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Abstract 

Title of Thesis: DNA Methyltransferase Inhibitors in Combination with PARP inhibitors Generate 

Synthetic Lethality in BRCA-proficient Ovarian Cancer  

Lora Stojanovic, Master of Science, 2018  

Thesis Directed by:  Rassool Feyruz, PhD, Radiation oncology. 

Approximately 10% of Epithelial ovarian cancer (EOC) patients have BRCA mutations and are 

treated with FDA approved poly (ADP-ribose) polymerase (PARP) inhibitors. While some 

patients with BRCA wild-type EOC have shown a response, the majority of BRCA mutated EOC 

respond to PARPi therapy. The standard therapy for EOC patients is platinum-based 

chemotherapy which often leads to resistance to this treatment. Therefore, new therapies are 

essential for the improvement of EOC treatment. In this study we will investigate the role of 

low-dose epigenetic therapy in reprograming the DSB repair response to potentially induce a 

“BRCAness” effect that sensitizes EOC cells to PARPi. We show that 5-AZA reprograms 

epigenome by changing the gene expression in DNA repair genes which lead to BRCAness and 

results in impaired HR-mediated repair. Lastly, we will determine whether the downregulation 

of FANCD2, is responsible for sensitization of EOC cell to PARPi therapy that results in increased 

cytotoxicity.  
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INTRODUCTION 

Each year in the U.S. there are about 21,000 cases of ovarian cancer (OC), from which 

about 14,000 will become fatal (Committee on the State of Science in Ovarian Cancer Research, 

2016). Although, occurrence of OC is less frequent than other gynecological cancers, for 

example, uterine cancer (UC), OC is more fatal than UC due to difficulties in early stage 

diagnosis and the availability of effective treatment. The ovary is one of the smallest organs 

located on the end of a pelvic wall. Its position is problematic once cancer occurs because there 

is a fast and direct access of cancer cells to surrounding organs in a process called metastasis. 

Once OC develops, there is a rapid occurrence of metastasis to other organs, thus early stage 

diagnosis is crucial in treatment success. Unfortunately, due to mild symptoms such as 

abdominal pain and bloating, or even complete lack of symptoms, diagnosis is very often made 

after the cancer has already metastasized. Epithelial Ovarian Cancer (EOC) is the most common 

form of OC, and the diagnosis is made through staging and grading. Staging of EOC is represents 

on the degree of cancer spread and can range from stage 1 (cancer is limited to ovaries) to 

stage 4 (distant metastasis). Grading, on the other hand, focuses on the tissue appearance 

under the microscope. Based on its histology, EOC can be graded as high-grade serous, low-

grade serous, clear cell, mucinous, and endometroid (Fig 1). The high-grade serous EOC is the 

most common among women. This cancer, although the most aggressive, has the highest initial 

response to chemotherapy, which makes it the easiest to treat. Current treatment of EOC 

consists of either surgery (optimal debulking- removal of tumor, hysterectomy- removal of 

uterus/cervix, bilateral splingoopherectomy- removal of both ovaries, pelvic 

lymphodenectomy- removal of lymph nodes, and omentectomy- removal of omentum), with 
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adjuvant chemotherapy (usually a platinum compound in combination with taxanes), or 

neoadjuvant chemotherapy followed by internal debulking (Deng et al., 2017). About 80% of all 

patients have complete response to initial platinum- based chemotherapy, recurrence is, 

however, the main cause of death following acquisition of platinum resistance. Because the OC 

survival statistics show that current treatment is not as effective for a longer time, novel 

therapy is required. 

 

Fig.1 Depiction of the different histological classifications of epithelial ovarian cancer 
(Oncohema key) 
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B. Role of PARPi 

Ten percent of EOC cases with inherited BRCA 1 or BRCA 2 mutations are extremely 

sensitive to PARP inhibitors (PARPi) due to the concept of synthetic lethality (Bryant et al., 

2005). Tumor cells with mutated BRCA genes are deficient in homologous recombination (HR)- 

mediated DNA double strand break (DSB) repair which can be exploited by inhibiting PARP1 

dependent DNA repair mechanisms. PARP is an abundant nuclear protein crucial for single 

strand break (SSB) repair of DNA through base excision repair (BER). Once DNA damage is 

detected, PARP1 is recruited to the lesion and through poly(ADP-ribosyl) action, or PARylation, 

is able to recruit other proteins that participate in SSB repair. If inhibited, PARP1 is unable to 

repair the SSB damage, cytotoxic DSBs will be generated during replication as a result of 

replication fork collapse.  DSBs are potentially lethal events that require HR-mediated repair 

during DNA replication. However, BRCA-deficient tumor cells are unable to repair the resulting 

DSBs after PARPi treatment, and consequently undergo cell death (Rassool & Tomkinson, 2010). 

While PARPis act through catalytic inhibition of PARP, they can also “trap” PARP in DNA. PARP 

trapping is also thought to be the primary mechanism for cytotoxicity of these inhibitors (Murai 

et al., 2012). Recent success with PARPis have inspired the development of second generation 

PARPis that have up to 100-fold higher potency than the first generation PARPi such as olaparib, 

rucaparib and veliparib.  This second generation PARPi that is working at nanomolar doses 

include talazoparib (Pfizer). A very important property of second generation PARPis is the 

increase in cytotoxicity by PARP trapping and because of that should be considered for therapy 

in BRCA-proficient EOC.  
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Fig. 2. Mechanisms of PARPi and synthetic lethality. PARPi can lead to persistent unrepaired SSBs (top) and 

trapping of PARP-DNA complexes (bottom).  SSBs and trapped PARP lead to activation of HR and subsequent repair 

in BRCA proficient cancer.  In the classic synthetic lethality model, HR is impaired due to mutations in the BRCA 

genes, and therefore prevent HR repair of PARPi induced damage. (Murai et al, 2012)  

 

Recently, the concept of BRCAness has been put forward to describe the idea that 

deficiency in HR-related pathways could also sensitize to PARPi.  BRCAness genes include 

XRCC2/3, RAD18, PCNA, ATM, FEN1, POLB, and Fanconi Anemia genes (FA) (FANCD2, FANCC, 

FANCE). Each of these genes, if mutated, could induce synthetic lethality when combined with 

PARPi (Mateo et al., 2015). 

There are three FDA-approved PARPi for the treatment of EOC as a monotherapy: 

olaparib (AstraZeneca) (Kaufman et al., 2015), niraparib (Tesaro), and rucaparib (Clovis 

oncology). These drugs are used as a single agent in a relapsed and recurrent OC regardless of 

BRCA status, however, as expected, they show substantial efficacy in treating EOC that are 

BRCA-deficient.  

Although 80% of patients that are diagnosed with EOC will respond to first line chemotherapy, 

the majority of these patients will become resistant and relapse (Ledermann et al., 2012). 

Therefore, new therapies are essential for the improvement of EOC treatment. Molecularly 
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targeted therapies show lower toxicity and increased selectivity toward cancer cells when 

compared to the standard chemotherapy. The partial responses of BRCA-proficient EOCs 

suggest the possibility that they may be treated with PARPis in combination with other 

therapies. Moreover, a recent report from the Rassool laboratory that PARPis in combination 

with low doses of epigenetic drugs increase PARP trapping and increase efficacy in BRCA-

proficient acute myeloid leukemia (AML) and breast cancer, suggest that this drug combination 

may also be used as a therapeutic strategy in BRCA-proficient EOCs (Muvarak et al., 2016). 
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C. Role of DNMTi 

Epigenetics encompass processes that alter gene activity without changing the DNA 

sequence, and lead to modifications that can be transmitted to daughter cells (Weinhold, 

2016). For almost all cancers, including EOC, there is increasing evidence for involvement of 

epigenetic mechanisms in the pathogenesis of these diseases. The most well researched 

epigenetic aberrations are the methylation of cytosine in promoter regions of CpG island-

containing genes. These aberrations are linked to silencing of tumor suppressor genes such as, 

p16INK4, RASSFIA, BRCA1, and HMLH1, and are important in understanding the development of 

tumor malignancy. Enzymes that participate in the methylation of DNA are DNA methyl 

transferase, DNMT1, DNMT2, DNMT3a, and DNMT3b. The function of DNMT1 is to recognize 

the normally methylated CpG sites in the parent strand and catalyze cytosine methylation at 

CpG island sites of the newly replicated strand. DNMT2 plays a role as a tRNA 

methyltransferase, contributing to tRNA stability and accurate protein synthesis. DNMT3a and 

DNMT3b enzymes are important in de novo methylation during embryogenesis (Ahluwalia et 

al., 2001). 

 Transient low doses of DNA-demethylating inhibitors (DNMTi), decitabine (DAC) and 

azacytidine (AZA, 5-AZA), exert durable antitumor effects on hematological and epithelial tumor 

cells, and are FDA approved for use in myelodyplastic syndromes (MDS) (Diesch et al.,2016). 

DNMTis are analogues of cytosine and prevent remethylation in proliferating cells (Flotho et al., 

2009). Reversal of promoter DNA hypermethylation is therefore an attractive cancer therapy 

approach. Tsai et al. showed that transient exposure of cultured and primary leukemic and 

epithelial tumor cells to clinically relevant nanomolar doses, without causing immediate 
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cytotoxicity, produces an antitumor "memory" response, including inhibition of subpopulations 

of cancer stem-like cells. These effects are accompanied by sustained decreases in genome-

wide promoter DNA methylation, gene reexpression, and antitumor changes in key cellular 

regulatory pathways, including the DNA damage response. Low-dose DAC and AZA may have 

broad applicability for cancer management. The key pathways changes seen suggest that many 

other cancers may be treated with low doses of these two drugs, among which is ovarian 

cancer (Tsai et al., 2012).  Therefore, we questioned whether low-dose DNMTi treatment can 

induce BRCAness, and when combined with PARPi, lead to synthetic lethality in BRCA-proficient 

EOC patients? We show in this study that AZA downregulates key genes responsible for DNA 

repair, and when combined with low doses of PARPi, increases cytotoxicity, compared to single 

agent treatments. 
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C. Proposed Hypothesis and specific Aims 

The central hypothesis: AZA reprograms the epigenome by impairing DNA repair causing 

BRCAness that leads to increased PARPi sensitivity in BRCA proficient OC.   

Specific Aim 1: DETERMINING THE EFFICACY OF COMBINED TARGETED THERAPY OF 

TALAZOPARIB AND AZA IN BRCA PROFICIENT OVARIAN CANCER CELL LINES 

A. Examining the synergistic potential between AZA and Talazoparib in BRCA proficient 

ovarian cancer cell lines 

a) Combination therapy of Talazoparib and AZA was effective in PEO4- BRCA- proficient 

OC cell line 

b)  Talazoparib and AZA are synergistic in most OC cell lines 

c) Combination therapy of Talazoparib and AZA cause decreased clonogenicity  

d) AZA downregulates RAD51 and upregulates H2AX 

              e) AZA down-regulates HR in BRCA proficient OC 

 I Creating cell lines with inserted HR construct - DR-GFP plasmid 

             II Testing HR activity with AZA treatment 

Specific Aim 2:  AZA ALTERS EXPRESSION OF DNA REPAIR GENES: DOWNREGULATION OF FANCD2 

THAT PLAYS A KEY ROLE IN BRCANESS IN OC  

a) AZA influences change in expression of DNA repair genes  

b) Inserting FANCD2 plasmid into AZA treated BRCA proficient OC cells increases HR 

repair 

c) PARPi causes decreased clonogenicity in OC cell line stably knocked down for 

FANCD2 
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CHAPTER II 

Specific Aim 1: DETERMINING THE EFFICACY OF COMBINED TARGETED THERAPY OF 

TALAZOPARIB AND AZA IN BRCA PROFICIENT OVARIAN CANCER CELL LINES 

I Examining the synergistic potential between AZA and Talazoparib in BRCA proficient 

ovarian cancer cell lines 

a) Combination therapy of Talazoparib and AZA was effective in PEO4- BRCA proficient OC cell line 

 A recent study from the Rassool laboratory has shown increased efficacy of combining 

PARPi with DNMTi as a potential targeted therapy for the treatment of breast cancer (BC) and 

acute myeloid leukemia (AML) (Muvarak et al., 2016). The combination of PARPi with DNMTi 

significantly reduced clonogenicity and survival in both BRCA-deficient BC cell lines and cell lines 

with intact BRCA genes. BRCA gene deficiency plays a significant role in therapy efficacy with 

PARPi in OC, and these drugs are now FDA approved for this disease. Therefore, we explored 

the idea that DNMTi treatment might induce a BRCAness effect in BRCA-proficient OC when 

used in combination with PARPis. First, we examined whether ovarian cancer cell line, PEO4 

that is BRCA-proficient had similar efficacy in clonogenic assays when treated with the 

DNMTi/PARPI drug combination, compared with BRCA-deficient PEO1 following PARPi 

treatment (Fig.3). The same treatment regimen was used in these studies as was used for 

breast cancer (BC) and acute myeloid leukemia (AML) reported by Muvarak et al, as described 

above (Muvarak et al., 2016), and Adewuyi (Master thesis, 2016, unpublished data). This 

treatment regimen consisted of daily administration of 500nM AZA, whereas TAL (10nM and 

20nM) was added every three days for a duration period of 7 days. While as expected, BRCA-

deficient PEO1 was highly sensitive (90% decrease in colonies) to PARPi TAL, AZA treatment 
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alone decreased colonies slightly (approximately 20% decrease). In contrast, the combination 

treatment was even more effective in BRCA mutant cell line PEO1, and colonies were 

significantly decreased in the BRCA-proficient cell line compared to single drug treatments 

(P<0.001). This suggested that this combination therapy may be applicable to the majority of 

BRCA-proficient OC, but also may improve 

therapy in BRCA-deficient OC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3. Colony survival of PEO1 (BRCA2 mutant) and 
PEO4 (BRCA2 revertant) OC cell lines after treatment 
with AZA and TAL, in single agent groups and in 
combination. Experiment in triplicates are 
represented, mean ± SD significance (**P< 0.001) is 
shown as combination treatment compared to single 
treatments. 
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b) Talazoparib and AZA are synergistic in most OC cell line 

We next determined the mechanism of action of the AZA/TAL drug combination, i.e., whether 

these drugs were additive, antagonistic or synergistic Thus, we examined five different OC cell lines 

(A2780, TyKNu, OVCA-429, OAW-42, and EF027) to test the mechanism of action of 5-AZA and TAL 

combination therapy. According to Foucquier and Gued, a combination of two drugs is synergistic if it 

has a combination index greater than 1 (CI <1), additive- equal to 1 (CI =1), and antagonistic when 

combination index is less than 1 (CI > 1) (Foucquier and Gued, 2015). 

 

 

Using these cell lines (Table 1.), we performed cell proliferation assays (MTS assays) in which all five OC 

cell lines were treated with three different concentrations of AZA (150nM, 250nM, and 500nM), and five 

different concentrations of TAL (1nM, 2.5nM, 5nM, 10nM and 20nM). The combination therapy showed 

synergy with combination indexes of <1 in A2780 (Fig. 4A). TyKNu (Fig. 4B), OVCA-429 (Fig. 4C), and 

EF027 (Fig. 4D). However, synergy was not observed in OAW-42 (Fig. 4E).  This suggested that AZA and 

TAL targeted therapy had a synergistic effect in majority of OC subtypes. The underlying reason for 

negative response of OAW-42 to the combination therapy could potentially mean that the dosing may 

need to be optimized or that molecular changes may prevent these drugs from working optimally.  

Table 1. Histological classification of ovarian cancer cell lines. 
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c) Combination therapy Talazoparib and AZA cause decreased clonogenicity  

We next examined the ability of OC cells to form colonies in all of the five OC cell lines 

(described above) using the concentration for which synergy was observed. We hypothesized 

that in the OAW-42 cell line, where no synergy was observed, colonies would not be affected by 

the combined drug treatment.  However, we did expect significant decreases in clonogenicity 

four OC BRCA proficient cell lines (A2780, TyKNu, OVCA- 429, and EF027) with the combination 

therapy. Treatment was as follows: A2780, TyKNu, and OVCA-429 were treated with 500nM 

AZA and 1nM, 2.5nM, and 5nM TAL, EF027 was treated with 250nM AZA and 1nM, 2.5nM, and 

Fig.4. Cell proliferation assay (MTS) after 7 days of daily treatment with 150nM, 250nM and 500nM AZA, and 
1nM, 2.5nM, 5nM, 10nM, and 20nM TAL. Drug cytotoxicity is depicted in the bar graph (top left) and grouped 
by 5-AZA doses (bottom left) for each cell line. Combination index (CI) values were assessed by the Chou-
Talalay method, where values below 1 are synergistic (right panel). A) A2780: 500nM AZA and all TAL 
concentrations are synergistic; B) TyKNu: 500nM AZA and 2.5nM and 5nM TAL are synergistic; C) OCVA-429: 
500nM AZA and all TAL concentrations are synergistic; D) EF027: 250nM AZA and 1nM, 2,5nM and 5nM TAL are 
synergistic; E) OAW-42: synergy is not observed. 
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5nM TAL, while OAW-42 was treated with 500nM AZA and 2.5 nM, 5nM, 10nM TAL for a 

duration of 7 days as previously described. As expected, the combination therapy significantly 

decreased clonogenicity in A2780 (Fig. 5Ai and 5Aii), TyKNu (Fig. 5Bi and 5Bii), OVCA-429 (Fig. 

5Ci and 5Cii), and EF027 (Fig. 5Di and 5Dii), while in OAW-42 (Fig 5Ei and 5Eii) combination 

therapy had potential antagonistic effects. 
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Fig. 5.  Colony survival in 5 histologically diverse 
ovarian cancer cell lines after treatment with AZA 
and TAL as single agents and in combination. A) 
A2780; B) TyKNu; C) OVCA-429; D) EF027; and E) 
OAW-42. Bottom panels depict corresponding 
colonies for the % survival depicted in the top 
graphs. Experiments in triplicates are represented, 
mean ± SD, *p<0.05, ***p<0.001 
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d) AZA downregulates RAD51 and upregulates gammaH2AX 

Given that DNMTis had an effect of sensitizing BRCA-profient OC cells to PARPis, we 

hypothesized that AZA had an effect on DNA repair potentially inducing a BRCAness effect. Tsai 

et al. reported that transient exposure of cultured and primary leukemic and epithelial tumor 

cells to clinically relevant nanomolar doses of DNMTi (AZA or DAC), without causing immediate 

cytotoxicity, produces an antitumor "memory" response, including inhibition of subpopulations 

of cancer stem-like cells (Tsai et al, 2012). These effects are accompanied by sustained 

decreases in genomewide promoter DNA methylation, gene reexpression, and antitumor 

changes in key cellular regulatory pathways, particularly, to the DNA damage response 

pathways (Tsai et al, 2012). To determine the effects of low dose 5-AZA in BRCA-proficient OC 

cell lines, we performed immunofluorescence assays for RAD51 foci. Rad51 is a key HR repair 

factor and forms foci in response to DSBs during DNA replication. RAD51 and BRCA2 associate 

with each other for proper double strand break (DSB) repair through HR. This co-localization of 

RAD51 and BRCA2 does not occur in BRCA2 deficient OC, which contributes to HR repair 

impairment.  In BRCA proficient OC, however, when recruited, RAD51 forms subnuclear 

complexes that are microscopically seen as foci, usually in S phase when replication forks are 

repaired. Ionizing radiation (IR), as one of the DNA damaging agents, causes increase in RAD51 

recruitment and formation of RAD51 foci which is a crucial step in HR mediated DSB repair 

(Tarsounas, et al, 2003). As a response to the DNA damage caused by IR, RAD51 will localize 

within the nucleus to form foci that can be observed by immunofluorescent microscopy. RAD51 
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B) i 

foci represent the assembly of proteins in HR and can serve as biomarkers for HR function 

(Mukhopadhyay et al., 2010).  

To observe possible differences in RAD51 foci between BRCA deficient and proficient OC 

cell lines, all five cell lines were treated with 500nM AZA for 6 days after which the cells were 

exposed to DNA damage, stained, and observed on fluorescence microscope. DNA damage was 

achieved through ionizing radiation (IR) in the dose of 2 and 4 Gy depending on cell line IR 

sensitivity. Our results for five OC cell lines treated with AZA show a decrease of RAD51 foci 

post IR damage (Fig. 6). Based on these results we predicted that AZA treatment resulted in a 

decrease in HR activity.   
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D) i 

E) i 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Immunofluorescence. Graphs (left) show observed percent RAD51 quantification and representative images 
(right). Cells included as positive RAD51 foci are those that had more than 10 foci. Four experimental groups were 
tested: CTRL, AZA, CTRL+ IR, and 5-AZA +IR. A) A2780: significant decrease (p> 0.05) in RAD51 in AZA + 4Gy IR; B) 
TykNu: decrease in RAD51 in AZA + 4Gy IR; C) OVCA-429: decrease in RAD51 in AZA + 2Gy IR; D) EF027: decrease in 
RAD51 in AZA + 4Gy IR; E) OAW-42: No significant changes in RAD51 foci. 

C) i 
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In response to decreased HR activity, we further hypothesized that DSBs would remain 

unrepaired and we should observe an increase in DSBs. Phosphorylated Histone protein H2AX is 

an established marker for DSBs, and its accumulation in chromatin is also visible through foci 

that represent DSBs and can be visualized by immunofluorescence microscopy (Mariotti et 

al,2013) Phosphorylation of the histone H2AX is the first step in recruiting the DNA repair 

proteins at DSBs, and foci that form during the recruitment of repair protein are used as 

biomarkers for DNA damage (Kuo and Yang, 2008). 

We next performed immunofluorescence for gammaH2AX foci formation in all five OC 

cells lines, using above-described treatments. Our results from all 5 cell lines showed a trend of 

increasing DSBs in cells treated with AZA (Fig. 7). 

Together, this data suggests that AZA treatment decreases HR, leading to decreased 

recruitment of RAD51.Decreased HR will leave DSBs unrepaired and result in an increase of 

DSBs, as measured by gammaH2AX. DSBs are cytotoxic to the cell, resulting in potential cell 

death. 

 

A) i 
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Fig. 7. Immunofluorescence. Graphs (left) show observed percent γH2AX quantification. Cells included as 
positive γH2AX foci are those that had more than 20 foci. Four experimental groups were tested: CTRL, AZA, 
CTRL+ IR, and AZA +IR. Graphs show increase or no change in γH2AX in AZA + IR experimental group A) 
A2780 with 4Gy, B) TyKNu with 4Gy, C) OVCA-429 with 2Gy, D) EF027 with 4Gy, OAW-42 with 2Gy. 
Corresponding images taken with immunofluorescence microscope are represented (right) with symbol ii. 

 

 

 

   e) AZA down-regulates HR in BRCA proficient OC 

I Creating cell lines with inserted - DR-GFP plasmid to test HR activity 

Homologous recombination (HR) is a process in which living cells repair DNA double-strand 

breaks caused by different agents. This major repair mechanism provides high-fidelity and 

template-dependent repair of complex DNA damages including DNA gaps, DSBs, and DNA 

interstrand cross-links (ICLs) (Li and Heyer, 2008). When HR is deficient, other repair pathways 

(non-homologous end-joining (NHEJ), or SSA, for example) provide backup to repair the DNA 

DSB, however when an inhibitor is used to prevent addition repair, cell death will occur. This 

suggests the importance of targeting HR repair in cancer therapy in combination with PARPi 

and explains the value of HR cancer research over the past years. In order to test our 

hypothesis, we measured DSB repair in OC cell lines after the treatment with AZA. We used an 

E) i 
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intrachromosomally integrated GFP based assay involving the use of endonuclease I-Sce1 to 

induce DSB in mammalian cells, to measure HR (Bindra et al., 2013).  

The DR-GFP plasmid is constructed from a cassette that contains two inactive copies of GFP 

genes – one that has a single recognition site for the restriction enzyme called I-Sce1, and 

another one that does not have a promoter but contains a wild type GFP sequences that would 

be used as a template for DSB repair (Fig. 8). Once I-Sce1 is transfected, it creates a DSB at the 

specific restriction site of the cassette. This site requires HR repair using a template from the 

wild type GFP sequence (second GFP in the cassette) results in GFP+ cells that can be detected 

through flow cytometry (Nakanishi, et al., 2012). 

 

We incorporated DR-GFP plasmid 

into OC cells through nucleofection 

as described in the materials and 

methods section. The OC cell lines 

used were A2780, TyKNu, PEO1, and PEO4. Due to a low efficiency nucleofection, only 3 clones 

were isolated for PEO4, 5 clones for each A2780 and TyKNu, while PEO1 resulted in 7 

successfully isolated clones. In order to investigate which among isolated clones had the 

highest base line GFP expression, we inserted I-Sce1 plasmid through lipofection as described in 

the materials and method section and analyzed GFP via flow cytometry. As a positive control 

we lipofected GFP, while our negative control did not contain any plasmid. In addition, each 

clone had its own negative control, in which the I-Sce1 restriction enzyme was not present in 

Fig 8. DR-GFP construct depicted above.  This construct 
has a specific I-Sce1 endonuclease site.  This site, when 
cut, can only be repaired via homologous recombination, 
will read out with positive GFP expression 
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these tested groups. The clones expressing the highest amount of GFP were used for further 

experiments (Fig. 9) 

      A)  

 

B) 

 

       C)        

 

       D) 

 

 

Fig. 9. Flow cytometry measuring GFP expression. No I-Sce1 transfections are shown left with little to 
no GFP expression, and with I-Sce1 transfection and corresponding GFP expression shown right. A) 
A2780 have 2.8% GFP expression; B) TyKNu have 0.9% GFP expression; C) PEO1 have 1.8% GFP 
expression; and D) PEO4 have 0.9% GFP expression. 
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II  

Testing HR activity with AZA treatment 

 Measuring the repair of DNA DSB by HR in PEO1 and PEO4 cell line was the first step in 

normalizing our HR assay. As previously said, PEO1 is an OC cell line that is BRCA deficient, and 

PEO4 is a cell line extracted from a same patient who due to drug resistance developed 

reversed BRCA-proficient status. Due to BRCA deficiency in PEO1 cell line, it was expected that 

this cell line would have significantdecrease in HR repair compared to PEO4 that is BRCA 

proficient. Both PEO1 and PEO4 cell lines were treated with AZA for a duration of 10 days after 

which they were lipofected with i-Sce1 plasmid and observed through flow cytometry. The 

results obtained showed that indeed PEO1 cell line had more impaired HR repair (20% % GFP 

signal) compared to PEO4 cell line (40% GFP signal) (Fig. 10). In addition, AZA treated PEO4 cell 

line had a significant decrease in HR repair compared to its control, which suggests that AZA has 

an ability to impair HR repair even in BRCA proficient cell line. 

A)                                                                                         B) 

%
 G

FP
+ 

Fig. 10. HR assay. %GFP expression is graphically represented from flow cytometry. A) PEO1, and 
B) PEO4. Experiments are in triplicates, mean ± SD, ***p<0.001 
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Furthermore, using the same protocol we performed HR assay on A2780 cell line DR-GFP clone 

that were established through nucleofection as previously described. The results showed that 

AZA caused a significant decrease of HR repair in A2780 cell line compared to non-treated cells 

(Fig.11). 
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Fig. 11. HR assay. %GFP expression is graphically represented from flow cytometry in A2780. 
Experiment is in triplicates, mean ± SD, *p<0.05  
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CHAPTER III 

Specific Aim 2:  AZA ALTERS EXPRESSION OF DNA REPAIR GENES: DOWNREGULATION OF FANCD2 

THAT PLAYS A KEY ROLE IN BRCANESS IN OC  

a) AZA influences changes in DNA repair genes expression  

As described above, low doses of DNMTis have an ability to alter DNA methylation processes by 

blocking the catalytic site of DNMT and therefore alter gene expression (Tsai et al., 2013). To 

investigate whether low dose AZA treatment of BRCA-proficient OC cell lines results in changes 

in expression of BRCAness genes, we used qRT-PCR to analyze the expression levels of genes 

involved in HR-related pathways. All 5 OC cell lines were treated with AZA for the duration of 10 

days, followed by RNA extraction 

and qRT-PCR. We examined a total 

of 15 HR-related genes (ATM, ATR, 

BAP1, BRCA1, BRCA2, c17orf70, 

DDB2, ERCC2, FEN1, FANCC, 

FANCD2, FANCE, FANCF, MDC1, 

XPC) for changes in gene 

expression (Fig. 12) compared to 

the non-treated cells. The goal of 

the experiment was to determine 

a gene expression pattern, or the most commonly altered HR-related genes that could 

potentially play a role in inhibiting HR. Our results showed that AZA caused downregulation of 

different HR genes across 5 cell lines. In cell line A2780, BRCA1/2, DDB2, FEN1, FANCD2, and 

Fig. 12. Heat map. Relative mRNA expression of the OC cell lines is 
depicted via z-score analysis. In the generated heat map the data 
displayed in each row represents DNA repair genes, and each 
column represents a cell line. The color and intensity represent 
changes of gene expression – red represents up-regulated genes, 
blue down-regulated genes, and white unchanged expression.  
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FANCE genes had decreased relative expression. In EF027, DDB2 gene had decreased. In TyKNu, 

only FANCD2 gene had decreased. In OVCA-429, BRCA1/2, FEN1, FANCC, FANCD2, and MDC1 

genes had decreased. Lastly, while PEO4 did not have a decrease in gene expression, most of 

OAW-42 genes were decreased, BAP1, BRCA1/2, c17orf70, FEN1, FANCC, DDB2, FANCD2, 

MDC1, and XPC (Fig. 13). Based on these result FANCD2 was downregulated in 4 out of 5 cell 

lines, which suggested that FANCD2 gene could potentially play a role in the BRCAness 

phenotype induced with AZA treatment. FANCD2 gene belongs to a Fanconi anemia 

Fig. 13. Relative gene expression. Compiled gene expression graphically depicted across 5 OC cell 
lines with daily AZA treatment for 10 days. Cell lines are represented with symbols: A2780 (full 
circle), TyKNu (full square), EF027 (full triangle), OAW-42 (empty circle), OVCA-429 (empty 
square), PEO4 (empty triangle). Symbols that appear below 1 represent cell lines that have gene 
down-regulation and above 1 represent cell lines that have gene up-regulation. 
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complementation group (FANC), and it encodes the protein for complementation group D2. In 

response to DNA damage, this protein gets monoubiquinated, localizes to sites of DNA damage 

with BRCA1 and BRCA2, and is involved in DNA crosslink and HR mediated DNA repair (NCBI). 

The abnormality of this gene leads to the disease Fanconi anemia (FA) which is characterized by 

the inability to repair DNA crosslinks. AZA downregulation of the FANCD2 gene, is predicted to 

induce BRCAness, and potentially inhibit HR DNA repair, thus sensitizing to PARPi by synthetic 

lethality. This hypothesis will be further tested in chapter III. 

In order to validate the results from the qPCR heat map, we performed western blot 

against FANCD2, ATR, and XPC genes to confirm upregulation, downregulation, or no change in 

the expression of these genes after 10 days of AZA treatment. The heat map showed down-

regulation of FANCD2 which was confirmed with western blot in A2780 (Fig. 14Aia and 14Aiia), 

OAW-42 (Fig.14Bi and 14Biib), and TyKNu (Fig 14Ci and 14cii) No change in ATR gene expression 

in EF027 (Fig. 13D and 13d), and up-regulation of XPC in TyKNu (Fig. 14Ei and 14Eii)) was 

confirmed. 

A) i                                                                   ii) 
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B) i                                                                 ii) 

 

C) i                                                                    ii) 

 

D) i                                                                         ii)  
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E) I                                                                               ii)                                                                          

     

b) Inserting FANCD2 plasmid into AZA treated BRCA proficient OC cells increases HR repair 

To confirm that AZA treatment downregulates expression of FANCD2 gene and further 

leads to HR deficiency in BRCA proficient OC cell lines, we rescued FANCD2 by transfecting 

FANCD2 plasmid in AZA treated cells. Hypothetically, if FANCD2 gene gets reestablished 

through plasmid insertion in BRCA proficient OC cells after 10 days of AZA treatment, the HR 

repair would be functional again as if no drug was used on treated cells.  

For this experiment, we used A2780 OC cell line that was treated with 500nM AZA for 10 

days. In addition to positive control (0.5ug/ul GFP plasmid) and negative control (no plasmid at 

all), we used low GFP to determine transfection efficiency (0.25ug/ul GFP plasmid), 1 ug/ul 

empty vector (EV), and 1ug/ul K561R plasmid. K561R plasmid refers to FANCD2 that has a 

Fig.14. Western blot from a whole cell lysis. Untreated cells (CTRL) and daily 500nM AZA treated cell were 
collected at the day 3, day 6, and day 10. A) Western blot for FANCD2 and actin (loading control) showing 
down-regulation of FANCD2 in A2780 cell line. a) Quantification of 3 western blots for down-regulated 
FANCD2 in A2780 cell line. B) Western blot for FANCD2 and actin (loading control) showing down-regulation 
of FANCD2 in OAW-42 cell line. b) Quantification of the western blots on the right for OAW-42 cell line. C) 
Western blot for FANCD2 and actin (loading control) showing down-regulation of FANCD2 in TyKNu cell line. 
c) Quantification of the western blot on the right for TyKNu cell line. D) Western blot for ATR and actin 
(loading control) showing no change in ATR expression in EF027 cell line. d) Quantification of the western 
blot on the right for EF027 cell line. E) Western blot for XPC and actin (loading control) showing up-
regulation of XPC in TyKNu cell line. e) Quantification of the western blot on the right for TyKNu cell line. 
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mutation at amino acid residue K561 that is necessary for monoubiquitination of FANCD2 that 

leads to proper DNA repair signaling. The K561R mutation is a non-functional FANCD2 protein.  

The result of this experiment shows a partial rescue of FANCD2, which suggests that although 

FANCD2 plays an important role, it is not the only gene that may be involved in fully impairing 

HR activity (Fig. 15). The fact 

that both EV and mutated 

FANCD2 in combination with 

AZA caused significant 

decrease in HR activity, 

compared to rescued FANCD2 

confirms that FANCD2 gene is 

involved in the HR repair; 

however, even though 

FANCD2 rescue had an increase in HR repair, compared to the EV and K561r treated cells, the 

absence of full FANCD2 rescue, and full HR repair suggest that most likely there are other genes 

affected by AZA besides FANCD2. The possible reason for this outcome, as well as the potential 

improvement of the assay, will be addressed in the discussion section. 

 

 

 

 

 

Fig. 15. HR rescue. %GFP expression is graphically represented from 
flow cytometry.  There is partial rescue of HR activity with FANCD2 
transfection post AZA treatment. However, the rescue is not 
significant compared to AZA+EV. 
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c) PARPi causes decreased clonogenicity in OC cell line stably knocked down for FANCD2 

          To further investigate the effects of FANCD2 KD on therapy with PARPi, we knockeddown 

the FANCD2 gene and conducted colony forming assays in the presence or absence of PARPi. 

RNA interference is a specific and efficient method to silence gene expression in mammalian 

cells by transfection of short interfering RNAs (siRNA) or by transcription of short hairpin RNAs 

(shRNA) from lentivirus (Rubinson et al., 2003). Lentiviral transduction of FANCD2 shRNA was 

used due to shRNA is capability of specific, highly stable, and functional silencing of gene 

expression (Rubinson et al., 2003). As a control, we also transduced a scrambled vector to be 

used in the clonogenic assays. The cells were then selected for expression of these constructs in 

the presence of 1 mg/mL puromycin. First, we confirmed that FANCD2 was knocked-down by 

conducting western blot analyses (Fig. 16).                                                                                       

Next, both A2780 and TuKNu FANCD2 KD, as well as the scrambled cell line were treated with 

different concentrations of TAL for duration of 7 days. The result showed a significant decrease 

in colony formation in the FANCD2 knocked-down group, compared to scrambled group, which 

suggests that downregulation of FANCD2 through AZA plays an important role in OC cell 

sensitivity to TAL (Fig.17).  

Fig. 16. Western blot showing FANCD2 knock-down in A) A2780 and B) TyKNu. Two scrambles (Sc1 and 
Sc2) and two shRNA knockdowns for FANCD2 (Sh1 and Sh2) were used.  

 

A) B) 
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Fig.17. Colony forming assay.  shFANCD2 (green bars) significantly increases sensitivity to PARPi compare to 
scramble (black bars). A) TykNu and B) A2780. Experiments in triplicates are represented between KD FANCD2 and 
scramble group mean ± SD, *p<0.05, **p<0.01  

 

A) B) 
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IV DISCUSION AND FUTURE DIRECTION 

Even though the complete understanding of ovarian cancer is still one of the main issues 

in cancer research, there has been a significant improvement in approach to this disease. 

Improvement in OC research has led to the discovery that OC is not a single disease; on the 

contrary, it is a disease that has many different subtypes (high- grade serous, low- grade serous, 

endometroid, and clear cell carcinoma), risk factors, biological behaviors and prognoses 

(Committee on the State of Science in Ovarian Cancer Research, 2016). Regardless of the 

valuable knowledge about OC that modern medicine has already provided us, it remains one of 

the deadliest cancers worldwide. One of the main reasons for this trend is most likely due to OC 

misleading symptoms that often lead to late diagnosis. Early diagnosis of OC influences better 

treatment and prognosis with a current standard of care, while women diagnosed in a late 

stage of the disease, unfortunately, often do not have adequate treatment that would provide 

a successful outcome. Due to an increased need in providing better care for women in the late 

stage of the disease, new therapies for OC must be explored. Recently, the FDA (Food and Drug 

Administration) approved two PARPis (Olaparib and Rucaparib) as a single agent therapy for 

women with BRCA-deficient OC that showed no improvement with standard chemotherapy, 

while the third PARPi, Niraparib, was approved as a maintenance therapy for both BRCA 

proficient and deficient OC. Studies that led to FDA approval of these drugs showed, however, 

that PARPis administered alone did not have significant responses in treating BRCA-proficient 

patients. Approximately 90% of OC cases are BRCA-proficient which raises a high interest in 

selecting efficient drugs that can be used in combination with PARPi in order for PARPi to 

achieve its full potential. Potentially, one such novel combination therapy involves DNMTis that 
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have already been approved as a monotherapy for some myeloid syndromes and AML (Taheri, 

2018). Recent studies show that DNMTi synergize with various anticancer drugs and increase 

efficacy when combined with other agents compared to its use as a monotherapy (Raynal et al., 

2016). Currently, there is a phase II clinical trial in which a combination of the DNMTi (DAC) and 

carboplatin are being used to treat solid tumors (including ovarian and breast cancer). Results 

from the phase I of the trial showed that the drug regimen consisting of DAC doses of 90 

mg/m2 (day 1) followed by carboplatin (day 8) every 28 days were not toxic for patients. 

Combining DNMTi with carboplatin was well tolerated among patients receiving this therapy, 

resulting in 6 cycles stable disease in 3 out of 10 treated patients (Appleton at al., 2007). 

Importantly, it has been observed that the combination of PARPi and DNMTi significantly 

reduced cell clonogenicity and survival in both BRCA deficient cell lines and cell lines with BRCA 

intact genes in breast cancer, as described in a recent study by the Rassool laboratory, 

published in Cancer Cell (Muvarak et al., 2016). Based on these findings, further investigation 

into whether PARPi and DNMTi combination therapy used for BRCA-proficient breast cancer 

could be translated to BRCA- proficient ovarian cancer as well.  

Our laboratory previously showed that compared to a single agent therapy, combination 

therapy with AZA and TAL significantly decreases clonogenicity in BRCA proficient OC due to a 

significant increase in PARP trapping (Adewuyi’s thesis fig. 5a,5b, and 6b). Our cell survival and 

colony forming results showed that 4 out of 5 cell lines positively responded to the therapy. 

While our cell survival results showed that the concentration as low as 150nM AZA and 1nm 

TAL was effective in A2780 and TyKNu OC cell line (Fig.4A,4B), colony forming assay suggested 

that the concentration of 500nM AZA and 2.5nM TAL was more suitable for these two cell lines 
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(Fig. 5A, 5B). The lowest effective AZA concentration for EF027 and OVCA-429 was 250nM and 

500nM respectively in both cell survival and colony forming assays (Fig 4C,4D,5C,5D). The only 

cell line that did not respond to the combination therapy was OAW-42 (Fig. 4E,5E), and the 

rationale behind this observation will be discussed later in this section.  

Based on the cell viability and colony forming assay patterns, it was clear that the 

majority of BRCA proficient cell lines are sensitive to the treatment, albeit responded slightly 

differently to this therapy. This finding was intriguing and led us to mainly focus on the effects 

of AZA, and further investigate its potential mechanism of action on the epigenome that could 

potentially explain the difference in sensitizing cells to PARPi therapy among BRCA proficient 

cell lines. First, we wanted to investigate the amount of DSB caused by AZA and its ability to 

alter repair of DNA damage. After treating the OC cells with AZA therapy for 6 days, we exposed 

the cells to IR in order to cause DSB, after which we conducted immunofluorescence assay to 

observe induction of γH2AX and RAD51 foci formation. When cells treated with AZA were 

induced with damage by IR, there was an increase in gammaH2AX compared to cells not 

treated with AZA. While moderate IR sensitivity to 4Gy was observed in A2780, TyKNu, and 

EF027, OVCA-429 and OAW-42 showed increased sensitivity to this IR dose and required a 

modification in IR dose to 2Gy. Surprisingly, even after the IR dose modification to 2 Gy, these 

two cell lines were still very sensitive to it, which made it difficult to compare CTRL IR to AZA IR 

groups. It is important to note that in both OVCA-429 and OAW-42, an increase in γH2AX was 

present; however, it was not significant due to hypersensitivity to IR. All five cell lines (A3780, 

Tykny, OVCA-429, EF027, and OAW-42) showed decrease in RAD51 foci formation after AZA 

treated cells were exposed to IR, which suggests that AZA reduces RAD51 recruitment to 



 

38 
 

chromatin and consequently leads to decreases in HR (Fig. 6). Based on these findings, we 

believe that AZA prevents HR by affecting an activation of RAD51 complex to the DNA damage 

site. Once again, OAW-42 was an exception and did not show a decrease in RAD51 foci, which 

suggests the potential difference of the AZA mechanism among ovarian cancer cell lines. 

Putting it all together, the lack of HR impairment and changes to RAD51 recruitment in the 

OAW-42 provides a potential rationale why this cell line does not respond to the combination 

therapy. There is a possibility that AZA affects many other genes that were not investigated in 

the heat map (Fig.12 and 13), which suggests that expanding the gene panel is necessary to 

learn more about AZA’s effect on this cell line. In addition, the “cancer stem cell” factor can 

contribute to the resistance to the combination therapy, which means that an investigation of 

mesenchymal status of OAW-42 and its metastatic properties would be a good direction for 

further research. 

As mentioned before, it has been shown that low doses of DNMTis after incorporation 

into DNA have an ability to alter DNA methylation processes by blocking the catalytic site of 

DNA methyltransferase and modulate gene expressions (Tsai et al., 2013). Our findings 

confirmed that low doses of DNMTi AZA modulate the expression of the genes compared to 

non-treated cells. We observed that variety of genes involved in DNA repair across the 5 OC cell 

lines were up or downregulated after 10 days of AZA treatment. Interestingly, 4 out of 5 OC cell 

lines had a down-regulation of FANCD2 expression, which led us to hypothesize the importance 

of the FANCD2 gene in potentially being a key player causing BRCAness and decreases in HR 

(Fig.13). Before going directly into investigation of FANCD2 role in HR, we first focused on HR in 

vivo experiments in order to confirm that this repair pathway was truly impaired by AZA. Our 
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flow cytometry analysis confirmed that cells treated with AZA decreased in HR repair and 

consequently confirmed the validity of the data we obtained through investigation of RAD51 

foci (Fig. 10 and 11).  

Lastly, our investigation of FANCD2 contributing to AZA induced BRCAness suggests 

certain ambiguity. While FANCD2 KD in A2780 cells responded to PARPi by significantly 

increasing cytotoxicity compared to the parental cells, FANCD2 was only able to partially rescue 

the effects of AZA on HR, which points to a possibility that FANCD2 is one of many factors in 

AZA induced BRCAness. In addition, even though A2780 OC cell line showed increased 

sensitivity to PARPi as a single therapy in both clonogenic and MTS assay, the reason why we 

observed increased cytotoxicity in the scrambled group (Fig. 17. FANCD2 KD clonogenic assay) 

could also be explained by possible involvement of additional BRCAness genes. Furthermore, 

partial FANCD2 rescue also suggests that while FANCD2 potentially plays a role in 

downregulation of HR, it is possible that this role is not crucial. Due to limited time available for 

this thesis’ research, FANCD2 rescue experiment was done just once, and we cannot certainly 

reject the possibility of FANCD2’s role as the main candidate. In addition, certain complications 

in performing this experiment could be the reason why we observed partial FANCD2 rescue. 

The fact that plasmid insertion was very toxic for this cell line leads to the conclusion that 

particular modifications are necessary in order to achieve safer, and consequently better 

method of inserting this plasmid required for the experiment.  

 

 

 



 

40 
 

V MATERIALS AND METODS 

Cell lines and Drugs 

Dr. Stephen Baylin from the Johns Hopkins University provided us with all ovarian cancer cell 

lines that we used for this research. Ovarian cancer cell lines A2780, Tyknu, and EF027 were 

cultured in RPMI-1640 containing 2mM L-Glutamine (Media Tech, Inc), 10% Fetal Bovine Serum 

(Sigma-Aldrich), and 1% penicillin-Streptomycin. Cell line OVCA-429 was cultured in Minimal 

Essential Media (MEM) supplemented with 10% Fetal Bovine Serum (Sigma-Aldrich), and 1% 

penicillin-Streptomycin. Ovarian cancer cell line OWA-42, PEO1, and PEO4 were cultured In 

DMEM supplemented with 10% Fetal Bovine Serum (Sigma-Aldrich), and 1% penicillin-

Streptomycin. All cell lines were maintained at 37˚C in humidified 5% CO2 atmosphere.  

The drug concentration of 500uM of 5- Azaytidine (AZA, Sigma- Aldrich) was prepared 

with PBS without Ca2+ and Mg2+. Parp inhibitor Talazoparib (Pfizer) was prepared at 5mM 

concentration with Dimethylsulfoxide solvent (DMSO). 

MTS assay 

Cell lines A2780, TyKNu, EF027, PEO1 and OVCA-42 were plated at 500 cells/well in 96 well 

plate, while OWA-42 was plated at 100 cells/well, and PEO4 was plated at 1000 cells/ well in 96 

well plate. The total volume per well was 100uL for all cell lines. Cells were plated in triplicates. 

Every day the drug (Talozoparib and 5-AZA) were freshly made and administered for 10 days in 

appropriate drug concentration. The first treatment was administered 24h post plating. After 

10 days of continuous treatment, 20 uL of MTS reagent (Cell titer 96, Promega) was added to all 

wells and result were obtained after approximately 1h on spectrometer (VERSA Amax 

microplate reader). 
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Colony forming assay 

 All ovarian cancer cell lines were plated in the density of 500 cells/well in a total volume of 2mL 

(with appropriate media). Cells were plated in six well plates in triplicates. The drugs 

(Talazoparib and AZA) were administered 24h after plating, after which Talazoparib was 

administered every three days, while AZA was administered every day. Colonies were stained 

with 0.05% crystal violet solution, incubated for 30 min, and then washed 2-3 times in fresh 

water. Counting of stained cells were done on colony counter (Synbiosis, MD).  

RNA extract and nanodrop quantification 

Cells pallets were stored in -80˚C prior to RNA extraction. Total RNA was isolated using the 

NucleoSpin RNA kit (Macherey-Nagel). The kit’s protocol was followed in detail. The amount of 

extracted RNA was measured on the Nanodrop 2000C spectrophotometer machine (Thermo 

scientific) 

Two step qPCR 

The first step qPCR- conversion of RNA to cDNA was achieved with High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems), and 2ug of RNA was converted to 2ug of cDNA. Reverse 

transcription program (Thermal cycler) according to kit specification: Step 1 – 10 min at 25˚C; 

Step 2- 120 min at 37˚C; Step 3- 5 min at 85˚C; Step 4- infinite at 4˚C. The second step- 

Quantitative PCR was performed was done in C1000 Touch Thermal Cycler in a total reaction 

volume of 20 µl in 96-well reaction plates using Power Sybr Green PCR Master Mix kit (Applied 

Biosistems, Thermo Fisher) according to the manufacturer’s recommendations. The reverse and 

forward primers used: GAPDH, ATR, FANCD2, FANCC, FANCE, FANCF, c17orf70, ATM, BRCA1, 

BRCA2, ERCC2, XPC, DDB2, BAP1, MDC1, and FEN1.  
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Protein extraction 

Cells pallets were stored in -80˚C prior to protein extraction. Protein was extracted using a 

whole cell lysis method. RIPA buffer (Sigma) in combination with 1% phosphatase inhibitor ( 

Thermo scientific) and 1% protease inhibitor (Thermo scientific) was added to a tube containing 

a pallet. After vigorous vortexing, pallets were incubated with RIPA solution for 30 min on ice. 

Using a cold centrifuge (4˚C) on 16000 rcf, supernatant was separated from the pallet and 

collected for western blotting.  

Western blot 

Whole cell extract was loaded onto 4-20% SDS-PAGE gel ( Bio-Rad) and transferred to 

polyvinylidene difluoride membrane e9GE (Life science) After incubation with 5% nonfat milk in 

Tris Buffered Saline- 0.1% Tween 20 (TBST) for 60 min at room temperature (RT), the 

membrane was incubated overnight at 4˚C with antibodies against Actin- mouse monoclonal (1: 

50000), FANCD2- mouse monoclonal (1:200, Santa Cruz biotechnology), ATR rabbit monoclonal 

(1:1000, Santa Cruz biotechnology), XPC mouse monoclonal ( 1;200, Santa Cruz Biotechnology). 

Blots were washed 3 times (10 minutes each time) in TBST after which they were incubated 

with secondary antibodies (1:5000 anti-mouse, or anti-rabbit) for 60 min at RT. Blots were 

washed 3 times in TBST and developed in (Kwik Quat Imager) using HIXLO Digital- ECL Western 

blot Detection kit in the 1: 10 ratio. Bands were quantified using imageJ software (NIH imaging).  

Immunofluorescence 

All OC cells were plated onto Human Fibronectin Cellware 22mm round coverslips in a density 

of 500,000 cells/coverslip. After 24h, the cells were washed three times in PBS+BSA 1%, and 

fixed with 4% paraformaldehyde in PBS for 10 min at RT followed by 5 min permeabilization ( 
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50nM NaCl, 3mM MgCl2, 10mM HEPES, 200mM Sucrose and 0.5% Triton X-100 in PBS) ) at RT. 

Cells were than washed 2 times with PBS+BSA 1% + 0.1% Triton X-100 and blocked overnight at 

4˚C in 10% FBS in PBS. The cells were exposed to immunofluorescence staining with rabbit 

polyclonal RAD51 (1:100, Santacruz) and mouse monoclonal Anti phospho histone H2AX (1:100, 

Millipore) antibody for 1h at 37˚C. The cells were washed 3 times in PBS+ BSA1% and exposed 

to secondary antibody ( Affinity purified antibody Dylight 488 – green, anti- rabbit, 1:200; and 

Dylight 594- red, anti-mouse, 1:200) on 45 min at RT. The cells on coverslips were washed 

overnight in PBS+ BSA15 + 0.1% Triton x 100 after which coverslips were transferred to slides 

and examined by fluorescence microscopy (Nikon Eclipse 80i) 

Lipofection 

Ovarian cell lines A2780, TuKNy, PEO4, and PEO1 were lipofected fallowing the protocol of 

Lipofectamine TM 3000. The density of 70,000 cells/well were undergone insertion of different 

plasmid depending on the well ( 0.5ug of Green florescent protein- GFP, 1ug of Empty vector-

EV, 1ug of FANCD2 plasmid, and 1ug of K56 plasmid) in combination with 1ug of Isce1 (made by 

Brian). Regimen: day1- plate the cells; day 2- lipofection; day 3 and 4- rest; day 5- flow 

Cytometry. 

Nucleofection 

Ovarian cancer cell lines A2780, TuKNy, PEO4, and PEO1 were nucleofected fallowing the 

protocol of AmexaTM cell line NucleofectorTM kit V. Shock machine used (Amexa) was set on 

Keratinocytes human adult high efficiency for SKOV3 program due to the limited OC cell lines 

choice. The number of cells used for this process was 2 million, and amount of DR-GFP used 
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were 10mg for PEO1 and PEO4, 5ug for TuKNy, and 2ug for A2780. In order to make a selection, 

puromycin 5mg/mL was added to media every time the media was changed.  

Flowcytometry 

Flow using the machine CANTO II was performed by flow core. 

Lentiviral transduction 

The OC cell lines A2780 and TyKNu were plated in the density of 200,000 cells/well into 6 well 

plate, and after 24h 8ug/mL of Polybrene (Santa Cruz Biotechnology) was supplemented into 

1mL of RPMI media combined with 1mL of virus (FANCD2 and EV knockdown vector). Following 

the virus insertion, after 48h 1 mg/mL puromycin was in introduced for cell selection. After one 

replication cycle cells were plated for clonogenic assay. In addition, cells were extended in T-75 

and frozen down for future use. 
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