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SUMMARY 

 

Epithelial ovarian carcinoma (EOC) is a leading cause of death from gynecologic malignancies. 

X-ray radiotherapy is one of the treatments against the disease. Multiple complications, such as 

dose-associated toxicity, preclude widespread use of this method. However, clinical studies 

indicate that this method could be useful against late and recurrent metastatic EOC. Therefore, 

modifications of the therapy could offer benefits to overcome current problems and treat the 

disease. Fractalkine receptor (CX3CR1) belongs to a chemokine family of G protein-coupled 

receptors and our previous publications reported that transient downregulation of CX3CR1 in 

ovarian cancer cells will impair their proliferation as well as their migration and adhesion to 

peritoneal mesothelial cells.  Hence, combining CX3CR1 downregulation and radiation could be 

one of the strategies for reducing the dose of radiation used in therapy while keeping its 

efficiency at a therapeutically effective level. 

Our data indicate that transient downregulation of CX3CR1 in most p53 mutant/null epithelial 

ovarian cancer cell lines can lead to radiosensitization, as determined by clonogenic assay. 

However, loss of CX3CR1 does not affect radiosensitivity in cells that express wild-type p53. 

The mechanisms behind the CX3CR1-dependent radiosensitization include the regulation of 

DNA double strand break repair. Specifically, CX3CR1 knockdown can impair the activity of 

DNA damage repair related proteins and thereby lead to accumulated DNA damage. Another 

mechanism by which CX3CR1 knockdown alters radiosensitivity is the regulation of cellular 

redox capacity, where loss of CX3CR1 leads to elevated ROS levels. 
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SUMMARY (CONTINUED) 

Taken together, our data indicate that disruption of the CX3CR1 signaling could sensitize ovarian 

carcinoma to radiation therapy.  
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CHAPTER 1. 

INTRODUCTION 

 

1.1 Epithelial Ovarian Carcinoma 

 

Epithelial ovarian carcinoma (EOC) is the most frequent cause of death among the gynecological 

malignancies (1, 2). The symptoms include pleural effusion, small bowel obstruction, venous 

thromboembolism, abdominal pain, gastrointestinal symptoms, etc. EOC contains four different 

stages according to FIGO staging system: stage I, II, III and IV.  At stage I, malignant cells are 

usually confined in either or both of the ovaries; at stage II, besides the involvement of ovary, 

cancer has spread to the organs in the pelvis, including the fallopian tubes and uterus; at stage III, 

together with the involvement of the ovary, cancer has spread to the organs in the abdominal 

cavity, as well as lymph nodes; at stage IV, cancer has metastasized to distant sites, with the 

involvement of ovaries (3). According to the histopathology, immunohistochemistry, and 

molecular genetic analysis of the tumor, EOC is composed of several histotypes, including 

serous, endometrioid, mucinous, clear cell and transitional cells carcinoma. Serous carcinoma 

(SC) is the most common of the ovarian epithelial malignancies, accounting for approximately 

80% of the cases. Other types are less common, where 10% are endometrioid carcinomas (EC), 3% 

are mucinous carcinomas (MC), 6% are clear cell carcinomas (CCC) and 1% are transitional cell 

carcinomas (TCC) (4). Some studies have shown that EC might arise from endometriosis, and 

the survival is slightly better compared to SC (90, 91). MC histologically resemble intestinal or 

endocervical epithelium, which lead to the difficulty in distinguishing them from metastatic 

mucinous tumors from the colon/rectum, appendix, cervix or pancreas (92, 93). CCC sometimes 
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originate from atypical endometriosis, with the pathogenesis partially due to the aberrant 

chromatin remodeling caused by ARID1A mutation. The prognosis of this disease is usually 

poor (1). SC can be further segregated into two types: high grade serous carcinomas (HGSCs) 

(Figure 1.1) and low grade serous carcinomas (LGSCs). More than 90% of the serous 

carcinomas are high grade serous carcinomas. This classification is based on morphological 

appearance, molecular changes, clinical behavior and distinct precursor lesions (4). Since high 

grade serous carcinomas are the most prevalent and deadly subtype, my thesis is mainly focus on 

this model. 

 

“Malpica et al. have developed a two-tier grading scheme specifically for serous carcinoma that 

evaluates mitotic index and nuclear atypia. Tumors with uniform nuclei and <12 mitoses per 10 

high-power fields are classified as low-grade serous carcinoma (LGSC), and those with marked 

cytological atypia (≥3 times variation in nuclear size) or 12 or more mitoses are classified as 

high-grade serous carcinoma (HGSC)” (Delair and Soslow, 2012, p.330).  

 

 

High grade serous carcinoma is also different from low grade serous carcinoma in molecular 

changes. According to TCGA (The Cancer Genome Atlas) and a study recently published by 

Vang R., et al., 100% HGSC cases harbor a TP53 mutation (94), while only 8% of LGSC have 

TP53 mutations. In addition, HGSC is associated with BRCA (breast cancer genes) 

abnormalities, with 10-15% BRCA1/2 (breast cancer gene 1/2) germline mutation, 5-10% 

BRCA1/2 somatic mutation and 5-30% BRCA promoter methylation. BRCA1/2 plays a crucial 

role in DNA double strand break repair, and their mutations will increase cancer susceptibility 

(95). Moreover, most HGSCs share the phenotypic characteristics with tumors that harbor BRCA 

germline mutations. They also have molecular defects in DNA damage repair pathways that 

cause a common biological behavior with the ones caused by BRCA mutations. For example, 2% 
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of ovarian carcinomas have an ATM (Ataxia Telangiectasia Mutated) /ATR (Ataxia 

Telangiectasia and Rad3 Related) mutation, and 3% of them contain Rad51c (Rad51 Homolog C) 

mutation (96). HGSCs are also absent of mutations of KRAS, BRAF, or ERBB2, in contrast, 67% 

of LGSC have one mutation from KRAS, BRAF and ERBB2, and they are mutually exclusive 

(97). HGSCs also have aberrant DNA copy number changes, while low DNA copy number 

changes are found in LGSCs (4, 5).   

 

The origin of serous ovarian carcinoma remains debatable, while some suggested that ovarian 

surface epithelium is the origin, others indicated that fallopian tube is the origin of the disease. It 

is now known that ovarian surface epithelium (OSE), which is a mesodermally derived 

mesothelium, are damaged during ovulation. Repeated ovulation with trauma is one of the 

theories for the pathogenesis of EOC, due to the formation of ovarian cysts after the 

internalization of OSE (98, 99).  The aberrant hormone production would trigger these cysts to 

become metaplastic, undergo dysplasia, and eventually become ovarian carcinoma. However, 

serous ovarian carcinoma histologically and molecularly resembles malignant cells found in 

fallopian tube cancers: they contained tense areas of serous tubal intraepithelial component 

(STIC) which are found to be located in the distal fimbriated end of the fallopian tube (Figure 

1.1); 10-15% of fallopian tubes from patients with BRCA mutation contain STIC; the majority of 

both STIC and HGSC have TP53 mutation; cyclin E1, Rsf-1 and fatty acid synthase are 

overexpressed in both STIC and HGSC (6, 7).  
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Figure 1.1. Early Tumor Progression within the Fallopian Tube and the Resultant Genetic 

Profile of HG-SOC. This illustration depicts the recently identified precursor lesions of HG-

SOC that are present in the fallopian tube. Mutations in the TP53 tumor suppressor gene are a 

very early event in the pathogenesis of HG-SOC, occurring exclusively in benign-appearing 

secretory cells. These preneoplastic lesions are referred to as ‘p53 signatures’. Acquisition of a 

neoplastic phenotype and proliferative capacity results in the development of serous tubal 

intraepithelial carcinoma (STIC). Breaching of the basement membrane and localized 

dissemination to the ovary and/or peritoneal cavity heralds the development of invasive HG-SOC 

and the associated clinical scenario. HG-SOCs that involve the ovary or peritoneum are 

characterized by mutations in TP53 (and BRCA1 in familial cases) and display a complex 

genomic terrain with widespread copy number alterations throughout the genome. Modified from 

Jones PM and Drapkin R, 2013. (Figure as originally published in Jones PM and Drapkin R 

(2013) Modeling high-grade serous carcinoma: how converging insights into pathogenesis and 

genetics are driving better experimental platforms. Front. Oncol. 3:217. doi: 

10.3389/fonc.2013.00217)  
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“Clinical presentation of HGSCs and LGSCs are also different. Although the overall long-term 

survival for both groups of patients is similar, the difference being that those with HGSC 

succumb to their disease sooner than those with LGSC. And patients with LGSC have a median 

survival of 4.2 years after diagnosis, as compared with 1.7 years for those with HGSC” (Delair 

and Soslow, 2012, p.335).  

 

1.2 Ovarian Cancer Biomarkers 

EOC is a heterogeneous disease and can progress to the late stage rapidly. Due to the lack of 

symptoms from patients and detection tools, early diagnosis of ovarian cancer is difficult. 

Currently, CA-125 (Cancer Antigen-125) and transvaginal ultrasonography are recommended for 

ovarian cancer screening, even though only 30-45% of women with early stage disease can be 

detected using this approach (2).  

 

Several risk factors can lead to the development of ovarian cancer, and the most important one is 

the family history. Women with a family history of ovarian or breast cancer have higher risk of 

disease, because they might have inherited BRCA1/2 mutations (100). The approaches that may 

help lower the risk of developing ovarian cancer include oral contraceptive use, children 

breastfeeding, hysterectomies and tubal ligations (8, 9).  

 

Due to the low sensitivity and specificity in ovarian cancer screening, a lot of studies have 

investigated novel serum biomarkers of the disease. HE4, mesothelin, VCAM-1, IL6, IL8, B7-

H4, serum amyloid A, osteopontin (OPN), kallikreins (KLK), OVX1 and VEGF are elevated in 

ovarian cancer patients, while transthyretin (TTR), ApoA1 and transferrin are decreased (10). 

Besides these protein biomarkers, miRNAs are under extensive evaluation (11). miRNAs are 

small non-coding RNAs which contain approximately 22 nucleotides that can post-

transcriptionally regulate gene expression (12). Ovarian cancer and its development are 
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correlated with differentially expressed miRNAs. According to miRNA-expression profiling, 

miR-21, miR-29a, miR-92, miR-93 and miR-126 are overexpressed while miR-127, miR-155 

and miR-99 are underexpressed (13). Moreover, exosomes which are one sub-type of secreted 

microvesicles are also correlated with ovarian cancer development. Taylor et al. reported that the 

level of the circulating tumor-derived exosomes increases with the progression of ovarian cancer. 

These exosomes contain miRNAs that can affect recipient cell’s function and therefore affect 

disease progression (14).  

 

Since multiple biomarker analysis can increase sensitivity and specificity in detecting ovarian 

cancer, the analysis of biomarkers, in combination with advanced diagnostic imaging 

technologies, will enable early diagnosis of ovarian cancer and therefore, improve the treatment 

of the disease. 

 

1.3 Current Treatment 

Most EOC patients are diagnosed when the disease has progressed to an advanced stage. These 

patients are often treated with staging laparotomy, total abdominal hysterectomy, bilateral 

salpingo-oophorectomy, omentectomy, cytoreductive tumor debulking, followed by assessment 

of the pelvic and para-aortic lymph node (15). Six cycles of a platinum-/taxane-based 

chemotherapy is the standard adjuvant therapy, with 3-week treatment-free intervals. Most 

patients initially respond to the treatment, with 75% clinical complete response (CR) rates (16). 

Unfortunately, 75% of these CR patients experience disease recurrence and the median time to 

relapse is 12-18 months (16). Clinical studies have shown that compared to chemotherapy, 

radiation therapy may show advantage in long-term overall survival (17, 18, 19, 20, 21). For 
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instance, researchers from Australia treated 64 women with advanced ovarian cancer who 

underwent cytoreductive surgery and standard chemotherapy with either radiation therapy or 

chemotherapy. The 5-year survival rates were 59% for the radiation treated group and 33% for 

the chemotherapy treated group (22). However, radiation therapy is not used as a first-line 

therapy, because even though high dose of radiation could achieve better treatment effect, severe 

toxicity would also be caused. Thrombocytopenia, neutropenia, nausea, vomiting, diarrhea and 

small bowel obstruction are commonly observed and they are not very easy to treat (23, 24). 

Therefore, radiation therapy is usually effective in “palliating” the symptoms caused by 

chemotherapy, such as pain, because chemotherapy may destroy spinal cord (25, 26). 

Approximately 50% to 75% of patients experience significant local abdominopelvic symptoms 

relief from a short course of external beam radiation (27). Second-line therapy is composed of 

maintenance therapy and consolidation therapy. They are used after first-line therapy to prevent 

disease recurrence, because only a minority of the patients won’t suffer from disease recurrence 

with chemotherapy. Maintenance therapy includes prolonged administration of single-agent 

therapy, continuation of induction chemotherapy, intraperitoneal chemotherapy, hormonal 

therapy and immunotherapy with interferon or monoclonal antibodies. However, several clinical 

studies indicated that prolonged or continuate administration of chemotherapy showed no 

benefits in clinical outcomes. To be more specific, 12 cycles of platinum-based chemotherapy 

showed no better response compared to 6 cycles of platinum-based therapy. Administration of 

other drugs, such as topotecan and doxorubicin, which are topoisomerase inhibitors, also showed 

no benefit in the treatment of advanced stage EOC. Consolidation therapy includes high-dose 

chemotherapy with stem cell support, whole-abdominal radiotherapy, and intraperitoneal 

administration of 32P or antibodies labeled with radioisotopes (Brachytherapy). Among all of 
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them, whole abdominal radiotherapy is the most commonly used consolidation therapy. It could 

achieve greater clinical outcome especially when the diameter of the residual tumor is less than 

5mm (19). The planned whole-abdominal radiation dose varied between 20 and 30 Gy, given in 

22 fractions, 5 fractions per week with the maximal kidney dose of 20 Gy. The majority of 

studies performed a routine boost of 45 or 50 Gy to the pelvis regardless of the site of the 

residual tumor, also given in 22 fractions with 5 fractions per week. Several studies also 

employed a boost to the para-aortic nodes (16). Although radiation therapy is commonly used as 

a consolidation therapy, its toxic side effects cannot be ignored. Therefore, it is very important to 

find a new way to reduce the dose of radiation to avoid toxicity while maintaining its therapeutic 

efficacy. The following sections will be a detailed introduction to radiation therapy, 

chemotherapy and radiosensitizers.  

 

1.3.1 Ionizing Radiation  

After the first discovery of “x-rays” in 1895 by the German physicist Wilhelm Conrad Rontgen 

(28), x-rays were widely used in medical therapeutics. X-ray is one type of ionizing radiation 

which is classified as electromagnetic radiation (29). There are two types of electromagnetic 

radiation, x- and r-rays, and they are different in the ways they produced (29). X-rays are 

produced extranuclearly, which is from an electrical device such as linear accelerator that 

accelerates electrons to high energy and stops them abruptly in a target (29). γ-rays are produced 

intranuclearly, which means they are emitted by radioactive isotopes (29). They are the excessive 

energy that are released during the process of the transformation of an unstable nucleus becomes 

stable (29). Other types of radiation which can be classified as particulate radiations are electrons, 

protons, α-particles, neutrons and heavy charged particles (29). While all of these charged 
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particles are directly ionizing with high linear energy transfer (LET), x-rays are indirectly 

ionizing, which do not produce biological and chemical damage themselves, but when they are 

absorbed in tissues and organs, they interact with water molecules to produce free radicals that 

are able to damage deoxyribonucleic acid (DNA) (29). DNA lesions produced by x-rays could be 

effectively modified by chemical sensitizers and protectors (29).  

 

“Quantity of radiation is expressed in rontgen, rad, or gray. The rontgen (R) is the unit of 

exposure and is related to the ability of x-rays to ionize air. The rad is the unit of absorbed dose 

and corresponds to energy absorption of 100erg/g. The International Commission on 

Radiological Units and Measurements (ICRU) recommended that the rad be replaced as a unit by 

the gray (Gy), which corresponds to an energy absorption of 1 J/kg. Consequently, 1 Gy=100 

rad.” (Hall and Giaccia, 2012, p.5) 

 

Linear accelerators are one kind of high-energy machines that generate external X-rays of 

various energies, enabling the treatment of malignancies in various anatomic locations. External 

beam radiotherapy is usually delivered in several fractions daily to allow normal organs and 

tissues repair through sublethal damage (SLD) repair and repopulation between fractions (30). 

The other reason for fractionated x-rays treatment are reoxygenation and reassortment of cells 

into sensitive phases of the cell cycle between fractions. These classical “four Rs”, repair, 

repopulation, reoxygenation, reassortment, and a newer member, radiosensitivity, illustrate the 

basic principles of radiobiology which will be discussed in the following sections (31, 32).  

 

1.3.1.1 Repair 

Cellular damage caused by radiation can operationally be classified as lethal damage, potentially 

lethal damage (PLD), and sublethal damage (SLD). Lethal damage is irreversible and 

irrepairable and can cause irrevocable cell death. PLD is a part of the radiation damage that can 

be affected by postirradiation environmental conditions. SLD can be repaired in hours under 
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normal circumstances, unless an additional sublethal damage, such as a second dose of radiation, 

is added, and then becomes a lethal damage (29). PLD is potentially lethal because it can induce 

cell death under ordinary circumstances. But PLD can be repaired, for example, when the cells 

are incubated in a balanced salt solution instead of a full growth medium for several hours after 

irradiation (29). SLD repair represents the increase in cell survival that is observed under 

fractionated radiation.  

 

“By splitting radiation dose into small parts, cells are allowed to repair sublethal damage. The 

amount of damage that is repaired depends on the ability of the cell to recognize the damage and 

activate a) repair pathways and b) cell cycle arrest. Malignant cells have often suppressed these 

pathways, often through mutation or inhibition of TP53, preventing them from undergoing 

efficient repair. Normal tissue cells with intact repair pathways are able to repair the sublethal 

damage by the time the next fraction is delivered.” (http://ozradonc.wikidot.com/the-5-r-s-of-

fractionation) 

 

1.3.1.2 Reassortment 

Eukaryotic cells go through the cell cycle, which is composed of the G0, G1, S, G2 and M phases. 

G0 is when cells are in their senescence state; G1 phase is a preparation phase in which cells 

become bigger and synthesize RNA and proteins that are needed for dividing. S phase is the 

synthetic phase in which DNA replication occurs. G2 phase is another preparation phase in which 

cells will continue to grow and build apparatus needed for mitosis. M phase is the mitosis phase 

in which one cell divides into two progeny cells (33). Understanding the cell cycle is very 

important in that radiation usually kills fast-dividing cells while it is not effective in senescent 

cells. When cells were in different phases of cell cycle, they respond differently to radiation. 

Cells are most resistant to radiation when they are in S phase, less resistant when in G1 phase, 

and most sensitive to radiation during mitosis and G2 (34). Therefore, synchronizing cells to their 

radiosensitive phase, in the other word, reassortment, is an important principle in fractionated 
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radiation to enhance radiosensitivity, because the survivors after the first dose of radiation are 

predominantly in a resistant phase. If the time interval between two doses is appropriately 

selected and allows the progression of these resistant cells to sensitive phase, increased 

radiosensitivity can be observed (29).  

 

1.3.1.3 Repopulation 

When the time interval between two doses of radiation is longer than the cell cycle time which 

allows cells to divide, the surviving fraction will be increased for both normal and malignant 

cells. Fast repopulation of normal tissues is very important in early reduction of toxicity in these 

tissues. However, accelerated repopulation can be observed in tumors as well, especially at the 

later period of fractionated radiotherapy. Therefore, overall treatment time should be less than 5 

weeks for fast-growing tumors (29, 35).  

 

1.3.1.4 Reoxygenation 

It has been demonstrated that cells become less sensitive to radiation with the decreasing amount 

of molecular oxygen level, mainly due to the absence of nearby blood vessels (101). Tumors are 

usually composed of hypoxic cells, normoxic cells and anoxic cells. Because of the difference in 

their sensitivity to radiation, oxygenated cells are killed first after radiation while hypoxic cells 

remain resistant. However, hypoxic cells can be reoxygenated at different speeds after exposed 

to a dose of radiation by a process called reoxygenation. The mechanism includes the reopening 

of temporarily closed blood vessel (several minutes), reduced respiration of lethally damaged 

cells (less than an hour), and the reduced distance between blood vessels and tumor cells due to 
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the death of oxygenated cells (days). Therefore, fractionated radiotherapy is crucial to increase 

treatment efficacy by reoxygenation (29, 36).  

 

1.3.1.5 Radiosensitivity 

Besides the classical “four Rs”, the intrinsic radiosensitivity of the cells determines the overall 

sensitivity. There are mainly three factors that determine cellular radiosensitivity: cell 

proliferation rate, differentiation stage and metabolism rate (37, 38, 39). Specifically, fast 

growing cells tend to be more sensitive to radiation, while slow growing cells are resistant to 

radiation (37); stem cells are more sensitive to radiation while terminally differentiated cells are 

resistant to radiation (38); cells that have a longer mitotic future are more radiosensitive 

compared to those with a shorter mitotic future (39). Therefore, when characterizing potential 

chemotherapeutic agents that might have radiosensitive ability, it is important that they shouldn’t 

change the intrinsic radiosensitivity of the cells.  

 

1.3.2 Chemotherapy 

After the first accidental discovery of chemotherapy in early 20th century, it has been widely 

used to treat different kinds of cancers in clinical oncology (40). Most chemotherapeutic drugs 

work by affecting DNA synthesis, therefore, they can effectively target the fast-growing cells 

while having little effect on senescent cells (41).  

 

The combinational use of carboplatin and a taxane is the standard first-line therapeutics for 

ovarian cancer. Carboplatin forms association bonds with the platinum molecules that bind to 

GC rich sites in DNA, thereby producing intrastrand and interstrand DNA crosslinks, leading to 
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DNA strand breakage during replication (102). Paclitaxel can bind to tubulin and inhibit 

depolymerization of tubulin and therefore inhibit the disassembly of microtubules (103). As a 

result, cell division can be inhibited. It also has a very weak synergy with radiation therapy (29). 

Docetaxel has a similar function, in which it can form stable tubulin polymers, and thereby 

inhibiting the mitotic spindle apparatus, leading to final cell death (42). Although this 

combination serves as a standard adjuvant therapy for ovarian cancer, myelosuppression is the 

most common side effect. While carboplatin can cause thrombocytopenia, docetaxel can cause 

fluid accumulation, including pleural effusions and ascites (104, 105). Moreover, treatment with 

taxane can also cause neuropathy, which aggravates with increasing dose of paclitaxel (106). 

Besides these side effects, patients with recurrent and refractory epithelial ovarian cancer are 

very resistant to chemotherapy (107). The possible mechanisms include cancer cell specific 

abnormalities, such as increased tolerance to DNA damage due to the increased DNA damage 

repair, the overexpression of the ABCC transporter which can modulate platinum-drug efflux, 

decreased CTR1 (Copper transport protein) which is a platinum influx transporter protein, and a 

change in the tumor microenvironment (43). In order to overcome drug resistance, novel 

chemotherapeutic agents are under investigation. 

 

Bevacizumab (Avastan) is an anti-VEGF (vascular endothelial growth factor) humanized-

monoclonal antibody that can inhibit angiogenesis (29). Since blood vessels are the most 

important source of nutrients and oxygen to the nearby tumor cells, VEGF inhibition can make 

existing tumor vessel regression (108). Although some clinical trials in ovarian cancer patients 

have shown improvement in progression free survival (PFS) (44, 45), it has life-threatening side 

effects, including gastrointestinal (GI) perforation, bleeding, high blood pressure, headache, and 
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prevent wound healing from surgery (109). Doxorubicin is an intercalating agent which can 

intercalate between base pairs in the DNA helix and thereby preventing DNA replication (29). It 

is also a topoisomerase II inhibitor, which functions in preventing DNA ligation after DNA 

double strand break (DSB) (46). Common side effects include myelosuppression, cardiotoxicity 

and cardiomyopathy (47). Although it is an FDA approved drug for ovarian cancer, a recent 

clinical trial conducted in Norway and Sweden showed that as a consolidation therapy, radiation 

therapy can achieve better 5-year PFS compared to the combination of doxorubicin and cisplatin 

(48). Etoposide is another FDA approved topoisomerase II inhibitor to treat ovarian cancer. 

Although it is effective when combined with intraperitoneal cisplatin application in patients with 

platinum-sensitive recurrent ovarian cancer, the median survival is strongly correlated with the 

residual disease (49). Moreover, myelosuppression is also commonly observed in these patients. 

Gemcitabine belongs to the category of antimetabolites. It is a nucleotide analogue that inhibits 

DNA synthesis. It can also terminate DNA strand (29). Although gemcitabine is an FDA 

approved chemotherapeutic agent for ovarian cancer, it failed to prolong survival when used 

together with primary standard treatment (50). Myelosuppression is also observed in patients 

treated with gemcitabine (110). 

 

1.3.3 Radiosensitizers. 

Since the goal of our research is to find a way to maintain the therapeutic efficacy of radiation 

therapy while reducing the dose, and thereby reducing side effects, it is important to use 

radiosensitizers. There are usually two mechanisms of radiation sensitization: hyperthermia and 

the use of chemotherapeutic agents as an adjunct therapy, which will be discussed in the 

following sections. 
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1.3.3.1 Hyperthermia 

Hyperthermia can damage and kill cancer cells when heating the body tissue (51) (usually 41 ℃ 

to 45 ℃). Since hyperthermia can severely change the tumor microenvironment, it can sensitize 

the tumors to radiation therapy (51). Specifically, the most important factor in hyperthermia-

induced radiosensitization is the stimulation of vascular activity, which increases the level of 

oxygen delivered to the tumor, and therefore leads to oxygen-dependent radiosensitization (52). 

Moreover, hyperthermia can also affect pH, cellular metabolism and gene/protein expression 

(such as HSP family of protein) to enhance radiosensitization (53). Hyperthermia can also 

enhance immune system activity by activating immune effector cells to increase the amount of 

secreting immune factors and/or activating cytotoxic T cells (54). 

 

Hyperthermia can also sensitize tumors to chemotherapy and/or combined with chemotherapy to 

achieve radiosensitization. The most important reason for hyperthermia-induced 

radiosensitization is that it can enhance DNA damage while inhibiting DNA damage repair 

pathways. Furthermore, it improves chemotherapeutic drug uptake by tumor cells, increases free 

radicals production and increases vascular delivery (55). Currently, hyperthermia also has some 

advantage in treating advanced stage EOC. The combination of aggressive cytoreductive surgery 

with intra-operative hyperthermic intraperitoneal chemotherapy (HIPEC) is an effective 

treatment for advanced EOC (56).  

 

1.3.3.2 Chemotherapy as a radiosensitizer 

The principle goal of integrating chemotherapy into radiation therapy in cancer treatment is to 

improve tumor control, recurrence-free survival and overall survival. Since most side-effects 
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caused by radiation therapy are dose-limiting, it is important to maintain the therapeutic efficacy 

of radiation while reducing its dose, which can be achieved by maximizing the recognition of 

tumor versus normal tissue based on their characteristics. For example, radiation can target fast-

growing cells while chemotherapeutic drugs may target tumor cells that have aberrant gene 

expression. Moreover, since cancer is a heterogeneous disease, emerging evidence has shown 

that the lowest initial tumor burden together with the optimal dose of radiation and chemotherapy 

can achieve the best therapeutic result, based on the principle that different treatment can target 

at different subpopulation of the tumor (57, 58).  

 

1.4 Fractalkine Receptor (CX3CR1) 

Despite the advances in the use of chemotherapeutic agents against ovarian cancer, it is still 

crucial to find novel targets to improve disease treatment. Identification of novel molecules that 

are involved in the progression of ovarian cancer might help to establish new treatments. Our lab 

has been focused on fractalkine receptor (CX3CR1) and its role in ovarian carcinoma 

tumorigenesis and metastasis. Our group showed that while CX3CR1 is seldom expressed in 

normal OSE and normal ovarian surface epithelial cells (HOSEpiC), it is expressed in 

immortalized EOC cell lines T1074, HOSE11-12, IOSE29, IOSE80, benign serous cystadenoma 

and primary and metastatic EOC specimens (59). The following sections will be a detailed 

background introduction to the fractalkine receptor and its role in EOC. 

 

1.4.1 Fractalkine Receptor: Nomenclature, Structure and Function 

 

1.4.1.1 Nomenclature of Chemokine Receptor and Fractalkine Receptor (CX3CR1) 
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Fractalkine receptor (CX3CR1) belongs to a chemokine family of G protein coupled receptors 

(60). GPCRs are seven trans-membrane receptors that are targets of approximately 30% of 

commercially available drugs, such as Salmeterol, Olanzapine and Clopidrogel (61). According 

to the sequence homology and functional similarity, human GPCRs can be grouped into five 

classes: rhodopsin, adhesion, secretin, metabotropic glutamate and frizzled/taste2. The 

rhodopsin-like receptor, which is the largest family of GPCRs, can be further sub-categorized 

into four families: α, β, γ and δ. Chemokine receptors belong to the γ rhodopsin family (62) and 

can be divided into four categories: CXCRs, CCRs, CX3CRs, and XCRs based on the type of 

ligand that they bind (63). The ligand, which is a chemokine, can be accordingly sub-classified 

into four groups, and the classification is based on the local sequence of the first two closely 

paired cysteine residues. If there is no amino acid between these two cysteines, the chemokine is 

sub-classified as CC; when there is one non-cysteine amino acid in between, the chemokine is 

known as CXC; when there are three non-cysteine amino acids between the two cysteines, it is 

then CX3C. Generally, there are four invariant cysteine residues localize on chemokine, in which 

the first and the third form a disulfide bond while the second and the fourth form the other 

disulfide bond. However, in the sub-category of C, the chemokine only possesses two of the four 

cysteines. Moreover, there are also chemokines that have six cysteines. The R after cysteine (C) 

stands for receptor and S is a number that is designated based on the chronological order in 

which it was identified (64). While all the other subfamilies of chemokines contain several 

different members, CX3CL1 is the only member in the CX3C subfamily. While most chemokine 

receptors can bind to multiple different chemokines, CX3CR1 can only specifically interact with 

CX3CL1 (65).  
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1.4.1.2 The Structure of Chemokine Receptor and Fractalkine Receptor (CX3CR1) 

Generally, chemokine receptors have approximately 350 amino acids and contain seven helical 

transmembrane (7TM) regions that are embedded in the lipid bilayer of the cell membrane, three 

extracellular loops (ECLs) composed of hydrophilic amino acids, extracellular acidic N-terminus 

that contain N-linked glycosylation sites which are important for ligand specificity, three 

intracellular hydrophilic loops, and intracellular C-terminus, which is usually coupled with G-

proteins, that can conduct signal transduction in cytoplasm through the phosphorylation of serine 

and threonine. (Figure 1.2) There are two cysteines located in extracellular loop 1 and 2, with a 

disulfide bond in between (67). Fractalkine receptor, CX3CR1, is also a 7TM GPCR and it 

contains several functionally important motifs that are present in other chemokine receptors as 

well. For example, the DRY (Asp-Arg-Tyr) motif is present for G protein interactions and signal 

transduction (68). 

 

 

 

 

 

 
Figure 1.2 Topology of a typical chemokine receptor. (Permission not required) 

(STRUCTURE, FUNCTION, AND INHIBITION OF CHEMOKINES, Annual Review of 

Pharmacology and Toxicology. Vol. 42: 469-499 (Volume publication date April 2002) DOI: 

10.1146/annurev.pharmtox.42.091901.115838) 
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1.4.1.3 Function of Chemokine Receptor 

The intracellular signaling of the chemokine receptors is activated upon binding of the 

chemokine ligand. After the ligand anchoring to the N-terminus of the receptor which allows for 

a conformational change of the ligand, together with the specific interaction between acidic 

residues in the receptor and basic residues on the ligand, the flexible N-terminus of the ligand 

will then further bind to the ECLs and the trans-membrane regions of the receptor and then lead 

to receptor activation (69). The following intracellular signal transduction depends on coupling 

to Bordetella pertussis toxin (PT)-sensitive (α β γ) heterotrimeric G-proteins that bound to the 

intracellular loops (70). Upon receptor activation, the receptor will act as a guanine nucleotide 

exchange factor (GEF) to activate the associated G-protein by facilitating the exchange of GDP, 

which binds to the Gα subunit, for GTP. The Gα subunit, as well as the associated GTP, can then 

detach from the receptor and the leftover Gβγ subunits to further activate downstream effectors 

(71, 72). Besides the Gα subunit, the Gβγ heterodimer can also activate downstream effectors to 

regulate the amount of secondary messenger and ultimately results in diverse physiological 

responses, such as leukocyte migration, cell differentiation and angiogenesis (73, 74). After 

activation, GTP will be hydrolyzed by the GTPase, and the Gα and the Gβγ subunits will then 

reassociate and bind to the receptor for desensitization (72).  

 

1.4.1.4 Function of Fractalkine Receptor (CX3CR1) 

CX3CR1 is widely known for its function in regulating peripheral immune and inflammatory 

response and central nervous system (CNS) due to its expression in T lymphocytes, 

monocytes/macrophages, leukocytes, natural killer (NK) cells, neutrophils and microglia, and its 

interaction with fractalkine (CX3CL1) that expressed in endothelial, epithelial and dendritic cells 
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(75). For example, Fone et al. reported that CX3CL1 expressed in endothelium can interact with 

CX3CR1 expressed in leukocytes, and thereby mediating the initial capture, firm adhesion, and 

activation of circulating leukocytes to activate an inflammatory response (76). Harrison et al. 

showed that CX3CL1 expressing neurons can communicate with CX3CR1 expressing microglia 

to regulate physiological and pathological process such as cerebral ischemia, stroke and 

neurodegenerative diseases (77).  

 

Besides these findings, fractalkine receptor also plays an important role in various cancers. 

Shulby et al. demonstrated the expression of CX3CL1 in both human bone marrow endothelial 

cells and osteoblasts and the expression of CX3CR1 in human prostate cancer cells. The 

interaction between the fractalkine and its receptor can guide the circulating prostate cancer cells 

to the bone marrow, which migrate and survive in the bone tissue (78). Erreni et al. showed that 

the cancer stem cells and progenitor cells isolated from glioblastoma multiforme specimens 

express the CX3CL1 and CX3CR1, indicating their involvement in the glioblastoma 

tumorigenesis. Moreover, the immunohistochemistry staining results suggested that the amount 

of CX3CL1 is positively correlated with the stage of the tumor and overall survival (79). 

Marchesi et al. reported that CX3CR1 is expressed in pancreatic ductal adenocarcinoma (PDAC) 

cells and can migrate to neural cells that express CX3CL1 which indicates tumor neurotropism 

(80). Moreover, high expression of CX3CR1 is also related to early tumor recurrence (80). 

Jaminson-Gladney et al. illustrated that the ability of breast adenocarcinoma cells to metastasize 

to the skeleton is based on the interaction between CX3CL1 expressed in endothelial and stromal 

cells of the bone marrow and CX3CR1 expressed in the breast cancer cells (81). Together with 

the direct role that fractalkine-fractalkine receptor chemotaxis plays in mediating multiple cancer 
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distant dissemination, soluble CX3CL1 existed in tumor microenvironment can promote 

antitumor activity by recruiting NK cells (82).  

 

1.4.2 Fractalkine Receptor and Epithelial Ovarian Carcinoma 

Recently, there has been growing interest in the area of the role fractalkine and its receptor plays 

in EOC. Due to the impact the tumor microenvironment exerts on cancer progression, Hart et al. 

showed that CX3CR1+ leukocytes infiltration into the ovarian tumor microenvironment can 

induce immunosuppressive activity by inhibiting naïve T cell responses (83). Moreover, Gaudin 

et al. reported that CX3CL1 is present in healthy OSE, the surface of fallopian tube, and 

malignant ovarian epithelial cells, and its production can accelerate tumor cell proliferation 

partially due to the autocrine effect of the interaction between CX3CL1 and CX3CR1, which are 

also expressed in EOC cells (84).  

 

Our lab is also interested in the role the fractalkine axis plays in regulating ovarian cancer. 

Together with the specific expression of CX3CR1 in the primary and malignant EOC, we also 

validated the finding that CX3CL1 is present in the ascites of EOC patients, and its presence is 

required for tumor cell proliferation (59). Moreover, we also reported that EOC cells that express 

CX3CR1 can functionally interact with CX3CL1 expressed in peritoneal mesothelial cells and 

therefore mediate cancer cell migration inside the peritoneal cavity. The EOC cells can adhere to 

tissues and organs covered by the mesothelial linings and thus promote metastasis (59). 

Furthermore, since our previous work has also demonstrated the expression of CX3CR1 in 

ovarian teratoma, which is an abnormally differentiated keratinocyte, and CX3CR1 is also 

present in normally developing skin, we further demonstrated that CX3CR1 is required for 
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epidermal lineage differentiation (85). Therefore, skin toxicity might be a side effect when 

applying anti-fractalkine treatment against ovarian cancer (85). 

 

1.4.3 Fractalkine Receptor Antagonist 

Due to the involvement of the chemokine axis in the pathogenesis of multiple diseases such as 

AIDS, multiple sclerosis (MS), endometriosis, ovarian cancer, etc., a huge effort has been 

exerted on the discovery and development of chemokine receptor antagonist, including 

chemokine mutants/analogues, small molecule inhibitors and neutralizing monoclonal antibodies. 

In 2009, Dorgham et al. established a modified phage display selection strategy to select 

CX3CL1 analogues that can bind to CX3CR1 without inducing receptor internalization (86). The 

selected CX3CR1 antagonist-F1 can inhibit calcium responses, chemotactic function and 

adhesion mediated by fractalkine axis (86). Moreover, F1 can also inhibit the recruitment of 

monocyte/macrophage to the site of inflammation in an in vivo model. In 2010, White et al. 

described a specific CX3CR1 antagonist AZ12201182 that can inhibit the pro-survival effect of 

CX3CL1 on CX3CR1 expressing human coronary artery smooth muscle cells (CASMC) (66). 

Moreover, AZ12201182 inhibits DNA synthesis, and can decrease epiregulin mRNA levels that 

are usually induced by CX3CL1 (66). In 2012, AstraZeneca in Sweden produced the first potent 

and selective, orally available CX3CR1 antagonists----substituted 7-amino-5-thio-thiazolo [4, 5-d] 

pyrimidines (AZD8797) which are now commercially available at Axon Medchem (87). Later on, 

this drug was proved to be potent in treating MS by blocking the infiltration of CX3CR1+ 

leukocytes (88) and alleviating chemotherapy-induced pain (89).  

 

1.5 Dissertation Objectives and Outline 
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The main goal of this dissertation research is to understand how loss of CX3CR1 can sensitize 

EOC cells to radiation therapy, and therefore develop novel approaches to the treatment of EOC. 

In particular, transient downregulation of CX3CR1 achieved by introducing CX3CR1 siRNA to 

EOC cells originally derived from patients with HGSC can lead to radiosensitization as 

determined by in vitro clonogenic assay. A major possible mechanism is related to the impaired 

DNA damage repair pathway. Another possible mechanism, such as aberrant reactive oxygen 

species (ROS) accumulation may also contribute to the fractalkine receptor dependent 

radiosensitization. This dissertation consists of four major chapters: (1) Transient 

downregulation of fractalkine receptor in epithelial ovarian cancer cell lines can lead to 

radiosensitization; (2): Transient downregulation of fractalkine receptor in epithelial ovarian 

cancer cell lines lead to less DNA damage repair; (3): Loss of CX3CR1 leads to persistent 

oxidative DNA damage. (4): CX3CR1 stable knockdown reduces overall tumor burden and 

inhibits metastasis in vivo. 

 

Chapter 2, the first part of this dissertation, includes transfecting different EOC cell lines 

originally derived from HGSC patients and other commonly used EOC cell lines with either 

CX3CR1 siRNA to establish transient downregulation or CX3CR1 shRNA to establish stable 

downregulation; Treating non-transfected, the control siRNA transfected/pvector shRNA 

transfected, and CX3CR1 siRNA/shRNA/overexpressor transfected cells with x-ray radiation; 

and conducting clonogenic assay to assess the surviving fraction from each cell line under 

different conditions to evaluate the radiosensitization effect. While transient downregulation of 

CX3CR1 in EOC cells that have specific p53 mutation status can lead to radiosensitization, stable 
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downregulation or upregulation of CX3CR1 cannot alter ovarian cancer cells’ sensitivity to x-ray 

radiation mainly due to the change in intrinsic radiosensitivity. 

 

Chapter 3 describes the major mechanism behind CX3CR1 dependent radiosensitization. DNA 

damage repair related proteins were measured using immunofluorescence staining and western 

blot in different cell lines; clonogenic assays were further utilized to evaluate cellular 

radiosensitivity upon addition of the ATM inhibitor (KU55933) and the PARP inhibitor 

(Olaparib). Based on the results obtained, we concluded that impaired DNA damage repair is one 

of the pathways contributing to radiosensitization.  

 

Chapter 4 describes how CX3CR1 status affects the cellular redox system. ROS levels were 

measured by flow cytometry. Our results indicated that loss of CX3CR1 induces persistent 

oxidative damage which also contribute to the overall radiosensitization. 

 

Chapter 5 describes loss of CX3CR1 as being potent in abrogating ovarian carcinoma metastasis 

in vivo. Cancer cell adhesion to the omentum was evaluated by short-term adhesion assay in vivo; 

overall tumor burden was evaluated by long-term overall survival assay. Our results confirmed 

our previous published findings that CX3CR1 is a promising cellular target in the treatment 

against metastatic ovarian carcinoma. 

 

This dissertation will present a novel combinational therapy against EOC with a mechanistic 

understanding. By introducing fractalkine receptor downregulation to alter cancer cells’ 
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sensitivity to radiation, x-ray radiation might be more commonly used in the treatment against 

EOC. 
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CHAPTER 2. 

TRANSIENT DOWNREGULATION OF FRACTALKINE RECEPTOR IN 

EPITHELIAL OVARIAN CANCER CELL LINES CAN LEAD TO 

RADIOSENSITIZATION 

 

2.1 Introduction  

The cells we used in this study are SKOV3 (monolayer), SKOV3 (spheroids), CAOV3 

(monolayer), OVCAR4 (monolayer), OVSAHO (monolayer), IGROV1 (monolayer) and A2780 

(monolayer). SKOV3, CAOV3, OVCAR4 and OVSAHO are originally derived from HGSC 

patients whose genomes contain mutated p53 (111). Spheroids are multicellular aggregates that 

are present in the peritoneal fluid of patients. They are believed to facilitate intraperitoneal 

spread of cancer cells and are more resistant to chemotherapeutic agents compared to the same 

cells that grow as monolayers due to the decrease in drug penetration, increase in drug efflux 

pumps, hypoxic environment, etc. (112). Studying both monolayers and spheroids could offer 

insight into the radiosensitivity change upon fractalkine receptor downregulation.  

 

IGROV1 is a human ovarian adenocarcinoma cell line (113), and is found to originate from 

either the endometrioid or the clear cell instead of the serous histotype. A2780 was established 

from tissue obtained from an untreated ovarian cancer patient (114). Both IGROV1 and A2780 

have wild-type p53 which differs from the common feature of high grade serous histotype. Due 

to the important role p53 plays in regulating the ionizing radiation-induced DNA damage 

response, evaluating the CX3CR1-dependent radiosensitization in these p53 wildtype models 



27 

 

could enable the use of p53 status as a predictive marker to define the response of ovarian cancer 

patients to radiation and CX3CR1 inhibition. 

 

Variations in cellular sensitivity to ionizing radiation are correlated to p53 mutation location 

(115). The p53 contains 393 amino acids and consists of three functional domains, an N-terminus 

activation domain, DNA binding domain and C-terminal oligomerization domain. (Figure 2.1) 

The N-terminus includes a transactivation domain and a proline-rich domain. The central core is 

the DNA-binding domain, and the C-terminus contains a nuclear localization signal sequence, a 

tetramerization domain, a nuclear export signal sequence, and a regulatory domain (116). The 

positions of p53 mutations spread throughout the TP53 gene, and the mutations are extremely 

heterogeneous. The position of mutation in TP53 could affect cellular sensitivity to 

chemotherapy and radiotherapy (115, 153).  Besides, Brachova P, et al. showed that the ovarian 

cancer patients with TP53 mutations that abolish the wild-type p53 function have a shorter 

progression-free survival and a greater risk of recurrence (158). Therefore, it is important to 

determine the p53 mutation in order to predict each patient’s response to anti-cancer drugs and 

ionizing radiation. 
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Figure 2.1 Diagram showing the domain structure of the p53 protein. The p53 protein is a 

transcription factor that contains several well-defined domains. At the N-terminus are the 

transactivation domain and a proline-rich region, which is required for apoptotic function. Within 

the N-terminus are the interaction sites of p53 with components of the transcriptional machinery 

as well as ubiquitin ligase Mdm2. The central domain harbors the sequence specific DNA 

binding region, where most of the tumor associated mutations occur. This central region also 

contains binding sites for interaction with members of the Bcl2 protein family. The C-terminal 

region contains the oligomerization domain as well as nuclear localization and export signals. 

Several sites within the N-terminal region have been shown to be phosphorylated and the C-

terminal region contains numerous sites of modification which influence stability, localization 

and activity of p53. Modified from Yee KS and Vousden KH. 2005. Reprinted with permission 

from Carcinogenesis, 2005, 26(8): 1317-1322. Copyright (2005) Oxford University Press. 

 

 

 

 

 

The way to evaluate radiosensitivity is based on the shape of the survival curve. In the context of 

radiobiology, loss of the reproductive integrity, which defines the loss of the capability of a 

single cell to divide indefinitely and produce a colony that contains more than 50 cells, is the 

opinion to evaluate reproductive cell death (117). Since mitotic cell death is the dominant 

mechanism of irradiation-induced cell death, clonogenic assay can most accurately define 

cellular growth after radiation. The survival fraction can be calculated based on the 



29 

 

quantification of the clonogenic assay, and the survival curves can then be plotted based on the 

survival fraction under each treatment condition.  

 

In the early years of radiotherapy, target theory pioneered the survival curve theory. There are 

four simple target models used to describe the correlation between the survival fraction (S) and 

the radiation dose (D). They are the single hit single target model, the single hit multi-target 

model, the multi-hit single target model and the multi-hit multi-target model (118, 119). Single 

hit multi-target model (Figure 2.2 A) is the most commonly used, and it is based on the 

following assumptions: 1), there are n targets in the cell; 2), one hit on a target is sufficient to 

cause inactivation of that target; 3), when all n targets are inactivated, the cell dies (120). 

Therefore, the shape of the curve is sigmoid, and can be plotted using the following equation:  

 

S=1-(1-e-D/D0)n 

 

with n being the back extrapolation of the exponential portion of the survival curve to zero dose, 

D0 being the dose required to reduce 63% surviving fraction. Another parameter, Dq, describes 

the width of the shoulder, and mathematically, Dq=D0logn (121). These parameters are widely 

used to assess the sensitivity of cells to radiation: n reflects cellular damage repair ability. When 

n increases, cells become more resistant to radiation, due to the increased damage repair ability. 

Dq reflects the capacity of the cells to accumulate sublethal damage. If Dq increases, cells are 

more resistant to radiation. D0 reflects the average lethal dose, the larger the D0, the more 

resistant the cells (122, 123). The sensitizing enhancement ratio (SER) is defined by 

D0control/D0treatment, which is crucial in deciding the extent of radiosensitization (124, 125). 
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Figure 2.2 Comparison of two mathematical models commonly used to fit cell survival 

curve data. A, The single-hit, multitarget model is shown with its associated parameters, D0, n, 

and Dq. Although this model has since been invalidated, values for its parameters are still used 

for comparative purposes. D0, dose increment that reduces the cell survival to 37% (1/e) of some 

initial value on the exponential portion of the curve (i.e., a measure of the reciprocal of the slope); 

Dq, a measure of the width of the shoulder; n, back extrapolation of the exponential portion of 

the survival curve to zero dose (i.e., a measure of the steepness of the shoulder). B, The linear-

quadratic model and its associated parameters, α and β, form the basis for current isoeffect 

formulas used in radiation therapy treatment planning. Reprinted with permission from Clinical 

Radiation Oncology, Chapter 1: Biologic Basis of Radiation Oncology. Copyright (2012) 

Elsevier Inc. 

 

 

 

 

 

However, this model has been invalidated due to the unsatisfied representation to some 

mammalian cell survival curves and some curves inferred from clinical studies (126, 154, 155, 

156, 157). Moreover, the interaction between the radiation and the biological object is not 

described molecularly (126). Therefore, a different interpretation of cell survival, the linear 
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quadratic model (Figure 2.2 B), was proposed. It can fit survival data much better, especially 

when the radiation damage was on cells. The mathematical expression of the curve is: 

 

S=exp (-αD-βD2) 

 

which describes the radiation damage molecularly. The assumption of this expression is that the 

DNA double strand break is the determinant lethal lesion, and α is the probability of two 

sublesions in both DNA polynucleotide strands caused by a single hit break while β is the 

probability of two sublesions caused by two separate events. In fractionated radiation, α and β 

are usually used in the clinic to calculate the dose per fraction and the number of fractions (121, 

126). To compare the radiosensitivity between the control group and the treatment group, 

radiation enhancement factor (REF) and dose modifying factor (DMF) are used. REF is defined 

by the surviving fraction of the control group compared to that of the treatment group when the 

dose is 2 gray (SF2control/SF2treatment), and DMF is defined as the dose that is required to kill 

90% of the population in the control group compared to that in the treatment group 

(DMF10control/DMF10treatment). When both REF2 and DMF10 are larger than 1.1, the treatment 

group can then be considered radiosensitized (127, 128, 129). Although the multi-target single 

hit model has been invalidated, values for its parameters were still used to compare 

radiosensitivity. These values of the parameters can only be utilized for comparative purpose 

when they are in a statistically meaningful range (126). 

 

The extent of radiosensitivity is positively correlated to the cell proliferation rate because 

radiation works by damaging DNA. Since cancer cells might lack the appropriate genes to repair 
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the damaged DNA, the lesions will accumulate with the proliferation of cells and finally lead to 

reproductive cell death. Therefore, to compare the radiosensitivity upon the addition of a 

treatment, such as chemotherapeutic drug, gene silencing, etc., it is important to consider that the 

cells’ initial intrinsic radiosensitivity should be similar before and after the treatment, so that the 

function of the treatment is the single factor that affects cellular radiosensitivity.  

 

2.2 Materials and Methods 

2.2.1 Cell Lines and Cell Cultures 

Human ovarian carcinoma cell lines SKOV3 and OVCAR4 with serous histotype that originated 

from malignant cells in the ascites fluid were purchased from the National Cancer Institute (NCI) 

Tumor Cell Repository (Detrick, MD). Another human ovarian carcinoma cell line, CAOV3, that 

originated from malignant cells in the ascites of HGSC patients was obtained from Dr. M. S. 

Stack (University of Notre Dame, IN).  IGROV1 and A2780 were also purchased from NCI 

Tumor Cell Repository (Detrick, MD). OVSAHO were obtained from the Japanese Collection of 

Research Bioresources Cell Bank (Osaka, Japan). SKOV3, CAOV3, IGROV1 and A2780 were 

cultured according to manufacturer’s instructions using minimal essential media (MEM) 

(Corning) supplemented with 10% fetal bovine serum (FBS) (SIGMA-ALDRICH), 0.5% 

penicillin/streptomycin (Corning), 0.4% amphotericin B (Corning) and 0.22% g/ml sodium 

bicarbonate (Santa Cruz Biotechnology) for less than 20 consecutive passages. OVCAR4 and 

OVSAHO were grown in RPMI (Corning) containing 10% FBS, 0.5% penicillin/streptomycin, 

0.4% amphotericin B and 0.2% g/ml sodium bicarbonate. All cells were kept at 37℃ and 5% 

CO2 in a humidified incubator, and were routinely tested for Mycoplasma. 
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2.2.2 Reagents and Antibodies 

Antibodies used in this research are: β-tubulin, β-actin (University of Iowa, E7, 1:200), CX3CR1 

(Abcam, ab51668, 1:2000), GAPDH (Santa Cruz Biotechnology, sc-137179, 1:200), anti-rabbit 

IgG, HRP-linked antibody (Cell Signaling Technology, 1:1000-1:5000), anti-mouse IgG, HRP-

linked antibody (Santa Cruz Biotechnology, sc-2005, 1:500-1:3000), ECL reagents were 

purchased from GE Healthcare and Thermo Scientific. Control siRNA and CX3CR1 siRNA were 

purchased from Santa Cruz Biotechnology, CX3CR1 cDNA clone, PRS Vector shRNA negative 

control and CX3CR1 shRNA plasmids were all purchased from Origene.  

 

2.2.3 siRNA-Mediated Silencing 

Cells were plated in six well plates (Celltreat) one day before transfection. CX3CR1 siRNA and 

control siRNA were lyophilized according to the manufacturer’s instructions prior to use, and 

then cells were transfected using DharmaFECT (Thermo Scientific). The transfected cells were 

cultured in their growth media for 72 hrs and then either harvested for analysis or subjected to x-

ray radiation. CX3CR1 siRNA is a pool of 3 different siRNA duplexes that were designed to 

target the following sequences: sc-39904A: 5’-CCCAGUUCAUGUUCACAAA-3’, sc-39904B: 

5’-CCCUGCUCAUUAUGAGUUAtt-3’, sc-39904C: 5’-CCUACUGCAUCGAGUCAAAtt-3’ 

 

2.2.4 Stable Cell Lines Generation        

SKOV3 cells were plated in six well plates one day before transfection. At the day of 

transfection, plasmids (CX3CR1 cDNA clones, PRS vector shRNA and CX3CR1 shRNA 

plasmids) were resuspended in DNA/RNase free water according to the manufacturer’s 

instructions prior to use, and SKOV3 cells were transfected by DharmaFECT. One day post-
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transfection, the cells were split into 48 well plates (SIGMA-ALDRICH) and were either treated 

with 1 mg/ml G418 (Corning) or treated with 4 µg/ml puromycin (Enzo Life Sciences) for the 

selection of the control clones or CX3CR1-shRNA clones. After 2-6 weeks, resistant clones were 

isolated, CX3CR1-overexpressing clones were maintained in regular complete MEM with 

0.2mg/ml G418, and CX3CR1-shRNA/pvector clones were maintained in regular complete 

MEM with 1-2 µg/ml puromycin. Clones were screened for CX3CR1 expression by western blot. 

The CX3CR1 shRNA constructs contain 4 unique sequences: 5’-

TAGCCATTGTTGCCTGAATCCTCTCATCT-3’, 5’-

TATTCTACTCCGTCATCTTTGCCATTGGC-3’, 5’-

CATCGTCCTGGCCGCCAACTCCATGAACA-3’, 5’-

CCTCATCTGAATCACAAAGGAGCAGGCAT-3’.   

 

Stable CX3CR1 expression: the cDNA clones used in the study are the full-length gene with the 

following sequence: (158) 

ATGGATCAGTTCCCTGAATCAGTGACAGAAAACTTTGAGTACGATGATTTGGCTGAG

GCCTGTTATATTGGGGACATCGTGGTCTTTGGGACTGTGTTCCTGTCCATATTCTACT

CCGTCATCTTTGCCATTGGCCTGGTGGGAAATTTGTTGGTAGTGTTTGCCCTCACCAA

CAGCAAGAAGCCCAAGAGTGTCACCGACATTTACCTCCTGAACCTGGCCTTGTCTGA

TCTGCTGTTTGTAGCCACTTTGCCCTTCTGGACTCACTATTTGATAAATGAAAAGGGC

CTCCACAATGCCATGTGCAAATTCACTACCGCCTTCTTCTTCATCGGCTTTTTTGGAA

GCATATTCTTCATCACCGTCATCAGCATTGATAGGTACCTGGCCATCGTCCTGGCCG

CCAACTCCATGAACAACCGGACCGTGCAGCATGGCGTCACCATCAGCCTAGGCGTC

TGGGCAGCAGCCATTTTGGTGGCAGCACCCCAGTTCATGTTCACAAAGCAGAAAGA
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AAATGAATGCCTTGGTGACTACCCCGAGGTCCTCCAGGAAATCTGGCCCGTGCTCCG

CAATGTGGAAACAAATTTTCTTGGCTTCCTACTCCCCCTGCTCATTATGAGTTATTGC

TACTTCAGAATCATCCAGACGCTGTTTTCCTGCAAGAACCACAAGAAAGCCAAAGC

CATTAAACTGATCCTTCTGGTGGTCATCGTGTTTTTCCTCTTCTGGACACCCTACAAC

GTTATGATTTTCCTGGAGACGCTTAAGCTCTATGACTTCTTTCCCAGTTGTGACATGA

GGAAGGATCTGAGGCTGGCCCTCAGTGTGACTGAGACGGTTGCATTTAGCCATTGTT

GCCTGAATCCTCTCATCTATGCATTTGCTGGGGAGAAGTTCAGAAGATACCTTTACC

ACCTGTATGGGAAATGCCTGGCTGTCCTGTGTGGGCGCTCAGTCCACGTTGATTTCT

CCTCATCTGAATCACAAAGGAGCAGGCATGGAAGTGTTCTGAGCAGCAATTTTACTT

ACCACACGAGTGATGGAGATGCATTGCTCCTTCTCTGA 

 

2.2.5 Spheroids Formation Assay 

Six well plates were coated with 0.5% agarose which was allowed to solidify and cool at room 

temperature for at least 30 min. 1 million cells were resuspended and transferred on top of the 

agarose and incubated in the humidified incubator with 5% CO2 at 37 ℃ for at least 24 hrs for 

spheroids formation. The formed spheroids were then identified and evaluated using microscopy 

(Zeiss) and an example is shown in Figure 2.3. 
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A                                                                       B 

 
Figure 2.3 Spheroids Formation Assay. SKOV3 monolayer cells were plated on top of the 

agarose gel as described above. A) The regular shape of a spheroid. B) The diameter of spheroids 

ranges between 60 to 300 μm. 

 

 

 

 

 

2.2.6 Clonogenic Assay 

After radiation, a certain number of the cells in six well plates from each treatment condition 

were re-plated onto p100 plates (Thermo Scientific) and allowed to grow for 1-2 weeks until 

visible colonies formed. These colonies were then fixed with 4% para-formaldehyde (Santa Cruz 

Biotechnology) and stained with 0.05% crystal violet (SIGMA-ALDRICH). The stained colonies 

were then quantitatively analyzed to calculate surviving fraction. The survival curve was then 

plotted using SigmaPlot 12.5 (SigmaPlot). 

 

2.2.7 Western Blot 

For the detection of CX3CR1, the cells were lysed in lysis buffer (50mM Tris pH8, 150mM NaCl, 

1% NP40, and phosphatase inhibitor cocktail tablets [Roche]) and centrifuged for 15 min at 

13,200 rpm at 4 ℃. The supernatants were quantified using the Bradford method (Bio-Rad 

Laboratories). The desired amount of protein was then mixed with sample loading buffer (65.8 
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mM Tris-HCl pH6.8, 2.1% SDS, 26.3% glycerol, 0.01% bromophenol blue and 0.5% β-

mercaptoethanol right before use.) and boiled for 5min. 20µg of protein from each treatment 

condition was loaded on 10% SDS-PAGE, and proteins were electro-transferred onto PVDF 

(Millipore). The membrane was then blocked with 3% BSA for 1hr at room temperature (RT), 

incubated with primary antibody for 3 hr at RT, washed with Tris-buffered saline with 0.1% 

Tween (TBST) 3 times, followed by incubation with secondary antibody for 1 hr at RT, and 

developed by enhanced chemiluminescence. The densitometric values were determined by 

Quantity One 1-D Analysis Software (Bio-Rad Laboratories). 

 

2.2.8 Statistical Analyses 

Statistical significance was determined by two-way ANOVA test using SigmaPlot software. For 

each test, p values of <0.05 was considered significant.  

 

2.3 Results  

2.3.1 Transient Downregulation of CX3CR1 in Different EOC Cell Lines        

Our lab has shown that CX3CR1 is expressed in EOC cell lines originated from HGSC patients 

(SKOV3, CAOV3, and OVCAR4), and CX3CR1 is downregulated in the presence of CX3CR1 

siRNA as determined by western blot (Figure 2.4). Compared to the control siRNA treated group, 

the reduction of the total CX3CR1 expression is approximately 80% in SKOV3, 85% in CAOV3 

and 55% in OVCAR4. 
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Figure 2.4 CX3CR1 Downregulation Level in SKOV3, CAOV3 and OVCAR4  
Protein levels of CX3CR1 in SKOV3, CAOV3 and OVCAR4. 72 hours after transfection with 

the control or specific siRNA. (NT: non-transfected, siCTRL: transfected with the control siRNA; 

siCX: transfected with CX3CR1 siRNA.) CX3CR1 was detected using anti-CX3CR1 antibodies 

by western blot analysis. Numbers below the bands are densitometry results. The western blot 

shown is the representative result from 3 independent experiments. 

 

 

 

 

 

2.3.2 CX3CR1 siRNA Treatment Induces Radiosensitization in SKOV3, CAOV3 and OVCAR4 

To investigate the role of CX3CR1 in regulating cellular sensitivity to radiation, clonogenic 

assays were done to assess cell survival after each treatment condition. As shown in Figure 2.5, 

2.6, 2.7, 2.8 and Table 2.1, cells that were transfected with CX3CR1 siRNA were more sensitive 

to ionizing radiation than the cells that were treated with the control siRNA and non-treated cells. 

One common trait of these cell lines is that the position of the mutated p53 amino acid is in close 

proximity, with CAOV3 mutated at pQ136 in the DNA binding domain, OVCAR4 mutated at 

pL130 in the DNA binding domain and SKOV3 mutated at pS89X in the proline-rich domain 

(130). The differences in the surviving fraction between CX3CR1 siRNA treated cells and the 

control siRNA treated cells were significantly different, as determined by two-way ANOVA test. 

The surviving fraction of the control siRNA treated SKOV3 monolayers after 2 Gy was reduced 

to 0.89, whereas the surviving fraction of CX3CR1 siRNA treated SKOV3 monolayers was 0.56. 

The treatment with CX3CR1 siRNA in SKOV3 resulted in increased radiosensitivity by a factor 
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of 1.59, calculated at the dose of 2 Gy by dividing the surviving fraction of the control siRNA 

transfected SKOV3 curve with that of the corresponding CX3CR1 siRNA transfected SKOV3. 

Moreover, the dose needed to achieve a 10% surviving fraction in the control siRNA treated 

SKOV3 monolayers was 9.81 Gy, whereas the dose needed in CX3CR1 siRNA treated SKOV3 

monolayers was 7.4 Gy. The treatment with CX3CR1 siRNA resulted in increased 

radiosensitivity by a factor of 1.33, calculated by dividing the dose of the control siRNA 

transfected SKOV3 with that of the corresponding CX3CR1 siRNA transfected SKOV3. 

Radiosensitization was scored positive (+) as shown in table I, when the value for the 

control/CX3CR1 siRNA exceeded 1.1 at both 2 Gy and at 10% cell survival. Similar findings 

were also observed in SKOV3 spheroids, CAOV3, and OVCAR4, with the results shown in 

Table 2.1.  
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A                                                               B 

 
Figure 2.5 CX3CR1 Transient Knockdown Radiosensitizes SKOV3. SKOV3 were either non-

transfected or transfected with the control siRNA or CX3CR1 siRNA. Cellular radiosensitivity 

was measured using clonogenic assay. A) Pictures of clonogenic assay results of SKOV3 stained 

with crystal violet. B) Clonogenic survival assays quantification results after transfection and 

administration of ionizing radiation at increasing doses from 0 gray to 7 gray. Surviving fractions 

for CX3CR1 siRNA transfected SKOV3 were calculated after normalizing to the surviving 

fraction obtained for cells transfected with the control siRNA. Values shown represent the mean 

± SD for 5 independent experiments. **p<0.001 according to two-way ANOVA test. 
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A                                                              B 

 
Figure 2.6 CX3CR1 Transient Knockdown Radiosensitizes SKOV3 (spheroids). SKOV3 

were either non-transfected or transfected with the control siRNA or CX3CR1 siRNA before the 

formation of spheroids. Cellular radiosensitivity was measured using clonogenic assay. A) 

Pictures of clonogenic assay results of SKOV3 (spheroids) stained with crystal violet. B) 

Clonogenic survival assays quantification results after transfection and administration of ionizing 

radiation at increasing doses from 0 gray to 7 gray. Surviving fractions for CX3CR1 siRNA 

transfected SKOV3 were calculated after normalizing to the surviving fraction obtained for cells 

transfected with the control siRNA. Values shown represent the mean ± SD for 5 independent 

experiments. **p<0.001 according to two-way ANOVA test. 
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A                                                                  B 

 
Figure 2.7 CX3CR1 Transient Knockdown Radiosensitizes CAOV3. CAOV3 were either 

non-transfected or transfected with the control siRNA or CX3CR1 siRNA. Cellular 

radiosensitivity was measured using clonogenic assay. A) Pictures of clonogenic assay results of 

CAOV3 stained with crystal violet. B) Clonogenic survival assays quantification results after 

transfection and administration of ionizing radiation at increasing doses from 0 gray to 3 gray. 

Surviving fractions for CX3CR1 siRNA transfected CAOV3 were calculated after normalizing to 

the surviving fraction obtained for cells transfected with the control siRNA. Values shown 

represent the mean ± SD for 3 independent experiments. **p<0.001 according to two-way 

ANOVA test. 
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A                                                        B 

 
Figure 2.8 CX3CR1 Transient Knockdown Radiosensitizes OVCAR4. OVCAR4 were either 

non-transfected or transfected with the control siRNA or CX3CR1. Cellular radiosensitivity was 

measured using clonogenic assay. A) Pictures of clonogenic assay results of OVCAR4 stained 

with crystal violet. B) Clonogenic survival assays quantification results after transfection and 

administration of ionizing radiation at increasing doses from 0 gray to 3 gray. Surviving fractions 

for CX3CR1 siRNA transfected OVCAR4 were calculated after normalizing to the surviving 

fraction obtained for cells transfected with the control siRNA. Values shown represent the mean 

± SD for 3 independent experiments. *p<0.05 according to two-way ANOVA test. 
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Table 2.1 CX3CR1 Transient Knockdown Radiosensitizes Epithelial Ovarian Carcinoma 

Cells.  

Cell Line SF2control/SF2CX3CR1 D10control/D10CX3CR1 Radiosensitizationa 

SKOV3 1.59 1.33 + 

SKOV3 (spheroids) 1.38 1.2 + 

CAOV3 1.65 1.11 + 

OVCAR4 1.93 1.23 + 
a Radiosensitization was scored positive (+) if the value for control/CX3CR1 siRNA was larger 

than 1.1 at both 2 Gy and at 10% clonogenic cell survival. 

 

 

 

 

 

2.3.3 Transient Downregulation of CX3CR1 in OVSAHO 

OVSAHO was originally derived from serous papillary adenocarcinoma and has a p53 mutation 

in the tetramerization domain (p.R342) (130). Our lab has shown that CX3CR1 is expressed on 

OVSAHO, and the CX3CR1 downregulation was determined by western blot analysis (Figure 

2.9). Compared to the control siRNA transfected group, the reduction of CX3CR1 in OVSAHO 

is approximately 81%. 
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Figure 2.9 CX3CR1 Downregulation Level in OVSAHO. Cells were collected 72 hours after 

transfection and CX3CR1 expression level was detected using anti-CX3CR1 antibodies by 

western blot analysis. Numbers below the bands are densitometry results. The western blot 

shown is the representative result from 3 independent experiments. 

 

 

 

 

 

 

2.3.4 CX3CR1 siRNA cannot Induce Radiosensitization in OVSAHO  

Unlike SKOV3, CAOV3 and OVCAR4, OVSAHO has a mutation of p53 at the oligomerization 

domain which inhibits the interaction of p53 monomers (130, 159). As shown in Figure 2.10 and 

Table 2.2, CX3CR1 has no effect on sensitizing OVSAHO to x-ray radiation as assessed by 

clonogenic survival assay. Therefore, the result indicated that OVSAHO cannot be 

radiosensitized upon CX3CR1 downregulation. 
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Figure 2.10 Loss of CX3CR1 Failed to Sensitize OVSAHO to Ionizing Radiation. OVSAHO 

were transfected accordingly as described in Materials and Methods. Clonogenic survival assay 

were used to evaluate the radiosensitization level. Surviving fractions for CX3CR1 siRNA 

transfected OVSAHO were calculated after normalizing to the surviving fraction obtained for 

cells transfected with the control siRNA. Values shown represent the mean ± SD for 3 

independent experiments. 

 

 

 

 

 

Table 2.2 CX3CR1 Transient Knockdown Failed to Radiosensitizes OVSAHO 
 

Cell Line SF2control/SF2CX3CR1 D10control/D10CX3CR1 Radiosensitization 

OVSAHO 1.01 0.92 - 

 

 

 

 

 

 

2.3.5 Transient Downregulation of CX3CR1 in IGROV1 and A2780 
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CX3CR1 is expressed in both IGROV1 and A2780 (32). The level of CX3CR1 downregulation 

by CX3CR1 siRNA was determined by western blot analysis (Figure 2.11). Compared to the 

control siRNA transfected group, the reduction of CX3CR1 in IGROV1 is approximately 58% 

and A2780 is approximately 59%. 

 

 

 
Figure 2.11 CX3CR1 Downregulation Level in IGROV1 and A2780. Cells were collected 72 

hours after transfection and CX3CR1 was detected using anti-CX3CR1 antibodies by western blot 

analysis. Numbers below the bands are densitometry results. The western blot shown is the 

representative result from 3 independent experiments. 

 

 

 

 

 

2.3.6 CX3CR1 siRNA cannot Induce Radiosensitization in P53 Wildtype Human Ovarian 

Cancer Cell Lines 

Due to the cytoprotective role TP53 plays in mediating cell-cycle arrest, apoptosis and DNA 

damage repair (131), we examined the extent of CX3CR1 inhibition-mediated radiosensitization 

in p53 wildtype cell lines IGROV1 and A2780 to. As shown in Figure 2.12, 2.13 and Table 2.3, 

CX3CR1 downregulation failed to radiosensitize IGROV1 and A2780 as evaluated by 

clonogenic assays, which is in contrast to the responses of those p53 null and mutated cell lines.  



48 

 

A                                                               B 

 
Figure 2.12 Loss of CX3CR1 Failed in Sensitizing p53 Wildtype IGROV1 to Ionizing 

Radiation. IGROV1 were transfected as described in the Materials and Methods. Clonogenic 

survival assays were used to evaluate the radiosensitization. A) Pictures of the clonogenic assay 

results stained with crystal violet. B) Clonogenic survival assay were used to evaluate 

radiosensitization. Surviving fractions for CX3CR1 siRNA transfected IGROV1 were calculated 

after normalizing to the surviving fraction obtained for cells transfected with the control siRNA. 

Values shown represent the mean ± SD for 3 independent experiments. 
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Figure 2.13 Loss of CX3CR1 Failed in Sensitizing p53 Wildtype A2780 to Ionizing 

Radiation. A2780 were transfected as described in the Materials and Methods. Clonogenic 

survival assays were used to evaluate the radiosensitization level. Surviving fractions for 

CX3CR1 siRNA transfected A2780 were calculated after normalizing to the surviving fraction 

obtained for cells transfected with the control siRNA. Values shown represent the mean ± SD for 

3 independent experiments. 

 

 

 

 

 

Table 2.3 CX3CR1 Transient Knockdown Failed to Radiosensitizes IGROV1 and A2780 
 

Cell Line SF2control/SF2CX3CR1 D10control/D10CX3CR1 Radiosensitization 

IGROV1 1.01 1.02 - 

A2780 0.92 1.003 - 

 

 

 

 

 

2.3.7 Stable Downregulation or Upregulation of CX3CR1 in SKOV3 

The level of CX3CR1 expression in different stable clones were determined by the quantification 

of western blots (Figure 2.14). Clone1 (CX1) and clone6 (CX6) are two representative clones 
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selected with different levels of CX3CR1 downregulation. Compared to the cells transfected with 

pVector clone, the increase of CX3CR1 is approximately 129% in overexpressor (OE), and the 

reduction is approximately 95% in CX1 and 98% in CX6, respectively. Notably, stable 

transfection changed the cellular proliferation rate, with the doubling time approximately 18 

hours in OE, 24 hours in pVector, 36 hours in CX1 and 48 hours in CX6. 

 

 

 

 

 

  
Figure 2.14 CX3CR1 Levels in Stable Clones. Protein level of CX3CR1 in OE, pVector, 

parental SKOV3, CX1 and CX6. The establishment of these clones were described in Materials 

and Methods. (Clones established by Hilal Gurler) (OE [overexpressor]: SKOV3 transfected 

with CX3CR1 cDNA clones; pvec[pVector]: SKOV3 transfected with PRS vector shRNA; CX1, 

CX6: SKOV3 transfected with CX3CR1 shRNA plasmids) CX3CR1 was detected using anti-

CX3CR1 antibodies by Western Blot analysis. Numbers below the bands are densitometry results. 

(Western Blot done by Hilal Gurler) 

 

 

 

 

 

2.3.8 Stable Downregulation or Upregulation of CX3CR1 cannot Change Ovarian Cancer 

Cells’ Sensitivity to X-Ray Radiation 

Based on the result that transient downregulation of CX3CR1 promotes radiosensitivity in EOC 

cells, we examined whether stable increase and decrease of CX3CR1 could affect cellular 

radiosensitivity. After the establishment of the clones, cells were subjected to x-ray radiation, 
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followed by clonogenic survival assay. Due to the changes in growth rate, fast growing cells 

become more sensitive to radiation while slow growing cells are more resistant to radiation. The 

difference in initial intrinsic radiosensitivity affects the accurate evaluation of cellular 

radiosensitivity changed upon CX3CR1. As shown in Figure 2.15, increased expression of 

CX3CR1 failed to induce radioresistance while downregulation of CX3CR1 failed to induce 

radiosensitization. Specifically, CX3CR1 overexpression accelerates cellular proliferation, 

therefore they become more sensitive to radiation, which complicates the possible evolution of 

radioresistance induced by CX3CR1 overexpression. Meanwhile, CX3CR1 stable downregulation 

decelerates cell growth, thus they become more resistant to radiation, which complicates the 

possible evolution of radiosensitization caused by loss of CX3CR1.  
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Figure 2.15 Stable Alteration of CX3CR1 in SKOV3 Failed to Affect Cellular 

Radiosensitivity. Stable clones from SKOV3 were established as described in Materials and 

Methods. Clonogenic survival assay were used to evaluate radiosensitivity. Values shown 

represent the mean ± SD for 3 independent experiments. 

 

 

 

 

 

2.4 Discussion 

The majority of EOC patients respond to paclitaxel and platinum-based adjuvant chemotherapy 

initially, but most of them, especially patients with advanced stage disease, develop recurrent 

EOC that were platinum-refractory (132). Therefore, it is important to adjust the treatment of 

advanced stage EOC patients that were resistant to platinum-based chemotherapy. Radiation 

therapy has survival advantages over chemotherapy, especially in patients with minimal residual 

disease (133, 134). However, radiation therapy is not commonly used for the therapy against 

EOC due to severe dose-related toxicities, such as small bowel obstruction (135). Thus, 

modification to the radiation treatment needs to be investigated to decrease the toxicity while still 
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maintaining the therapeutic efficacy. There are multiple ways to modify radiation treatment, 

including the development of novel chemotherapeutic drugs as radiation sensitizing agents (136) 

and the improvement of the radiation delivery technology (137, 138, 139).  

 

Our group has been interested in chemokines and chemokine receptors and their role in 

regulating ovarian cancer metastasis. CX3CR1 is expressed in EOC cells and mediates their 

motility and adhesion to peritoneal mesothelial cells (140). The lymphotactin receptor XCR1 is 

also expressed on EOC cells and contributes to cell migration and proliferation (141). Due to the 

possible role that chemokine signaling plays in changing radiosensitivity (142), we hypothesized 

that CX3CR1 might also participate in regulating radiosensitivity. In order to test this, our study 

began with transiently knocking down CX3CR1 with specific siRNAs in multiple EOC cell lines 

and evaluating survival by clonogenic assay. As shown in Figure 2.4-2.8 and Table 2.1, CX3CR1 

is capable of affecting EOC cells’ sensitivity to x-ray radiation. Moreover, p53 status may play 

an important role in CX3CR1-dependent radiosensitization, due to loss of CX3CR1 was unable to 

increase OVSAHO cells’ sensitivity to ionizing radiation. Furthermore, cellular sensitivity was 

also not changed in p53 wild-type cells. This phenomenon possibly resulted from the 

cytoprotective action of p53. When cells are exposed to ionizing radiation and other DNA 

damaging agents, activated p53 can induce cell cycle arrest at G1 phase to repair the damaged 

DNA (143). Therefore, in cell lines with defective p53, their ability to repair damaged DNA 

completely relies on the G2 checkpoint. If the G2 checkpoint can be abrogated by other 

modifications, which in our case by inhibiting CX3CR1, these cancer cells can be significantly 

sensitized when exposed to ionizing radiation. Similarly, our data also indicated that the 

downregulation of CX3CR1 could selectively damage tumor cells while leaving the normal cells 
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intact. The G1 checkpoint activation in normal cells by activating p53 can protect them from 

ionizing radiation-induced DNA damage. Our observations are consistent with previous reports 

that p53 mutated cell lines can be selectively radiosensitized.  Vance et al. reported that the 

combined inhibition of PARP1 and Chk1 can radiosensitize p53 mutant pancreatic cancer cells 

(144). Powell et al. described that caffeine can selectively sensitize p53 (-) cells to DNA 

damaging agents (145). Lee YJ et al. demonstrated that oleamide can enhance radiosensitization 

of p53 mutant cells (146).  

 

P53 can regulate and be regulated by a complex network of proteins, mRNAs and microRNAs. 

The differences in the location of the p53 mutation point can affect the p53-related network, so 

that the degree of cellular radiosensitivity caused by CX3CR1 downregulation would vary (147). 

For example, missense mutations in the DNA-binding domain can directly affect the proper 

folding of loops and helixes that form the DNA-binding interface and therefore disrupt the 

following trans-activating of some genes that may correlate with CX3CR1-dependent 

radiosensitization. However, mutations in the tetramerization domain may lead to no effect on 

DNA-binding and thus trans-activate some other genes that may be related to radioresistance 

(148). Therefore, it is important to determine the p53 mutation and examine the regulation of 

overall transcriptional control in individuals before the designation of an overall therapeutic 

approach (149).  

 

Due to the fact that the downregulation caused by siRNA transfection is only transient, the 

protein level would finally increase after several days. We next investigated if we could also 

observe a similar effect by stably increasing and decreasing CX3CR1 by introducing shRNA. As 
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shown in Figure 2.15, the shRNA transfection failed to change the overall cellular sensitivity to 

radiation, as the shRNA integration into genome alone changed cellular proliferation rate, which 

compensated the possible change in sensitivity brought by CX3CR1. Radiation is more effective 

in fast growing cells compared to slower growing cells, and the way radiation affects cellular 

reproductive integrity is by targeting DNA backbone and thereby causes damage. In the fast-

duplicating cells, they tend to accumulate DNA damage faster and they have less time to repair 

the damaged DNA as compared to the cells with low reproductive efficiency (121). Therefore, 

the CX3CR1 shRNA transfection, which might sensitize the cells to radiation, failed eventually 

due to the observation that these cells divided slower compared to the control shRNA transfected 

cells. So shRNA transfection, in our case, is not an appropriate approach to evaluate how stable 

CX3CR1 expression alteration could affect overall cellular radiosensitivity.  

 

One of the possible reasons leads to the inaccurate evaluation of the radiosensitization in the 

stable clones is the off-target effects caused by shRNA transfection, which might result from the 

unintended hybridization between the RNAi molecules and the non-target transcripts. These 

effects usually arise from a perfect sequence complementarity between the “seed” hexamers at 

the 5’ end of the antisense strand and a target site in the 3’UTR of a transcript (150). The 

unpredictable off-target effects might also change the growth-related gene expression and 

therefore lead to the change in intrinsic radiosensitivity.  

 

Recently, site-specific genomic editing technology has been evolved into a new era with the 

development of a novel tool called Clustered, Regularly Interspaced Short Palindromic Repeat 

Associated (CRISPR-Cas) proteins (151, 152). This technique enables the specific knockout of 
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any human loci and knockin a functional cassette containing the clone selection gene such as 

GFP and puromycin resistant gene. There are two distinct components in this system: the Cas 

nuclease Cas9 (a double-stranded DNA endonuclease) and a guide RNA with target specificity. 

The base-pairing between the guide RNA and the complementary target sequence in the genomic 

DNA enable the recruitment of the gRNA/cas9 complex. In order to activate the endonuclease 

activity, the target sequence must follow by a Protospacer Adjacent Motif (PAM) sequence. 

Then the activated endonuclease would cut the double stranded DNA and cause a DNA double 

strand break. There are usually two mechanisms to repair the DSB, homologous recombination 

(HR) and non-homologous end joining (NHEJ). The NHEJ repair pathway which is an error-

prone repair pathway (will be discussed in detail in chapter 3) would result in deletions, and HR 

is a sequence predictable repair pathway (will also be discussed in detail in chapter 3) that 

requires the presence of a repair template. Currently we have the CX3CR1 sequence cloned in 

pCas Guide Vector and a non-coding template DNA containing homologous arms and the 

puromycin-resistant gene containing cassette. The co-transfection of these two will allow the 

specific knockout of CX3CR1 while incorporating the selective cassette. In the future, after we 

obtain these CX3CR1-specific knockout clones, the radiosensitization in stable clones will be re-

conducted and re-evaluated. 

 

2.5 Conclusion 

Collectively, the results demonstrated that transient downregulation of CX3CR1 can effectively 

sensitize the p53 mutant and null EOC cells to radiation as evaluated by in vitro clonogenic assay. 

The combination of radiation and CX3CR1 knockdown provides a novel approach against EOC. 
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CHAPTER 3. 

TRANSIENT DOWNREGULATION OF FRACTALKINE RECEPTOR IN 

EPITHELIAL OVARIAN CANCER CELL LINES LEAD TO LESS DNA DAMAGE 

REPAIR AND ACCUMULATED DNA DOUBLE STRAND BREAK 

 

3.1 Introduction 

DNA is the principal target for radiation-induced damage (161). The double helical DNA 

(deoxyribonucleic acid) consists of two strands, and the backbone of each strand consists of 

deoxyribose and phosphate groups. There are four bases attached to this backbone: thymine (T), 

cytosine (C), adenine (A) and guanine (G). Based on the structural similarity, thymine and 

cytosine belong to pyrimidines, adenine and guanine belong to purines. The two complementary 

strands are held together by hydrogen bonds: adenine pairs with thymine and guanine pairs with 

cytosine (183). When cells are exposed to ionizing radiation, the damage to DNA can either be 

direct or indirect. Direct DNA damage is dominant when the source of radiation has high linear 

energy transfer. When sparsely ionizing radiations, such as x-ray, is the source of radiation, the 

damage is usually indirect, that is, the radiation interacts with the water molecules in the cell to 

produce free radicals such as hydrogen (H+) and hydroxyls (OH-) ions. These ions can then be 

turned into other substances such as hydrogen peroxide (H2O2) to damage the DNA and result in 

single-strand and double-strand breaks (161). 

 

In order to repair ionizing radiation-induced damage, there are specialized pathways developed 

in cells to sense, respond and repair the damaged DNA. Base excision repair (BER) repair 

pathway is activated when a single nucleotide base is damaged (Figure 3.1). A DNA glycosylase 
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would first cleave the bond between the damaged base and ribose, and thus remove the base. 

This step is followed by the removal of the ribose phosphate by the action of an apurinic 

endonuclease I (APE1), and then followed by the insertion of the correct nucleotide by DNA 

polymerase β (Polβ). Finally, x-ray repair cross-complementing group 1 (XRCC1) would 

mediate the ligation by forming a heterodimer with DNA ligase III (LIG3). LIG3 would then 

connect the repaired nucleotide to the backbone (161, 162).  
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Figure 3.1 The core BER pathway. In this pathway, the UNG glycosylase catalyzes the 

excision of the damaged uracil base, creating an abasic (AP) site. The APEX1 endonuclease 

catalyzes the incision of the DNA backbone 5’ to the AP site. POLB displaces the AP site and 

polymerizes DNA to fill in the gap. POLB then catalyzes the removal of the displaced AP site. 

Finally, LIG3 catalyzes the formation of a phosphodiester bond, completing the repair pathway. 

Reprinted with permission from Cellular and Molecular Life Sciences, 2009, Volume 66, Issue 6: 

981-993. Copyright (2009), Birkhauser Verlag, Basel.  
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Nucleotide excision repair (NER) repairs damage such as bulky adducts in the DNA and the 

damage caused by UV radiation (Figure 3.2). NER can be further divided into two pathways: 

global genomic NER (GGR) and transcription-coupled repair (TCR). While the former one is 

capable of repairing damage that is genome-wide, the latter one can only repair the genes that are 

actively transcribed. The other difference between the two pathways is the damage recognition 

step. In GGR, XPC-XPE protein complexes are recruited at the damaged site while in TCR, 

RNA polymerase I/II together with CSA, CSB gets recruited at the damaged site to prevent the 

further transcription of the genome. There are over 20 proteins involved in the pathway. 

Following the damage recognition step, TFIIH complex helicase is recruited to unwind the DNA 

and facilitates the excised oligomer to release. Eventually, the resulting gap is filled with the 

assistance of Polymerase-PCNA complex followed by the ligation of the strand (161, 163). Since 

NER is a dominant mechanism for UV induced DNA damage, mutations in NER-related gene 

have little contribution to cellular radiosensitivity. 
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Figure 3.2 Proposed model for mammalian nucleotide excision repair (NER). NER consists 

of two sub-pathways: global genome repair (GGR) and transcription-coupled repair (TCR). (a) 

The two sub-pathways differ only in the first step, DNA damage recognition. In GGR, the 

protein complex XPC/HHR23B binds to the damaged DNA site, recruiting the entire repair 

protein apparatus to the injury. By contrast, in TCR, a stalled RNA polymerase II fulfils this 

function at the site of the DNA lesion, facilitated by the Cockayne syndrome proteins CSA and 

CSB. (b) In the second step, DNA unwinding, the lesions are opened by the concerted action of 

XPA, replication protein A (RPA), and the bi-directional XPB/XPD helicase subunits of the 

transcription factor IIH (TFIIH) complex. (c) During incision of the damaged DNA, the 

exchange repair cross complementing (ERCC1)/XPF complex cuts at the single-strand to 

double-strand transition on the 5’ side of the damage, and XPG cuts at the 3’ side of the open 

complex. (d) Finally, DNA excision and de novo synthesis is accomplished by mammalian DNA 

replication factors such as the heterotrimeric replication protein A (RPA), replication factor C 

(RF-C), proliferating cell nuclear antigen (PCNA), and DNA polymerase δ and ε. The reaction is 

completed by ligation of the newly synthesized DNA. Reprinted with permission from Expert 

Reviews in Molecular Medicine, 2002, Volume 4: 1-22. Copyright (2002), Cambridge University 

Press.  
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In eukaryotic cells, there are two mechanisms, homologous recombination (HR) and non-

homologous end joining (NHEJ), to repair DNA DSBs. The homologous recombination is a less 

used mechanism to repair the damaged DNA, because its activation requires the presence of 

sister chromatid to be used as a template and when the cell is in late S/G2 phase. For all the other 

time points in the cell cycle together with S/G2 phase, NHEJ is used to repair the damaged DNA. 

(Figure 3.3) Classical NHEJ is initiated with the break ends recognized by Ku70/80 heterodimer, 

followed by the recruitment and auto-phosphorylation of DNA-dependent protein kinase 

catalytic subunit (DNA-PKcs). The Ku/DNA-PKcs complex can hold the two DNA DSB ends in 

close proximity and recruit Artemis, which is an end-processing enzyme with endonuclease 

activity. The phosphorylated and activated Artemis then helps to recruit XRCC4 (x-ray repair 

cross-complementing protein 4) – XLF (XRCC4-like factor) – LIG4 (DNA ligase 4) complexes 

for DNA strand ligation. Besides the classical NHEJ, alternative-NHEJ (alt-NHEJ) is also used 

to repair the damaged DNA. Unlike classic NHEJ, alt-NHEJ is independent of the core classic 

NHEJ components, such as Ku80 and XRCC4. Alt-NHEJ is initiated with the involvement of 

PARP1, and then Mre11 and CtIP are recruited to create a single-strand DNA resection. Most of 

these single-strand DNA has short complementary microhomologies (5-25 nucleotides) that can 

conduct the strand annealing process. Therefore, alt-NHEJ sometimes can be also called as 

microhomology-mediated end joining (MMEJ). Eventually, the break ends would be joined 

together by XRCC1 and ligase III. This is an exclusively mutagenic process with long strand 

deletions (161, 164, 165).  
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Figure 3.3 Steps in classical and alternative end-joining. On the appearance of a DNA double-

strand break, two pathways can be active. Classical non-homologous end-joining (C‑NHEJ) 

involves the binding of Ku70–Ku80 to the DNA break, followed by the recruitment of DNA-

dependent protein kinase catalytic subunit (DNA-PKcs) and several other factors that mediate 

blunt-end ligation of the break by DNA ligase 4 (LIG4). This process has no sequence 

requirements and may cause small-scale mutation, such as the addition or the deletion of a small 

number of nucleotides at the break junction. Alternative end-joining (A‑EJ) involves 

exonucleolytic processing of the double-strand break to reveal stretches of potentially 

complementary sequence (microhomology; indicated in red) on either side of the break. This 

resection process may be mediated by the exonuclease CtBP-interacting protein (CtIP). 

Following base pairing at regions of microhomology, the ends are joined by an undetermined 

ligase enzyme (LIG). Reprinted with permission from Nature Reviews Cancer, 2013, 13: 443-

453. Copyright (2013), Nature Publishing Group.  

 

 

 

 

 

When the undamaged sister chromatid is present, DSBs can be repaired by homologous 

recombination pathway (Figure 3.4). After ionizing radiation exposure, the initial step in HR is 

the damage recognition by the MRE11-RAD50-NBS1 (MRN) complex, which has nuclease 
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activities (endonuclease and exonuclease) that can help process the DNA end resection. 

Additionally, this nuclease activity is required for ATM activation (ATR activation if the damage 

is caused by UV radiation and replication stress), which can then activate numerous downstream 

signaling proteins, such as chk2 (chk1 when ATR is phosphorylated), p53, etc.  The formed 3’ 

DNA single strand tails are then coated by RPA which is a heterotrimeric complex (RPA1, 

RPA2, RPA3). Then, specific HR proteins are recruited to the RPA-coated single-strand 

overhangs, such as BRCA1/2 and Rad51. Rad51 is a crucial protein due to its role in mediating 

strand invasion of the single strand DNA (ssDNA) 3’ overhang into the homologous sequence of 

the sister chromatid and facilitating the formation of D-loop. The invading ssDNA could be 

extended to facilitate the formation of the Holliday junction (HJ). The resolution of the HJ can 

occur in two ways: crossover and non-crossover models, depend on the recruited proteins to fill 

the gap and finish the repair (161, 166, 167, 168). In addition, at the beginning of the process, 

histone variant H2A.X is phosphorylated by ATM at Ser139, lead to the formation of γH2A.X. 

Phosphorylated H2A.X can then promote the recruitment of its decoder, MDC1 (mediator of 

DNA damage checkpoint protein 1) and its counterpart (169). Once bound to γH2A.X, MDC1 in 

turn recruits more DNA damage repair related proteins, such as the downstream signaling 

proteins and MRN complexes based on the MDC1-NBS1 interaction. This would allow the 

further phosphorylation of ATM and lead to the amplification and foci formation of γH2A.X. 

Once the damaged DNA gets repaired, several γH2A.X phosphatases, which can 

dephosphorylate γH2A.X, are recruited and terminate the signaling. Therefore, the formation of 

γH2A.X foci is considered as a marker of DSB formation and repair (169, 170).  
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Figure 3.4 Homologous recombination. In the earliest stages of DSB repair by HRR, ATM 

senses and perhaps binds to the DSB, and phosphorylates H2AX, which would then attract 

BRCA1 and NBS1, also phosphorylated by ATM. BRCA1 may help serve as an anchor and 

coordinator of the repair events that follow. The MRN complex, most likely with the help of 

other nucleases, resects the DNA to provide ssDNA overhangs necessary for DNA pairing and 

strand exchange. Since the MRN complex is only known to possess 3’ to 5’ but not 5’ to 3’ 

exonuclease activity, other nucleases might be involved. The 5’ to 3’ resection shown in the 

figure is based on the yeast HRR model, in which 3’ overhangs are essential intermediates. 

BRCA2, attracted to the DSB by BRCA1, facilitates the loading of RAD51 onto RPA-coated 

DNA overhangs with the help of RAD51 paralogs that in turn attract RAD52 and RAD54, 

perhaps with the help of the BLM and/or WRN helicases. The tumor suppressor P53, known to 

interact with BRCA1, RAD51, BLM and WRN, is also likely found in this DNA–protein 

complex. BLM and WRN interact with Holliday junctions. From this point, there are two 

possibilities to finish HRR: (1) either by non-crossing-over in which case the Holliday junctions 

disengage and DNA strands pair followed by gap filling, or (2) by a crossing-over resulting from 

Holliday junction resolution and gap filling. It is not known as to which DNA polymerase and 

ligase are involved in the polymerization and ligation steps. Reprinted with permission from 

Oncogene, 2003, 22: 5792-5812. Copyright (2003), Nature Publishing Group. 
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Many tumors harbor mutations in DNA damage repair related genes, while in normal cells, these 

genes are functional and redundant, providing the rationale that targeting the remaining DNA 

damage repair pathways in the tumor cells is a promising approach for the selective 

radiosensitization. For example, most high grade serous ovarian carcinomas are associated with 

BRCA mutation, 2% of the cases have an ATM/ATR mutation and 3% of them harbor a Rad51c 

mutation. Targeting the single strand break repair pathway using poly (ADP-ribose) polymerase 

(PARP) inhibitors can effectively sensitize tumors with mutations in DNA double strand repair 

related genes to ionizing radiation (171). PARP1 can be rapidly recruited to the damaged DNA 

and facilitate the formation of poly (ADP) ribose (pADPr) by transferring ADP-ribose subunits 

from NAD+ to acceptor proteins. pADPr can then recruit XRCC1, which is an important protein 

in base excision repair. Therefore, PARP inhibition may lead to inefficient DNA single-strand 

break repair and also increase DSB (172, 173). Since BRCA1/2 functions are required for 

homologous recombination, which is an error-free damage repair pathway, tumor cells with 

BRCA1/2 mutations are more susceptible to ionizing radiation when treated with PARP inhibitor 

compared to normal tissues. With the same concept, genes that participate in DNA damage repair 

pathway are the promising targets for radiosensitization. Moreover, instead of using PARP 

inhibitors only in patients with BRCA abnormalities, targeting both PARP and the proteins that 

can regulate DNA DSB repair potentially benefits more patients. 

 

3.2 Materials and Methods 

3.2.1 Materials 
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Antibodies used in this research are: p-ATM (Santa Cruz Biotechnology, sc-47739, 1:50 for 

immunofluorescence staining; Abcam, ab81292, 1:5000 for western blot), p-Chk2 (Cell 

Signaling Technology, #2197, 1:1000), total Chk2 (Santa Cruz Biotechnology, sc-5278, 1:200), 

α-tubulin (University of Iowa, AA4.3, 1:200), β-tubulin (University of Iowa, E7, 1:200), DNA-

PKcs (Abcam, ab32566, 1:1000), p-DNA-PKcs (phospho T2609) (Abcam, ab18356, 1:500), 

total ATM (Abcam, ab78, 1:2000), p-Chk1 (Cell Signaling Technology, #8191, 1:1000), total 

Chk1 (Cell Signaling Technology, #2360), GAPDH (Santa Cruz Biotechnology, sc-137179, 

1:200), γH2A.X (Abcam, ab18311, 1:50 for immunofluorescence staining; Santa Cruz 

Biotechnology, sc-101696, 1:200 for western blot), anti-rabbit IgG, HRP-linked antibody (Cell 

Signaling Technology, 1:1000-1:5000), anti-mouse IgG, HRP-linked antibody (Santa Cruz 

Biotechnology, sc-2005, 1:500-1:3000), Alexa Fluor 488 goat anti mouse IgG (green) (Life 

Technologies, A11029), Alexa Fluor 546 goat anti rabbit IgG (red) (Life Technologies, A11035), 

DAPI (Life Technologies), ATM kinase inhibitor (Santa Cruz Biotechnology, sc-202963), 

Olaparib (Selleckchem), ECL reagents were purchased from GE Healthcare and Thermo 

Scientific. DMSO (Sigma, D4540), 4% paraformaldehyde (Santa Cruz Biotechnology, sc-

281392), Triton X-100 (Sigma, T8787), goat serum (GIBCO, 16210-064), ProLong Gold 

antifade reagent (Life Technologies, P36930), Poly-D-Lysine (MP Biomedicals, 102694), 

collagen (Corning, Ref354236).  

 

3.2.2 Western Blotting 

Cells were harvested and lysed in RIPA buffer (1.25ml 1M Tris buffer, pH7.4, 7.5ml 1M NaCl, 

0.5ml NP-40, 0.5g Sodium Deoxycholate, 0.5ml SDS, 5 tablets of complete mini EDTA-free 

phosphatase inhibitor, protease inhibitor). Same amount of protein separated by SDS-PAGE 
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were electro-transferred onto PVDF membranes, with background reduction using 5% BSA (w/v) 

at room temperature for 60 minutes (or without blocking, but immerse the membrane in pure 

methanol for 10 seconds and dry on filter paper for 15 minutes), and incubated with primary 

antibodies at 4 ℃ overnight. After incubation with secondary antibody at room temperature for 2 

hours, the membranes were developed with enhanced chemiluminescence (ECL) reagents.  

 

3.2.3 Immunofluorescence Staining 

Cells were seeded on coverslips, followed by transfection and radiation. Then cells were fixed 

with 4% PFA. Before blocking with 5% BSA, the samples were permeabilized using 0.1% 

Triton X-100, and stained with primary antibody in 2% goat serum at room temperature for 2 

hours, followed by incubation with secondary antibody in 2% goat serum at room temperature in 

dark for 1 hour, and DAPI incubation for 10 minutes. Slides were mounted using ProLong Gold 

antifade reagent, and images were taken with a Carl Zeiss microscope using an AxioCam camera. 

Images were taken with x 50 (numerical aperture, 0.75) objectives. Monochrome pictures taken 

with DAPI, GFP, and DsRed filter sets were merged using the AxioVision software. The 

exposures were identical among each group. 

 

3.2.4 Cellular Colony Formation Assay 

Epithelial Ovarian Carcinoma cells were seeded in 6-well plates and subjected to transfection, 

ATM inhibitor (KU55933, 5µM) and PARP inhibitor (Olaparib, 5µM) treatment and radiation. 

After the cells were seeded onto p100 cell culture plates, the media (DMSO/KU55933/Olaparib 

containing) were changed every two days, and the colonies were quantified at day 14 after 

staining with 0.05% crystal violet, and the survival curves were plotted using SigmaPlot. 
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3.2.5 Statistical Analysis 

The Student t test was performed by Excel and two-way ANOVA test was performed using 

Sigmaplot. The results represent the mean of at least triplicate experiments with error bars 

corresponding to standard deviation. For each test, p values of <0.05 were considered significant.  

 

3.3 Results 

3.3.1 Loss of CX3CR1 Lead to Less DNA Damage Repair 

Since the DNA damage response signaling plays a core role after cells exposed to ionizing 

radiation, we investigated whether CX3CR1 modulates the DNA damage response by looking at 

the phosphorylation status of ATM, DNA-PKcs, Chk1 and Chk2. To test this, SKOV3, CAOV3, 

and OVCAR4 cells were either non-transfected or subjected to CX3CR1 siRNA or the control 

siRNA followed by ionizing radiation, and cells were either prepared for immunofluorescence 

staining or western blot. S1981 of ATM, T2609 of DNA-PKcs, S317 of Chk1, and T68 of Chk2 

are well-established radiation-induced auto-phosphorylation sites. Whereas all three cell lines 

showed an increase phosphorylation level of these DNA damage repair proteins after exposure to 

ionizing radiation, upon CX3CR1 downregulation, the DDR protein activation was impaired as 

shown in Figure 3.5 and 3.6, with a reduced number and decreased intensity of p-ATM foci and 

in Figure 3.7-3.9 as indicated by western blot and the quantitative analysis. Therefore, CX3CR1 

dependent DNA damage repair response impairment is one of the mechanisms that contributes to 

radiosensitization.  
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B 

 
Figure 3.5 Loss of CX3CR1 Decreases Ionizing Radiation-Induced ATM phosphorylation 

in CAOV3. Phosphorylated ATM foci formation is inhibited upon CX3CR1 downregulation in 

human epithelial ovarian carcinoma cell line CAOV3. A) Cells were stained with anti-p-

(S1981)-ATM antibody followed by goat anti-mouse Alexa Fluor 488 (green), counterstained 

with DAPI (blue). Insets show individual nuclei. B) Immunofluorescence quantification results 

of CAOV3. Quantification analysis was conducted by Image J (National Institutes of Health) and 

the one-way ANOVA test was conducted by SigmaPlot. Values shown represent the mean ± SD 

from 3 independent experiments. The asterisk indicated a significant difference from the non-

transfected group (1 gray) and the control siRNA-transfected group (1 gray). **p<0.001. 
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Figure 3.6 Loss of CX3CR1 Decreases Ionizing Radiation-Induced ATM phosphorylation 

in OVCAR4. Phosphorylated ATM foci formation is inhibited upon CX3CR1 downregulation in 

human epithelial ovarian carcinoma cell line OVCAR4. A) Cells were stained with anti-p-

(S1981)-ATM antibody followed by goat anti-mouse Alexa Fluor 488 (green), counterstained 

with DAPI (blue). Insets show individual nuclei. B) Immunofluorescence quantification results 

of OVCAR4. Quantification analysis was conducted by Image J (National Institutes of Health) 

and the one-way ANOVA test was conducted by SigmaPlot. Values shown represent the mean ± 

SD from 3 independent experiments. The asterisk indicated a significant difference from the non-

transfected group (1 gray) and the control siRNA-transfected group (1 gray). **p<0.001. 
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A                                                                      B  

 
D                                                                           E 

 
Figure 3.7 CX3CR1 Downregulation Impairs Ionizing Radiation-Induced DDR Protein 

Activation in SKOV3. ATM, Chk1, Chk2 and DNA-PKcs phosphorylation are inhibited upon 

CX3CR1 downregulation in human ovarian carcinoma cell lines SKOV3. A) Cells were 

transfected accordingly and were either radiated or left untreated, followed by western blot 

detection. B-E) Western blot quantification results. Quantitative measurements were conducted 

by Quantity One. The quantification of each phosphorylated protein was normalized to its total 

protein. The measurements were taken from at least three independent experiments and the 

student t test was conducted by Excel. *p<0.05 and **p<0.001 according to student t test. 
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Figure 3.8 CX3CR1 Downregulation Impairs Ionizing Radiation-Induced DDR Protein 

Activation in CAOV3. ATM and Chk2 phosphorylation are inhibited upon CX3CR1 

downregulation in human ovarian carcinoma cell lines CAOV3. A) Cells were transfected 

accordingly and were either radiated or left untreated, followed by western blot detection. B-C) 

Western blot quantification results. Quantitative measurements were conducted by Quantity One. 

The quantification of each phosphorylated protein was normalized to its total protein. The 

measurements were taken from at least three independent experiments and the student t test was 

conducted by Excel. *p<0.05 according to student t test. 
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A                                                                      B 

 
D                                                                            E 

 
Figure 3.9 CX3CR1 Downregulation Impairs Ionizing Radiation-Induced DDR Protein 

Activation in OVCAR4. ATM, Chk1, Chk2 and DNA-PKcs phosphorylation are inhibited upon 

CX3CR1 downregulation in human ovarian carcinoma cell lines OVCAR4. A) Cells were 

transfected accordingly and were either radiated or left untreated, followed by western blot 

detection. B-E) Western blot quantification results. Quantitative measurements were conducted 

by Quantity One. The quantification of each phosphorylated protein was normalized to its total 

protein. The measurements were taken from at least three independent experiments and the 

student t test was conducted by Excel. *p<0.05 and **p<0.001 according to student t test. 
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3.3.2 Addition of ATM Inhibitor Further Reduces Clonogenic Ability and Induces Similar 

Level of Radiosensitization with Loss of CX3CR1  

Next, we are interested in whether CX3CR1 knockdown and ATM inhibitor have similar effects 

in radiosensitization. CAOV3 were transfected accordingly and treated either with ATM 

inhibitor KU55933 at the concentration of 5µM or the vehicle control DMSO 30min before 

radiation. Western blots were conducted to confirm the ATM inhibition upon KU55933 and 

transfection with CX3CR1 siRNA. Clonogenic survival assay was conducted to evaluate the 

radiosensitivity under each condition and cells were continually exposed to either DMSO or 

KU55933 during the clonogenic assay. As shown in Figure 3.10 A and B, while CX3CR1 

downregulation inactivates p-ATM, the addition of ATM inhibitor further abrogates the 

phosphorylation of ATM. Moreover, as shown in Figure 3.11 and Table 3.1, the control siRNA 

transfected cells that were treated with ATM inhibitor showed a less clonogenic ability compared 

to the DMSO treated group, and CX3CR1 siRNA transfected cells that were treated with ATM 

inhibitor displayed the lowest clonogenic ability among the groups. Furthermore, the 

radiosensitization caused by CX3CR1 siRNA transfection is similar to the one caused by ATM 

inhibitor treatment. 
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A                                                                  B 

 
Figure 3.10 KU55933 Inhibits the ATM Kinase Activity. A) ATM phosphorylation is further 

inhibited upon 5µM KU55933 treatment after radiation as evaluated by western blot. B) Western 

blot quantification results. Quantitative measurements were conducted by Quantity One. The 

quantification of each phosphorylated protein was normalized to its total protein. The 

measurements were taken from at least three independent experiments and the student t test was 

conducted by Excel. *p<0.05 according to student t test. 
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A                                                                      B 

 
 

Figure 3.11 KU55933 can further Reduce the Clonogenic Ability and CX3CR1 Transient 

Knockdown Induces Similar Level of Radiosensitization in CAOV3 as Compared to 

KU55933. CAOV3 were either transfected with the control siRNA or CX3CR1 siRNA, and then 

exposed to 5µM KU55933 for 30min before radiation. Cellular radiosensitivity was measured 

using the clonogenic assay. During the clonogenic assay, cells were either cultured in complete 

MEM, or complete MEM with DMSO (1/1000 v/v) or complete MEM with 5µM KU55933. A) 

Pictures of clonogenic assay results of CAOV3 stained with crystal violet. B) Clonogenic 

survival assays quantification results after the transfection and the administration of ionizing 

radiation at increasing doses from 0 gray to 3 gray. Surviving fractions for CX3CR1 siRNA 

transfected CAOV3 (with DMSO or KU55933) and the control siRNA transfected KU55933 

treated CAOV3 were calculated after normalizing to the surviving fraction obtained from cells 

transfected with the control siRNA and treated with DMSO. Values shown represent the mean ± 

SD from 5 independent experiments. *p<0.05 according to two-way ANOVA test. 
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Table 3.1 Loss of CX3CR1 and KU55933 can Radiosensitize CAOV3 to a Similar Level 
 

Treatment SF2DMSO+control/SF2treatment D10DMSO+control/D10treatment Radiosensitization 

DMSO+ 

CX3CR1 

2 2.94 + 

KU55933(5μM)+ 

control 

1.81 2.57 + 

KU55933(5μM)+ 

CX3CR1 

2.31 3.2 + 

 

 

 

 

 

 

3.3.3 Loss of CX3CR1 Lead to the Persistence ofγH2A.X Foci 

H2A.X can be phosphorylated on serine 139 in early response to ionizing radiation. This 

phosphorylated H2A.X which is called γH2A.X, is considered to be the marker of IR induced 

DNA double strand breaks. In order to assess the effects of CX3CR1 downregulation on the 

response to ionizing radiation, CAOV3 and OVCAR4 were either non-transfected or transfected 

with CX3CR1 siRNA and the control siRNA followed by 1 gray of ionizing radiation. Cells were 

immunofluorescently stained 30 minutes after radiation. As shown in Figure 3.12 and 3.13, 

irradiation of CAOV3 and OVCAR4 in the control groups leads to the formation of γH2A.X, 

whereas the downregulation of CX3CR1 caused a marked reduction in the intensity of γH2A.X 

foci. This is because γH2A.X can be phosphorylated by PIKKs family members, such as ATM, 

ATR, and DNA-PKcs. Since the loss of CX3CR1 can lead to the inactivation of ATM and DNA-

PKcs, formation of γH2A.X foci was impaired. However, when the cells were collected 16 hours 

after radiation, as shown in Figure 3.14-3.15, the radiated and CX3CR1 downregulated group 

exhibits the highest amount of γH2A.X formation compared to the control groups. One of the 

possible explanations is that the majority of the DNA damage would be repaired in the control 
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groups 16 hours after radiation. DDR machinery is then switched off, which involves the 

activation of several γH2A.X phosphatases. These phosphatases, especially PP2A (protein 

phosphatase 2A) are directly activated by ATM, and then dephosphorylate γH2A.X (169). 

However, in the CX3CR1 downregulated group, because the majority of the DNA damage are 

unrepaired due to the impaired DNA damage repair pathways, the rest of the unaffected DNA 

damage repair proteins can then activate γH2A.X. Therefore, even though loss of CX3CR1 can 

transiently inactivate γH2A.X, it will eventually lead to foci persistence. 
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A 

 
B                                                                            C 

 
Figure 3.12 Loss of CX3CR1 Decreases Ionizing Radiation-Induced γ-H2A.X Foci 

Formation in OVCAR4. A) Immunofluorescence staining of γ-H2A.X 30 minutes after 

radiation. OVCAR4 cells were deposited onto collagen pre-coated coverslips and stained with 

anti-p-(S139)-H2A.X antibody followed by goat anti-rabbit Alexa Fluor 546 (red), 

counterstained with DAPI (blue). Microscopy was performed by Zeiss with the magnifications: 

x50. Inserts show individual nuclei. B) Quantification of the immunofluorescence staining of 

OVCAR4. Quantification analysis was conducted by Image J (National Institutes of Health) and 

the one-way ANOVA test was conducted by SigmaPlot. Values shown represent the mean ± SD 

from 3 independent experiments. The asterisk indicated a significant difference from the non-

transfected group (1 gray) and the control siRNA-transfected group (1 gray). **p<0.001. C) γ-

H2A.X formation was inhibited upon CX3CR1 downregulation as assessed by western blot.  
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B 

 
Figure 3.13 Loss of CX3CR1 Decreases Ionizing Radiation-Induced γ-H2A.X Foci 

Formation in CAOV3. A) Immunofluorescence staining of γ-H2A.X 30 minutes after radiation. 

CAOV3 cells were deposited onto poly-D-lysine pre-coated coverslips and stained with anti-p-

(S139)-H2A.X antibody followed by goat anti-rabbit Alexa Fluor 546 (red), counterstained with 

DAPI (blue). Microscopy was performed by Zeiss with the magnifications: x50. Inserts show 

individual nuclei. B) Quantification analysis was conducted by Image J (National Institutes of 

Health) and the one-way ANOVA test was conducted by SigmaPlot. Values shown represent the 

mean ± SD from 3 independent experiments. The asterisk indicated a significant difference from 

the non-transfected group (1 gray) and control siRNA-transfected group (1 gray). **p<0.001. 
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B                                                                      C 

 
Figure 3.14 Loss of CX3CR1 Leads to γ-H2A.X Foci Persistence in CAOV3. A) 

Immunofluorescence staining of γ-H2A.X 16 hours after radiation. CAOV3 cells were deposited 

onto poly-D-lysine pre-coated coverslips and stained with anti-p-(S139)-H2A.X antibody 

followed by goat anti-rabbit Alexa Fluor 546 (red), counterstained with DAPI (blue). 

Microscopy was performed by Zeiss with the magnifications: x50. Inserts show individual nuclei. 

B) Quantification of the immunofluorescence staining of CAOV3. Quantification analysis was 

conducted by Image J (National Institutes of Health) and the one-way ANOVA test was 

conducted by SigmaPlot. Values shown represent the mean ± SD from 3 independent 

experiments. The asterisk indicated a significant difference from the non-transfected group (1 

gray) and the control siRNA-transfected group (1 gray). **p<0.001. C) γ-H2A.X expression 

persisted upon CX3CR1 downregulation as assessed by western blot. Numbers below the bands 

are the corresponding densitometry analysis. 
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B 

 
Figure 3.15 Loss of CX3CR1 Leads to γ-H2A.X Foci Persistence in OVCAR4. A) 

Immunofluorescence staining of γ-H2A.X 16 hours after radiation. OVCAR4 cells were 

deposited onto collagen pre-coated coverslips and stained with anti-p-(S139)-H2A.X antibody 

followed by goat anti-rabbit Alexa Fluor 546 (red), counterstained with DAPI (blue). 

Microscopy was performed by Zeiss with the magnifications: x50. Inserts show individual nuclei. 

B) Quantification of the immunofluorescence staining of OVCAR4. Quantification analysis was 

conducted by Image J (National Institutes of Health) and the one-way ANOVA test was 

conducted by SigmaPlot. Values shown represent the mean ± SD from 3 independent 

experiments. The asterisk indicated a significant difference from the non-transfected group (1 

gray) and the control siRNA-transfected group (1 gray). **p<0.001. 
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3.3.4 CX3CR1 Inhibition can Sensitize Olaparib Treated CAOV3 to Ionizing Radiation 

Since olaparib has been reported to enhance the susceptibility of homologous recombination-

defective cells to ionizing radiation (172), and CX3CR1 knockdown can inhibit the DNA double 

strand break repair pathway, olaparib may increase the cytotoxic effects of ionizing radiation in 

CX3CR1-deficient cells. To test this hypothesis, CAOV3 were transfected accordingly and 

treated either with PARP inhibitor Olaparib at the concentration of 5µM or the vehicle control 

DMSO 30min before radiation. Clonogenic assay was conducted after radiation to assess cellular 

response to ionizing radiation. The doses of the radiation are 1 gray, 2 gray and 3 gray. During 

the clonogenic assay, cells were continually exposed to either DMSO or Olaparib at the 

concentration of 5µM. As shown in Figure 3.17 and Table 3.2, although Olaparib alone induced 

extensive cell death, it failed to sensitize CAOV3 to ionizing radiation, however, when combined 

with CX3CR1 knockdown, Olaparib treated cells were significantly radiosensitized.  
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A                                                               B 

 
Figure 3.16 CX3CR1 Knockdown Further Promotes the Radiosensitization Level in 

Olaparib Treated CAOV3. CAOV3 were either transfected with the control siRNA or CX3CR1 

siRNA, and then exposed to 5µM Olaparib for 30min before radiation. Cellular radiosensitivity 

was measured using the clonogenic assay. During the clonogenic assay, cells were either 

cultured in complete MEM, or complete MEM with DMSO (1/1000 v/v) or complete MEM with 

5µM Olaparib. A) Pictures of the clonogenic assay results of CAOV3 stained with crystal violet. 

B) Clonogenic survival assays quantification results after the transfection and the administration 

of ionizing radiation at increasing doses from 0 gray to 3 gray. Surviving fractions for CX3CR1 

siRNA transfected CAOV3 (with DMSO or Olaparib) and the control siRNA transfected 

Olaparib treated CAOV3 were calculated after normalizing to the surviving fraction obtained 

from cells transfected with the control siRNA and treated with DMSO. Values shown represent 

the mean ± SD from 5 independent experiments. *p<0.05, **p<0.001 according to two-way 

ANOVA test. 
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Table 3.2 CX3CR1 Knockdown can Further Sensitize Olaparib treated CAOV3 to Ionizing 

Radiation 
 

Treatment SF2DMSO+control/SF2treatment D10DMSO+control/D10treatment Radiosensitization 

DMSO 

+CX3CR1 

2 2.94 + 

Olaparib(5μM) 

+control 

1.3 2.3 - (n.s.)a 

Olaparib(5μM) 

+CX3CR1 

2.71 3.61 + 

Treatment SF2Olaparib+control/SF2treatment D10Olaparib+control/D10treatment Radiosensitization 

Olaparib(5μM) 

+CX3CR1 

2.09 1.57 + 

aNon-statistically significant differences were labeled as n.s. 

 

 

 

 

 

3.4 Discussion 

DNA double strand break is a deleterious lesion that can be caused by ionizing radiation. In 

order to survive from the harmful attack, cells develop several kinds of DNA damage response, 

such as the DNA damage repair pathways to escape from the catastrophic cell death. Since 

radiation can affect both normal tissue and tumors, high dose of radiation can lead to dose-

related complications while low dose of radiation is not able to kill cancer cells. Moreover, 

cancer cells are also capable of developing resistance to radiation by altering some key cell 

survival gene expression; therefore, it is important to discover radiosensitizers that can increase 

cancer cell radiosensitivity with high selectivity to cancer cells.  

 

The definition of radiosensitizers is that the chemotherapeutic agent is relatively nontoxic while 

it can increase the toxicity caused by ionizing radiation. Based on the DNA double strand break 

repair mechanism, the master regulator genes/proteins are the major targets of radiosensitizers, 
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such as the PI3K-like kinases: ATM, ATR and DNA-PKcs, because downregulation or function 

inhibition of these proteins can sensitize cancer cells to radiation (174). ATM is first 

characterized due to a rare autosomal recessive disorder, ataxia telangiectasia. Patients with this 

disease show extreme sensitivity to environmental radiation and a predisposition to cancer (175). 

Similarly, Seckel syndrome, due to the mutation of ATR, is an A-T like disorder that can lead to 

hypersensitivity to radiation therapy. Recently, a lot of selective inhibitors have been developed 

to sensitize human cancer cell lines to ionizing radiation. Hickson et al. identified and 

characterized ATM inhibitor KU55933 for sensitizing HeLa cells to ionizing radiation (176). 

Biddlestone-Thorpe et al. showed a more potent ATM inhibitor KU-60019 for preferentially 

sensitize p53-mutant glioma to ionizing radiation (177). Rainey et al. showed transient inhibition 

of ATM kinase by CP46672 is sufficient to sensitize HeLa cells to ionizing radiation (178). Zhao 

et al. characterized a novel DNA-PK inhibitor NU744, for sensitizing human colon cancer cells 

to ionizing radiation (179).  

 

Similarly, as shown in Figure 3.5 and 3.6, transient CX3CR1 downregulation is also capable of 

inactivating ATM after ionizing radiation as evaluated by immunofluorescence staining. 

Moreover, as shown in Figure 3.7-3.15 and Table 3.1, DNA-PKcs, Chk1, Chk2 and γH2A.X also 

cannot be phosphorylated after ionizing radiation upon CX3CR1 downregulation in three ovarian 

cancer cell lines. ATM inhibitor KU55933 which can abrogate ATM kinase activity can induce a 

similar level of radiosensitization as compared to CX3CR1 knockdown. After cells collected 16 

hours after radiation, the DNA damage in CX3CR1 downregulated and radiated group cannot be 

repaired, as indicated by persistent γH2A.X foci. Furthermore, as shown in Figure 3.16 and 

Table 3.2, loss of CX3CR1 can also induce radiosensitization in Olaparib treated CAOV3, while 
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Olaparib alone failed to do so. Taken together, our data suggested that CX3CR1 inhibition can 

sensitize ovarian cancer cells from HGSOC tumors to ionizing radiation, by inhibiting the DDR 

protein activity. Although ATM inhibitor might work with PARP inhibitor and lead to a similar 

result (184), it is possible that this approach could also induce a lethal response in normal cells. 

Therefore, CX3CR1 downregulation, compared to a direct ATM inhibition, could be potentially 

better in terms of specificity. 

 

Since CX3CR1 is a seven-transmembrane protein and ATM, ATR, DNA-PKcs locate in nuclei, 

there should be a cytoplasmic signaling cascade to conduct the signal transduction from CX3CR1 

to these DDR proteins. One of the possible components in this cytoplasmic pathway could be 

ERK. G.E. White et al. demonstrated that ERK is directly downstream of CX3CR1. When 

CX3CR1 is activated upon CX3CL1 binding, it can phosphorylate ERK and affects cellular 

proliferation (180). Moreover, ERK1/2 is critical in mediating IR-induced ATM phosphorylation. 

Golding et al. illustrated that ERK1/2 signaling is important in phosphor-(S1981) ATM foci 

formation and the localization of ATM to repair foci (181). Wei et al. validated that knockdown 

of ERK1 or ERK2 reduces the formation of ATM S1981 phosphorylation (182). Therefore, 

ERK1/2 is an interesting target and needs further investigation. 

 

3.5 Conclusion 

Taking together, our data demonstrated that loss of CX3CR1 sensitizes EOC cells to radiation by 

inhibiting the activity of DNA damage repair related proteins. This mechanistic understanding 

indicated that loss of CX3CR1 can be used as a radiosensitizer in the therapy toward high-grade 

serous ovarian malignancies. 
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CHAPTER 4. 

LOSS OF CX3CR1 LEAD TO PERSISTENT OXIDATIVE DNA DAMAGE 

 

4.1 Introduction 

When the cells are exposed to ionizing radiation, water molecules in the cells can be radiolyzed 

into highly reactive free radicals such as hydroxyl radical (.OH). It can be further converted into 

a series of highly reactive combinations such as hydrogen peroxide and superoxide. All these 

free radicals produce oxidative damage within the cell (185). The unpaired electrons from the 

free radicals can abstract the hydrogen atoms from the DNA to acquire new electrons and 

therefore lead to base damage, DNA single and double strand breaks, interstrand and intrastrand 

cross-links, and DNA-protein cross-links (186). 

 

High level of ROS (reactive oxygen species) can lead to persistent oxidative DNA damage. 

However, cancer cells can usually develop antioxidant systems to defend against the production 

of reactive species. In mammalian cells, the antioxidants can be classified as non-enzymatic 

antioxidants and enzymatic antioxidants. The non-enzymatic subtype includes vitamin C, 

vitamin E, glutathione, coenzyme Q, etc., which can directly interact and detoxify ROS (3). The 

enzymatic antioxidants include superoxide dismutases (SOD), catalase, glutathione peroxidase 

(GPx), glutathione S-transferase (GST) (187). SOD can convert superoxide anion into hydrogen 

peroxide, which can be further converted into hydroxyl radical (188) and water by catalase and 

GPx (189). GST catalyzes the conjugation of reduced GSH to electrophilic centers in various 

substrates, including lipid peroxides (190). Additionally, small thiol-containing peptides, such as 

thioredoxin (Trx) can act as a reductase to directly repair the oxidized protein into its reduced 
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state (191). When the antioxidant systems are inhibited, the overproduced ROS can contribute to 

extensive DNA damage which can further enhance the ionizing radiation-induced DNA damage.  

 

Besides the antioxidant systems, several intracellular signaling pathways are also activated to 

protect the cells from oxidative damage. NF-kB pathways (transcriptional factors), protein 

tyrosine kinases mediated pathways, MAPK pathways, etc. can be activated upon oxidative 

damage to further control cell proliferation, apoptosis, migration, metastasis, etc. (192, 193). 

Among these pathways, the mitogen-activated protein kinases (MAPK) pathway is one of the 

most important pathways in response to ROS. The mammalian MAPK family consists of the 

extracellular signal regulated kinases (ERKs), the c-Jun N-terminal kinases (JNKs) and the 

p38MAPKs (194). P38MAPK is usually classified as stress-responsive protein kinase and is 

usually activated by UV radiation, ionizing radiation, ligands for G protein-coupled receptors, 

etc. (195). Generally speaking, the MAPK signaling cascade begins with the activation of 

MAPKKK, which can phosphorylate and activate MAPKK, which in turn phosphorylate and 

activate MAPKs. In the context of p38MAPK, MAPKKK includes ASK1 (apoptosis signal-

regulatory kinase 1), TAO (thousand-and-one amino acids 1 and 2), mixed-lineage kinase 3 

(MLK3), etc.; MAPKK include MKK3 and MKK6. The activated p38MAPK can further 

activate transcription factors, including ATF2, STAT1, GSK3β, etc. to affect the overall cellular 

response (196). Therefore, p38 MAPK activation status is an important indicator of ROS-

mediated signaling and possible cellular outcomes. 

 

DNA damage and ROS accumulation may lead to apoptosis, cell cycle arrest, cellular senescence 

and mitotic catastrophe. Apoptosis is a programmed cell death that can be mediated through cell 
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surface death receptor and mitochondria (197). The non-repaired DNA double strand breaks can 

trigger apoptosis either through the p53-mediated pathway (198) by transactivating genes that 

can promote apoptosis (199) or through the p53-independent pathway by activating p53 

homologs p63 and p73 (200, 201). The accumulated ROS can induce apoptosis not only through 

mitochondria (202) but also through stress-activated protein kinase by activating death receptors 

(203). Cell cycle arrest is usually triggered by DNA damage response through the activation of 

CDKs (204) or by ROS through the activation of p53 (205). Cellular senescence may also be a 

possible outcome of DNA damage and ROS accumulation. It is an irreversible cell cycle arrest 

mediated through p53 and cdc25 in DDR-signaling (206). It can also be triggered by the 

activation of p38MAPK upon ROS accumulation (207). Moreover, radiation-induced mitotic 

catastrophe is also one of the possibilities (208). It is resulted from premature or inappropriate 

entry of cells into mitosis caused by ionizing radiation and oxidative stress, and is usually 

morphologically characterized by gross nuclear alterations such as micro-/multi-nucleation, and 

accompanied by checkpoint failure, genetic inhibition of TP53, mitotic apparatus perturbations 

and some degree of mitotic arrest (209, 210). All these cellular outcomes are the possible 

pathways contribute to radiosensitization. RJ Muschel et al. discussed that p53, Bcl2 and Ras 

which play important roles in mediating apoptosis can affect the radiosensitivity (211).  HM 

Wang et al. showed that nasopharyngeal carcinoma cells can be radiosensitized by inhibiting 

ATM expression with cell cycle arrested at G2/M phase (212). M Wang et al. discovered that 

EGFR (epidermal growth factor receptor) inhibitor can radiosensitize non-small cell lung cancer 

(NSCLC) cells by inducing senescence (213). Hayman TJ et al. demonstrated that elF4E 

knockdown in MDA-MB-231 cells induced radiosensitization is resulted from mitotic 
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catastrophe (214). Therefore, it is possible that these cellular events also participated in 

CX3CR1-dependent radiosensitization. 

 

4.2 Materials and Methods 

4.2.1 Materials 

p38[pThr180, pThr182] (Novus, NB500-138, 1:1000); total p38 (Cell Signaling Technology, 

#9212, 1:1000); anti-rabbit IgG, HRP-linked antibody (Cell Signaling Technology, 1:1000-

1:5000); anti-mouse IgG, HRP-linked antibody (Santa Cruz Biotechnology, sc-2005, 1:500-

1:3000); α-tubulin (University of Iowa, AA4.3, 1:200); DCFDA-Cellular Reactive Oxygen 

Species Detection Assay Kit (Abcam, ab113851); Propidium iodide flow cytometry kit (Abcam, 

ab139418) 

 

4.2.2 Western Blotting 

Cells were harvested and lysed in RIPA buffer (1.25ml 1M Tris buffer, pH7.4, 7.5ml 1M NaCl, 

0.5ml NP-40, 0.5g Sodium Deoxycholate, 0.5ml SDS, 5 tablets of complete mini EDTA-free 

phosphatase inhibitor, protease inhibitor). Same amount of protein separated by SDS-PAGE 

were electro-transferred onto PVDF membranes, blocked with 5% BSA (w/v) at room 

temperature for 60 minutes, and incubated with primary antibodies at 4 ℃ overnight. After 

incubation with secondary antibody at room temperature for 2 hours, the membranes were 

developed with enhanced chemiluminescence (ECL) reagents. 

 

4.2.3 ROS Detection by DCFDA Assay 



93 

 

Cells were grown to 80% confluency, and transfected accordingly. Three days after transfection, 

cells were subjected to radiation. 30 minutes before radiation, cells were stained with 20uM 

DCFDA following manufacturer’s instructions and incubated at 37 ℃. Cells were then collected 

20 minutes and 1 hour after radiation and analyzed by flow cytometer (BD accuri C6 Flow 

cytometer). 

 

4.2.4 Cell Cycle and Apoptosis Analysis 

SKOV3 and OVCAR4 cells (1*105 cells/ml) were transfected accordingly for 72 hours and 

treated with x-ray radiation. Cells were harvested, washed with cold PBS, fixed in 66% ethanol 

at 4 ℃ overnight, and then washed with PBS. The single cell suspension was stained with 

propidium iodide and RNase staining solution according to manufacturer’s instructions in dark 

for 30 minutes at 37 ℃. Samples were then analyzed for their cell cycle distribution and 

apoptosis by BD Accuri C6 Flow Cytometer (BD Biosciences, San Jose, CA, USA). The data 

were analyzed with FlowJo (FlowJo, LLC). 

 

4.2.5 Statistical Analysis 

The Student t test was performed using Excel. The results represent the mean of at least triplicate 

measurements with error bars corresponding to standard deviation. For each test, p values of 

<0.05 was considered significant.  

 

4.3 Results 

4.3.1 Loss of CX3CR1 Leads to the Persistent Oxidative Stress 
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Since ionizing radiation can induce extensive oxidative DNA damage, we investigated how 

CX3CR1 affect the overall oxidative status. SKOV3 cells were either non-transfected or 

transfected with the control siRNA or CX3CR1 siRNA. Then cells were stained with DCFDA to 

assess the total ROS level followed by ionizing radiation. As shown in Figure 4.1, 20min after 

radiation, ROS levels are similar among the radiated group, with the average intensity at around 

2500000 (Figure 4.1 A); however, 1 hour after radiation, the 3 gray CX3CR1-downregulated 

group displayed the highest amount of ROS compared to the radiated control groups and non-

radiated groups, with the average intensity of the radiated and CX3CR1-downregulated group 

remained at around 2500000 while the radiated control groups dropped down to around 1300000 

(Figure 4.1 B). Overall, this result suggests that the persistent oxidative stress also contributes to 

the CX3CR1-dependent radiosensitization. 
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A                                                                           B 

 
Figure 4.1 Loss of CX3CR1 Leads to ROS Persistence. Intracellular levels of ROS were 

detected by flow cytometry using the DCFDA (dichlorofluorescin diacetate) fluorescence probe. 

Cells were collected A) 20 minutes, B) 1 hour. After DCFDA being deacetylated into a non-

fluorescent compound, the presence of ROS can oxidize this compound into a highly fluorescent 

compound- DCF (2’, 7’-dichlorofluorescein), which can be excited at 488nm and emission was 

measured through a 530nm band-pass filter (215). Intensity was measured by BD Accuri C6 

software (BD Bioscience) and student t test was conducted by Excel. Values shown represent the 

mean ± SD from 3 independent experiments. *p<0.05, **p<0.001 according to student’s t test. 

 

 

 

 

 

4.3.2 CX3CR1-Dependent Radiosensitization is not Mediated through Cell Cycle Arrest and 

Apoptosis.  

To investigate the mechanism responsible for loss of CX3CR1-induced radiosensitization, we 

first started with the analysis of cell cycle distribution based on my data showed in chapter 3 that 

transient downregulation of CX3CR1 can inhibit the activation of checkpoint kinases chk1 and 

chk2 and the theory that cell cycle phase redistribution is a crucial factor deciding 

radiosensitivity. Therefore, SKOV3 and OVCAR4 cells were stained with propidium iodide, a 

DNA stain, and subjected to flow cytometer to analyze the cell cycle distribution. As shown in 

Figure 4.2 and 4.3, the cell cycle distribution of each phase was not significantly affected not 

only 0 hour, 24 hours, 48 hours after radiation, but also 10-14 days after radiation when 

comparing the combinational treatment group with the control groups, indicating that 
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synchronizing cell cycle into a more radiosensitive phase is not the result of CX3CR1 transient 

knockdown-mediated enhancement in ionizing radiation-induced cell killing. Moreover, 

apoptosis was also not observed due to the absence of sub-G1 phase. Therefore, both cell cycle 

redistribution and apoptosis are not the mechanism for the CX3CR1-mediated alterations in 

radiosensitivity.  
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Figure 4.2 Loss of CX3CR1 cannot Induce Cell Cycle Arrest and Apoptosis after IR. Cell 

cycle and apoptosis were analyzed by flow cytometry using PI. SKOV3 were collected A) 0 hour, 

B) 24 hours, C) 48 hours, PI is a DNA binding dye that can quantify DNA content to analysis 

cell cycle. The results demonstrated that CX3CR1 downregulation cannot change the cell cycle 

distribution and the absence of sub-G1 phase indicated the absence of apoptosis. Quantification 

analysis was conducted by FlowJo and statistical analysis was done by Excel. Values shown 

represent the mean ± SD from 3 independent experiments.  
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A                                                                           B 

 
Figure 4.3 Loss of CX3CR1 cannot Induce Cell Cycle Arrest and Apoptosis after IR. Cell 

cycle and apoptosis were analyzed by flow cytometry using PI.  A) SKOV3 cells were collected 

10 days after radiation and B) OVCAR4 cells were collected 14 days after radiation. The results 

demonstrated that CX3CR1 downregulation cannot change the cell cycle distribution and the 

absence of sub-G1 phase indicated the absence of apoptosis. Quantification analysis was 

conducted by FlowJo and statistical analysis was done by Excel. Values shown represent the 

mean ± SD from 3 independent experiments.  

 

 

  

 

4.4 Discussion 

Ionizing radiation can produce excessive amount of ROS by the radiolysis of water molecules 

inside the cells. The overproduced ROS can cause damage in almost all biomolecules, including 

DNA, membrane lipids and proteins, and ultimately lead to loss of cellular functions and 

viability (216).  However, in cancer cells, one of the mechanisms contributing to radioresistance 

is the adaptation to ROS by elevating the amount of ROS-scavenging enzymes and/or by 

activating redox-sensitive transcriptional factors, such as NF-κB. These adaptations can help the 

cells to tolerate exogenous damage by enhancing DNA repair capacity and escaping from cell 

death. For example, ovarian cancer cells have a high capacity of ROS due to the high expression 

of NADPH oxidase Nox4 (217), and ovarian cancer cells can regulate the endogenous ROS level 

to promote their proliferation, metastasis and angiogenesis by activating NF-κB to degrade 
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MKP-3 and thereby activate ERK1/2 (218).  Therefore, in order to sensitize ovarian cancer cells 

to ionizing radiation, abrogating these adaptation mechanisms by promoting ROS production 

and/or interfering with ROS metabolism to increase the overall level of ROS that exceed the 

cellular tolerability threshold could be a very important strategy to break the cellular redox 

homeostasis and therefore overcome the therapeutic barriers (219).  

 

As shown in Figure 4.1, transient downregulation of CX3CR1 leads to ROS persistence. 

Although 20 minutes after radiation, similar amount of free radicals was produced in all radiated 

group, the CX3CR1-downregulated group displayed a weaker antioxidant ability compared to the 

radiated controls, indicating that the downregulation of CX3CR1 affected the ROS metabolism. 

Taken together, while ionizing radiation induces ROS production, loss of CX3CR1 can lead to 

persistent ROS production and therefore contribute to radiosensitization in ovarian cancer cells. 

 

Fractalkine axis can activate the antioxidative system by activating hemeoxygenase-1 (HO-1). 

After CX3CR1 get activated, the intracellular MAPK signaling is activated, among which JNK 

MAPK signaling plays the major role in inducing the expression of HO-1 via Nrf-2 recruitment. 

Nrf-2 is a transcription factor that regulates redox homeostasis by promoting the expression of 

multiple antioxidant enzymes such as HO-1, NADP(H) quinone oxidoreductase (NQO1), and 

enzymes of glutathione metabolism, etc. Therefore, in our case, it is highly possible that loss of 

CX3CR1 cannot induce HO-1 expression, and the impaired anti-oxidant systems failed to 

scavenge ROS as effective as the radiated controls. (220, 221, 222) 
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Although cell cycle arrest and apoptosis are not the mechanisms contributed to CX3CR1-

dependent radiosensitization, other mechanisms, such as mitotic catastrophe, could be the 

possible one. As shown in chapter 3, loss of CX3CR1 leads to the inhibition of DNA damage 

repair machinery, SKOV3 is p53-null, CAOV3 and OVCAR4 harbor mutated p53, and the 

defective DNA damage repair ultimately leads to accumulated DNA damage. These results are 

all consistent with the major characteristics of mitotic catastrophe. Moreover, Hayman TJ et al. 

also showed a similar result in a breast cancer cell line that elF4E transient downregulation 

cannot lead to cell cycle phase redistribution and apoptosis, but can induce accumulated DNA 

damage as characterized by the γH2A.X foci formation and mitotic catastrophe 72 hours after 

radiation (214). Therefore, it is highly likely that mitotic catastrophe is the mechanism for 

CX3CR1-dependent radiosensitization.  

 

4.5 Conclusion 

To summarize, our present study indicated that besides DNA damage response regulation, 

oxidative damage responses also participate in CX3CR1-dependent radiosensitization in ovarian 

cancer cells. Therefore, CX3CR1 inhibitor can also serve as an intracellular redox state 

modulator to increase ovarian cancer cells’ response to ionizing radiation. 
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CHAPTER 5. 

CX3CR1 STABLE KNOCKDOWN REDUCES OVERALL TUMOR BURDEN AND 

INHIBITS METASTASIS IN VIVO 

 

5.1 Introduction 

High-grade serous ovarian carcinoma (HGSOC) is the most aggressive form of ovarian cancer, 

and is a key contributor to the low overall 5-year survival rate. Most of the HGSOC are 

diagnosed at advanced stages when the disease has already extensively metastasized. Metastatic 

progression of ovarian carcinoma is very unique in that the cancer cells metastasis locoregionally 

in the peritoneal cavity (223), which is very different from the hematogenous dissemination, 

where the cancer cells intravasate into the blood vessel, transport with the blood stream, 

extravasate from the vessel and implant into tissues and organs (224). In ovarian carcinomas, 

cancer cells disseminate from the primary tumor and are carried by the peritoneal ascites 

following implantation at the tissues and organs in the abdominal cavity, anchorage in the 

submesothelial extracellular matrix and establishment of metastasis (Figure 5.1) (225, 226). 

 

 

 

 

 



102 

 

 
Figure 5.1 Patterns of spread of ovarian carcinoma. At its earliest stage (stage IA/IB), the 

tumour (shown in the figure as yellow masses) is limited to one or both ovaries, the ovarian 

capsule is intact, and no tumour is present on the ovarian surface or in ascites or peritoneal 

washings. Once the capsule is disrupted, the tumour spreads beyond the confines of the ovaries. 

This can occur by direct extension to, and invasion of, adjacent tissues such as the uterus, 

fallopian tubes, the mesothelial lining of the pelvic cavity (peritoneum), and the broad ligament 

(a fold of peritoneum that supports the uterus). Exfoliated tumour cells are transported by 

peritoneal fluid and implant on the peritoneum and mesothelial linings of pelvic and abdominal 

organs (serosa). Nests of tumour cells are commonly observed on the omentum (a peritoneal fold 

connected to the stomach and suspended over the intestines), the mesentery (a peritoneal fold 

anchoring the intestines to the posterior abdominal wall; not shown) and the diaphragm. Ascites 

is commonly associated with intraperitoneal dissemination. Tumour cells are also thought to 

spread through the lymphatics that drain the ovaries to the pelvic and paraaortic lymph nodes. 

Haematogenous dissemination is a clinically rare phenomenon, and can involve any organ 

including the brain, although certain organs such as the liver are more frequently involved. 

Reprinted with permission from Nature Reviews Cancer, 2005, 5: 355-366. Copyright (2005), 

Nature Publishing Group. 
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The primary metastasis site of serous ovarian carcinoma is omentum, which is a membranous 

double layer of fatty tissue that connects to the stomach and supports the intestines. The other 

metastatic sites including diaphragm, the mesentery, which is a membranous tissue anchoring the 

intestines to the posterior peritoneal cavity wall. Ascites are commonly observed with 

intraperitoneal dissemination. Ovarian cancer cells are also thought to spread through the 

lymphatic system that drain the ovaries to the pelvic and the paraaortic lymph nodes (227). 

 

Despite the high clinical complete response rates of tumor-debulking surgery and chemotherapy, 

most of the patients with advanced ovarian carcinoma die after the cancer relapses. Therefore, it 

is crucial to identify new molecular targets and agents that can be used in the treatment against 

high-grade serous ovarian carcinoma. Fractalkine receptor, CX3CR1, belongs to the chemokine 

family of G-protein coupled receptor. Our published studies have demonstrated that transient 

downregulation of CX3CR1 in ovarian cancer cells can impair their migration and adhesion to 

peritoneal mesothelial cells in vitro (228). These data provided crucial evidences that the 

metastasis in vivo might also be inhibited upon CX3CR1 downregulation.  

 

In this chapter, we used a syngeneic model to study the ovarian cancer metastasis in vivo. The 

advantage of syngeneic models is that the immune system of the host is functional and normal, 

which can better represent the real situation of the tumor microenvironment.  

 

5.2 Materials and Methods 

5.2.1 Cell Line and Cell Culture  
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Id8 is a spontaneously tumorigenic mouse ovarian surface epithelial cell line and was purchased 

from Dr. Katherine F. Roby (University of Kansas Medical Center). It was cultured according to 

the manufacturer’s instructions using minimal essential media (MEM) (Corning) supplemented 

with 10% fetal bovine serum (FBS) (SIGMA-ALDRICH), 0.5% penicillin/streptomycin 

(Corning), 0.4% amphotericin B (Corning) and 0.22% g/ml sodium bicarbonate (Santa Cruz 

Biotechnology) for less than 20 consecutive passages. Cells were kept at 37 ℃ and 5% CO2 in a 

humidified incubator, and were routinely tested for Mycoplasma. 

 

5.2.2 Reagents and Antibodies 

Antibodies used in this research are: β-tubulin (University of Iowa, E7, 1:200), CX3CR1 (Abcam, 

ab51668, 1:2000), anti-rabbit IgG, HRP-linked antibody (Cell Signaling Technology, 1:1000-

1:5000), anti-mouse IgG, HRP-linked antibody (Santa Cruz Biotechnology, sc-2005, 1:500-

1:3000), ECL reagents were purchased from GE Healthcare and Thermo Scientific. CX3CR1 

scrambled shRNA negative control and CX3CR1 shRNA plasmids were purchased from Origene.  

 

5.2.3 Stable Cell Lines Generation        

Id8 cells were plated in six well plates one day before transfection. On the day of transfection, 

plasmids (Scrambled shRNA and CX3CR1 shRNA plasmids) were resuspended in DNA/RNAse 

free water according to the manufacturer’s instructions prior to use, and Id8 cells were 

transfected by DharmaFECT. One day post-transfection, the cells were split into 48 well plates 

(SIGMA-ALDRICH) and were treated with 4 µg/ml puromycin (Enzo Life Sciences) for the 

selection of the scrambled control clones or CX3CR1-shRNA clones. The colonies formed from 

single surviving cells were isolated and re-plated into p35 plates with appropriate propagation. 
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CX3CR1-shRNA/scrambled clones were maintained in regular complete MEM with 1-2 µg/ml 

puromycin for 2-6 weeks. Clones were screened for CX3CR1 expression by western blot. The 

mouse CX3CR1 shRNA constructs contain 4 unique sequences:  

5’-AGTGCAGCACGGTGTCACCATTAGTCTGG-3’,  

5’-GCCTTTGGAACCATCTTCCTGTCCGTCTT-3’,  

5’-AGTGGCGTTCAGCCACTGTTGCCTCAACC-3’,  

5’-CGTGCTCCGCAACTCGGAAGTCAACATCC-3’.   

 

5.2.4 GFP Plasmid Transfection 

The appropriate amount of cells was plated onto 6 well plates one day before transfection. On the 

day of transfection, 1.5µg/well GFP plasmids were transfected using DharmaFECT. Cells were 

maintained in antibiotic free complete media and then subjected to fluorescence microscope to 

check the transfection efficiency 1 day, 2 days and 3 days after transfection. The time needed to 

achieve the highest transfection efficiency was recorded for each cell line before being used in 

the experiment. 

 

5.2.5 Animals 

All animal experiments were done according to an Office of Animal Care and Institutional 

Biosafety (OACIB) approved protocol. Female C57BL/6 mice were used between the ages of 6-

8 weeks and purchased from The Jackson Laboratory. Mice were maintained in the laminar flow 

room, maintaining consistent temperature and humidity and were given free access to water and 

a normal diet. 
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5.2.6 Western Blot 

For the detection of CX3CR1, the cells were lysed in lysis buffer (50mM Tris pH8, 150mM NaCl, 

1% NP40, and phosphatase inhibitor cocktail tablets [Roche]) and centrifuged for 15 min at 

13,200 rpm and at 4 ℃. The supernatants were quantified using the Bradford method (Bio-Rad 

Laboratories). The desired amount of protein was then mixed with sample loading buffer (65.8 

mM Tris-HCl pH6.8, 2.1% SDS, 26.3% glycerol, 0.01% bromophenol blue and 0.5% β-

mercaptoethanol right before use) and boiled for 5min. 20µg of protein from each treatment 

condition was loaded on 10% SDS-PAGE, and proteins were electro-transferred onto PVDF 

(Millipore). The membrane was then blocked with 3% BSA for 1hr at room temperature (RT), 

and incubated with primary antibody for 3 hr at RT, and washed with Tris-buffered saline with 

0.1% Tween 3 times, followed by incubation with secondary antibody for 1 hr at RT, and 

developed by enhanced chemiluminescence. The densitometric values were determined by 

Quantity One 1-D Analysis Software (Bio-Rad Laboratories). 

 

5.2.7 Short-Term Adhesion Assay 

One clone that harbors the stable knockdown of CX3CR1 was used in this study, and it was 

named as CX2. Cells that were stably transfected with scrambled plasmids were named as SCR. 

In this research, 1 million cells (transfected with GFP plasmids) of each cell line: Id8, SCR and 

CX2 were intraperitoneally injected into the abdominal cavity of C57BL/6 mice (5 mice/group) 

using a 25G needle. 4 hours after injection, mice were euthanatized with carbon dioxide, 

followed by cervical dislocation (justified in the animal care and approved by the Animal Care 

Committee (ACC)). Mice were then dissected to isolate omentum, which was maintained in 

Leibovitz’s media. Omentum was then placed under the fluorescence microscope to check the 
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amount of GFP-transfected cells. The number of cells that attached to omentum was calculated 

using the following equation: 

 

The real number of the cells = The counted number of the cells/Transfection Efficiency 

 

The aim of this study is to compare the difference in the adhesion ability between ovarian cancer 

cells and CX3CR1-knockdown ovarian cancer cells to omentum. 

 

5.2.8 Long-Term Overall Survival Assay 

1 million cells of each cell line: Id8, SCR, CX2, CX3 and CX6 were intraperitoneally injected 

into the abdominal cavity of C57BL/6 mice (10 mice/group) using a 25G needle. Mice were 

under surveillance every other day and kept for up to 2 years until they became visibly ill. After 

sacrificing the animal, ascites were preserved and tumors that attached to the abdominal organs 

were weighed, measured and fixed in 4% para-formaldehyde.  

 

5.2.9 Statistical Analysis 

The comparison of tumor adhesion and tumor burden between different groups was done by 

GraphPad Prism 6, and p values were calculated using the student’s t test for significance. 

 

5.3 Results 

5.3.1 Stable Downregulation of CX3CR1 in Id8 Clones 

Id8, which was cloned from the late passage mouse ovarian surface epithelial cells (MOSEC), is 

a spontaneously tumorigenic cell line and researchers found that after injecting Id8 into the 
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peritoneal cavity of C57BL/6 mice, the Id8 cells formed tumors in various organs in the 

abdominal cavity along with the secondary peritoneal carcinomatosis. Extensive ascites were 

also produced, and the histological features of the tumors resembled serous carcinoma (229). The 

CX3CR1 downregulation level brought by CX3CR1 shRNA was determined by western blot 

analysis (Figure 5.2). Compared to the scrambled control clones, the reduction of CX3CR1 

expression in CX2 is approximately 70%, in CX3 is approximately 78% and in CX6 is 

approximately 77%. 

 

 

 

 

 

 
Figure 5.2 CX3CR1 Levels in Parental Id8, Scrambled-shRNA Transfected Id8, and Three 

CX3CR1-shRNA Transfected Id8 Clones.  Protein levels of CX3CR1 in various Id8 clones. 

CX3CR1 was detected using anti-CX3CR1 antibodies by Western blot analysis. Numbers below 

the bands are densitometry results. 

 

 

 

 

 

5.3.2 CX3CR1 Promotes Ovarian Cancer Cell Adhesion to Omentum 

Omentum is the primary site of ovarian cancer metastasis due to its anatomical location and 

tissue composition. It is covered by mesothelium, which serves as a “soil” for ovarian carcinoma, 

and is composed of adipocytes, blood and lymph vessels, immune cells, stromal cells, and 
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connective matrix components (230, 231). The first step in ovarian cancer metastasis is the 

detachment of cancer cells from the primary tumor site, carried by the physiological movement 

of peritoneal fluid to omentum. Therefore, in this study, we want to examine if loss of CX3CR1 

can reduce the early adhesion of ovarian cancer cells to omentum. Our published data have 

demonstrated that siRNA-mediated downregulation of CX3CR1 resulted in an approximately 50% 

loss of EOC cell adhesion to the human-derived peritoneal mesothelial LP-9 cells in vitro. In 

order to evaluate the in vivo efficacy of loss of CX3CR1 on cancer cell adhesion, same amount of 

Id8, Scr and CX2 that were transfected with GFP plasmids were intraperitoneally injected into 

the abdomen of C57BL/6 mice. The GFP plasmid transfection efficiency for each cell line is as 

follows: 40% in Id8, 28% in Scr and 45% in CX2. After 4 hours of injection, the animals were 

dissected and omentum were isolated and observed under the fluorescent microscope for the 

evaluation of cancer cell adhesion. As shown in Figure 5.3, CX2 adhered significantly less to 

omentum compared to parental Id8 and Scr, indicating that loss of CX3CR1 can impair the tumor 

cell adhesion to omentum in vivo.  
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Figure 5.3 shRNA-Mediated Stable Downregulation of CX3CR1 Resulted in Impaired 

Early Metastasis Event. 1 million cells of each cell line were intraperitoneally injected into 

each animal from each group. After 4 hours, the number of cells that were attached to omentum 

from each group was quantified and analyzed. The number of cells that were attached to 

omentum was calculated after normalizing to the transfection efficiency. Values shown represent 

the mean ± SEM from 5 animals. **p<0.001 according to student’s t test. 

 

 

 

 

 

5.3.3 Loss of CX3CR1 Reduces Overall Tumor Burden 

Based on the result of the short-term adhesion assay and our previously published data that 

fractalkine receptor may facilitate the metastatic progression of EOC by participating in 

migration, proliferation and peritoneal adhesion, it is logical to hypothesize that loss of CX3CR1 

can offer benefits in the reduction of overall tumor burden. In order to test this, 1 million cells 

from each cell line, Id8, SCR, CX2, CX3 and CX6 were intraperitoneally injected into C57BL/6 

mice. Animals were under surveillance every other day and were sacrificed until they were 

visibly ill (unable to move and/or generated a lot of ascites). As shown in Figure 5.4, animals 
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that were injected with CX2, CX3 and CX6 have the least amount of overall tumor burden as 

assessed by tumor weight.  

 

 

 

 

 
Figure 5.4 Stable Downregulation of CX3CR1 Reduces Overall Tumor Burden. 1 million 

cells of each cell line were intraperitoneally injected into each animal from each group. Mice 

were dissected and tumors attached to each organ in the peritoneal cavity were isolated to 

evaluate the tumor burden when the animals were visibly ill. Values shown represent the mean ± 

SEM from 10 animals. *p<0.05, **p<0.001 according to student’s t test. 

 

 

 

 

 

5.4 Discussion 

Ovarian Cancer is the most lethal gynecological malignancy due to the advanced stage of the 

disease at the time of diagnosis. Most disease has already spread to tissues and organs in the 

peritoneal cavity which makes it hard for cytoreductive surgery to be able to render patients free 

of disease. Ovarian cancer has a unique pattern of metastasis in which the cancer usually spreads 
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locoregionally in the peritoneal cavity. The transportation of cancer cells inside the abdominal 

cavity is frequently correlated to ascites production, which is commonly observed in patients 

with serous carcinoma. Moreover, since ovarian cancer cells can block part of the lymphatic 

system, the ascites cannot drain out of the abdomen as usual (232).  

 

Omentum is the primary metastatic site of ovarian cancer, and it is covered by a single layer of 

mesothelial cells. In order to establish metastasis, cancer cells must invade through mesothelial 

cells. Possible mechanisms include mesothelial cell clearance through myosin-generated force 

and tumor-induced apoptosis (233, 234). On the other hand, Rieppi et al. showed that human 

mesothelial cells are capable of inducing ovarian cancer cell migration and promoting tumor cell 

adhesion (235). Therefore, mesothelial cells are also recruited by ovarian cancer cells and 

reprogrammed to facilitate tumor growth (236).  

 

Why do ovarian cancer cells preferentially metastasize to omentum? Lengyel et al. demonstrated 

that human omental adipocytes, which are the main component in omentum, promote homing, 

migration and invasion of ovarian cancer cells through adipokines such as IL-8. Meanwhile, 

adipocytes can not only transfer lipids to ovarian cancer cells to promote tumor growth, but also 

serve as an energy source for tumor cells. Furthermore, fatty acid-binding protein 4 (FABP4) are 

expressed in ovarian cancer cells at the adipocyte-tumor cell interface and loss of FABP4 

resulted in reduced metastatic tumor growth (237). The same group also reported that the early 

ovarian cancer metastasis is mediated through the interaction between fibronectin in the 

extracellular matrix (ECM) in omentum and α5β1 integrin in ovarian cancer cells (236). Besides 

adipocytes, milky spots are also part of omentum. Milky spots are comprised of immune cells, 
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stromal cells and structural elements surrounding glomerulus-like capillary beds. Clark et al. 

showed that milky spots and adipocytes play distinct and complementary roles in omental 

metastasis (230).  

 

Our lab has also been interested in the mechanism of ovarian cancer metastasis. As our published 

data indicated, the interaction between CX3CL1 that expressed in mesothelial cells and CX3CR1 

that expressed in EOC cells facilitates tumor cell migration and adhesion to peritoneal 

mesothelial cells in vitro (228). These findings were also further validated in this study. As 

shown in Figure 5.3, shRNA-mediated stable downregulation of CX3CR1 resulted in impaired 

EOC cell adhesion to omentum in vivo; and as shown in Figure 5.4, the stable loss of CX3CR1 

also resulted in reduced overall tumor burden in vivo. Therefore, our studies demonstrated that 

the abrogation of the CX3CR1-CX3CL1 axis could be a promising approach against metastatic 

ovarian carcinoma.  

 

As discussed in chapter 2, shRNA-mediated stable gene downregulation has a lot of 

disadvantages, such as off-target effects, unstable gene downregulation, etc. In order to 

overcome the technical difficulties, we are currently using the CRISPR technology to create 

CX3CR1-specific knockout Id8 clones. Moreover, as discussed in chapter 1, the commercially 

and orally available CX3CR1 inhibitor will also be used in our future pre-clinical models to 

assess its therapeutic efficacy against metastatic ovarian cancer. Furthermore, more clinical-

mimic models should be applied in our animal study. Clinically, ovarian cancer patients with 

ascites are usually treated with ascites drainage to help relieve symptoms (238). Therefore, in the 
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future preclinical models, appropriate surgery procedures should be used to better evaluate the 

therapeutic efficacy of our approach. 

 

5.5 Conclusion 

In conclusion, our in vivo study indicated that loss of CX3CR1 can abrogate ovarian cancer cells 

adhesion to omentum to establish metastasis and reduce overall tumor burden. 
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CHAPTER 6. 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1 Conclusions 

High grade serous ovarian carcinoma is the most common of the epithelial ovarian cancers, and 

accounts for most of the mortality. Initially, most patients respond well to the current treatment 

modalities, which are the combination of cytoreductive surgery and six cycles of platinum/taxane 

based chemotherapy. However, the majority of the patients experience the disease recurrence, 

which is usually resistant to the conventional chemotherapy. Therefore, identifying novel targets 

and modifying current treatments could offer great benefits to these patients. Radiation therapy is 

usually used as a second-line therapy or palliative therapy to alleviate symptoms caused by 

chemotherapy. Although radiation therapy can achieve better therapeutic efficacy, especially in 

patients experiencing the disease recurrence, it is seldom used as a main treatment against 

ovarian cancer due to the dose-related severe toxicities. Therefore, discovering novel 

radiosensitizers could enable the widespread use of radiation therapy while control the toxicities 

to a tolerable level. 

 

Fractalkine receptor, CX3CR1, is an attractive target in ovarian cancer therapy because our 

publications have demonstrated that while CX3CR1 is not expressed in the normal ovarian 

surface epithelium, it is expressed in the majority of pathologic ovarian surface (239). Moreover, 

the fractalkine axis (CX3CR1-CX3CL1) play a pivotal role in facilitating epithelial ovarian 

cancer metastasis. Therefore, targeting fractalkine axis could be a promising treatment against 

ovarian malignancies. 
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My study demonstrated that transient downregulation of fractalkine receptor in epithelial ovarian 

cancer cell lines leads to radiosensitization through multiple mechanisms, including impaired 

DNA damage repair machinery and persistence of the oxidative stress. My research indicated 

that CX3CR1 inhibitor could be a radiosensitizer in ovarian cancer therapeutics. 

 

6.1.1 Loss of CX3CR1 Selectively Sensitizes Epithelial Ovarian Cancer Cell Lines that 

Resemble HGSOC Tumors to Ionizing Radiation. 

Our study shows that transient downregulation of CX3CR1 using siRNA effectively sensitized 

most of the epithelial ovarian cancer cells that resemble HGSOC tumors to ionizing radiation. 

Using the clonogenic assay, we found that transient loss of CX3CR1 followed by increasing 

doses of ionizing radiation effectively decreased surviving fraction and colony formation 

compared to either treatment alone. (Figure 2.5-2.8 and Table 2.1). The cell lines that we used to 

mimic the HGSOC tumors are SKOV3, CAOV3, OVCAR4 and OVSAHO. While CAOV3, 

OVCAR4 and OVSAHO expressed mutated p53, SKOV3 is p53 null. These features agree with 

one of the most important genomic characteristics of HGSOC that TP53 mutations are universal 

events. IGROV-1 and A2780 were recently defined as non-HGSOC subtype, partially due to the 

reason that both of them have wild-type TP53. However, transient loss of CX3CR1 cannot 

radiosensitize these two p53 functional cell lines, indicating that in ovarian tumors with normal 

p53, our treatment combination is not an ideal model; however, it also indicates that this 

treatment combination has little damage on normal tissue. Therefore, the enlarged therapeutic 

window with high selectivity in high grade serous ovarian cancer models makes the 

combinational treatment of CX3CR1 inhibitor and ionizing radiation a clinically effective 

therapeutic strategy against this deadly disease. Moreover, even though OVSAHO is one of the 
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representative cellular models of high grade serous ovarian carcinoma, it cannot be sensitized to 

ionizing radiation upon CX3CR1 downregulation, indicating the type of p53 mutation might also 

affect cellular response to ionizing radiation.  

 

6.1.2 CX3CR1-Dependent Radiosensitization in High Grade Serous Ovarian Cancer Cells is 

Mediated through Multiple Mechanisms. 

There are several altered characteristics that may contribute to resistance to ionizing radiation, 

including enhanced DNA damage repair, acquired resistance to apoptosis, and adaptive response 

to the exogenous radiation-induced ROS, etc. Therefore, a combination of ionizing radiation 

with drugs that can modulate these resistance-related traits can theoretically enhance 

radiosensitivity. Since cell lines that resemble HGSOC tumors are TP53 mutated, and TP53 is 

the most extensively studied tumor suppressor gene, these cells are believed to be intrinsically 

resistant to cell cycle arrest, apoptosis, senescence and DNA damage repair (240, 241, 242). 

Thus, drugs that can impair DNA damage repair pathway and/or can modulate intracellular redox 

status are the ideal radiosensitizers. Figure 3.5-3.9 and Figure 3.12-3.15 clearly illustrate that 

transient downregulation of CX3CR1 can abrogate the phosphorylation and activation of DNA 

damage response related genes, including ATM, chk1, chk2, DNA-PKcs and γH2A.X short after 

radiation, and the unrepaired DNA damage in radiated and CX3CR1-downregulated cells lead to 

radiosensitization. Moreover, Figure 4.1 also show that transient downregulation of CX3CR1 

leads to persistent oxidative damage in radiated group. Furthermore, compared to combining 

ionizing radiation with ATM inhibitors or Chk1/2 inhibitors, the combination with the orally 

available CX3CR1 inhibitor is more disease-specific, due to the specific expression of CX3CR1 
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in the pathologic ovarian surface. The whole schematic summary of the mechanisms of 

radiosensitization is shown in Figure 6.1. 

 

 

 

 

 

 

 
Figure 6.1 Scheme of CX3CR1-Dependent Radiosensitization. 

 

 

 

 

 

6.1.3 CX3CR1 is a Promising Cellular Target against Metastatic Ovarian Cancer 

 

Most ovarian cancer patients are diagnosed at the time when the disease has already progressed 

to its late stage. The current therapeutic approaches fail to keep patients in remission mainly due 
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to the massive uncontrollable metastasis in the abdominal organs, especially omentum. Therefore, 

it is very important to identify and validate a molecule that can target the malignant cells that 

lead to metastasis. Meanwhile, the residual tumor determines the possibility of secondary 

metastasis and survival for the patients. Hence, strategies to minimize and diminish peritoneal 

spread of EOC metastasis, retard their growth and prevent re-implantation are likely to increase 

the progression-free and the overall survival for the ovarian cancer patients. Our published data 

have already demonstrated that the abrogation of CX3CR1-CX3CL1 axis is potential in reducing 

ovarian cancer cell adhesion to human mesothelial cells in vitro, and my study further suggests 

that loss of CX3CR1 can reduce the metastasis in vivo. Therefore, CX3CR1 is a promising target 

against metastatic ovarian carcinoma. 

 

Taken together, this dissertation study demonstrates that loss of CX3CR1 can sensitize high 

grade serous ovarian cancer cells to ionizing radiation through the regulation of DNA damage 

response and intracellular redox status. Although CX3CR1 antagonists have been commercially 

available, they are not evaluated in ovarian cancer animal models and clinical studies yet. 

Therefore, the safety, the tolerability, the pharmacokinetics and the pharmacodynamics of 

CX3CR1 antagonists are remained largely unknown. Due to the promising results from our in 

vitro study, more attention should be put on the development of CX3CR1 antagonists and used 

them as radiosensitizers against the disease. Moreover, the radiation technology has been 

significantly advanced in the past two decades. Traditionally, whole abdomen radiation therapy 

(WAR) was used as a major technique in radiation therapy against ovarian cancer. However, 

there are a lot of technology-related toxicities that prevent the widespread use of WAR. For 

instance, the insufficient coverage of the big target volume and the poor sparing of organs at risk 
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(OAR) can cause severe toxicities (243, 244). The whole abdominal-pelvic cavity is a large area 

with a lot of organs in different shapes, and because liver and kidney are very sensitive to 

radiation, even low doses of radiation can cause permanent damage. Partial kidney and liver 

blocks are usually used with anterior/posterior beam arrangement, which produce a highly 

inhomogeneous dose distribution (245, 246). Although other methods, such as moving strip 

technique, was used to improve dose homogeneity, the result came with very limited success 

(247). Nowadays, radiation techniques have been improved a lot together with the imaging 

technology. Linear accelerator (LA)-based intensity-modulated radiotherapy (IMRT), volumetric 

intensity-modulated arc therapy (IMAT), and helical tomotherapy (HT) have shown strong 

potential in achieving homogeneous dose distribution and better sparing of OARs (248, 249, 

250). Therefore, applying the latest radiation technique with the potential CX3CR1 inhibitor 

could be a promising therapy against HGSOC. 

 

6.2 Future Directions 

Our study reveals that CX3CR1 inhibition has the potential of sensitizing ovarian cancer cells 

that resemble HGSOC to ionizing radiation. However, there are still several unresolved questions 

needed to be answered. It is still unknown how CX3CR1 regulates ATM, how CX3CR1 changes 

the antioxidant system capacity, what is the biological consequence of persistent DNA damage 

and oxidative damage, and what kind of clinically relevant animal model we could use to 

evaluate our combinational approach in vivo. Therefore, future studies still need to be done to 

clarify these problems. 
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NF-κB might play a crucial role in mediating CX3CR1-dependent radiosensitization. It is 

important in the development of tumor radioresistance by regulating cell cycle, preventing 

apoptosis, increasing DNA damage repair capacity and detoxifying ROS (251). NF-κB belongs 

to the Rel family proteins, which include RelA, RelB, C-Rel, NF-κB1 and NF-κB2 (252). It can 

be activated by IR either through nuclear or cytoplasmic pathway (253). Nuclear pathway is 

regulated by the phosphorylation of ATM while cytoplasmic pathway involves the activation of 

PI3K/Akt or ROS-mediated NIK(NF-κB-inducing kinase). In inactivated cells, NF-κB is 

sequestered in the cytoplasm by its inhibitor IκB. After radiation, IκB is phosphorylated, 

ubiquitinated, proteolytically degraded, and thereby releasing NF-κB and allowing it to 

translocate into the nucleus and activate the downstream gene expression. Therefore, NF-κB is a 

crucial element in mediating cellular responses to ionizing radiation. Fractalkine axis can 

regulate the activation and translocation of NF-κB through multiple pathways, including PI3K 

pathway and MAPK pathway (254). NF-κB can also be activated upon CAMKII (calmodulin-

dependent protein kinase II) expression induced by the release of intracellular Ca++ (255), and 

our publication showed that CX3CR1 activation can trigger robust release of intracellular Ca++. 

Taken together, NF-κB is a promising bridge to connect CX3CR1 and radiosensitivity. It is 

highly possible that loss of CX3CR1 inhibits NF-κB, and then inhibits the DNA damage repair 

machinery as well as the antioxidant system and thereby sensitizing ovarian cancer cells to 

ionizing radiation. Therefore, one of the future studies should focus on the change of the NF-κB 

DNA-binding activity upon CX3CR1 downregulation. 

 

Furthermore, it is also important to test our combinational treatment in vivo. The growth delay 

assay is usually used to assess the tumor radiosensitization effect in vivo (256, 257). Generally 
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speaking, a certain amount of ovarian cancer cells that have in vivo tumorigenic ability are 

prepared in single cell suspension and injected subcutaneously into the lateral aspect of the right 

leg of the athymic nude mice. When the mean volume of tumors reaches a certain size (such as 

200mm3), mice are then randomized into four groups: non-treatment group, radiation only group, 

CX3CR1 antagonist only group and the combinational group (radiation and CX3CR1 antagonist). 

Tumors can be irradiated locally using the Linac accelerator with animals restrained in a custom 

designed lead jig, and CX3CR1 antagonist can be given by oral gavage due to its good oral 

bioavailability.  To obtain growth curves, perpendicular diameter measurement of each tumor is 

measured 3 times per week with caliper and volumes are calculated using the formula: length [L] 

* width [W] *width [W])/2 (258). The end point for each animal is when the tumor volume 

reaches a bigger value (such as 2000mm3). The time to grow from the initial tumor volume to the 

final tumor volume of the treated mice minus that of the control mice is calculated to determine 

the absolute growth delays and the dose enhancement factor (DEF) is calculated based on the 

following formula: DEF=absolute tumor growth delay (combined treatment)/absolute growth 

delay (radiation alone). If DEF is more than 1.1, then the combinational treatment can be 

advanced into more clinically relevant models to assess therapeutic efficacy (259). My work in 

this dissertation together with the proposed future works will play a critical role in adjusting 

current ovarian cancer therapy and offering significant benefits to patients. 
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