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ABSTRACT 

OF THE THESIS OF 

 

Hiam Fakhereddine   for  Master of Science 

      Major: Physiology    

 

 

Title: Radio-Sensitizing Prostate Cancer Cells: A Possible Role For Zoledronic Acid And 

Pravastatin (ZoPra) 
 

Prostate cancer is highly prevalent in men worldwide and in Lebanon specifically. 

Radiotherapy is one of the first-line treatments aimed at reducing tumor size and further 

disease progression. Its efficacy relies on the radio sensitivity of tumor cells and the 

patient. However, it’s significantly reduced by the radioresistance of tumor cells and 

deleterious effects on surrounding normal cells. Radioresistance of tumor cells is 

brought about by the hyperactivation of non-homologous end-joining DNA repair 

proteins, pATM and H2AX, that increase repair signaling and recognition respectively. 

Therefore, targeting these proteins in tumor cells to impede resistance is of high 

importance.   

Bisphosphonates such as Zoledronic acid are widely used in the treatment of bone loss-

related diseases. Statins, such as Pravastatin, are used in the management of lipid levels. 

Recently, a combination of both ZoPra was shown to radioprotect normal tissues and 

radiosensitize cancer cells.  

Therefore, the aim of this study is to assess the effect of Zoledronic acid and Pravastatin, 

alone and in combination on the radio-response of human prostate cancer cell lines, DU-

145 and PC-3, in vitro, on a cellular and molecular level.  

The cytotoxic effect of different concentrations of Zoledronic acid and Pravastatin were 

tested using MTT assay. The optimum concentration of both was determined to be 1 μM 

and was therefore used in further experiments. Cells were treated with 1 μM Zoledronic 

acid and Pravastatin, alone and in combination, prior to a 2 Gy irradiation. Clonogenic 

assay was performed to assess cell survival and colony forming ability in both cell lines 

with treatment. Immunofluorescence analysis of pATM and γH2AX was performed to 

study DNA DSB repair kinetics.  

Pre-treatment with 1 μM ZoPra prior to a 2 Gy irradiation was shown to radiosensitize 

DU-145 and PC3 cell lines. The treatment was shown to increase the residual number of 

γH2AX foci. A significant decrease in cell survival in both cell lines was observed. This 

study presents novel findings on the potential use of ZoPra as a radio-sensitizing agent 

for radio-resistant prostate cancer cells.   



3 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS .......................................................... 1 

ABSTRACT .................................................................................. 2 

ILLUSTRATIONS ........................................................................ 5 

TABLES ........................................................................................ 6 

ABBREVIATIONS ...................................................................... 7 

INTRODUCTION ...................................................................... 10 

A. Overview of Prostate Cancer: Epidemiology ..................................................... 10 

B. Prostate................................................................................................................ 11 

1. Gland anatomy and physiology ...................................................................... 11 

2. Screening ........................................................................................................ 12 

3. Diagnosis ........................................................................................................ 13 

4. Staging, grading, and types of PCa ................................................................. 13 

5. Treatment ........................................................................................................ 16 

C. Radiotherapy ....................................................................................................... 19 

1. Production of X-rays: bremsstrahlung effect .................................................. 19 

2. Interaction between X-ray and biological matter ........................................... 20 

3. Types of DNA damage ................................................................................... 21 

4. DNA repair after IR ........................................................................................ 22 

D. Radiosensitivity and radioprotection .................................................................. 25 

5. Zoledronic acid ............................................................................................... 27 

6. Pravastatin ....................................................................................................... 28 

7. Effect of ZoPra on IR-induced damage repair: ATM and H2AX .................. 29 

E. Aims of the study ................................................................................................ 31 

MATERIALS AND METHODS ................................................ 32 



4 

A. Cell Culture ......................................................................................................... 32 

1. DU-145 and PC-3: Human Prostate Cancer Cell Lines .................................. 32 

2. Cell Growth..................................................................................................... 32 

3. Treatment with Zoledronic acid, Pravastatin, and ZoPra ............................... 32 

B. Ionizing radiation ................................................................................................ 33 

C. MTT Cell Proliferation Assay ............................................................................ 33 

D. Clonogenic Cell Survival Assay ......................................................................... 34 

E. Immunofluorescence ........................................................................................... 35 

F. Micronuclei Assay .............................................................................................. 36 

G. Statistical Analysis .............................................................................................. 36 

RESULTS ................................................................................... 37 

A. The effect of Zoledronic acid and Pravastatin, alone and in combination, with 

and without a 2 Gy irradiation, on the cell proliferation of DU-145 and PC-3 cell 

lines using MTT assay. ............................................................................................... 37 

B. Zoledronic acid and Pravastatin sensitize DU-145 and PC-3 human prostate 

cancer cells to radiation and reduce the Surviving Fraction (SF) ............................... 41 

C. Effect of 1 μM ZoPra on residual pATM foci in DU-145 and PC-3 cell lines... 43 

D. Effect of 1 μM ZoPra on residual γH2AX foci in DU-145 and PC-3 cell lines. 44 

E. Effect of 1 μM ZoPra on the percentage of radio-induced micronuclei (MN%) 48 

DISCUSSION ............................................................................. 49 

REFERENCES ............................................................................ 53 

 

  



5 

ILLUSTRATIONS 

Figure 

1. Stages of prostate cancer showing metastatic extent. ......................................... 14 

2. The bremsstrahlung effect.. ................................................................................ 20 

3. Illustration of the direct and indirect effects of ionizing radiation. .................... 21 

4. Illustration of the two main repair mechanisms after IR-induced DNA damage.

 ............................................................................................................................ 23 

5. A simplified representation of the role of ATM and H2AX in the NHEJ repair..

 ............................................................................................................................ 24 

6. Effect of varying concentrations of Zoledronic acid, on DU-145 and PC3 cell 

proliferation. ....................................................................................................... 37 

7. Effect of varying concentrations of Zoledronic acid, on DU-145 and PC3 cell 

proliferation. ....................................................................................................... 38 

8. Effect of 1 μM Zo and 1 μM Pra on DU-145 and PC3 cell proliferation. .......... 39 

9. Effect of 1 μM Zo, 1 μM Pra, and 1 μM ZoPra followed by a 2 Gy irradiation on 

DU-145 and PC3 cell proliferation. .................................................................... 40 

10. IR and 1 μM ZoPra reduce the survival fraction of DU-145 cells...................... 41 

11. IR and 1 μM ZoPra reduce the survival fraction of PC-3 cells.. ........................ 42 

12. Effect of IR and 1 μM ZoPra on pATM kinetics in DU-145 and PC-3cell lines.

 ............................................................................................................................ 43 

13. Effect of IR and 1 μM ZoPra on γH2AX kinetics in DU-145 and PC-3 cell lines.

 ............................................................................................................................ 45 

14. IF images of pATM foci in DU-145 and PC-3 cells........................................... 46 

15. IF images of γH2AX foci in DU-145 and PC-3 cells. ........................................ 47 

16. Effect of IR and 1 μM ZoPra on percentage of IR-induced micronuclei in DU-145 

and PC-3 cell lines. ............................................................................................. 48 

 

 

 

 

file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696743
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696747
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696747
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696748
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696748
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696749
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696750
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696750
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696752
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696753
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696753
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696754
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696754
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696755
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696757
file://///Users/mac/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/4A567F36-2AC8-4CE7-A8AC-CAF3B852067E/Thesis%20Manuscript-Hiam%20Fakhereddine%20.docx%23_Toc110696757


6 

TABLES 

Table 

1. Table 1. Gleason score of prostate cancer, its equivalent Grade group, and the 

meaning assigned to each. .................................................................................. 15 

2. Table 2. A summary of the results of studies done on the radio-response of ZoPra.

 ............................................................................................................................ 31 

 

 

 

  



7 

ABBREVIATIONS 

ACS: American Cancer Society  

ADT: Androgen deprivation therapy 

ASR: Age-standardized rate 

ATM: Ataxia telangiectasia mutated  

ATR: ATM and Rad3 related  

AUA: American Urology Association 

BPH: Benign prostatic hyperplasia  

CZ: Central Zone 

DDR: DNA damage repair 

DRE: Digital rectal exam   

DNA: Deoxyribonucleic acid  

DNA-PK: DNA-dependent protein kinase. 

DSB: Double-strand Break  

EBRT: External beam radiation therapy  

EMT: Epithelial to Mesenchymal Transition 

Gy: Grey 

H2AX: Variant histone H2A 

H2AX: Phosphorylated H2AX 

HDR: High-dose-rate  

HIFU: High-intensity focused ultrasound 

HMG Co-A: Hydroxymethylglutaryl coenzyme-A 

HR: Homologous recombination  

HSP90: Heat Shock Protein 90 



8 

IR: Ionizing Radiation  

LET: Linear energy transfer 

MN: Micronuclei 

MRN: MRE11-Rad50-Nbs1  

MTT: 3-(4, 5- dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 

NF1: Neurofibromatosis type 1 

NHEJ: Non-homologous end joining  

OS: Osteosarcoma 

PCa: Prostate cancer 

PE: Plating efficiency 

PIKK: Phosphatidylinositol-3-kinase-like kinase 

Pra: Pravastatin  

PSA: Prostate-specific antigen  

PZ: Peripheral Zone  

Qol: Quality of Life  

RIANS: Radiation-induced nucleo-shuttling of the ATM kinase  

ROS: Reactive oxygen species  

RR: Radiation resistance  

RT: Radiotherapy  

SEM: Standard error mean 

SF: Surviving fraction 

SSB: Single strand breaks  

ssDNA: Single strand DNA  

TGF-β: Transforming Growth Factor beta 



9 

TRUS: Transrectal ultrasound 

TZ: Transitional zone 

Zo: Zoledronic acid 

ZoPra: Combination of Zoledronic acid and Pravastatin   



10 

CHAPTER I 

INTRODUCTION 

A. Overview of Prostate Cancer: Epidemiology  

Cancer is a complex pathophysiological disease. It is multifactorial and the 

dysregulation of cell proliferation is due to the accumulation of several gene mutations 

(1). It is a worldwide burden, having the second highest mortality rate worldwide after 

cardiovascular disease (2). The COVID-19 pandemic overwhelmed health care systems 

worldwide, and cancer screening, diagnosis, and treatment became less accessible. This 

may momentarily improve the numbers in regards to diagnosis but may increase them in 

regards to higher staged cancer cases in the future (3). In 2020, according to the 

GLOBOCAN estimates of cancer incidence and mortality produced by the International 

Agency for Research on Cancer (IARC), the total incidence of cancer worldwide is an 

estimated 19.3 million with about 10 million death cases (4). According to the World 

Health Organization (WHO) in 2020, prostate cancer (PCa) was the second most 

prevalent type in males with 1.41 million cases and was the fifth leading cause of male 

cancer deaths. Low- and middle-income countries, such as Lebanon, suffer the most 

deaths from this disease (4, 5). The most frequent types of cancer in Lebanon are breast, 

lung, and prostate, with their prevalence in that order. In 2020, there were 11,589 recorded 

cases, of which 1,027 new cases and 360 deaths were of PCa. PCa had the highest Age-

standardized (World) rate (ASR) of incidence (28.5) in males, and the third highest 

mortality rate (9.7)(6).  
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B. Prostate  

1. Gland anatomy and physiology  

The prostate is a gland located in the retroperitoneal space in the male anatomy 

(7). It is about the size of a walnut and has an inverse conical shape. Its base faces upward 

and is continuous with the inferior surface of the bladder and its apex faces downward in 

contact with the superior fascia of the external urethral sphincter (8, 9). According to 

McNeal, the prostate’s parenchyma is anatomically divided into 4 zones with the 

relationship of each to the urethra providing a central anatomic reference (figure 5) (10): 

• Preprostatic region – constituting the transition zone (TZ), that surrounds the 

proximal urethra, and periurethral ducts glands, that extend from the bladder base 

to the verumontanum, where the ejaculatory ducts empty into the urethra. 

Hyperplastic proliferative lesions usually emanate in this zone.  

• The central zone (CZ) – forms the base of the gland that surrounds the ejaculator 

ducts and constitutes 25% of the glandular prostate.  

• The peripheral zone – surrounds most of both the TZ and the CZ and surrounds 

the distal urethra. It constitutes 70% of the glandular prostate. Most carcinomas 

emanate from this zone.  

• The anterior fibromuscular stroma – forms the anterior surface of the prostate and 

is devoid of any glandular tissue.  

The most prevalent prostate pathology include prostatitis, benign prostatic 

hyperplasia (BPH), and malignant prostate cancer (7). The growth of the cells in the 

prostate is androgen-dependent and the lack of androgens leads to atrophy. Cell 

proliferation and atrophy must be controlled to maintain prostate homeostasis. The 

etiology of prostate cancer remains elusive; however, several risk factors contribute to an 
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imbalance between proliferation and cell death resulting in pathology (11, 12). These risk 

factors include age, genetic family history, ethnicity, bladder cancer history, and 

increased circulating sex steroid hormones (13, 14).  

 

2. Screening  

The American Urological Association (AUA) has specific guidelines regarding 

the importance of PCa screening in those that are at higher risk than others (15).  

Screening aims to find evidence of cancer in patients, especially in those with 

symptoms. Alarming signs include a weak or interrupted flow of urine, sudden urge to 

urinate frequently, straining to empty the bladder, blood in urine or semen, and pain 

caused while sitting from an enlarged prostate (16). PCa screening, according to the 

American Cancer Society (ACS) recommendation has risks and benefits that should be 

weighed (17). Detection of asymptomatic PCa may expose patients to unnecessary 

treatment side effects, ultimately causing more harm than benefit. Screening, when 

appropriate, usually takes place biannually to decrease the risk of overdiagnosis, 

according to the AUA. The two most common screening modalities are (18):  

• Prostate Specific Antigen (PSA) – produced by malignant and non-malignant 

epithelial cells. Elevated PSA may be due to several factors such as prostatitis, 

BPH, or recent genitourinary tract manipulation, according to the AUA.  

• Digital Rectal Exam (DRE) – the PZ can be palpated when a gloved finger is 

inserted into the rectum to track prostate size and consistency.  

These are the usual first-line screening tests. PSA is a poor predictor of disease 

on its own and should be interpreted in the context of the patient; it is therefore supported 

by a DRE. There are adjunct PCa screening tests that include PSA kinetics, free/total 
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PSA, prostate health index, magnetic resonance imaging, and urinary markers that may 

be used by the physician (e.g. PCA3) (18). 

 

3. Diagnosis  

PCa diagnosis is facilitated with a transrectal ultrasound (TRUS)-guided needle 

biopsy and an MRI in the case screening results are abnormal. 12 samples are usually 

taken from representative areas of the prostate and examined and graded by pathologists 

and graded. Men with an abnormal PSA and negative biopsy will usually undergo 

additional testing from those mentioned above (19). If cancer is detected, it is given a 

grade to describe the cell’s morphology compared to normal cells and it is given a stage, 

which describes if cancer has spread or remains localized in the prostate.  

 

4. Staging, grading, and types of PCa 

The stage is determined by classifying the cells histologically, and by using the 

TNM staging system. TNM stands for T (tumor), N (nodes), and M (metastasis); a system 

developed by the American Joint Committee on Cancer. The stages range from 1 through 

4 and include substages to precisely specify the extent to which the tumor has grown and 

spread. In stages I and II the tumor has not spread beyond the prostate, stage III is the 

locally advanced stage where the tumor has spread to nearby tissues in a process known 

as extracapsular extension, and stage IV describes a tumor that has undergone metastasis 

to lymph nodes and/or bones (figure 6) (20-22). Cancer metastasis can occur through the 

tissue, lymph system, and blood. Some tests can be used to detect metastasis and its 

degree. These include a bone scan to check for rapidly dividing cells in the bone, MRI, 

CT scan, pelvic lymphadenectomy where lymph nodes in the pelvis are removed and 
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examined by a pathologist, seminal vesicle biopsy, and/or a ProstaScint scan where 

radioactive material that attaches to prostate cancer cells is injected into the vein and is 

detected by a scanner (16).  

 

 

 

 

 

 

 

 

Figure 1. Stages of prostate cancer showing metastatic extent.  

 

The grade is determined using the Gleason Score. Pathologists describe the tumor 

cells by comparing them to normal prostate tissue and assigning them a grade; a grade of 

3 means that they look most like normal prostate cells and a grade of 5 looks most 

abnormal. Adding two scores from the biopsy will give a Gleason score ranging from 6-

10. Table 1 summarizes this score and compares it to the cell’s Grade Group which is 

also used to grade PCa tumors (16).  
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There are two types of staging prostate cancer, and these are: 

• Clinical staging – this is by taking into consideration the DRE result, PSA testing 

and Gleason score.  

• Pathological staging – this is based on the pathology of the prostate gland and/or 

the lymph nodes affected after surgery.  

The importance of both staging and grading is to identify the patient’s prognosis 

and also help determine the most effective therapeutic modality (21). Another factor that 

aids in this process is identifying its cellular origin. The most common types of cancers 

develop in the epithelium. Of those, acinar adenocarcinomas are the most common and 

others include ductal adenocarcinomas, urothelial carcinoma, squamous cell neoplasms, 

basal cell carcinoma, as well as neuroendocrine carcinomas. Tumors of other origins 

include prostatic mesenchymal tumors and hematological neoplasia which have a rarer 

occurrence compared to adenocarcinomas (23).  

 

Table 1. Gleason score of prostate cancer, its equivalent Grade group, and the meaning 

assigned to each. 

Gleason score Grade Group Meaning 

Gleason score 6 1 

Cells are very similar to normal prostate cells 

They are not expected to grow/ expected to grow 

slowly 

Gleason score 7 2 
Most cells are similar to normal prostate cells 

They are expected to grow slowly 

Gleason score 8 3 
Cells look less like normal prostate cells 

They are expected to grow moderately 

Gleason score 9 4 
Some cells look abnormal 

They are expected to grow moderately or quickly 

Gleason score 10 5 
Most cells look abnormal 

They are expected to grow quickly 
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5. Treatment  

As previously mentioned, using the information gathered from the grade, stage, 

origin of cancer, and the overall medical status of the patient, physicians can now make 

a constructive decision regarding which mode(s) of therapy will yield the best results 

while taking the side effects of each into consideration. According to the AUA, 

therapeutic modalities fall within two categories: localized prostate cancer management 

and advanced prostate cancer management. The most common therapeutic modalities are 

briefly explained in the section below.  

 

a. Localized prostate cancer management  

i. Active surveillance 

This is where a patient’s condition is monitored carefully in order to track any 

changes. This is beneficial when a patient is of old age or has a condition that would be 

exacerbated by other treatments and maintaining his quality of life (QoL) is more 

beneficial. PCa is a heterogeneous disease and its aggressiveness is relative, therefore 

with people who have more favorable symptoms or none at all, treatment is 

unsubstantiated (24). Frequent DREs, PSA tests, transrectal ultrasounds, and biopsies are 

used to track any changes (25).   

 

ii. Radiotherapy  

According to the AUA, the two most common forms of radiation therapy used are 

external beam radiation (EBRT) and brachytherapy. High energy rays, specifically X-

rays, are targeted at tumor cells to kill them or halt their growth in EBRT, with minimal 

damage to normal tissue. This can be combined with different types of treatments, such 
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as hormonal therapy also known as androgen deprivation therapy (ADT) in high-risk 

patients, chemotherapy, and surgery.  

Brachytherapy is when radioactive seeds or particles are placed in or nearby a 

tumor. It allows the delivery of a very high dose of radiation directly to the tumor while 

reducing its effect on surrounding cells. (26) 

 

iii. Focal therapy  

A novel type of treatment aimed at bridging between active surveillance and 

invasive treatment for prostate cancer. A percentage of prostate cancers in patients put 

under active surveillance have a chance of becoming aggressive. In order to delay 

invasive manipulation, focal therapy aims at keeping the patients’ QoL adequately under 

control. This involves cryotherapy, high-intensity focused ultrasound (HIFU), both 

high-dose-rate (HDR) brachytherapy and low-dose-rate (LDR) brachytherapy, 

radiotherapy, and thermotherapy (27).  

 

iv. Hormone therapy  

Hormone therapy is a modality usually chosen in the case of stage III, stage IV, 

and/or relapsed PCa. Chemical castration is achieved through anti-androgen treatment, as 

androgen receptors (AR) found in epithelial and stromal tissue are blocked. This is more 

effective than orchidectomy as it ensures a lack of androgens even from the adrenal glands 

(28). However, PCa cells develop androgen-independent growth. This is possibly 

achieved by the activation of AR by other ligands, increased AR expression, and 

sensitivity to minute amounts of androgens. This type of PCa is known as castration-

resistant PCa and metastatic castration-resistant PCa (28).  
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b. Advanced prostate cancer management  

v. Surgery  

Radical prostatectomy is one of the first steps in the multitherapeutic approach in 

patients with tumors in Groups 2-5 and with a Gleason score of 7-9. This opposes earlier 

practices of this procedure when it was done only on low-grade prostatic tumors. This is 

due to the increased use of active surveillance programs and molecular insights that 

identify phenotypically indolent tumors. Surgery is opted for in order to prevent the 

beginning or further metastasis of PCa cells (29). According to the AUA, adjuvant 

radiotherapy may be given after surgery.  

 

vi. Chemotherapy  

According to the AUA, chemotherapy is generally used in metastatic PCa to stop 

the growth of cancer cells. For those who have not undergone ADT, androgen antagonists 

are used accompanied by several agents. These agents may be chemotherapeutic such as 

Docetaxel and Cabazitaxel. Docetaxel is one of the first chemotherapeutic agents to result 

in the overall improvement in survival rate in metastatic castration-resistant PCa (30).  

 

vii. Immunotherapy  

This uses the patient’s immune system to fight cancer. This is done either by 

boosting, restoring, or directing the body’s immune response against tumor cells by 

injecting material made by the body or in the laboratory. It is most usually used in 

metastasized PCa (16).  

 



19 

C. Radiotherapy  

Radiation therapy (RT) is a clinical modality that is used to treat over 50% of 

patients with malignancy (31). It aids in inhibiting cell growth, metastasis, and 

proliferation of tumor cells.  Unfortunately, the therapeutic window of RT is delimited 

by the resistance of tumor cells and the deleterious effect on patient quality of life (QoL) 

by targeting healthy surrounding tissue (32). Adverse effects include erectile dysfunction 

in 36-59%(33),  urinary dysfunction in 45%, bowel dysfunction such as rectal bleeding 

in 5% increasing to 25% 2 years post-EBRT, diarrhea and fecal incontinence in 10-20% 

(34), and incompetence in 36-68% of patients that undergo EBRT. Other side effects 

coupled with EBRT include damaged pelvic nerves, induced fibrosis, loss of functional 

urethral length, climacturia, and ejaculatory dysfunction. Some of the inauspicious effects 

of EBRT are acute and resolve within 90 days, however, several others that last longer 

than 2 years, such as proctitis, cystitis, urinary/rectal bleeding, narrowing of the 

rectum/urethra, chronic diarrhea/frequency/ incontinence, and ulcer development in the 

rectum (35, 36).  

 

1. Production of X-rays: bremsstrahlung effect  

X-rays are produced through the process known as Bremsstrahlung radiation (in 

English: braking radiation). In an x-ray tube, free electrons are created at a cathode 

filament, accelerated through the tube using a voltage to the anode where they interact 

with tungsten atoms (or other material). Some of these electrons are attracted to the 

positive nucleus of the atoms. When the electrons reach the orbit of the atom, the electrons 

decelerate or ‘break’ and deflect, changing their path direction. The lost energy in this 

process is released as X-ray photons (figure7). These electrons cause ionization and 
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excitation of atoms in other mediums. Deep-seated tumors are targeted by high-energy 

beams, as low-energy beams are hindered by obstacles. Radiation is quantified by the 

radiation absorbed dose. This is the energy deposited by secondary charged particles in 

the medium. The unit of absorbed energy is the gray (Gy) (37). X-ray radiation is 

considered low linear energy transfer (LET), which is defined as the energy lost per unit 

path length by the particle (38). According to the AUA guidelines, EBRT is usually given 

in the highest number of sessions (fraction of radiation) with a relatively low dose of 1.8-

2 Gy, resulting in 37-45 sessions, 5 sessions a week, depending on the patient’s case. 

Hypofraction, lower fractions of radiation, with increased doses of radiation of 2.5-3 Gy 

are being used more frequently as it has proved to be more favorable.  

 

 

 

 

 

 

 

 

 

2. Interaction between X-ray and biological matter  

There is a direct and indirect (bystander) effect of radiation on cells and their DNA 

(figure 8).  

• Direct effect – Electrons resulting from the radiation act directly on cellular 

molecules and cause DNA damage.  

Figure 2. The bremsstrahlung effect. High energy electron deflected in the electric field 

of an atomic nucleus produces bremsstrahlung radiation.   
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• Indirect effect – Radiation also leads to the ionization or excitation of water 

components and produces free radicals. These free radicals, such as hydrogen 

(H+) and hydroxyl (OH-) ions, hit DNA causing damage. This mechanism is 

responsible for 70% of radio-induced damage (39, 40).  

 

 

 

 

 

 

 

 

 

Figure 3. Illustration of the direct and indirect effects of ionizing radiation. Radiation 

energy may be deposited directly in the DNA or surrounding species ultimately leading 

to DNA damage.  

 

3. Types of DNA damage  

There are several types of DNA lesions induced by low-LET IR interactions. The 

most prominent damages include chemical lesions, single strand break (SSB), and 

double-strand break (DSB) (41).  

• Chemical lesions -This is the most common type of DNA lesions and is also 

known as base damage.  

• Single strand break (SSB) – IR may induce cleavage in one strand of the DNA 

double helix resulting in the loss of a single nucleotide and damaged 5’ and/or 

3’ termini (42).  
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• Double strand break (DSB) – They are formed when two SSBs occur on 

opposite strands of the DNA double helix resulting in 3’ and 5’ overhangs. It 

is considered the most lethal of all three DNA damage and is the main lesion 

responsible for IR-induced cell death (43-45). 

In comparison to one another, per cell per Gy, IR induces about 450 purine and 

850 pyrimidine lesions, 1000 SSB, and 20-40 DSB with low LET radiation (46). 

 

4. DNA repair after IR  

Cellular homeostasis is dependent on DNA damage response (DDR) machinery 

to rectify lesions, mainly DSB, induced by IR. If unrepaired they may lead to cell death, 

and if misrepaired they may lead to chromosomal translocation and genomic instability. 

Tumor resistance and sensitivity to IR are reflected by the cells’ ability to repair the 

damage induced or not (47). In general, a cell’s resistance to IR is controlled by DNA 

repair, recombination, and replication. However, IR also affects normal, healthy 

surrounding cells contributing to treatment-related toxicity (48).  

The two principal ways in which IR-induced DSBs are repaired are non-

homologous end joining (NHEJ) and conservative homologous recombination (HR) 

(figure 9). HR takes place only in the S/G2 phase and is slow. The homolog of the 

damaged DNA guides the repair and therefore there is no lost genetic information. NHEJ, 

on the other hand, may occur in any phase of the cell cycle but is dominant in G0/G1, and 

is generally error-prone. This is because the DNA 3’ and 5’ overhangs at the DSB are cut 

or modified, and then ligated regardless of the homology. This results in deletions, 

insertions, mutations or genomic rearrangements (49). Of these, NHEJ is the major repair 

pathway as solid tumor cells are predominantly in the G0/G1 phase (44, 50).  
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Figure 4. Illustration of the two main repair mechanisms after IR-induced DNA damage. 

NHEJ is dominant in G0/G1 of the cycle while HR is dominant in the S/G2 phase of the 

cycle.  

 

c. NHEJ and the role of ATM and γH2AX 

Double-strand breaks in DNA result in the activation of signal transduction 

pathways to ensure repair. This includes phosphatidylinositol-3-kinase-like kinase 

(PIKK)-dependent signaling pathways involving the proteins ataxia-telangiectasia 

mutated (ATM), ATM and Rad3 related (ATR), and DNA-dependent protein kinase 

(DNA-PK). These transducer proteins relay and amplify the damage signal, and are 

crucial in checkpoint signaling and DNA repair. In NHEJ, ATM of the PIKK family of 

proteins is involved and has several downstream targets that mediate DNA repair, 

senescence, and apoptosis. In response to IR-induced DNA damage, the cytoplasmic 

inactive ATM dimer monomerizes, auto-phosphorylates on Ser1981, and translocates 

into the nucleus by a process known as nucleo-shuttling (51, 52). ATM is recruited by an 

evolutionarily conserved protein complex that binds to the DSB ends, Mre11-Rad50-

Nbs1 (MRN), and in turn recruits enzymes and exonucleases to cleave the overhangs and 

facilitate end-joining, forming single-stranded DNA (ssDNA) in a process called 

resection (53, 54). pATM then phosphorylates the histone variant H2AX on Ser139, 
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forming γH2AX (figure 10).  γH2AX is responsible for the recruitment of several DNA 

repair proteins and chromatin-remodeling complexes resulting in the repair of the DSB 

(41, 51, 55). From this, it can be concluded that the localization of pATM and γH2AX is 

associated with IR-induced DDR, and the lack of it is associated with radiosensitivity 

(56).  

 

Figure 5. A simplified representation of the role of ATM and H2AX in the NHEJ repair. 

Upon IR, dimeric ATM autophosphorylates and monomerizes forming pATM. pATM 

relocates into the nucleus and phosphorylates histone variant H2AX into γH2AX.  

 

d. Radio-induced cell death  

Another role of ATM is the activation and accumulation of p53 protein due to IR-

induced DNA damage. P53 is a tumor suppressor that is known to be a key player in 

inhibiting cell cycle progress, Induce apoptosis, and senescence (57).  In a case in which 

DNA damage repair (DDR) systems fail, apoptosis, senescence, or mitotic catastrophe 

are initiated.  

• Apoptosis – a common IR-induced cell death mechanism. It is a process of 

programmed cell death initiated by DNA damage. It is characterized by pyknosis 
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(condensation of chromatin), cell shrinkage, and inter-nucleosomal breakage of 

chromatin.  

• Senescence – a state of permanent cycle arrest. According to studies, PCa cells 

entered a state of cytostatic arrest which caused tumor regression following RT 

(58-60).  

• Mitotic catastrophe – the main IR-induced cell death in solid tumors. A result of 

the delayed or aberrant entry of the cell into mitosis, usually due to the inactivation 

or mutation of p53 (61).  

These three modes of IR-induced cell deaths all fall below one main type of cell 

death, which is clonogenic cell death; this prevents the cells’ replicative ability (62).  

 

D. Radiosensitivity and radioprotection 

There are several mechanisms by which tumor cells adapt to radiation therapy, 

hence leading to clinical treatment failure. One way in which this is achieved is by 

alterations in the expression of oncogenes, tumor suppressor genes, and tumor 

microenvironment ultimately favoring the resistance of cancer cells to therapy (63, 64). 

Another notable mechanism is the hyperactivation of DNA repair pathways. In PCa 

radiation-resistant cell lines (when compared to normal prostate cancer cell lines PrEC 

and PrSC) such as PC-3, DU-145, and LNCaP, radioresistance (RR) is mainly mediated 

through the NHEJ DNA repair mechanism, as these cells show cell cycle arrest in G0/G1 

phase (65-67).  

Therefore, it can be deduced that one way to increase the radiosensitivity of cancer 

cells would be by reducing the efficiency of targeted DNA repair, mainly those involved 

in the NHEJ pathway. The nucleoshuttling of ATM can predict and describe 
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radiosensitivity (51, 52). Thus, targeting and/or inhibiting the activity of ATM and 

γH2AX in cancer cells may make the cells more sensitive to radiation therapy. The 

importance of pATM is reflected in a quantitative study showing that decreased pATM 

activity and delayed nucleoshuttling are correlated with radiosensitivity (52). ATM and 

H2AX in IR-induced DDR are quantifiable by immunofluorescence. It is an 

immunohistochemistry technique that relies on fluorophores to visualize antigens, such 

as the proteins of interest (68). Cells that are defective in G1/S checkpoint arrest, 

especially in the signaling pathway involving the ATM protein, may have enhanced 

sensitivity (41). There are several diseases, such as Progeroid syndromes, Bruton’s 

disease, neurofibromatosis, Huntington's disease, or Usher’s syndrome, associated with 

radiosensitivity without hard evidence that there are mutations in their DSB repair and 

signaling proteins. However, a mutated cytoplasmic protein is found in these diseases 

which sequesters ATM and thereby inhibits its activity by delaying its nucleoshuttling 

(51). According to another study, there are three groups of human radiosensitivity. The 

scale depends on the availability of ATM. The highest sensitivity is when ATM is 

mutated, followed by when it is sequestered in the cytoplasm. This reinforces the idea 

that when ATM nucleoshuttling is inhibited or delayed, the more radiosensitized the cells 

will be (55).  

There have been several agents aimed at radiosensitizing cancer cells, their 

effectiveness was limited as they also radiosensitized normal cells and caused more 

pathologies induced by RT (69). Clinical and molecular studies show that zoledronic acid 

and pravastatin individually radioprotect normal tissues and are suggested to 

radiosensitize cancer cells (70-72). There is recent evidence suggesting the combination 

of two drugs, Zoledronic acid (Zo) and pravastatin (Pra) or ZoPra, is involved in the 
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radioprotection of normal cells found in diseases such as Huntington's disease, progeria, 

neurofibromatosis 1 and tuberous sclerosis (73-76). Thus, these drugs have been 

implicated in both radioprotection and radiosensitization. These drugs in combination 

have been previously reported to have synergistic effects without any lapping toxicities, 

as well as being tolerated without any major side effects in vitro and in vivo assays (77, 

78).  

 

5. Zoledronic acid 

Zoledronic acid (ZO) is a third-generation nitrogen-containing bisphosphonate. It 

targets osteoclasts in the bone to inhibit bone resorption in patients with osteoporosis, 

Paget disease of bone, metastatic disease to the bone, and multiple myeloma and is also 

used in the treatment of hypercalcemia of malignancy (79, 80). Bisphosphonates are 

prescribed in clinical practice to patients with malignancy as 90% of patients with 

metastatic disease develop bone lesions. Bone cancer metastasis is accompanied by 

hypercalcemia, severe bone pain, and skeletal destruction (81). Several studies support 

the anti-tumor and synergistic effects of Zo. It has been shown to reduce skeletal bone-

related risks by 11% in 2 years, when compared with placebo, in men with hormone-

refractory PCa (82, 83). In addition, in a randomized controlled trial of Zo, it was shown 

to be useful in reducing gonadotropin-releasing hormone agonist-induced bone loss in 

PCa, such as in those undergoing ADT (84). Its anti-tumor effect is evident in increasing 

the effectiveness of chemotherapeutic drugs, paclitaxel or tamoxifen in breast cancer 

when used in conjunction (85).  

In a study assessing the effects of Zo on radioresistant osteosarcoma (OS) cells 

undergoing RT, it was concluded that Zo radiosensitized the cells. This claim was 
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supported by the decrease in radiation dosage required to kill 90% of the cells. This was 

facilitated by the increase in DNA damage which was achieved by counting the γH2AX 

foci, decreased DNA damage repair protein expression of both HR and NHEJ, and 

increased level of ROS when compared to the cells that underwent RT alone. The DNA 

repair proteins that were significantly down-regulated in this study were Rad52, DNA-

PKs and specifically ATR and ATM were moderately down-regulated. Zo was also noted 

to affect the EMT markers and thereby affect migration and metastasis of the OS cells 

(72). Zo was shown to have synergistic cytotoxic events when coupled with RT in a study 

where two cell lines of PCa and myeloma cancer were treated with RT and Zo (86).  

 

6. Pravastatin  

Pravastatin (Pra; a statin) is a competitive hydroxymethylglutaryl coenzyme-A 

(HMG Co-A) reductase inhibitor. It is used to treat and manage high lipid levels such as 

in primary hypercholesterolemia, hyperlipidemia, and mixed dyslipidemia (87). Statins 

also show anti-tumor features. In retrospective studies with patients undergoing 

chemoradiotherapy and taking statins, patients with bladder cancer showed improved 

local control (88) and patients with rectal cancer showed improved pathologic complete 

response (89). 

There are also several preclinical and clinical studies that show the radioprotective 

effect statins have on normal cells and their anti-inflammatory effect post-RT (90-100). 

Haydont et al reported that pravastatin reduced late side effects, specifically intestinal 

fibrosis when administered post-RT. And they also reported that the drug did not reduce 

the effect of RT on the tumor cells (93, 94). However, Mahmoudi et al and Nübel et al 

reported a statin, specifically Lovastatin, accelerated DNA repair by accelerating ATM 
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phosphorylation in atherosclerotic rabbits and radioprotected endothelial cells by 

inhibiting IR-induced DNA damage-dependent stress responses, respectively (96, 97). In 

a study by Hiroshi et al, in which pravastatin was administered to mice prior to receiving 

RT, the drug was shown to reduce IR-induced cell death, the induction of DSB, and the 

expression of both ATM and γH2AX in RT-treated intestine cells (101). Therefore, 

pravastatin was shown to provide radioprotection to normal cells while having no 

negative effects on the response of RT on tumor cells. Aside from having the 

radioprotective and accelerating ATM nucleoshuttling in normal cell properties, statins 

are shown to decrease the radioresistance of ejras-transformed human osteosarcoma cells 

(102). According to Fritz et al, HeLa cells treated with lovastatin prior to IR therapy were 

radiosensitized by increasing IR-induced death (103).  

 

7. Effect of ZoPra on IR-induced damage repair: ATM and H2AX 

a. Radioprotection of non-cancerous cells 

The studies on ZO and PRA individually and in combination suggest they might 

have a radiosensitizing role in cancer cells while having a radioprotecting role on normal 

cells. Combemale et al and Ferlazzo et al have conducted studies on the effect of a 

combination of those drugs on radiation-induced ATM nucleoshuttling (RIANS) in 

Neurofibromatosis type 1 (NF1), Tuberous sclerosis, and Huntington's Disease (75, 76, 

104). In NF1, a mutated cytoplasmic neurofibromin protein leads to the formation of 

benign and malignant tumors. IR treated quiescent NF1 fibroblast cell lines showed a 

decrease in γH2AX foci meaning a decrease in DSB recognition and a decrease in the 

nucleoshuttling of pATM. It is associated with radiosensitivity and radio-susceptibility 

as neurofibromin mutated protein might bind to and sequester ATM proteins delaying 
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RIANS (figure 11). However, the additional treatment of the cells using ZoPra prior to 

IR showed that RIANS was accelerated, thereby increasing the recognized DSB repair. 

This shows the radioprotective effect of ZoPra (75). Another study achieved the same 

outcome with quiescent tuberous sclerosis fibroblast cell lines. In this case, 

radiosensitivity is due to mutated hamartin or tuberin proteins and sequestration of ATM 

due to TS2. And the treatment using ZoPra leads to the increased RIANS (76). This was 

also achieved in Huntington’s Disease, whose radiosensitivity is due to mutated 

huntingtin protein sequestering pATM in the nucleus (104). This means that ZoPra led to 

the radioprotection of these fibroblasts. The suggested action of this drug combination is 

through the inhibition of farnelysation and geranylgeranylation thereby leading to an 

increased ATM  

nucleoshuttling (73).  

 

b. Radiosensitization of cancer cells 

In an in vitro study by our group on two breast cancer cell lines, it was presented 

that pretreatment using ZoPra radiosensitized the cell lines. This was supported as there 

was a decrease in breast cancer cell survival and an increase in the residual number of 

γH2AX foci. In one of the cell lines in particular, the activity of pATM was shown to be 

reduced as well (105).  

 

 

 

 

 



31 

Table 2. A summary of the results of studies done on the radio-response of ZoPra. 

 

E. Aims of the study  

Using Zo and Pra can be an example of repurposing FDA-approved drugs in order 

to widen the therapeutic window of RT.  

Henceforth, the aim of this thesis project is to assess the effect of Zoledronic acid 

and Pravastatin, alone and in combination, with a 2 Gy irradiation, on the radio-response 

of human prostate cancer cell lines DU-145 and PC3 in vitro.  
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CHAPTER II 

MATERIALS AND METHODS 

A. Cell Culture  

1. DU-145 and PC-3: Human Prostate Cancer Cell Lines 

Two prostate cancer cell lines, DU-145 and PC-3, were used and purchased from 

the American Tissue Culture (ATCC, USA). They are both epithelial cell lines and are 

extracted from metastatic sites of the brain and bone respectively (ATCC).  

 

2. Cell Growth  

DU-145 and PC-3 cells were cultured and maintained in RPMI-1640 medium 

(Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine serum (FBS-

Sigma-Aldrich), 1% Penicillin- Streptomycin (Sigma-Aldrich), 0.2% Plasmocin-

Prophylactic (InvivoGen), 1% non-essential amino acids (Sigma, USA), and 1% sodium 

pyruvate (Sigma, USA). Cells were incubated at 37°C, 5% CO2 humidified incubator. 

 

3. Treatment with Zoledronic acid, Pravastatin, and ZoPra   

Zoledronic Acid (ZO) (Sigma-Aldrich SML 0223 cat.no 0000020794) and 

Pravastatin (PRA) (Sigma-Aldrich P4498 cat.no 0000027976) were solubilized with 

phosphate-buffered saline (PBS) at a concentration of 10mM and 8.96mM for ZO and 

PRA, respectively, and were stored at -20°C for long-term storage. In each experiment, 

cells were incubated with PRA for 24 hours, and or ZO for 12 hours, followed or not by 

a 2 Gy irradiation.   
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B. Ionizing radiation  

 Cells were irradiated with or without prior treatment with ZO and PRA, alone or 

in combination. A 225KV Precision X-Ray (PXi) irradiator model No. X-RAD 225 was 

used at 2Gy.min-1 with a 1.5 mm Aluminium filter.  

 

C. MTT Cell Proliferation Assay 

The effect of Zo and Pra, alone and in combination, with and without a 2 Gy 

irradiation, on the viability of both DU-145 and PC3, was investigated using the MTT 

([3-(4, 5- dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide]) assay. Both cell lines 

were plated in triplicates in 100 μl complete media in 96-well culture plates, at a density 

of 3x103 cells per well. Cells were incubated overnight, then treated with PBS (as the 

vehicle) and various indicated concentrations of Zo alone, Pra alone, or the combination 

of both drugs diluted in complete media for 24, 48, and 72 hours. For each time point, the 

media containing treatment was removed, fresh complete media was added, and 10μL of 

5mg/mL MTT reagent (dissolved in 1X PBS) was added to each well and incubated at 

37°C for 3 hours. In this step, metabolically active/viable cells have the ability to convert 

the yellow tetrazolium salt (MTT) into insoluble purple formazan crystals due to the high 

levels of NADH and NADPH, which is a measure of mitochondrial metabolic activity. 

Afterward, the reagent was removed and 100μL of solubilizing solution (Isopropanol) 

was added to solubilize the formed crystals. The plate was covered by foil and incubated 

for 1 hour at room temperature. Finally, the reduced MTT optical density was measured 

at a wavelength of 595nm using an ELISA reader (Multiskan EX). The percentage of cell 

proliferation is expressed as percentage growth relative to control wells. The blank well 
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was used for the baseline zero. The data are derived from the mean of triplicate wells of 

three independent experiments.  

 

D. Clonogenic Cell Survival Assay  

DU-145 and PC-3 cells’ capacity to form colonies after treatment with Zo and 

Pra, alone and in combination, with or without a 2 Gy irradiation was assessed using 

clonogenic assay. Cells were seeded in 12 well plates and treated with 1 μM Pra for 24 

hours and/or 1 μM Zo for 12 hours when they reach 70% confluency. Cells were then 

subjected to a 2 Gy IR and then plated after 24 hours. A plating efficiency (PE) 

experiment, describing the surviving fraction of cells without prior treatment, was carried 

out to determine the optimal seeding density of each cell line, in 6 well plates.  

𝑃. 𝐸. =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑝𝑙𝑎𝑡𝑒𝑑
 

PE was used to determine the optimum density of cells to use in the clonogenic 

assay. A delayed plating technique was implemented, where 24 hrs post-radiation, cells 

were trypsinized and counted using a hemocytometer. DU-145 cells were seeded at a 

density of 4000 cells per well while PC-3 cells were seeded at 3000 cells per well. After 

incubation for 6-8 days, cells were fixed with 95% ethanol, washed with PBS, and stained 

with cresyl violet (KODAK) for about 5 minutes then washed with distilled water. Stained 

colonies were counted (colony ≥ 50 cells) and the surviving fraction was calculated using 

the following formula:  

𝑆𝐹 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 ∗ (
𝑃𝐸
100)

 

SF: surviving fraction  
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PE: plating efficiency  

Each experiment was repeated at least 3 times. 

 

E. Immunofluorescence  

Anti-γH2AX and anti-pATM IF were performed to assess the effect of a 2 Gy 

irradiation with and without ZoPra on the DSB signaling and repair kinetics in both DU-

145 and PC3 cell lines. Cells were seeded on 12 mm coverslips at the bottom of 24 well-

plates. When reaching 70% confluency, cells were either left untreated (0 Gy or control), 

treated with PBS, 1 μM Pra for 24 hours, 1 μM Zo for 12 hours, or 1 μM ZoPra, followed 

by a 2 Gy irradiation. Treated cells were fixed with 4% Paraformaldehyde (PFA) 0 min, 

10 min, 1 hr, 4 hrs, and 24 hrs post-irradiation. Post-fixation, cells were permeabilized 

with a mixture of 0.1% Triton-x 100 (Bio-Rad), 10% normal goat serum (NGS-Gibco), 

and 3% bovine serum albumin (BSA-Sigma-Aldrich) for 1 hr at room temperature. Cells 

were then incubated with anti-γH2AX (ser139) anti-mouse antibody (dilution 1:350, 

Millipore; cat # 05636), and with anti-pATM (ser1981) monoclonal anti-mouse antibody 

(dilution 1:80, Abcam cat #05740), for 1 hr at 37°C in an incubator, then washed twice 

with PBS. Next, cells were incubated with the secondary antibody Alexa Fluor 488 goat 

anti-mouse IgG (dilution 1:100, ab150113) for 30 min at 37°C and washed twice with 

PBS. Coverslips were then mounted using Fluoroshield Mounting Medium with 

4’,6’Diamidino-2- Phenyl-indole (DAPI) (Abcam; cat #ab104139).  

DAPI counterstaining permitted the indirect evaluation of the yield of G1 cells 

(nuclei with homogeneous DAPI staining), G2 cells (nuclei with heterogeneous DAPI 

staining), and metaphase (visible chromosomes): nuclear foci were scored in G0/G1 

phase cells only. Briefly, more than 50 nuclei were analyzed per experiment per post-
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irradiation time and three independent replicates were performed. Images were taken with 

an Upright fluorescent microscope DM6 B (Wetzlar, Germany). 

 

F. Micronuclei Assay 

 The DAPI counterstaining performed during immunofluorescence experiments 

permitted us to quantify the micronuclei caused by unrepaired chromosomal breaks (36). 

For each condition, the percentage of cells with micronuclei was counted. Experiments 

we performed three times.  

G. Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 6 analysis software. The 

significance of the data was analyzed using one-way and two‐way analysis of variance 

(ANOVA) and non-parametric t-tests where appropriate. P values of P < 0.05 (*), P < 

0.01 (**), and P < 0.001 (***) were considered significant.  
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CHAPTER III 

RESULTS 

A. The effect of Zoledronic acid and Pravastatin, alone and in combination, with 

and without a 2 Gy irradiation, on the cell proliferation of DU-145 and PC-3 cell 

lines using MTT assay.  

The cytotoxic study was carried out to determine the optimal dose of Zo and Pra, 

on DU-145 and PC-3 cell lines, which will exert no significant cytotoxic effect. Cells 

were treated with increasing doses (1, 3, 9, and 18 μM) of each drug, separately. The 

results suggest that Zo exerts no significant cytotoxicity on either cell line (Figure 6).  
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Figure 6. Effect of varying concentrations of Zoledronic acid, on DU-145 and PC3 cell 

proliferation. After incubation of DU-145 and PC-3 cells for 24, 48, and 72 h with or without 

treatment (Zo), cell proliferation was determined using MTT assay. Results are expressed as 

a percentage of the treated group compared to its control at every time point. Each plot 

represents the mean of three independent experiments ± the Standard Error of the Mean 

(SEM). 
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Increasing doses of Pra had no significant impact on the cell proliferation of DU-

145 and PC-3 cells. (Figure 7). Hence, the minimal effective dose of 1 μM Zo and 1 μM 

Pra was used to carry out further optimization experiments. 
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Figure 7. Effect of varying concentrations of Zoledronic acid, on DU-145 and PC3 cell 

proliferation. After incubation of DU-145 and PC-3 cells for 24, 48, and 72 h with or without 

treatment (Zo), cell proliferation was determined using MTT assay. Results are expressed as 

a percentage of the treated group compared to its control at every time point. Each plot 

represents the mean of three independent experiments ± the Standard Error of the Mean 

(SEM)  
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The cytotoxicity of the combination of 1 μM Zo and 1 μM Pra (1 μM ZoPra) was 

then assessed. The results depict a reduction in cell proliferation in DU-145 cells by the 

vehicle (PBS) 12 hours post-treatment (p=0.0421) and by 1 μM ZoPra 48 hours post-

treatment (p=0.0284). A reduction in PC-3 cell proliferation is seen 72 hours post-

treatment by both the vehicle and 1 μM ZoPra (p= 0.05 and 0.454 respectively) (Figure 

8).  
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Figure 8. Effect of 1 μM Zo and 1 μM Pra on DU-145 and PC3 cell proliferation. After 

incubation of DU-145 and PC-3 cells for 24, 48, and 72 h with or without treatment (Pra), 

cell proliferation was determined using MTT assay. Results are expressed as a percentage of 

the treated group compared to its control at every time point. Each plot represents the mean 

of three independent experiments ± the Standard Error of the Mean (SEM). 
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Following, the combinatorial effect of 1 μM Zo, 1 μM Pra, and 1 μM ZoPra with 

a 2 Gy irradiation to assess their effect on cell proliferation of DU-145 and PC-3 cells. 

DU-145 cell proliferation was reduced 24 hours post-treatment with 1 μM ZoPra + 2 Gy 

(p=0.0023) and 72 hours post-treatment with 1 1 μM Zo, 1 μM Pra and 1 μM ZoPra + 2 

Gy (p=0.0021, 0.0081, and 0.0042 respectively). PC-3 cell proliferation was not 

significantly affected at any time point (Figure 9).  

 

 

 

 

 

 

 

 

 

 

 

 

24 48 72

0

50

100

150

Effect of 1 uM Zo, Pra and ZoPra + 2 Gy on DU-145

Time (Hrs)

C
e
ll
 M

e
ta

b
o

li
c
 A

c
ti

v
it

y
 

(%
 o

f 
c
o

n
tr

o
l)

Vehicle

Zo 1µM

Pra 1µM

ZOPRA 1µM

a)

24 48 72

0

50

100

150

Effect of 1 uM Zo, Pra and ZoPra + 2 Gy on PC3

Time (Hrs)

C
e
ll
 M

e
ta

b
o

li
c
 A

c
ti

v
it

y
 

(%
 o

f 
c
o

n
tr

o
l)

Vehicle

Zo 1µM

Pra 1µM

ZOPRA 1µM

b)

Figure 9. Effect of 1 μM Zo, 1 μM Pra, and 1 μM ZoPra followed by a 2 Gy irradiation on 

DU-145 and PC3 cell proliferation. After incubation of DU-145 and PC-3 cells for 24, 48, 

and 72 h with or without treatment followed by a 2 Gy irradiation, cell proliferation was 

determined using MTT assay. Results are expressed as a percentage of the treated group 

compared to its control at every time point. Each plot represents the mean of three 

independent experiments ± the Standard Error of the Mean (SEM). 



41 

B. Zoledronic acid and Pravastatin sensitize DU-145 and PC-3 human prostate 

cancer cells to radiation and reduce the Surviving Fraction (SF) 

The clonogenic assay was implemented to determine cell reproductive survival 

after a 2 Gy irradiation alone, and with pre-treatment using 1 μM Zo, 1 μM Pra, and 1 

μM ZoPra. IR alone reduced the SF of DU-145 cells by approximately 57% ± 9.9 colonies 

(p= 0.0004). When comparing experimental groups (1 μM Zo, Pra, and ZoPra) to 2 Gy 

alone, 1 μM ZoPra + 2 Gy induced a significantly lower SF (17.8 ± 3.3) than 2 Gy alone 

(42.8 ± 8.8) (p=0.0448), a reduction of 58.4% in SF (Figure 10).  

 

Figure 10. IR and 1 μM ZoPra reduce the survival fraction of DU-145 cells. Cells were 

treated with a 2 Gy irradiation with and without pre-treatment with 1 μM Zo, Pra, and 

ZoPra. 24 hours post-IR, cells were seeded with the predetermined density derived from 

the plating efficiency experiment and incubated for 6-8 days. Cells were then stained and 

counted for colonies formed by >50 cells. Results are expressed as a percentage of the 

treated group compared to its control at every time point. Each plot represents the mean 

of three independent experiments ± the Standard Error of the Mean (SEM) (*P<0.05).  
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In PC-3 cell lines as well, IR reduced the CFA by approximately 59% ± 9.4 

colonies (p= 0.0002). When comparing experimental groups (1 μM Zo, Pra, and ZoPra) 

to 2 Gy alone, 1 μM ZoPra + 2 Gy induced a significantly lower SF (18.1 ± 4.6) than 2 

Gy alone (40.6 ± 6.4) (p=0.0262), a reduction of 55.4% in SF (Figure 11).  

 

 

 

 

 

  

Figure 11. IR and 1 μM ZoPra reduce the survival fraction of PC-3 cells. Cells were treated 

with a 2 Gy irradiation with and without pre-treatment with 1 μM Zo, Pra, and ZoPra. 24 

hours post-IR, cells were seeded with the predetermined density derived from the plating 

efficiency experiment and incubated for 6-8 days. Cells were then stained and counted for 

colonies formed by >50 cells. Results are expressed as a percentage of the treated group 

compared to its control at every time point. Each plot represents the mean of three 

independent experiments ± the Standard Error of the Mean (SEM) (*P<0.05). 
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C. Effect of 1 μM ZoPra on residual pATM foci in DU-145 and PC-3 cell lines. 

To assess the effect of ZoPra on the pATM kinetics in PCa cell lines, 

immunofluorescence using anti-pATM was employed. A similar trend was seen in both 

cell lines. A low number of spontaneous foci (<4), peak at 10 minutes with 36 ± 1.4 and 

55 ± 8.6 foci, resolving to 6.6 ± 1.4 and 6 ± 1.1 foci 24 hrs post-IR in both untreated and 

treated groups with 1 μM ZoPra respectively. A similar trend was observed in PC-3 cells. 

A low number of spontaneous foci (<3), peak at 10 minutes with 31.6 ± 1.6 and 1 hour 

with 47.5 ± 10 foci, resolving to 5.6 ± 0.3 and 5.5 ± 0.8 foci 24 hrs post-IR in both 

untreated and treated groups with 1 μM ZoPra respectively (Figure 12 a and c). There 

was no significant effect in pATM dynamics 10 mins post-IR in groups pre-treated with 

1 μM ZoPra compared to those that were not (Figures 12 b and d). 
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Figure 12. Effect of IR and 1 μM ZoPra on pATM kinetics in DU-145 and PC-3cell lines. 

DU-145 (a and b) and PC-3 (c and d) cells were treated with a 2 Gy irradiation with and 

without pre-treatment with 1 μM ZoPra. Cells were fixed 0, 10-, 60-, 240- and 1440-minutes 

post-IR and stained with anti- pATM to visualize protein kinetics. 30 nuclei were analyzed 

and pATM foci were counted and plotted. Each plot represents the mean of three independent 

experiments ± the Standard Error of the Mean (SEM). 
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D. Effect of 1 μM ZoPra on residual γH2AX foci in DU-145 and PC-3 cell lines. 

To assess the effect of ZoPra on the γH2AX kinetics in PCa cell lines, anti- 

γH2AX immunofluorescence was employed. A similar trend was seen in both cell lines. 

DU-145 γH2AX kinetics show a low number of spontaneous foci 4.2 ± 0.6 and 2.9 ± 0.7 

without IR, which peaks 10 mins post radiation with 72.5 ± 1.4 and 75 ± 2.9 foci, and 

declines to 11.3 ± 0.7 and 17.3 ± 1.4 foci 24 hrs post-IR in 1 μM ZoPra pre-treated and 

untreated groups respectively. DU-145 cells pre-treated with 1 μM ZoPra show a 

significant increase in residual γH2AX foci 24 hrs (1440 mins) post-IR when compared 

with those only treated with IR (p=0.0097) (Figure 13 a and b). PC-3 γH2AX kinetics 

show a low number of spontaneous foci 2.5 ± 0.4 and 2.7 ± 1.8 without IR, which peaks 

1 hr post radiation with 72.5 ± 1.4 and 10-mins post-IR with 73 ± 3.3 foci, and declines 

to 7.1 ± 1.3 and 12.7 ± 0.9 foci 24 hrs post-IR in 1 μM ZoPra pre-treated and untreated 

groups respectively. There significant increase in residual γH2AX foci 24 hrs (1440 mins) 

post-IR (12.7 ± 0.9) when compared with those only treated with 2 Gy (7.1 ± 1.3) 

(p=0.0070) (Figure 13 c and d). 
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Figure 13. Effect of IR and 1 μM ZoPra on γH2AX kinetics in DU-145 and PC-3 cell lines. 

DU-145 (a and b) and PC-3 (c and d) cells were treated with a 2 Gy irradiation with and 

without pre-treatment with 1 μM ZoPra. Cells were fixed 0, 10-, 60-, 240- and 1440-minutes 

post-IR and stained with anti- γH2AX to visualize protein kinetics. 30 nuclei were analyzed 

and γH2AX foci were counted and plotted. Each plot represents the mean of three 

independent experiments ± the Standard Error of the Mean (SEM) (*P<0.05; ** P<0.01).  
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Figure 14. IF images of pATM foci in DU-145 and PC-3 cells. Cells were either treated 

with a 2 Gy IR alone or pretreated with 1 μM ZoPra. They were then fixed on 12mm 

coverslips 0-, 10- or 1440-minutes post-IR. Cells were then stained with anti-pATM 

monoclonal anti-mouse antibody followed by secondary antibody Alexa Fluor 488 goat 

anti-mouse IgG. 
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Figure 15. IF images of γH2AX foci in DU-145 and PC-3 cells. Cells were either 

treated with a 2 Gy IR alone or pretreated with 1 μM ZoPra. They were then fixed on 

12mm coverslips 0-, 10- or 1440-minutes post-IR. Cells were then stained with anti- 

γH2AX monoclonal anti-mouse antibody followed by secondary antibody Alexa Fluor 

488 goat anti-mouse IgG. 

  



48 

E. Effect of 1 μM ZoPra on the percentage of radio-induced micronuclei 

(MN%) 

This experiment was used to quantify the percentage of cells with chromosomal 

aberrations discarded from the nucleus with each condition. Cells were treated with a 2 

Gy irradiation, with and without a pre-treatment with 1 μM ZoPra. In DU-145 cells 

(Figure 14a) ZoPra did not induce any significant changes in MN% when comparing 

those pre-treated with ZoPra and those that were not. However, in PC-3 cells, there was 

a significant increase of 2.7% ± 0.78 (p=0.183) in MN% in those pre-treated with 1 μM 

ZoPra (6.3%) when compared to those that were not (3.6%) (Figure 14b).  
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Figure 16. Effect of IR and 1 μM ZoPra on percentage of IR-induced micronuclei in DU-

145 and PC-3 cell lines. DU-145 (a) and PC-3 (b) cells were treated with a 2 Gy irradiation 

with and without pre-treatment with 1 μM ZoPra. DAPI counterstaining performed during 

immunofluorescence permitted the quantification of micronuclei. Percentage of cells with 

micronuclei was quantified for each condition. Each plot represents the mean of three 

independent experiments ± the Standard Error of the Mean (SEM) (*P<0.05).  

a) b) 
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CHAPTER III 

DISCUSSION 

 On a cellular and molecular level, cell proliferation, cell survival, and DDR 

proteins’ (such as pATM and γH2AX) kinetics can be used to describe cells’ 

radioreponse. The radiosensitizing effect of 1 μM Zo, Pra, and ZoPra was tested on the 

two human prostate cancer cell lines DU-145 and PC-3. 1 μM ZoPra with IR was shown 

to reduce cell survival and residual γH2AX 24 hours post-IR in both DU-145 and PC-3 

cell lines. The percentage of micronuclei was also shown to be significantly increased by 

1 μM ZoPra with IR.  

We tested the effect of 1 μM Zo, Pra, and ZoPra on the cell survival of each cell 

line using the clonogenic assay. Using this assay, cells are incubated with 1 μM Pra for 

24 hours and/or 1 μM Zo for 12 hours, then treated with a 2 Gy irradiation 24 hours before 

plating. This describes the delayed plating technique which is known to be used in 

radiobiological research as it assesses the capacity of cells to repair IR-induced DNA 

damage (106). Cells are seeded at a relatively low density predetermined using the plating 

efficiency technique and allowed to grow for 6-8 days. Cells that retain the capacity to 

reproduce and form colonies of >50 cells, would have effectively repaired the DNA 

damage induced by IR. Those that do not will lose their ability to reproduce and hence 

IR would have resulted in their clonogenic death. Clonogenic death is the desired outcome 

of RT as when a tumor cell loses its capacity to reproduce it is no longer clonogenically 

viable  (107). Although 1 μM Zo and Pra alone reduced the CFA of both cell lines, only 

a combination resulted in a significant reduction rendering them radiosensitized.  

The main DDR mechanism activated in G0/G1 cells post-IR is the NHEJ pathway. 

The key players involved in this pathway are the cytoplasmic signaling protein ATM, 



50 

which autophosphorylates immediately upon IR, and nucleoshuttles where it 

phosphorylates and activates histone H2AX forming γH2AX flanking DSB sites. This 

establishes the visualization of γH2AX foci by immunofluorescence a sensitive method 

for evaluating DSB formation and assessment of DNA repair kinetics (108-111). γH2AX 

and pATM foci formation and disappearance kinetics has been shown to predict cell and 

clinical radiosensitivity (51, 52, 105). Therefore, to further investigate the radio-response 

of DU-145 and PC-3 cells, cells were pre-treated with 1 μM ZoPra and fixed 0, 10 

minutes, 1-, 4-, and 24 hours post-IR. They were stained with anti- γH2AX and anti-

pATM to study their kinetics.  

 First, an IF experiment assessing pATM was conducted to assess the effect of 

ZoPra on the pATM signaling in DDR. Radiosensitivity of cells was shown to be deduced 

by a decrease in the maximal number of pATM foci (52). The kinetics of pATM is 

presented in figures 12a and 12c in DU-145 and PC-3 cells respectively. There was also 

no significant difference between ZoPra pre-treated and untreated groups in the number 

of pATM foci. This suggests that ZoPra did not affect the signaling of IR-induced DNA 

damage in both cell lines.  

 IF assay was employed to assess the kinetics of γH2AX in DU-145 and PC-3 cells 

treated with a 2 Gy irradiation with and without pre-treatment with 1 μM ZoPra. Each 

unrepaired DSB is represented by one focus and the fraction of residual γH2AX foci 24 

hours post-IR is a measure of radiosensitivity and therefore was the focus. The results 

showed a higher number of unrepaired DSB (foci) in both cell lines suggesting that they 

have been sensitized to a 2 Gy IR. The incubation of DU-145 and PC-3 cells with 1 μM 

ZoPra alone did not affect the number of spontaneous residual foci and therefore can be 
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deduced that they do not affect DSB recognition and repair without IR (Figures 13 b and 

d).  

Finally, the effect of the ZoPra combination on the percentage formation of 

irreversibly damaged chromosomal fragments expelled from the nucleus was assessed 

using DAPI counterstaining from the IF assay. Figure 15 represents the data gathered 

from this assay, and shows ZoPra alone in both cell lines did not affect the % of 

micronuclei. It also shows that 2 Gy + 1 μM ZoPra significantly increased micronuclei 

24 hours post-IR. The suggested reason may be that DU-145 cells are considered more 

radioresistant than PC-3 cells and therefore more sensitive to chromosomal aberrations 

(112). 

The elusive etiology of prostate cancer and the inability to control most of its risk 

factors emphasize the importance of effective therapy. Radiotherapy is a common therapy 

option in more than 50% of PCa patients. The efficacy of treatment depends on both 

tumor response and the radiosensitivity of the patient (105, 113, 114). The dosage 

required is dependent on the relationship between the lethal dose necessary to eradicate 

or halt tumor cell progression and tolerance of normal surrounding cells (115-118). There 

are several studies assessing the effect of bisphosphonates and statins on the radio-

response of PCa cells, however, there have been no studies combining both drugs. Thus, 

assessing the effect of commercial FDA-approved drugs, Zoledronic acid, and 

Pravastatin, with the hope of repurposing them was highly convenient, especially since 

Zoledronic acid is prescribed to 90% PCa patients with metastatic disease (81-83). In a 

submitted article, our laboratory team tested the effect of a combination of Zoledronic 

acid and Pravastatin on breast cancer cells in vitro. ZoPra increased the radiosensitivity 

of breast cancer cell lines by impairing DDR capacity to IR (105). This directed us to 
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focus on NHEJ DDR repair proteins, γH2AX, and pATM, as they are key players in the 

activation of NHEJ, the main mode of DDR in G0/G1 cells (65).  

The assays performed showed promise regarding the radiosensitizing effect of 

PCa cells using ZoPra. Nevertheless, the results need to be further confirmed and 

supported by repeating clonogenic and IF experiments. Different assays, such as Trypan 

blue and western blotting, could be implemented to assess the effect of ZoPra on cell 

viability and DDR protein quantification respectively. 3D culture models and human-

derived PCa organoids, which better mimic the physiological environment, could be used 

in the future to assess the effect of ZoPra.   

In conclusion, the combination of Zoledronic acid and Pravastatin combination 

has the potential to be a cost-effective radiosensitizing agent. The preliminary data 

gathered from cellular and molecular experimentation show its implication in reducing 

the colony forming ability and DSB recognition in both DU-145 and PC-3 cell lines. The 

repurposing of commercial FDA-approved drugs to widen the therapeutic window of IR 

by radiosensitizing tumor cells and improving QoL is highly encouraging and requires 

further experimentation. 
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