

1) has the potential to cause toxicity by replication fork stalling and formation of 

DSBs depicted by H2AX foci resulting in cytotoxicity by chromosomal breakage 

(Orta et al., 2013). In our study, an initial insight into the mechanism of the 

treatment demonstrated that the cytotoxicity of combination treatment was 

correlated to increased PARP1 trapping at the chromatin. However, on induction 

of DNA damage by IR an increased level of DSB was detected for combination 
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treatment even hours after the damage, raising the question if the treatment have 

an impact on the DNA repair pathways. A study by Patel et al, demonstrated that 

PARP inhibition has effect on DNA repair pathways such as PARP inhibition can 

upregulate C-NHEJ by increasing phosphorylation of DNA-Pkcs in HR deficient 

cells (Patel et al., 2011). Therefore if the combination treatment affects DSB repair 

as a part of their mechanism, needs to be investigated. HR, C-NHEJ and Alt-NHEJ 

can be investigated in TNBCs in presence and absence of the treatments by 

generating cells with chromosomally integrated reported for HR (Moynahan, 

Pierce, & Jasin, 2001) and C/Alt-NHEJ (Gunn & Stark, 2012).   

Another important reason for considering DNMTi for the combinatorial 

treatment was that these inhibitors are already FDA approved for the treatment of 

MDS patients (Kantarjian et al., 2006) and have already been studied in human 

subjects. This increases the prospects of advancing DNMTi for future clinical trial 

in combination with PARPi for TNBC patients. This combinatorial treatment may 

also be applied to other cancers with high PARP1 and DNMT1 expressions and 

might not be restricted to TNBCs only.  
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Materials and methods 

Cell Lines: MCF10A, MDA-MB-231, HCC1937 and SUM149PT cells were 

maintained exactly how it is described in Chapter-2 (Materials and Methods 

section) MDA-MB-468 were cultured in DMEM supplemented with 10% FBS and 

1% penicillin-streptomycin (pen-strep). HCT116 and it DNMT1 hypomorph 

derivative were maintained in McCoy’s media with 10% FBS. All the cell lines were 

maintained at 37° and 5% CO2.  

Drugs: 5-azacytidine (AZA) was prepared in stock-500µM in PBS, w/o Ca2+ and 

Mg2+. PARPi, BMN 673 was prepared in stock of 5mM in DMSO (dimethyl 

sulphoxide) (Abmole BioScience, Kowloon, Hong Kong). All the drugs were further 

diluted in media just before the treatment and fresh aliquots were used for every 

time. AZA was added every day for the treatment duration, BMN was added every 

two days. 

Colony forming assay: For breast cancer cells about 50,000 cells in 6 well plates 

were pre-treated with AZA and BMN alone and in combination for 3 days. Fourth 

day 1000 cells/well of 6 well plates were plated in triplicates and the same 

treatments were resumed from the next day. Colonies were formed within about 

10-12 days, stained with 0.05% crystal violet solution for 30 mins and colonies 

containing more than 50 cells were quantified using colony counter and Protocol3 

software (Synbiosis, Frederick, MD).  

Results (Fold changes compared to Ctrl treatment) are representative of the mean 

± SEM of at least three independent experiments. 
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Ionizing Radiation (IR): For IR studies, cells were exposed to 4Gy (Gray) X-Ray 

radiation using a Pantak HF320 X-Ray machine (250 kV peak, 13 mA; half-value 

layer, 1.65 mm copper) at a dose rate of 2.4 Gy/min. After IR, cells were let to 

recover from DNA damage for 30 mins, 2, 4 and 24 hrs before extraction of protein 

or immune-fluorescence assay (IF). 

Subcellular fractionation and PARP trapping assay: To isolate the chromatin 

bound fraction we used the Subcellular Protein Fractionation kit for cell lines 

(Thermo Fisher Scientific, Waltham, MA) following the instructions of the 

manufacturer with few exceptions for cell lines, i) a second nuclear extraction step 

was carried out for 15mins to remove any residual nuclear lysates and ii) 5 µl of 

micrococcal nuclease and 7µl of CaCl2 /100ul of chromatin extraction buffer was 

added instead of the suggested volumes and iii) chromatin extraction was always 

carried out for 20min at 37°C. Treatments were done as mentioned earlier. For 

MDA-MB-231, SUM149PT, HCT116 and HCT116 DNMT1 mutated cell lines 5000 

cells/cm2 were plated in 6 well plates. Pellets were collected after each time point, 

flash frozen in nitrogen and stored in -80° before chromatin fractions were 

extracted. 

 Chromatin extraction of tumor tissue was carried out by first grinding 

approximately 50mg of the flash frozen tumor tissue in mortar and pestle and then 

doing the extraction using sub cellular fractionation kit for tissue from Thermo 

Scientific following the manufacturer’s protocol with two exceptions: i) a second 

nuclear extraction step was carried out for 15mins to remove any residual nuclear 
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lysates ii) Chromatin extraction was done for 30 mins at 37°C and samples were 

vortexed every few minutes during the incubation periods to prevent settling down 

of the tissue. 

Western Blotting: Western blotting was performed following standard procedures 

using 5ug of chromatin fractions. Proteins were loaded onto 4-20% SDS-PAGE 

gel (Bio-Rad laboratories, Hercules, CA), transferred on PVDF membrane (GE 

Healthcare Life Sciences, Pittsburgh, PA) and blots were washed in Tris Buffered 

Saline-0.1% Tween 20 (TBST) three times, blocked in TBST-5% bovine serum 

albumin (TBST-BSA) for an hour and primary antibodies in TBST-BSA were 

applied overnight at 4oC on shaker. Blots were washed again 3 times and 

secondary antibodies, anti-Mouse-horse radish peroxidase (HRP; Cell signaling, 

Danvers, MA) or anti-Rabbit-HRP (BioLegend, San Diego, CA) or alkaline 

phosphate (AP; Bio-Rad) in TBST were applied for an hour followed by 3 washes 

and detection of HRP using enhanced chemiluminescence or alkaline 

phosphatase using 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium 

(BCIP/NBT; Promega). Antibodies used were PARP1 rabbit monoclonal (1:1000, 

Cell signaling), DNMT1 rabbit monoclonal (1:1000, Sigma-Aldrich), H3 rabbit 

polyclonal (1:40000, Sigma-Aldrich), γH2AX (1:100, Millipore). 

Immunofluorescence Assay: 30,000 MDA-MB-231 cells were plated in 6 well 

plates with tissue culture treated cover slips in each well so that the cells attach to 

the cover slips. Cells were then fixed for 30 min in 4% paraformaldehyde, washed 

3 times in DPBS (+CaCl2 and MgCl2, DPBS++), permeabilized for 10 min in 

permeabilization solution (50mM NaCl, 3mM MgCl2, 10mM HEPES, 200mM 
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Sucrose and 0.5% Triton X-100 in PBS 1X)., washed 3 times in DPBS (+CaCl2, 

+MgCl2) supplemented with BSA 1% (DPBS-BSA) and then blocked overnight in 

DPBS++ supplemented with 10% serum. After incubation with mouse monoclonal 

anti-H2A.x (1:100, Upstate) or isotypes control for an hour at 370C in DPBS-BSA, 

cells were washed and then incubated with Dylight 594-anti-mouse and/or Dylight 

488-anti rabbit (1:200, KPL, Gaithersburg, MD) for an hour at 370C prior to 

counterstaining with 4’,6 diamidino-2-phenylindole, dihydrochloride (DAPI, 0.3 

µg/ml, Promega, Madison, WI) in mounting media (Vectashield, Vector 

Laboratories, Burlingame, CA). Slides were examined using a Nikon fluorescent 

microscope Eclipse 80i (100X/1.4 oil, Melville, NY). Images of at least 50 cells/slide 

were captured using a CCD (charge-coupled device) camera and the imaging 

software NIS Elements (BR 3.00, Nikon).  

Laser irradiation and confocal microscopy: The original protocol was used from 

Michael Scideman’s work (Ha et al., 2011). Briefly, a Nikon Eclipse 2000E 

spinning-disk confocal microscope with five laser imaging modules and a charge-

coupled device (CCD) camera (Hamamatsu) was employed. The setup integrated 

a Stanford Research Systems (SRS) NL100 nitrogen laser with a micropoint 

ablation system (Photonics Instruments). Site-specific DNA damage was induced 

using the SRS NL100 nitrogen laser adjusted to emit at 365 nm. Positions internal 

to the nuclei of the indicated cells were targeted using a 60×oil objective lens. Cells 

were targeted at 5.5% laser intensity to induce DSBs, and images were captured 

at various time points and analyzed using Volocity, version 5.0, build 6 

(Improvision). Experiments were performed using an environmental chamber 
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attached to the microscope to maintain experimental conditions (37°C, 5% CO2, 

and 80% humidity). After laser treatment, the cells were incubated at 37℃ for 

different time points and fixed immediately in freshly prepared 4% formaldehyde 

(in PBS) for 10 minutes at room temperature. Fixed cells were permeabilized with 

a PBS solution containing 0.5% Triton X-100 on ice for 10 minutes. For 

immunofluorescence staining, cells were incubated at 37℃ for 1 hour with anti-

γH2AX (Millipore, 05-636), anti-PARP1 (Santa Cruz Biotechnology, sc-53643) and 

anti-DNMT1 (Santa Cruz Biotechnology, SC-20701). Cells were incubated with 

corresponding secondary antibodies (Alexa Fluor goat anti-mouse or Alexa Fluor 

goat anti-rabbit, Invitrogen). After washing, they were mounted using ProLong 

Gold antifade reagent with DAPI (Invitrogen). The immune-stained cells were 

visualized and imaged using a Hamamatsu EM-CCD digital camera attached to 

the Nikon Eclipse TE2000 confocal microscope. Cells (n=30) were examined for 

each experimental point. In each experiment, images of cells at various time points 

were acquired using the same exposure, gain, sensitivity, and contrast settings.  

Breast cancer Xenografts: Female nude and NSG (NOD scid gamma) mice (6-

8 weeks old) were used for MDA-MB-231 and SUM149PT in-vivo xenograft studies 

respectively and were housed in a 12-h light/dark cycle with access to food and 

water ad libitum. Exponentially growing cells (3x106) were mixed with 50% matrigel 

and injected subcutaneously above the right hind leg of the mice. As the tumor 

started to grow after the first week of injection, the tumor volumes were externally 

measured in two dimensions using caliper ((length X width2)/2). When the tumors 

reached between 80-100mm3 mice were sorted into 6 groups (n= 7 or 8) so that 
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the mean tumor volume between the groups were similar. Mice were visually 

observed daily, weighed 5 days per week and tumor volume was measured twice 

per week. Mice were treated with 0.2 and 0.3 mg/kg BMN 673, 0.5 mg/kg AZA, the 

combination or vehicle. AZA was prepared in PBS (Ca2+ and Mg2+ free) and stored 

at -80°C in aliquots. BMN 673 was prepared fresh weekly in 10% DMAc, 6% solutol 

and 84% PBS and stored at 4°C in the dark. BMN 673 was administered by oral 

gavage and AZA was administered by subcutaneous injection daily, 5 days per 

week for the duration of the study.    

Statistical analysis: The statistical analysis for all the figures were conducted 

using the GraphPad Prism® Software and Excel, student t-test with * or # meaning 

p<0.05 unless indicated otherwise. Densitometry quantitation were conducted 

using the ImageJ software (NIH).  
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Chapter 4: Significance and Future Direction 

 

Model of the Study 

 

 

 

Figure 4-1: Model of the study, C-MYC regulates Alt-NHEJ by transcriptional 

regulation of LIG3 and PARP1 in TNBCs. High levels of PARP1 and DNMT1 

make TNBCs highly susceptible to a combination treatment with PARPi and 

DNMTi. Combination treatment enhances PARP1 trapping increasing 

cytotoxic DSBs in TNBCs leading to cell death. 
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Significance 

Despite the advances in treating breast cancers in general, therapies for the 

majority of TNBCs are inadequate, resulting in higher death tolls, compared to 

other breast cancers. Therefore a better understanding of the regulation of 

abnormal molecular and cellular pathways in this type of cancer will assist in 

devising more effective targeted therapies that is the primary goal of this study. 

Our study has demonstrated that the oncogene C-MYC is involved in the regulation 

of error prone Alt-NHEJ in TNBCs. C-MYC directly binds to the promoter regions 

of LIG3 and PARP1, increasing their  transcriptional activity. Repair by Alt-NHEJ 

is reputed to create large deletions around the DSB repair junctions, and 

increasing frequency of chromosomal translocations through ligation of DSBs on 

different chromosomes (Dueva & Iliakis, 2013). This may explain how TNBCs with 

elevated levels of C-MYC accumulate complex genomic alterations that contribute 

to the aggressiveness of this disease.  

Therefore, based on the fact that Alt-NHEJ component PARP1 is highly 

expressed in these TNBCs, we determined to target PARP1 with PARPis which 

are currently in use in the clinic. PARPis are renowned for their ability to induce 

synthetic lethality in HR defective cells (Frizzell & Kraus, 2009). Unfortunately, both 

recent pre-clinical studies and clinical trials have not delivered on the promise of 

the early clinical trial results (Patel et al., 2012; Sinha, 2014). While PARPis as 

single agents have not been an effective treatment strategy, the Rassool 

laboratory reported that PARPi in combination with LIG3i led to significantly 
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decreased clonogenicity in vitro (Tobin et al., 2012). However, development of the 

LIG3 inhibitors is required to confirm these studies in vivo.  

The second part of my thesis involved devising a novel therapeutic strategy 

to combine PARPis with DNMTis. This endeavor was based on multiple 

mechanistic aspects: 1) Studies show that TNBCs have elevated levels of both 

PARP1 (Ossovskaya, Koo, Kaldjian, Alvares, & Sherman, 2010) and DNMT1 (Tao 

et al., 2015), making them more sensitive to the combination treatment 

(Juttermann et al., 1994; Murai et al., 2014), 2) DNMTis trap DNMT1 into 

chromatin, which can recruit PARP1 at the chromatin either via interaction or 

inducing DNA damage response (Stresemann & Lyko, 2008). Moreover, this 

therapy, using a low nano-molar doses, would be more specific to the cancer cells 

and have limited or no toxicities in normal cells. Therefore, when we combined 

DNMTi with PARPi in TNBCs with elevated PARP1 and DNMT1, PARP1 trapping 

was significantly enhanced, leading to increased cytotoxic DSBs, decreased cell 

survival and tumor burden in xenograft mice models. These pre-clinical results in 

both BRCA -proficient and -deficient TNBCs are highly promising. While the 

mechanisms underlying the cytotoxic effects of this drug combination have not 

been fully elucidated, these studies suggest a mechanism-based strategy for 

combining these drugs not only in breast cancers with high levels of PARP1 and 

DNMT1, but also in hormone-resistant breast cancers with high basal levels of 

PARP1. Additionally, other cancers could also be amenable to this therapy.   
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Future Directions 

In Chapter 2 we have provided evidence of C-MYC’s involvement in Alt-NHEJ 

regulation in TNBC cell lines. But to make this model more physiologically relevant 

C-MYC’s role in TNBC patient samples/primary breast tissue must be investigated.  

C-MYC has also been shown to alter repair of DSBs by C-NHEJ by disrupting 

formation of KU/DNA-PKc complex both in vitro and in-vivo leading to 

chromosomal breaks and genomic instability (Li et al., 2012). Similar studies can 

be performed in MYC inducible in vivo models (Gunther et al., 2002) which can 

also be modified to contain EJ2-GFP constructs with inducible I-SceI 

endonuclease (White et al., 2013). This will allow us to study the effect of MYC’s 

expression in the repair of DSBs by Alt-NHEJ in in-vivo mice models (White et al., 

2013). Also since Alt-NHEJ is reported to have higher function in S-phase of the 

cell cycle in absence of HR (Truong et al., 2013), it might be worth investigating 

from the mechanistic perspective, if role of C-MYC in the regulation of Alt-NHEJ is 

cell cycle specific. In cancer cells, cell cycle regulatory proteins such as cyclins 

and cyclin dependent kinases (CDKs) are deregulated due to overexpression of 

C-MYC (Dickson & Schwartz, 2009). CDK1 inhibitor (CDK1i) is found to be 

synthetically lethal in C-MYC overexpressing cells (Goga, Yang, Tward, Morgan, 

& Bishop, 2007). Therefore combining PARPi along with CDK1i might also be a 

potential targeted therapy in C-MYC and Alt-NHEJ overexpressing TNBCs.  

One other potential therapeutic approach that we have not discussed so far 

in our study is using MYC as a target in TNBCs. As we know C-MYC is 

overexpressed in TNBCs and in many other cancers and is responsible for not just 
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deregulation of Alt-NHEJ pathway but other oncogenic pathways giving metabolic 

and survival advantage to cancer cells (Dang, 1999; Z. Li et al., 2012). Therefore 

targeting MYC using MYC inhibitors, or available siRNA based technologies 

against MYC oncogene might hold potential against MYC overexpressing cancers 

(Dicerna, 2014; Prochownik & Vogt, 2010). But MYC is universally present in all 

proliferating cells and therefore inhibition of MYC would impose unacceptable 

toxicities in cells (Prochownik & Vogt, 2010). There are studies which counter 

argues that at any given time most of the normal cells are in quiescent state and 

express very little MYC and therefore the toxicity level of inhibiting MYC will be 

comparable to those of chemotherapies (Prochownik & Vogt, 2010). There is an 

emerging interest in developing clinically relevant strategy to target MYC. Dicerna 

Pharmaceuticals have recently launched Phase I trial in solid tumors, multiple 

myeloma and Hodgkin lymphoma with a novel synthetic siRNA, DCR-MYC, for 

targeting MYC oncogene (Dicerna, 2014). Therefore it will be worth investigating 

if a combination of low dose (to limit toxicities) PARPi along with MYC inhibitor or 

MYC targeting siRNA have an antitumor effect in TNBCs. 

In Chapter 3, in terms of understanding the mechanism of action of the 

combination treatment of DNMTi (AZA) and PARPi (BMN 673), our studies have 

provided some key initial insights. Combination treatment trapped most PARP1 at 

the chromatin and showed highest accumulation of DSBs even 4 and 24 hrs after 

induced DNA damage. This evidence suggests that repair has been inhibited with 

combination treatment as the drugs trap both DNMT1 and PARP1 at the damage 

sites. Studies have reported that PARPi and DNMTi can affect different repair 
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pathways. For instance PARPi is found to increase C-NHEJ in HR deficient cells 

(Patel et al., 2011), whereas PARPis along with LIG3i reduces MH-mediated repair 

by Alt-NHEJ (Tobin et al., 2012). Therefore our hypothesis might be further 

investigated using functional DNA repair assays investigating HR and C/Alt-NHEJ 

repair (Gunn & Stark, 2012; Moynahan et al., 2001) in the presence and absence 

of DNMTi and PARPis. Another recent study showed that DNMTi, DAC can cause 

replication fork stalling and chromatid breaks during replication and in absence of 

FA genes such as FANCG, HR is unable to repair these DSBs (Orta et al., 2013). 

Therefore it is worth investigating whether the combination drug treatment has an 

effect in FA deficient cells that will broaden the therapeutic range of this strategy. 

PARylated PARP1 is known to interact and inhibit DNMT1’s methylation 

activity, while in the absence of PARylated PARP, methylation activity of DNMT1 

can abnormally increase (Zampieri et al., 2012). Therefore a correct balance 

between the PARylation and methylation is important, to maintain a normal DNA 

methylation pattern underscoring the reason for combining DNMTi with PARPi. In 

our studies we saw an increase in PARP1 trapping when DNMTi is combined with 

PARPi and we suggested that besides creating DSBs, another possible 

mechanism could be increased interaction of PARP1 and DNMT1 in presence of 

the combination treatment. To investigate this hypothesis we will need to 

investigate whether the combination drug treatment increases interaction between 

the two proteins using Co-IPs as well as in DNMT1 KO TNBC cell lines. Also to 

confirm if the combination treatment increases PARP1 trapping in vivo we need to 

investigate PARP trapping in tumor tissue from mice treated with single and 
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combination treatments. These experiments will give us a better understanding of 

the mechanisms underlying the combination treatment that will be very important 

for their applications in other cancers and any future clinical studies.  

The combination treatment showed promising results in our preclinical 

studies for both BRCA proficient and deficient breast cancer xenograft models. 

AZA has already been FDA approved for the treatment of MDS patients (Issa & 

Kantarjian, 2009), whereas BMN 673 is in several clinical trials as single agent or 

in combination with other drugs for the treatment of metastatic BRCA deficient 

breast cancer (Shaffer. A.T, 2014). Therefore given that both the drugs are already 

in clinical use it increases the prospect of combining these two drugs in a future 

clinical trial for the treatment of TNBCs.   
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