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Abstract 

 

Mitochondrial DNA as a sensitive surrogate to oxidative stress in prostate 

cancer cells and circulating lymphocytes 

 

Sam Wai Chan Supervisor: Dr. Junjian Z. Chen 

McGill University Co-supervisor: Dr. Simone Chevalier 

 

Increasing evidence suggests that oxidative stress plays a causative role in prostate cancer 

initiation and progression. Furthermore, enhanced levels of systemic oxidative stress 

detected in lymphocytes are also associated with prostate cancer risk. Due to mtDNA’s 

high sensitivity to oxidative stress, we hypothesize that mtDNA may serve as a surrogate 

to oxidative stress in cancer cells and lymphocytes.  First, we improved the sensitivity of 

a novel method for mtDNA damage analysis and proposed a standardized protocol. 

Secondly, we developed an approach for quantifying systemic oxidative stress using 

mtDNA responses in circulating lymphocytes.  Finally, we demonstrated differential 

mtDNA responses induced by oxidative stress in two isogenic prostate cancer cell lines 

with different metastatic potential.  The more metastatic C4-2 was more susceptible to 

oxidative stress and prone to mtDNA damage and copy number change.  These results 

offer new insights into prostate cancer progression. 
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Résumé 

Génome mitochondrial, un marqueur sensible pour le stress oxydatif dans les 

cellules cancéreuses de la prostate et des lymphocytes 

 

Sam Wai Chan Superviseur: Dr. Junjian Z. Chen 

Université de McGill Co-superviseur: Dr. Simone Chevalier 

 

De plus en plus d’études suggèrent que le stress oxydatif joue un rôle déterminant dans 

l’initiation et la progression du cancer de la prostate. Aussi, des niveaux élevés de stress 

oxydatif systémique mesurés dans les lymphocytes ont été associés à un risque accru du 

cancer de la prostate. Puisque le génome mitochondrial (ADNmt) est très sensible au 

stress oxydatif, nous postulons que ce dernier peut servir de marqueur pour le stress 

oxydatif dans les cellules cancéreuses ainsi que dans les lymphocytes. Dans un premier 

temps, nous avons accru la sensibilité d’une nouvelle méthode d’analyse du dommage de 

l’ADNmt. Ceci nous a permis de proposer un protocole de mesure standardisé. 

Deuxièmement, nous avons développé une méthode afin de quantifier le stress oxydatif 

systémique en utilisant les réponses de l’ADNmt des lymphocytes. Finalement, nous 

avons démontré que deux lignées cellulaires prostatiques isogéniques, LNCaP et C4-2, 

ayant un potentiel métastatique distinct, répondaient différemment au stress oxydatif 

induit expérimentalement. La lignée C4-2, à potentiel plus métastatique, était plus 

sensible au stress oxydatif, se traduisant par une plus grande susceptibilité de l’ADNmt à 

être endommagé. Ces résultats apportent donc une nouvelle avenue dans la 

compréhension de la progression du cancer de la prostate.  
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1. Rationale and objectives 

Increasing evidence suggests that enhanced levels of oxidative stress are associated with 

prostate malignancy. Cellular ROS not only promote cancer growth through signalling 

pathways, but also contribute to cancer initiation and progression through DNA damage 

and mutagenesis.  As primary targets of oxidative stress in the cell, aberrations in mtDNA 

integrity and function may play an important role in the aetiology and progression of 

prostate cancer.  Indeed, mtDNA damage and mutations are common in prostate cancer.  

A proteomic shift of cytochrome c oxidase subunits and altered metabolism in the 

mitochondria are associated with prostate cancer cells and tissues.  We propose a 

mechanistic investigation on mtDNA responses to oxidative stress in prostate cancer cells 

with different metastatic potential may offer new insights into prostate cancer initiation 

and progression.  Furthermore, we suggest that enhanced oxidative stress is not only an 

intrinsic characteristic of prostate cancer cells, but also a characteristic of the peripheral 

tissues of cancer patients that can be detected using mtDNA in circulating lymphocytes.  

Therefore, the detection of mtDNA as a surrogate of systemic oxidative stress may prove 

to be a non-invasive approach in studying prostate cancer risk and progression in 

epidemiological studies.  The main objectives are:  

(1) to develop a standardized step-by-step protocol for the analysis of mtDNA damage 

responses to oxidative stress using real-time PCR (Chapter 1); (2) to develop a new 

approach to measure systemic oxidative stress by quantifying mtDNA damage and stress 

responses in circulating lymphocytes (Chapter 2); and (3) to investigate differential 

mtDNA damage responses induced by oxidative stress in two isogenic prostate cancer 

cell lines with different metastatic potential (Chapter 3). 
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2.1 Prostate 

The prostate gland is an exocrine organ, part of the male urogenital system.  The 

etymology of the word “prostate” comes from the Greek word “prostates” which literally 

means "one who stands before" or "protector".  The main function of the prostate gland is 

to store and secrete prostatic fluids during ejaculation, usually in the first fraction of the 

ejaculate along with the majority of spermatozoa.  This prostatic fluid, which makes up 

30% of the ejaculate, is slightly alkaline [1] and contains proteins responsible for semen 

gelation, coagulation, liquefaction, and coating/uncoating of spermatozoa [2].  The 

alkaline nature of the prostatic fluids has the function of neutralizing the acidic vaginal 

tracks.  Due to these factors, spermatozoa found in prostatic fluids have better motility, 

survival and protection of their DNA.  Prostatic specific antigen (PSA) is one of the 

primary exocrine products secreted by the prostate.  PSA is a 34 kDa glycoprotein 

responsible for the liquefaction of semen, which allows sperm motility [3].  This 

glycoprotein is expressed in the prostatic luminal epithelium and expelled in the semen 

during ejaculation; and under normal conditions, does not cross the basement membrane. 

However, in the occurrence of a benign prostate hyperplasia (BPH) or prostate cancer, it 

leaks out into the bloodstream.  Conveniently, PSA in the blood can be used for prostate 

cancer screening [4]. 

 

2.2 Prostate Anatomy 

A healthy normal human prostate is slightly larger than a chestnut.  It is wrapped around 

the urethra just below the neck of the urinary bladder.  The anatomy of the prostate is 

usually divided into four zones: peripheral zone (PZ), central zone (CZ), transitional zone 

(TZ) and anterior fibro-muscular zone [5].  The peripheral zone accounts for up to 70% of 
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a normal prostate in young men and it surrounds the distal urethra.  Up to 68% of the 

prostate cancer originates from the peripheral zone, which is often associated to high-

grade prostatic intraepithelial neoplasia (HG PIN) or dysplasia [5].  The central zone 

makes up 20% of the prostate gland and surrounds the ejaculatory ducts. It is responsible 

for roughly 8% of the cancer.  The transitional zone surrounds the proximal urethra and 

composes 5% of the prostate.  It is mostly responsible for BPH.  The anterior fibro-

muscular zone accounts for 5% of the prostate and is not associated to carcinoma since it 

does not contain epithelial cells.  There exists another classification of the prostate 

anatomy in which the gland is separated into lobes: anterior lobe, posterior lobe, lateral 

lobe, and median lobe.  The anterior, posterior and median lobes correspond roughly to 

the TZ, PZ and CZ, respectively. The lateral lobe spans across all four zones [5]. 

 

2.3 Prostate Cancer 

In Canada, prostate cancer is the most common cancer in men and the third leading cause 

of cancer death for men [6].  For 2009, there has been an estimate of 25,500 new cases of 

prostate cancer and an estimate of 4,400 deaths resulting from the disease.  In 

perspective, 129 in 100,000 men (age-standardized) are diagnosed with prostate cancer 

and 23 in 100,000 men (age-standardized) die from it [6].  Similar statistics are observed 

in the United States with age-standardized incidence and mortality rates of 159.3 per 

100,000 men and 25.6 per 100,000 men, respectively [7].  In Canada, the incidence rate 

has been increasing gradually over the last twenty years.  This can be attributed to the 

increased public awareness on prostate cancer and the advent of PSA as a convenient 

marker.  Despite this increase in the incidence rate, a significant decrease in mortality rate 

has also been observed over the years.  Early detection of prostate cancer by PSA and 



16 

 

digital rectal exams have allowed timely treatments at the early stages of prostate cancer, 

resulting in better prognostic outcomes.  Despite the improvements, prostate cancer 

remains the leading cancer for men in Canada.  Consequently, it is important to study its 

aetiology for better diagnosis and prognosis. 

 

2.4 Risk Factors 

Epidemiological studies have identified several risk factors for prostate cancer such as 

age, ethnicity, hereditary factors, diet, smoking and oxidative stress [8-10].  Old age is the 

most prevalent risk factor as incidence increase significantly after the age of 55, and 

almost two-thirds of the prostate cancer population are 65 and older [6].  Genetic 

predisposition from inheritance (about 5%) is also a high risk factor [11].  The hereditary 

prostate cancer locus-1 (HPC1) was the first locust identified [12-13], offering proof of a 

hereditary link to prostate cancer.  Several other genes linked to family inheritance were 

discovered afterwards, such as EPAC2, RNASEL, MSR1, CHEK2, CAPZB, vitamin D 

receptor, PON1, and BRCA2 [13-17].  In addition, genetic predisposition can also stem 

from ethnic origins.  A genetic variant on the chromosome 8q24.11 (microsatellite allele 

DG8S737), which is associated with prostate cancer, has been detected between the 

European and African populations [18].  This genetic variant occurs at a high frequency 

in African-Americans, and may be a contributing factor in the 50-60% higher incidence 

rate of African-Americans when compared to Americans from European descent [18].  

Lifestyle and dietary habits are also important risk factors.  It is well established that 

Japanese men have a lower incidence of prostate cancer than Caucasians from developed 

countries.  Interestingly, the prostate cancer incidence rate in Japanese men from Hawaii 

is between Japanese’s from Japan and Caucasians’ in Hawaii [19].  Japanese men from 
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Japan generally consume a low-fat diet with a high content of soy products containing 

phyto-oestrogens, which have been shown to be protective against prostate cancer [20].  

Moreover, it has been shown that a high-fat diet triggers higher production of reactive 

oxygen species (ROS) from cellular respiration, which are highly toxic to proteins, lipids 

and DNA in cells [21]. 

 

2.5 Oxidative Stress – General Overview 

Oxidative stress is defined as a state of physiological imbalance between oxidant and 

antioxidant levels.  ROS are most often found in the form of superoxide (O2
-
), hydrogen 

peroxide (H2O2), hydroxyl radicals (HO

), and nitric oxide (NO) in the body; the majority 

being generated as by-products in the mitochondria during cellular respiration [22].  

Thus, oxidative stress is an unavoidable consequence of aerobic life.  The level of 

reactivity of these ROS increases from superoxide to hydroxyl radicals.  Depending on 

their nature and intracellular level, ROS have different effects on the body.  It has been 

shown that low levels of ROS are able to promote cell proliferation through growth 

pathways, such as Ras-regulated signal pathways that are superoxide dependent [23].  On 

the other hand, high levels of ROS promote oxidative stress which damages DNA, 

proteins and lipids leading to mutations and cell toxicity [24-25]. 

 

2.6 Antioxidant Defence 

Human cells have several levels of antioxidant defence against ROS [26].  The first line 

of defence includes superoxide dismutase 1 and 2 (SOD1 and SOD2), which reduce 

superoxide into hydrogen peroxide.  Hydrogen peroxide can be further reduced to water 

by catalase or glutathione peroxidase (GPx), where the excess electron is passed on to 
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glutathione (GSH).  The reduced form of GSH required by GPx exists in limited 

quantities in the cell, and therefore, needs to be replenished in order to maintain the 

reducing power of the antioxidant defence system.  In addition, Peroxiredoxins (Prx) 

regulate cytokine-induced peroxide levels, mediating signal transductions in cells.  

Thioredoxins function as antioxidants by reducing various oxidized proteins such as 

ribonuclease, coagulation factors, and insulin [27].  As part of the second line of defence, 

enzymes such as catalase is responsible for reducing H2O2[27].  Moreover, there are 

repair mechanisms to remove DNA damage induced by oxidative stress, such as the base 

excision repair (BER) mechanism [28].   An imbalance between antixodiants and 

oxidants, either due to the shortcoming of one or more of these antioxidant defence 

mechanisms or an increase in ROS, may lead to oxidative toxicity and cancer risk. 

 

2.7 Oxidative Stress in Lymphocytes 

Blood is a body fluid whose main function is to deliver nutrients and oxygen to cells, as 

well as transport waste products away.  Blood is composed of plasma, erythrocytes, 

leukocytes, and platelets.  Erythrocytes account for 99% of the blood cells, while 

leukocytes make up the remaining 1%.  Leukocytes can be further categorized into two 

main groups: polymorphonuclear cells which include neutrophils, eosinophils and 

basophils and mononuclear cells which include monocytes and lymphocytes [29].  

Lymphocytes are often used to investigate systemic oxidative stress. Enhanced levels of 

oxidative stress detected in lymphocytes have been associated with diseases such as 

rheumatoid arthritis [30], neurodegenerative diseases [31-34], pulmonary disease [35], 

and cancers [36-41]. 
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2.8 Oxidative Stress in Prostate Cancer 

Increased oxidative stress appears to be a defining characteristic of many cancer cells.  

Low levels of ROS production in cancer cells may serve as mitogens to promote tumor 

growth [42-44]; as demonstrated by cellular ROS upregulating hypoxia inducible factor 

1α (HIF1α) in the nucleus, leading to the activation of downstream genes involved in 

angiogenesis and tumor metastasis in prostate cancer [45].  Excessive levels of ROS can 

also induce DNA damage leading to tumour initiation and progression [46].  Many 

factors lead to the belief that the prostate may be especially vulnerable to oxidative stress.  

First, evidence has shown that there is a pro-oxidant shift in the metabolic activity of 

prostatic epithelial cells [47-48].  Secondly, DNA lesions induced by oxidative stress 

detected in prostate cancer are more than twice the amount than in normal tissues [49].  

Furthermore, antioxidant defence mechanisms such as GPx, catalase, SOD1, and SOD2 

appear to be defective in prostate cancer cells [50].  DNA strand break repair capacity 

involving Rad51 gene was also found to be defective in prostate cancer cells [51].  It was 

suggested that the combination of oxidative stress sustained from chronic inflammation 

and the inactivation of the glutathione S-transferase P (GSTP1) antioxidant defence gene 

may induce neoplastic transformation in normal epithelial cells, and interestingly, these 

neoplastic cells are even more sensitive to further oxidative stress [52-54].   

 

2.9 Mitochondria and Mitochondrial DNA 

The mitochondrion is a critical organelle in the cell that is responsible for energy 

production through cellular respiration.   Its size ranges from 0.5 to 10 µm and its 

structure is composed of the outer membrane, the intermembrane space, the inner 

membrane, the cristae and the matrix.  The mitochondrion produces energy in the form of 
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adenosine triphosphate (ATP) through oxidative phosphorylation.  In addition to 

supplying energy, the mitochondrion is involved in signalling, cellular differentiation, 

control of cell cycles and cell growth, and apoptosis [21].  However, due to its oxidative 

phosphorylation activities, it is also the major source of endogenous ROS production in 

the cell [21].    Although the majority of the genes required for mitochondrial functions 

reside in the cell’s nucleus, the mitochondrion has its own DNA stored in the matrix 

compartment.  MtDNA is circular and haploid; it consists of 16,569 bp and exists in 

multiple copies in each cell.  MtDNA has a unique structural feature, it exists as a mixture 

of supercoiled and relaxed conformations.  The supercoiled form is functional and is 

required for replication and transcription, while the relaxed form is not functional and 

contains damage induced by single or double strand breaks.  MtDNA contains a main 

regulatory region (the D-loop) and 37 genes encoding 13 polypeptides involved in the 

electron transport chain (ETC) [55-56]. Due to its close proximity to the ETC and lack of 

histone protection, mtDNA is prone to oxidative damage [57-60].  Moreover, unlike 

nuclear DNA repair processes, there is limited knowledge on mtDNA repair.  Polymerase 

γ is the only polymerase present in mitochondria, so it is inevitably involved in mtDNA 

repair.  BER is the main repair mechanism in the mitochondria, but surprisingly the 

mitochondria lacks nuclear excision repair which is responsible for the repair of bulky 

adducts [61].  Due to its vulnerability to oxidative damage, the mitochondrion and its 

mtDNA have been implicated in the aging process and several diseases, such as 

neurodegenerative disease, cardiac dysfunction, as well as cancer [21]. 
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2.10 Mitochondria in Prostate Cancer 

It has been recognized that cancer cells exhibit an altered energy metabolism: cancer cells 

depend greatly on aerobic glycolysis instead of mitochondrial respiration for obtaining 

ATP [62].  This was first observed by Warburg over 80 years ago when he detected a 

decrease in mitochondrial ATP formation and an increase in ROS production in cancer 

cells [42, 63-65].  This respiratory dysfunction in the mitochondria of cancer cells was 

later coined as the “Warburg effect”.  Recent proteomic studies have revealed a 

significant shift in down-regulation of mitochondrial cytochrome c oxidase (subunits 1-

III) compared to subunits (IV-VIII) from the nucleus during progression of prostate 

cancer from normal epithelium to invasive carcinoma [66].  Furthermore, this 

phenomenon  has been linked with altered metabolism in prostate cancer [67].  Consistent 

with the mitochondrial dysfunction, frequent somatic mutations in mtDNA were 

identified in prostate cancer [68-72]. Moreover, mtDNA mutations identified in the 

cytochrome c oxidase subunit I (COI) were responsible not only for the complex IV 

defect, but also for the increased ROS production in the cybrid system and increased 

tumour growth in nude mice [71]. Thus, mtDNA mutation and dysfunction may play an 

important role in the aetiology of prostate cancer through increased ROS production. It is 

proposed that mitochondrion-generated ROS may diffuse into the nucleus as H2O2 where 

they would act as a nuclear DNA mutagen and cellular mitogen [21, 73]. 

  



22 

 

  



23 

 

 

3. Chapter 1 - Measuring mtDNA damage using a supercoiling-

sensitive qPCR approach 

Chapter 1 

Measuring mtDNA damage using a 

supercoiling-sensitive qPCR approach 

 

 

[74] Chan, S.W. and J.Z. Chen, Measuring mtDNA damage using a supercoiling-

sensitive qPCR approach. Methods Mol Biol, 2009. 554: p. 183-97. 
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Connecting statement 

Dr. Chen’s lab previously developed a novel method for quantifying mtDNA damage, 

repair and total copy changes using real-time PCR, which has several advantages over 

existing methods such as gel electrophoresis and long PCR.  In this chapter, we aim to 

improve the sensitivity of this novel method and to propose a standardized protocol for 

quantifying mtDNA damage responses not only in cell cultures, but also in clinical 

tissues.  Chapter 1 of this thesis is a reproduction of our published work from a textbook 

[74].  The published work with the textbook formatting was included in the appendices. 

 

With kind permission from Springer Science+Business Media: < Mitochondrial DNA - 

Methods in Molecular Biology, Measuring mtDNA Damage Using a Supercoiling-

Sensitive qPCR Approach, Edition 2, 2009, p. 183-197, Sam W. Chan and Junjian Z. 

Chen, 5>. 

 

Contributions 

 MtDNA analysis on LNCaP cells performed by Jingson Chen 

 Development of mtDNA analysis on snap-frozen tissues and fast real-time PCR vs. 

original real-time PCR experiments performed by Sam W. Chan 

 Supervisor: Dr. Junjian Z. Chen 

 

  



25 

 

3.1 Abstract 

Compromised mtDNA structural integrity can have functional consequences in 

mitochondrial gene expression and replication leading to metabolic and degenerative 

diseases, aging and cancer.  Gel electrophoresis coupled with probe hybridization and 

long PCR are established methods for detecting mtDNA damage.  However, each has its 

respective shortcomings: gel electrophoresis is at best semi-quantitative and long PCR 

does not offer information on the structure.  To overcome these limitations, we have 

developed a new method with real-time PCR to accurately quantify the mtDNA structural 

damage/repair and copy number change.  We previously showed that the different 

mtDNA structures (supercoiled, relaxed circular and linear) have profound influences on 

the outcome of the real-time PCR amplification. The supercoiled structure is inhibitory to 

PCR amplification, while relaxed structures are readily amplified.  We will illustrate the 

use of this new method by quantifying the kinetics of mtDNA damage and repair in 

LNCaP prostate cancer cells induced by exogenous H2O2 treatments.  The use of this new 

method on clinical samples for spontaneous mtDNA damage level will also be 

highlighted. 
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3.2. Introduction 

Recent studies have shown that alterations in mtDNA can induce functional changes that 

play important roles in metabolic and degenerative diseases, aging and cancer [21].  The 

mitochondrion is responsible for energy production during cellular respiration, and the 

ETC lies at the center of this metabolic function.  Situated in the inner membrane of the 

mitochondria, the ETC supplies energy to the cell through oxidative phosphorylation of 

adenosine diphosphate (ADP) to ATP. However, the ETC is also a major source of ROS 

[75-76].  Due to its close proximity to the ETC and lack of protecting histones, the 

mtDNA is susceptible to oxidative damage, which can potentially lead to changes in 

mitochondrial gene expression and to somatic mutations in many human cancers [64, 69, 

77-79].  In the cells, mtDNA is composed of a mixture of supercoiled, relaxed circular 

and linear forms.  The mature mtDNA has a supercoiled structure with an average of 100 

negative super-helical turns [80].  This supercoiled conformation is susceptible to DNA 

strand breaks induced by oxidative damage, i.e., a single strand break can lead to the 

disruption of the supercoiled structure.  Since the supercoiled conformation is required 

for initiation of mtDNA replication and transcription [81-83], maintaining the integrity of 

the mtDNA structure is crucial to normal mitochondria function.  

 

Several techniques have been developed to study mtDNA damage.  Gel electrophoresis is 

frequently used to detect mtDNA conformational changes. However, this assay is not 

quantitative, and also involves a tedious coupling process of Southern blot and probe 

hybridization.  While, long PCR allows the quantification of mtDNA damage, it provides 

little information on the mtDNA structure.  To overcome these limitations, we developed 

a new approach using real-time PCR to quantify structural damage and copy number 

change of mtDNA.  This method is based on several key findings [84]  (a) Supercoiled 
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and relaxed DNA molecules have different efficiencies in PCR amplification.  The 

supercoiled structure inhibits PCR amplification, while relaxed DNA is readily amplified 

(see Note 1).  (b) Heat-treatment of DNA templates prior to real-time PCR can be used to 

artificially introduce strand breaks and relax mtDNA molecules, allowing quantification 

of the total amount of mtDNA copies.  Thus, this new method is useful for quantifying 

not only structural damage, repair and copy number change of mtDNA in stressed cells in 

culture, but also the level of spontaneous damage of mtDNA in clinical samples.  In this 

chapter, the new approach will be illustrated by studying mtDNA damage responses to 

acute oxidative stress in prostate cancer cells (LNCaP) treated by H2O2. 

 

3.3. Materials and Instruments 

3.3.1 Cell Collection for LNCaP (see Note 2) 

 

1. PBS-CMF, phosphate buffered saline without CaCl2, MgCl2 (GIBCO, Invitrogen cat. 

No. 20012-027). 

2. PBS-CMF/0.5 mM EDTA, to obtain 0.5 mM EDTA, add 500 µl 0.5M EDTA to 500 

ml to PBS-CMF;  0.5 M EDTA pH8.0 (GIBCO, Invitrogen cat. No. 15575-020). 

3. Trypsin/EDTA solution: 0.05% trypsin + 0.02% EDTA. 

4. RPMI media 1640, with L-glutamine. 

5. Fetal Bovine Serum (FBS). 

6. Penicillin-Streptomycin (10,000 units/ml, 10,000 µg/ml respectively). 

7. Complete RPMI medium: remove 50 ml RPMI from 500 ml bottle, add 50 ml FBS 

(to get 10% FBS) and 5 ml penicillin-streptomycin. 

8. Poly-L-lysine (PLL) coated-dish (see Note 3). 
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3.3.2 DNA Extraction with Genomic-tip 

3.3.2.1 Cell culture: 

1- QIAGEN Blood & Cell Culture DNA Kit Mini. The kit contains the following: C1, 

G2, QBT, QC, QF buffers, protease, 25 genomic tips. 

2- RNase A 2.5 ml (100 mg/ml). 

3- Distilled water, DNAse and RNAse free. 

4- 1x Tris/EDTA buffer solution (TE buffer): pH 8.0 ± 0.1, 10 mM Tris, and 1 mM 

EDTA. 

5- Isopropanol (2-propanol) for molecular biology grade, minimum 99%. 

6- 70% ethanol. 

 

3.3.2.2 Snap-Frozen Tissue Samples: 

1- Refer to material in Section 3.3.1. for cell culture with the following additional 

material. 

2- Proteinase K (>600 mAU/ml). 

3- Glass tissue grinder, ground glass Potter-Elvehjem type (Kontes). 

4- Sterile surgical scalpel blades and handles. 

 

3.3.3 DNA Quantification 

3.3.3.1 Fluorometric Quantification of dsDNA Using PicoGreen
®
: 

1- 96-well plate, black opaque, fluorometry compatible. 

2- Quant-iT™ PicoGreen
®
 dsDNA Assay Kit (Invitrogen, cat. No. P7589).  The kit 

contains PicoGreen dye, 20x TE buffer, and lambda DNA standard (100 µg/ml). 
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3- Multi-well plate reader with fluorometric capabilities at excitation/emission 

wavelengths of 480nm/520nm respectively.  (PerkinElmer 1420 Multilabel Counter 

Victor
3
V). 

 

3.3.3.2 Quantification by Nanodrop 

1. Nanodrop spectrophotometer instrument. 

2. Distilled water, DNAse and RNAse free. 

3. 1X Tris/EDTA buffer solution (TE buffer): pH 8.0 ± 0.1, 10 mM Tris, and 1mM 

EDTA. 

 

3.3.4 Template DNA Preparation and Heat Treatment 

1- PCR machine: GeneAmp PCR system 9700 (Applied Biosystems). 

2- 1X Tris/EDTA buffer solution, pH 8.0 ± 0.1, 10 mM Tris and 1 mM. 

 

3.3.5 MtDNA Structural Damage and Repair Analysis using Real-Time PCR 

3.3.5.1 Bio-Rad System 

1- 2X IQ™ SYBR
®
 Green Supermix 500x50 µl reactions (BIO-RAD cat. No. 170-

8882). 

2- 10 µM primer working solutions (primer sequences listed in Table 1). 

3- Distilled water, DNAse and RNAse free. 

4- MgCl2 Solution, 50 mM. (BIO-RAD cat. No. 170-8872). 

5- 96-well PCR plates, DNAse and RNase Free (BIO-RAD cat. No. 2239441). 

6- Optical tape for plates (BIO-RAD cat. No. 2239444). 
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7- Real-time PCR detection system: MyIQ™ Single Color Real-Time PCR Detection 

System with iCycler™ thermocycler base (BIO-RAD). 

 

3.3.5.2 Applied Biosystems (ABI) System 

1- Power SYBR
®
 Fast Green PCR MASTER MIX. 

2- 10 µM primer working solutions (primer sequences listed in Table 1) 

3- Distilled water, DNAse and RNAse free. 

4- MicroAmp™ Fast Optical 96-well Reaction Plate with Barcode (0.1 ml). 

5- Optical tape for plates (ABI). 

6- Real-time PCR detection system: 7500 Fast Real-Time PCR System (ABI). 

 

Table 1 Chapter 1 - Primer Sequences 

Gene Forward primer 5’-3’ Reverse primer 5’-3’ 

CO2 

(mtDNA) 
CCCCACATTAGGCTTAAAAACAGAT TATACCCCCGGTCGTGTAGCGGT 

D-loop 

(mtDNA) 

TATCTTTTGGCGGTATGCACTTTTAAC

AGT 

TGATGAGATTAGTAGTATGGGAGTG

G 

β-actin TCACCCACACTGTGCCCATCTACGA CAGCGGAACCGCTCATTGCCAATGG 

β-globin GTGCACCTGACTCCTGAGGAGA CCTTGATACCAACCTGCCCAG 

 

3.4 Methods 

The supercoiled structure of mtDNA is sensitive to experimental artifacts and can be 

easily disrupted if not properly handled, thus it is important to always handle the cells and 

DNA samples with care.  The following protocols are designed to minimize potential 

artificial DNA damage.  This section will go through the logical workflow of the 

experiment from cell collection (Section 3.4.1)  DNA extraction (Section 3.4.2) of cells 

(Section 3.4.2.1) or frozen tissues (Section 3.4.2.2)  DNA quantification (Section 3.4.3) 



31 

 

 DNA template preparation and dilution (Section 3.4.4)   real-time PCR analysis 

(Section 3.4.5). 

 

LNCaP cells are used as an example for the cell collection protocol.  A QIAGEN Blood 

& Cell Culture DNA Kit is recommended for DNA extraction, since this kit employs an 

ion-exchange system that does not oxidize purines during isolation, unlike phenol-based 

methods [85] (see Note 4).  The QIAGEN recommended protocol has been modified (see 

Note 5) in order to recover both mtDNA and nuclear DNA.  The protocol will also apply 

for frozen tissue preparation (see Note 6). 

 

Following the DNA extraction, the concentrations of the DNA samples will be 

quantified.  It is recommended (see Note 7) to perform two rounds of quantifications.  

The first round will measure the stock concentrations, and the second round, the precise 

concentration of 10 ng/µl working solutions prepared from the stock solutions.  Two 

methods are recommended for this step: (Section 3.4.3.1) fluorometric quantification of 

dsDNA using PicoGreen
®
, and (Section 3.4.3.2) quantification by Nanodrop

®
 

spectrophotometer (see Note 8). 

 

Prior to the real-time PCR analysis, half of the 1 ng/µl DNA template will be heat-treated 

while the other half will remain unmodified (original).  The original and heated 1 ng/µl 

DNA templates will then be used for the detection of the mitochondrial markers (CO2 

and/or D-loop) and a 5 ng/µl DNA template for nuclear gene markers (β-actin and β-

globin).   The method used for real-time PCR analysis is based on the relative 

quantification model suggested by Pfaffl [86]. 
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3.4.1 Cell Collection (LNCaP) 

Protocol for LNCaP cells 

1. Remove RPMI medium from the dish by aspiration. 

2. Gently add 5 ml PBS-CMF/EDTA, incubate for 1 min at room temperature  

3. Remove the PBS-CMF/EDTA and add 2.5 ml of trypsin, incubate for 5 min at 37
o
C. 

4. Resuspend cells by adding 6 ml of RPMI medium to inactivate trypsin; gently mix up 

and down with pipetor aid to get rid of clumps. 

5. Transfer cell suspension to a 15 ml tube, and put on ice. 

6. Take a small aliquot of cell suspension for cell counting. (should be between 2 to 5 

million cells) 

7. Centrifuge at ~180 g for 6 min. 

8. Remove medium and resuspend cells in 1 ml PBS-CMF.  (If the cell suspension has  

more than 5 million cells, use 2 ml of PBS then split into two 1.5 ml tubes in Step 9) 

9. Transfer to 1.5 ml tube, centrifuge at high speed for 2 min. 

10. Remove supernatant, but leave enough to cover the cell pellet.  Put on ice. 

11. Store at -80
o
C. 

 

3.4.2 DNA Extraction with Genomic-tip For Cell Culture and Snap-Frozen Tissue 

This is a modified protocol based on the QIAGEN protocol.  Do not use the C1 buffer 

(see Note 5).  Prewarm the QF buffer to 50
o
C in a water bath.  Cool the 70% ethanol to -

20
o
C. 
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3.4.2.1 For Cell Cultures 

Prepare protease solution by adding 1.4 ml distilled water to the powdered protease.  The 

recommended amount of cells for each preparation is 2 to 5 million. 

1- Thaw cells on ice, resuspend cells by flicking the tube with fingers. 

2- Add 1 ml G2 digestion buffer to tube. Immediately vortex at maximum speed for 25 

sec (be consistent for all samples).  Process one sample at a time and leave them at 

room temperature.  Centrifuge briefly. 

3- Add 3 µl RNase A to each sample.  Invert to mix and centrifuge for several seconds. 

4- Add 25 µl reconstituted protease.  Invert to mix, but do not centrifuge afterwards.  

Incubate at 50
o
C for 1h in water bath.  Continue on to step 5 in the next section 

“DNA Extraction with Genomic-tips”. 

 

3.4.2.2 For Snap-Frozen Tissue Samples 

Proceed with one sample at a time.  It is important to carry out the following steps as fast 

as possible since the tissue sample can degrade rapidly after thawing.  Do not thaw the 

samples until needed for cutting or grinding (see Note 9).  Homogenize the tissues 

manually; any motorized assistance will disrupt the mtDNA structure.  It is recommended 

to carry step 1 to 3 on ice.   

1- Prepare a mixture of 1.8 ml G2 buffer + 4µl RNAse A per sample, mix well. 

2- Weigh tissue sample (around 10 mg to 50 mg) and cut into smaller piece if needed 

(see Note 10). 

3- Add the tissue pieces and ~300 ul of the G2 buffer/RNAse A mixture into a glass 

tissue grinder to homogenize.  Grind manually but do not over-grind as this will 

disrupt the mtDNA structure (see Note 11).  Collect homogenate into a 2 ml tube. 
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Wash grinder with remaining G2 buffer/RNAse A solution and collect into the 2 ml 

tube. 

4- Add 100 µl proteinase K (see Note 12).  Invert to mix.  Incubate at 50
o
C for 2 h.  

Repeat Steps 1-4 for the next sample.  Then continue on to Step 5 

 

DNA Extraction with Genomic-tips 

5- Approximately 15 min before the end of the incubation in step 4, add 2 ml of QBT 

buffer to each genomic tip and let the buffer equilibrate the tips. 

6- Take the samples out of the water bath, and vortex the digested samples for 10 s. at 

maximum speed.  Then transfer each sample to a genomic-tip. 

7- After the samples have flowed through the tip, wash the tip with 3 x 1 ml of QC 

buffer. 

8- Elute the DNA into a 15 ml tube by adding 910 ul QF buffer (prewarmed to 50
o
C) 

twice into the genomic-tip.   

9- Mix the eluted DNA by inverting the tubes and centrifuge at ~188 g.  Aliquot 

solution equally into two 2 ml microcentrifuge tubes (~850 µl). 

10- Precipitate the DNA by adding 700-800 µl of isopropanol to each tube. Mix by 

inverting and incubate for 10 min at room temperature (see Note 13).  Centrifuge at 

15,000-18,000 x g for 20 min at 4
o
C (see Note 14). 

11- Remove and discard the supernatant, leaving the DNA pellet at the bottom of the 

tube.  This pellet contains nuclear and mitochondrial DNA. 

12- Wash the DNA pellet with 500 µl of 70% ethanol (ETOH) (-20
o
).  Centrifuge at 

15000 to 18000 g for 10 min at 4
o
C. 

13- Remove and discard the supernatant.  Repeat Step 12 once. 
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14- Remove the supernatant, three samples at a time, and let the DNA pellet dry to air for 

a brief moment. (see Note 15) 

15- Dissolve DNA pellet with 80-200 µl of TE buffer.  Aim for a final concentration of ~ 

60 up to ~200 ng/µl. 

16- Let the DNA samples sit at 4
o
C overnight to ensure that DNA is completely 

dissolved. 

 

3.4.3 DNA Quantification (see Note 7) 

3.4.3.1 Fluorometric Quantification of dsDNA Using PicoGreen
®
: 

First Round of Quantification of the stock DNA Samples: 

Initial quantification 

1- Thaw the PicoGreen
®
 dye in the dark at room temperature. 

2- Mix DNA samples by gently flicking the tube.  Centrifuge briefly. 

3- Prepare the lambda DNA standard.  The recommended 2X dilution series range from 

20 to 0.625 ng/µl (6 standards). 

4- Aliquot 99 µl of TE buffer and 1 µl of DNA sample into a single well.  Repeat for 

duplicate well and proceed to next sample.  It is recommended to first prepare a mix 

of 198 µl TE buffer and 2 µl DNA in a microcentrifuge tube and then aliquot 100 µl 

of the mixture into two wells. 

5- Aliquot 90 µl TE buffer and 10 µl of the lambda standard into a well.  Repeat for 

duplicate well and proceed to next lambda standard. 

6- Prepare PicoGreen
®
 solution: aliquot 5 µl of stock PicoGreen

®
 into 0.995 ml TE 

buffer;  100 µl of this mixture is required for each well (keep in dark). 
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7- Aliquot 100 µl of PicoGreen
®
 solution into each well, then mix by pipetting up and 

down. 

8- Incubate in the dark at room temperature for 10 min. 

9- Perform fluorometric measurement using a multiplate reader at excitation/emission 

lengths of 480 nm/520 nm. 

10- Calculate the concentration of the stock DNA samples based on the standard curve. 

11- Prepare a 10 ng/µl working solution from each DNA sample stock (volume: around 

200 µl). 

 

Second Round of Quantification of the 10 ng/µl DNA Samples: 

Precise quantification 

12- Repeat the steps from “First Round of Quantification”.  Aliquot 90 µl TE buffer and 

10 µl 10 ng/µl of DNA sample into each well this time. 

13- Measure the concentration of 10 ng/µl DNA working solutions.  1 and 5 ng/µl DNA 

templates will be prepared from each working solution. 

 

3.4.3.2 Quantification by Nanodrop
®
 (For model ND-1000) (see Note 8) 

1. Choose the nucleic acid assay option from the Nanodrop software. 

2. Initialize the machine with distilled water.  Pipette 1 µl of water onto the reading 

pedestal.  Click OK. After each reading, wipe off with clean tissue. 

3. Make a blank reading with 1 µl TE buffer.  Click Blank. 

4. Place 1 µl of DNA sample and click measure. 

5. Take triplicate measurements of each sample and use the average of the results. 

6. Prepare 10 ng/µl working solutions from DNA samples stock.  Quantify again to 

insure precise concentrations. 
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3.4.4 DNA Template Preparation and Heat Treatment 

1- Prepare 5 ng/µl templates in TE buffer from the 10 ng/µl working solutions.  

(Volume: 200 µl) 

2- Prepare 1 ng/µl templates in TE buffer from the 5 ng/µl templates. (Volume: 100 µl) 

3- Aliquot 50 µl of 1 ng/µl DNA into a 0.2 ml PCR tube and proceed with the heat-

treatment in step 4.  The remaining half will serve as the original template. 

4- Perform heat treatment on 50 µl of 1 ng/µl DNA by following this PCR protocol: 

95
o
C for 6 min and 10

o
C for cool down. 

5- 5 ng/µl DNA templates will be used for quantifying nuclear markers, and 1 ng/µl 

original and heated DNA templates will be used for mitochondrial markers. 

6- Prepare a five-point standard using the stock DNA of the control sample.  The 

recommended standard is a 5X dilution series ranging from 40 to 0.064 ng/µl.  (see 

Note 16) 

 

3.4.5 MtDNA Structural Damage and Repair Analysis using Real-Time PCR 

To ensure optimal reproducibility, always prepare a master mix containing the SYBR 

Green Supermix and primers, and use aliquots of this mixture with the individual DNA 

samples.  For example, LNCaP cells are treated with exogenous H2O2 to measure mtDNA 

damage during exposure and repair activity during recovery (Figure 1).  The following 

protocol is performed in 30 µl reaction in triplicate using the Bio-Rad system. 

1- Resuspend samples and standards gently by flicking.  Centrifuge briefly. 

2- Prepare and label 0.5 ml tubes for each sample and standard. 
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3- Prepare the total amount of master mix needed by adding the reagents in this specific 

order (Table 2), based on a six paired samples (i.e., for six each original and heated 1 

ng/µl DNA) and five standards. 

 

 

Table 2 Real-time PCR recipe 

 (see Note 17)  

4- Aliquot 5.4 µl of DNA template into a 0.5 ml tube, add 84.6 µl of the master mix.  

Mix well by pipetting up and down.  Put tube on ice until ready to load into wells. 

5- Repeat Step 4 for each sample and standard. 

6- Aliquot each template mixture into three wells (30 µl per well).  Be careful to deposit 

the aliquot at the bottom of the well without creating bubbles.  Avoid cross-

contamination of the wells.  Blank solutions without DNA will serve as negative 

controls. 

7- Seal the plate with optical tape.  If necessary, centrifuge the plate briefly to get rid of 

bubbles. 

8- PCR program for mtDNA markers on the Bio-Rad system: cycle 1 (1X), 95.0
o
C for 

1.5 min; cycle 2 (30X), step 1 at 95.0
o
C for 20 sec, step 2 at 61.0

o
C for 30 sec; cycle 

3 (1X), 95.0
o
C for 1 min; cycle 4 (1X), 55.0

o
C for 1 min, cycle 5 (40X) 55.0

o
C for 10 

Template points  
(triplicate, 30 µl/well) 

Reactions  Reagents 1X 54X 

5 DNA standards 15X  Distilled H2O 10.8 µl 583.2 µl 

6 Original 1 ng/µl DNA 18X  50 mM MgCl2 0.6 µl 32.4 µl 

6 Heated 1 ng/µl DNA 18X  10 µM Forward primer 0.9 µl 48.6 µl 

1 Blank 3X  10 µM Reverse primer 0.9 µl 48.6 µl 

 54X  
2X SYBR Mix (Bio-

Rad) 
15 µl 810 µl 

    28.2 µl 1,522.8 µl 
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sec with an increase of 1.0
o
C after each repeat for collecting melting curve data.  

Enable real-time data collection at cycle 2 step 2 (for ABI system, see Note 18).   

9- At least one nuclear DNA marker is analyzed to serve as a reference gene for the 

analysis.  To amplify the nuclear gene, calculate the amount of each reagent based on 

triplicates of five standards, six 5 ng/µl DNA samples, and one blank (36X).  The 

PCR program is the same as in Step 8, except for 40X at cycle 2 (for ABI system, see 

Note 19). 

10- The data can be analyzed with any relative expression software tool (REST) which is 

based on the Pfaffl formula:  

   

   sampleMeanControlMeanrefCP

genereference

sampleMeanControlMeanettCP

geneett

Efficiency

Efficiency
R







arg

arg

. Equation 1 

Assign a nuclear gene as the reference gene and use the original 1 ng/µl from the 

control sample as the calibrator for analysis (Figure 2) (see Note 20). 

3.5. Notes 

1. The supercoiled structure inhibits the binding of oligonucleotide primers, preventing 

further amplification. In contrast, the relaxed forms (open circular and linear) allow 

effective primer binding and subsequent DNA polymerization.  Thus, the relaxed 

forms of mtDNA are better substrates for PCR than supercoiled mtDNA. 

2. Listed materials for culture of prostate cancer LNCaP cells.  Substitute with 

appropriate reagents and buffers for cell lines to be used. 

3. LNCaP cells detach easily in regular culture dishes.  Prepare PLL coated dishes by 

adding 3 ml of 1% PLL solution to a 100 mm dish.  Incubate for 5 min, then remove 

all solution from the dish.  Dry in fume hood overnight. 
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4. There are other methods for DNA extraction such as Trizol; however, it has been 

shown that the Trizol procedure disrupts most structural features from the mtDNA 

(data not shown). 

5. The C1 step removes cellular organelles including mitochondria during preparation, 

leading to loss of mtDNA. 

6. Fresh snap-frozen tissue samples are suitable for structural analysis, but not paraffin-

embedded tissues due to crosslinking. 

7. The 2-step DNA quantification is optional but recommended, since it will limit the 

dynamic range of the samples during real-time PCR amplification, leading to 

reproducible quantification. 

8. A conventional spectrophotometer can also be used for the two-step DNA 

quantification.  We recommend using the Nanodrop spectrophotometer which 

requires only 1-2 µl of DNA sample for precise measurement.  

9. It is not recommended to repeatedly freeze and thaw the same samples as this can 

degrade the quality of the DNA.  If the tissue sample is to be used on separate 

occasions, cut the tissue into smaller pieces and make aliquot into separate tubes. 

10. Work fast.  It is not recommended to thaw the tissue sample until it is ready to be 

homogenized in the glass homogenizer.  If the tissue sample is too hard to cut, thaw 

on wet ice. 

11. After homogenization, there will still be residual pieces of tissue that are not 

completely homogenated.  Do not continue grinding because this will disrupt the 

DNA structure.  Instead, transfer everything to a 2 ml tube and proteinase K will 

digest the remaining pieces. 

12. Proteinase K is used instead of the protease included in the kit because the former is 

more efficient in the digestion of the remaining tissue in the homogenate. 
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13. Unless the sample is exposed to harsh treatments during experiments, the precipitated 

DNA should look like long intertwined DNA fibers. 

14. The DNA fiber is mostly nuclear DNA; mtDNA is too small to be seen in suspension.  

The high-speed centrifugation is needed to bring down the mtDNA and to form a 

pellet with nuclear DNA. 

15. Do not over-dry the pellet since it will make it harder to dissolve in TE buffer. 

16. A standard is needed to take into consideration PCR efficiency when using Pfaffl’s 

relative quantification model.  The standard is not required for the ΔΔCt method, but 

the efficiencies of different markers have to be optimized and validated. 

17. It is recommended to add an additional 3-4 µl distilled water to the final mixture to 

compensate for the loss due to pipetting. 

18. PCR program for mtDNA markers on the ABI system: cycle 1 (1X), 95.0
o
C for 

30sec; cycle 2 (30X), step 1 at 95.0
o
C for 3sec, step 2 at 61.0

o
C for 30sec; cycle 3 

(1X) add melt curve.  Enable real-time data collection at cycle 2 step 2. 

19. PCR program for nuclear DNA markers on the ABI system: cycle 1 (1X), 95.0
o
C for 

30 sec; cycle 2 (40X), step 1 at 95.0
o
C for 3 sec, step 2 at 61.0

o
C for 30 sec; cycle 3 

(1X) add melt curve.  Enable real-time data collection at cycle 2 step 2. 

20. There are various REST tools that are freely available on the internet: REST-XL, 

REST-MCS, and others.   

21. Similar results were obtained with the analysis of the D-loop mitochondrial marker. 

22. Similar results were observed with other cell lines, frozen tissues, and blood 

leukocyte samples.  The Power SYBR
®
 Fast Green PCR MASTER MIX from ABI 

and its 7500 Fast Real-Time PCR System platform made it possible to cut down the 

initial 95
o
C activation time to 30 sec (see Note 18).  This should be taken into 
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consideration when analyzing clinical samples where small differences in 

spontaneous damage levels need to be measured.  
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A  B 

Figure 1 MtDNA damage responses to oxidative damage in LNCaP prostate cancer cells induced 

by exogenous H2O2 treatment. 

Two concentrations (120 µM and 240 µM) of H2O2 were used to induce oxidative stress in LNCaP 

cells.  For exposure, LNCaP cells were treated for 5, 15 and 60 min to induce DNA damage.  For 

recovery, LNCaP cells were first treated for 60 min, and then allowed to recover in fresh medium for 2 

and 24 h.  The CO2 mitochondrial marker was normalized with the nuclear marker β-actin; a second 

nuclear marker, β-globin, was shown to indicate the lack of structural change in the target nuclear 

genes. The diagonally striped bars represent the relaxed mtDNA fraction in the original DNA template.  

The solid gray bars represent the total mtDNA content in the pre-heated mtDNA template.  Changes in 

relaxed mtDNA fraction and total mtDNA content correspond to mtDNA damage and copy number 

change, respectively, in treated samples.  (A) At low concentration of H2O2 (120 µM), LNCaP cells 

showed early increase of mtDNA structural damage from 5 minE to 60 minE when compared to 

control, but the damage was repaired 24 h after the treatment. The total mtDNA content remained 

stable.   (B) While at a higher concentration of H2O2 (240 µM), LNCaP showed acute early mtDNA 

structural damage, reflecting complete disruption of mtDNA structure in the original template.  The 

damage was not repaired 24 h after the treatment, resulting in a significant loss of mtDNA content as 

indicated by the decreases of total mtDNA signals in pre-heated templates.  Statistics performed by 

one-way ANOVA with Dunnett's multiple comparison test, compared to original fraction of control   (* = 

p<0.05, ** = p<0.01).  (see Note 21) 
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Figure 2 Baseline levels of mtDNA damage in non-treated prostate cancer cells analyzed by 

two qPCR systems: Bio-Rad vs ABI. 

The baseline level of damage and the spontaneous damage are two distinct features.  The 

baseline level of damage is the amount of mtDNA damage detected by the systems.  Artifacts 

introduced during the sample preparation and the initial heat-activation of real-time PCR can 

increase the baseline level of damage.  On the other hand, spontaneous damage represents the 

actual amount of endogenous mtDNA damage in non-treated samples.  The mtDNA structure is 

heat sensitive, and consequently the initial enzyme activation step at 95
o
C required by the real-

time PCR protocol can potentially introduce artificial damage to the mtDNA structure.  By 

shortening this step, it is possible to reduce this artificial damage.  This figure compares the 

relative amplification of non-treated C4-2 (an isogenic variant of LNCaP) DNA using Bio-Rad 

and ABI systems at 3 min and 30 sec of initial 95
o
C activation, respectively.  The Bio-Rad 

system detected 48.1% of damaged mtDNA, while the ABI system detected 31.5% of damage.  

A reduction of 34.5% is observed between the two systems, representing the removal of 

substantial amount of artificial damage by the ABI system.  As such, the baseline level of 

damage detected with the ABI system is more representative of the spontaneous level of mtDNA 

damage.  The differences observed between the two systems can be attributed to the shorter 

initial heat-activation time as well as the different enzyme chemistry used.  Statistics were 

performed with a t-test, the two groups were found significantly different (Bio-Rad (3 min), n=4; 

ABI (30 sec), n=3; ** = p<0.01) (see Note 22). 
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Connecting statement 

Increasing evidence has shown that increased levels of systemic oxidative stress detected 

in circulating lymphocytes are associated with prostate cancer risk and progression, as 

well as various other pathologies, such as neuro-degenerative diseases, strokes, 

asthma, and obesity.  But this thesis will mainly focus on prostate cancer.  We suggest 

that enhanced levels of oxidative stress are not only a characteristic of prostate cancer 

cells, but also a characteristic of peripheral tissues of a cancer patient.  In this chapter, we 

developed a new approach for the non-invasive detection of systemic oxidative stress 

using mtDNA damage in circulating lymphocytes. 

 

 

 

Contribution 

 All experiments performed by Sam W. Chan 

 Supervisor: Dr. Junjian Z. Chen 

 Co-supervisor: Dr. Simone Chevalier 
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4.1 Abstract 

The general level of oxidative stress of the body, known as systemic oxidative stress, is 

associated with increased prostate cancer risks and progression.  Also, increasing 

evidence has shown that oxidative stress in cancer cells is reflected in peripheral tissues 

such as lymphocytes.  Consequently, it is important to have a sensitive and quantitative 

method for measuring systemic oxidative stress.  MtDNA is a well studied marker for 

oxidative stress in cancer cells; thus, we propose that changes in mtDNA damage and 

content can be quantified in lymphocytes to serve as a non-invasive surrogate to systemic 

oxidative stress.  Our goal is to develop a new approach using real-time PCR for 

measuring systemic oxidative stress by quantifying mtDNA content, endogenous damage 

and induced damage response.  In the initial test, we compared the endogenous mtDNA 

damage and content between lymphocytes and two prostate cancer cell lines, C4-2 and 

LNCaP.  Lymphocytes had significantly less endogenous mtDNA damage and content 

than the two prostate cancer cell lines.  We further tested healthy lymphocyte samples by 

measuring the mtDNA damage response and repair after an exogenous H2O2 challenge.  

Up to 2.2-fold increase in mtDNA damage was detected when isolated lymphocytes were 

treated by 120 µM H2O2 for 15 min.  In addition, no repair activity was observed after 1 

hour of recovery.  Similar mtDNA damage responses were observed with 1 ml of whole 

blood, suggesting that whole blood may serve as a convenient alternative to lymphocytes.  

Our new approach will help in the investigation of systemic oxidative stress, and may in 

turn lead to new findings in prostate cancer risk and progression research. 
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4.2 Introduction 

Prostate cancer is the most prevalent cancer and the third leading cause of cancer death 

for men in Canada.  Oxidative stress plays key roles in cancer initiation and progression 

[21, 76, 87-88]. Persistent oxidative stress induced by chronic inflammation has been 

associated with prostate cancer risk [89-91].  Enhanced susceptibility to oxidative injury 

due to a compromised antioxidant defence associated with ageing has also been linked to 

prostate cancer [91-92].  Moreover, ROS may induce molecular pathways leading to 

prostate tumorigenesis [45, 89, 93].  Thus, the enhanced level of endogenous oxidative 

stress found in prostate cancer and the tissue microenvironment may be actively involved 

in cancer initiation and progression.   

 

Systemic oxidative stress may also be associated with carcinogenesis.  For example, the 

reduced DNA damage repair capacity of lymphocytes caused by oxidative injury was 

associated with increased prostate cancer risk [36].  A direct correlation between DNA 

damage detected in lymphocytes and the level of DNA damage in prostate cancer tissues 

was observed in a study based on a dog model [37].  Moreover, increased susceptibility 

of serum lipids to peroxidation was linked to an aggressive form of prostate cancer [94].  

Similar results were also observed in lung cancer [38], head and neck cancer [39], as well 

as other cancers [40] [41].  This data may suggest that enhanced oxidative stress is not 

only a property of the cancer cells, but also a general feature of a cancer patient’s 

peripheral tissues.  Systemic oxidative stress can be analyzed in blood cells using 

different methods.  Host cell reactivation is a well established method for measuring 

DNA repair activity of lymphocytes [38, 95-96]; as is lipids peroxidation [97-99].  The 

comet assay is a widely used DNA-based method for determining oxidative damage as it 

measures nuclear DNA fragmentation.  Damaged nuclear DNA strands diffuse outside 
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the lysed cell, where it forms a tail during single cell gel electrophoresis, hence the name 

comet assay.  However, this method has limitations due to its semi-quantitative nature 

[100-101].  

 

MtDNA is a sensitive marker to oxidative damage in cancer.  Not only are changes in 

mitochondrial gene expression and mtDNA somatic mutations tightly associated with 

cancer cells [66, 69-70, 78, 84, 87-88, 102-104], but mtDNA abnormities have also been 

observed and associated with cancer patients’ peripheral tissues.  Xing et al. reported that 

lymphocytes from renal carcinoma patients contained significantly lower mtDNA content 

compared to a healthy population; postulating a correlation between low lymphocytic 

mtDNA content and increased risk of renal cell carcinoma [40].  In contrast Shen et al. 

observed a correlation between high mtDNA content in lymphocytes and increased breast 

cancer risk [105].  In addition, a correlation between high lymphocytic mtDNA deletions 

and increased risk of hepatocellular carcinoma was reported by Wu et al. [41].  However, 

differences in the quantity and integrity of circulating mtDNA in serum were not 

observed between prostate cancer patients and BPH patients [106].  The method of 

relative quantification with real-time PCR, as used in some of the above studies, has its 

limitations in population-based studies, due to extensive variation in mtDNA content 

between individuals [107].  Besides, the origin of the circulating mtDNA in serum is 

unknown in Ellinger et al.’s study [106].  Consequently, the nature of systemic stress is 

not clear.  A better approach for quantitative analysis is needed to address some of the 

limitations. 

 

In the current study, we proposed that mtDNA damage in lymphocytes can be used as a 

non-invasive marker of systemic stress. Our main goal was to develop a strategy for 
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measuring systemic oxidative stress by quantifying mtDNA damage and total content 

from circulating lymphocytes.  Our objectives were: (1) to develop a simple approach for 

absolute quantification of mtDNA damage and content, (2) to evaluate the endogenous 

mtDNA damage and total content from lymphocyte samples, and (3) to quantify mtDNA 

responses to oxidative stress through H2O2 challenge.  We also tested this new approach 

with whole blood samples as a convenient alternative to isolated lymphocytes. 

 

4.3 Material and methods 

4.3.1 Collection and preparation of prostate cancer cells, whole blood, and 

lymphocytes 

LNCaP and C4-2 prostate cancer cells were cultured in RPMI media 1640 (GIBCO) with 

a supplement of 10% FBS (GIBCO) and 1% penicillin-streptomycin (GIBCO).  LNCaP 

cells were cultured in 1% PLL (Sigma) coated dishes.  The cells were collected with a 

Trypsin/EDTA solution, (0.05% trypsin + 0.02% EDTA, GIBCO), then washed down 

with PBS-CMF (GIBCO) and stored at -80
o
C.   

 

10 to 15 ml of blood was collected into blood collection tubes coated with EDTA (Fisher, 

Vacu 9ml K3EDTA PULL LAV).  For experiments with whole blood, the samples were 

immediately stored at -80
o
C in 10% dimethyl sulfoxide (DMSO) prior to treatment and 

analysis.  For experiments with isolated lymphocytes, the lymphocytes were extracted 

from blood with Ficoll-Paque Plus (GE Healthcare) and were then stored at -80
o
C in 40% 

RMPI media 1640 supplemented with 50% FBS and 10% DMSO solution prior to 

treatment and analysis.  For the experiment with the absolute quantification of mtDNA 

content and damage (Figure 3), pre-isolated lymphocytes were supplied by Dr. Patrick 
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Walter from the Children’s Hospital and Research Center in Oakland.  All other 

lymphocyte and whole blood samples were obtained from healthy volunteers in our 

group. 

 

4.3.2 H2O2 challenge experiment on lymphocytes and whole blood 

Frozen lymphocytes were thawed at 37
o
C in a water bath for 1-2 min, and washed with 5 

volumes of ice-cold wash medium to 1 volume of lymphocyte suspension (50% FBS and 

50% RPMI 1640). The lymphocytes were counted and cell viability was assessed with 

trypan blue dye under microscope with an average of over 90%.  A total of ~3x10
6
 

lymphocytes were incubated in 50 ml tubes with RPMI-1640 supplemented with 10% 

FBS for 30 minutes prior to the experiment.  The lymphocytes were separated into three 

groups of ~1x10
6
 cells each: untreated control, 120 µM H2O2 treatment for 15 min, and 

the same treatment with a recovery period of 60 min in fresh medium.  The lymphocyte 

samples were washed with PBS-CMF, spun down to a pellet and then stored at -80
o
C 

before to DNA extraction and preparation.   

 

Frozen whole blood was thawed at 37
o
C in a water bath for 1-2 min, and washed with 5 

volumes of ice-cold wash medium to 1 volume of whole blood (50% FBS and 50% RPMI 

1640).  Whole blood cells were counted with trypan blue dye prior to incubation, and the 

average viability of white blood cells was over 90%.  A total of ~15x10
6
 white blood cells 

were incubated in RPMI-1640 supplemented with 10% FBS medium in 50 ml tubes for 

30 min prior to the experiment.  Whole blood samples were separated into three groups 

with ~5x10
6
 cells each, similarly to the lymphocyte experiment.  After the H2O2 treatment 

experiment, whole blood samples were collected and stored following the same protocol 

used on lymphocyte samples. 



52 

 

4.3.3 DNA preparation for structural-based real-time PCR analysis 

DNA from prostate cancer cells, lymphocytes and blood cells were extracted with the 

QIAGEN Blood & Cell Culture DNA Kit according to its instructions with a few 

modifications to ensure that mtDNA and nuclear DNA were collected together [chapter 1 

of this thesis].  Total DNA was quantified with a spectrophotometer (Nanodrop). DNA 

template solutions of 1 ng/µl were prepared for each sample with 1X Tris/EDTA Buffer 

Solution (pH 8.0, Fisher).  Each template solution was split into two equal halves.  Half 

of the solution was left unmodified as an original template and was used for the 

measurement of the relaxed mtDNA fraction [84].  The other half was pre-treated with 

heat at 95
o
C for 6 min on a PCR machine and was used for the quantification of total 

amount of mtDNA [84]. 

 

4.3.4 Nuclear DNA and mtDNA standards preparation for absolute quantification  

MtDNA standards were prepared for absolute quantification.  A 3.3 kb mtDNA fragment 

containing the CO2 gene and a 2.5 kb fragment containing the D-loop gene were 

amplified from a human prostate cell line, RWPE-1, using the mtDNA primers listed in 

Table 3.  The PCR was performed using the GeneAmp PCR system 9700 (ABI) with 

recombinant Thermus thermophilus (rTth) DNA polymerase (ABI).  The three-step PCR 

amplification program was: pre-heat samples and add rTth polymerase once temperature 

reached 75
o
C, 75

o
C for 2 min, 94

o
C for 1 min, 30 cycles of 94

o
C for 15 sec, followed by 

60
o
C for 30 sec. and 72

o
C for 3.5 min, then 72

o
C for 5 min and cool down to 10

o
C.  

Amplified DNA fragments were purified with the Qiagen PCR Purification Kit (Qiagen) 

and quantified for precise copy number according to the following equation from Figure 

4: 
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𝑐𝑜𝑝𝑖𝑒𝑠 / 𝜇𝑙 =
[𝑛𝑔  /𝜇𝑙 ] 

𝑚
  Equation 2 

Six serial dilutions were made from 3x10
6
 to 30 copies with a dilution a factor of 10X. 

 

The nuclear DNA standards were prepared with a similar procedure.  The nuclear primer 

sequences are listed in Table 3.  A 2.7 kb nuclear fragment containing the Calicin gene 

was amplified from RWPE-1.  Calicin is a single-copy nuclear gene which encodes for a 

basic protein of the sperm head cytoskeleton, and it exists in all cell types.  Six serial 

dilutions were made from 3x10
6
 to 30 copies with a dilution factor of 10X. 

 

4.3.5 Quantification of MtDNA damage and content using real-time PCR  

The mtDNA damage analysis and total content were quantified by real-time PCR.  The 

amount of damaged mtDNA and total mtDNA content were measured by quantifying the 

original DNA templates and pre-heated DNA templates respectively.  The original 

templates were used for the nuclear DNA marker Calicin. In this study, the Applied 

Biosystems (ABI) 7500 Fast Real-Time PCR System with Power SYBR
®
 Fast Green 

PCR MASTER MIX (ABI) was used for the analysis [74][Chapter 1 of thesis].  The 

original DNA templates, pre-heated DNA templates and standards were analyzed in 

triplicate in the same plate every time.  The two-step PCR amplification program for both 

nuclear DNA and mtDNA was: 95.0
o
C for 30sec, 40 cycles of 95.0

o
C for 3 sec followed 

by 60.0
o
C for 30 sec.  A melt curve analysis was enabled at the end of amplification.  The 

primer sequences are listed in Table 3.  The copy numbers of CO2, D-loop and Calicin 

were calculated based on the standard curve.  For Calicin, since it is a single copy nuclear 

gene, the cell number could be calculated with the following equation from Figure 4:  

 𝑪𝒆𝒍𝒍 # =
𝐂𝐚𝐥𝐢𝐜𝐢𝐧 𝐜𝐨𝐩𝐲 𝐧𝐮𝐦𝐛𝐞𝐫 

𝐩𝐥𝐨𝐢𝐝𝐲 𝐨𝐟 𝐜𝐞𝐥𝐥
 Equation 3 
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The exact copies of damaged and total mtDNA per cell were calculated from: 

𝑚𝑡𝐷𝑁𝐴 𝑐𝑜𝑝𝑖𝑒𝑠/𝑐𝑒𝑙𝑙 =
CO 2 or  D−Loop  copy  number

cell  #
  Equation 4 

 

4.3.6 Data analysis 

All statistical analyses were performed with the aid of Graphpad Prism version 4 

software.  Unless specified otherwise, the data was analyzed with one-way ANOVA. 

 

Table 3 Chapter 2 - Primer Sequences 

Primers Forward 5’-3’ Reverse 5’-3’ 

CO2 3285 bp long 
fragment 

CCTAGGGTTTATCGTGTGAG CTAGTTAATTGGAAGTTAACGG 

D-loop 2467 bp long 

fragment 
CGCACGGACTACAACCACGAC CTGTGGGGGGTGTCTTTGGGG 

Calicin 2658 bp long 

fragment 
ATTCCAGAAGCCTTTAACTAG ACAAATGAGACACAAACTACCG 

CO2 (for real-time 

PCR) 
CCCCACATTAGGCTTAAAAACAGAT TATACCCCCGGTCGTGTAGCGGT 

D-loop (for real-time 

PCR) 

TATCTTTTGGCGGTATGCACTTTTAA

CAGT 
TGATGAGATTAGTAGTATGGGAGTGG 

Calicin (for real-time 
PCR) 

CTGGTCGCTACATCTACATCTC CAGGTCAGGCAACTTGGTC 
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4.4 Results 

4.4.1 Approach for absolute quantification of total and damaged mtDNA 

We have devised a new approach for the absolute quantification of the mtDNA structural 

damage and total copy number.  The newly improved protocol, illustrated in Figure 3, is 

comprised of four main steps.  The first step consisted of the construction of mtDNA and 

nuclear DNA standards (Figure 3A). 2 to 3 kb DNA fragments containing CO2 and D-

loop mtDNA genes, as well as Calicin nuclear gene, were amplified by PCR from a 

human prostate cell line.  The concentration (copies/µl) of these long DNA fragments 

were quantified and calculated according to the equation: “copies/µl = [ng/µl] / m”.  10X 

serial dilutions were then produced to create the mtDNA and nuclear DNA standards.  

The second step was to prepare DNA templates for real-time PCR analysis (Figure 3B).  

Each DNA template was split into two equal halves.  One half was left unmodified, 

which was used for the quantification of relaxed mtDNA and Calicin nuclear DNA 

copies.   The other half was pre-treated to heat at 95
o
C for 6 min, and was used for 

quantifying total mtDNA.  The third step consisted of the real-time PCR absolute 

quantification analysis (Figure 3C).  The results were expressed as mtDNA copies/cell.  

To do so, the exact amount of mtDNA and nuclear DNA copies were quantified and 

calculated from the standard curves according to the equation: copies = “10(CT-b)/a”.  

The cell number was derived from “cell # = Calicin copies / ploidy of cell”.  The final 

step was the interpretation of the data (Figure 3D).  With this approach, the amount of 

damaged mtDNA copies/cell, total mtDNA copies/cell, and endogenous mtDNA damage 

were quantified simultaneously.  The endogenous damage was calculated from the ratio 

of damaged mtDNA/total mtDNA. 
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4.4.2 Absolute quantification of total mtDNA and endogenous mtDNA damage in 

lymphocytes and prostate cancer cells 

Lymphocyte samples and two isogenic prostate cancer cell lines, C4-2 and LNCaP, were 

analyzed for the absolute copy number/cell for the mtDNA content and damage.  In 

lymphocytes, the total mtDNA content was quantified at 153.25 ± 21.02 copies/cell and 

the amount of damaged mtDNA was 41.44 ± 7.87 copies/cell. This represented 27.04% 

of endogenous damage (Figure 4), calculated as the ratio of damaged mtDNA/total 

mtDNA.  In comparison, prostate cancer cells, C4-2 and LNCaP, had a much higher 

mtDNA content of 990.41 ± 6.77 (vs. lymphocytes, p<0.01) and 3086.61 ± 48.27 (vs. 

lymphocytes, p<0.01) copies/cell, respectively.  The levels of endogenous damage 

detected from the prostate cancer cell lines were 31.19% and 32.09%, respectively, which 

were significantly higher than that of lymphocytes (p<0.05).  Thus, we were able to 

obtain absolute quantities on mtDNA total content, damaged molecules and endogenous 

damage of lymphocytes. 

 

4.4.3 MtDNA damage response induced by exogenous H2O2 challenge in 

lymphocytes  

To evaluate mtDNA damage responses, lymphocyte samples were treated with 

exogenous H2O2.  Isolated lymphocytes for each healthy volunteer were separated into 

three groups: untreated control, 120 µM H2O2 treatment for 15 min, and 120 µM H2O2 

treatment for 15 min followed by 60 min of recovery.  The averages of total mtDNA 

content and endogenous mtDNA damage of the untreated control samples were 141.48 ± 

14.22 copies/cell and 26.68%, respectively (Figure 5A).  For H2O2 treated samples. the 

induced damage increased significantly from 26.68% to 59.28% (p<0.01), which 

represented a 122.19% increase in damage from the control.  In addition, the damage was 
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not repaired after 60 min of recovery, suggesting that there was an absence of repair 

capacity during the recovery period.  However, the total mtDNA content was not affected 

by the H2O2 treatment, and remained stable across all groups. 

 

4.4.4 MtDNA damage response induced by exogenous H2O2 challenge in whole blood 

As an alternative to lymphocytes, whole blood was tested using the same treatment 

performed on lymphocytes.  The average endogenous mtDNA damage of the untreated 

control sample was 26.63%, similar to lymphocytes (Figure 5B); the total mtDNA 

content was 109.44 ± 22.40 copies/cell.  After H2O2 treatment, induced damage was 

observed, the damage increased significantly from 26.63% to 36.74% (p<0.05), 

representing a 37.96% increase in damage.  Similarly to lymphocytes, there was an 

absence of repair activity within 60 min after the H2O2 treatment, and the total mtDNA 

content was not affected.  Although the mtDNA damage responses from whole blood 

samples were not as pronounced as the ones observed in isolated lymphocytes, the overall 

response pattern was very similar.  Both sample types started with a relatively low 

endogenous damage level, followed by a significant increase in induced damage and a 

lack of mtDNA repair activity after recovery period.  This suggested that lymphocytes 

and whole blood behaved similarly under exogenous H2O2 challenge. 

 

4.5 Discussion 

We have developed a new approach for analyzing systemic oxidative stress by 

quantifying mtDNA damage and total copy number in lymphocytes. The devised protocol 

covered three main steps: a) nuclear DNA and mtDNA standard preparation, b) DNA 

sample preparation, and c) real-time PCR analysis of mtDNA damage and total copy 
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number.  With this new approach, we demonstrated that the lymphocyte samples had 

significantly less total mtDNA copies/cell and endogenous mtDNA damage when 

compared to both prostate cancer cell lines.  Although mtDNA copy numbers in 

lymphocytes have been reported previously [108], damaged mtDNA copies/cell and 

endogenous mtDNA damage were reported for the first time in this study.  When 

lymphocytes were challenged by H2O2, rapid mtDNA damage was induced, and not 

repaired.  We also demonstrated that whole blood, after treatment of H2O2, had a similar 

response as isolated lymphocytes, suggesting a convenient alternative for mtDNA 

damage analysis.  In short, the new approach developed in this study has the flexibility 

for non-invasive investigation of systemic oxidative stress through quantification of 

absolute copy numbers, endogenous damage levels and induced stress responses. 

 

Our new and non-invasive approach represents a valuable alternative for measuring 

systemic oxidative stress since it has several advantages over existing methods.  First, it 

is a sensitive method for quantifying mtDNA damage and total copy number, expressing 

results in absolute quantities of mtDNA copies/cell.  Relative quantification of mtDNA 

with real-time PCR [40, 105] may be a convenient assay but, unlike our approach, the 

results are expressed as relative quantities normalized to an untreated control sample.  

Due to variations in mtDNA content between individuals [107], this reliance on the 

normalization of a control sample becomes a limitation.  Consequently, the reference 

point is relative and changes from study to study.  It effectively becomes a difficulty to 

compare different data sets.  More importantly, the implications of supercoiled mtDNA 

[109] were not explicitly taken into consideration during real-time PCR amplification.  

Therefore, there is a high likelihood that only a fraction of mtDNA was quantified instead 

of total mtDNA content.  Secondly, our approach measures mtDNA in lymphocytes 
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which has been a widely used marker in studies to reflect the systemic oxidative stress of 

an organism.  In contrast, the implications of assays based on free floating mtDNA in 

serum are not well understood in the context of systemic oxidative stress.  The origin of 

this floating mtDNA has not been well studied and documented, thus the nature of 

systemic oxidative stress is not clear.  Additionally, because our approach is cell-based, it 

is possible to measure the oxidative stress response from lymphocytes.  This oxidative 

stress response cannot be elicited with free floating mtDNA. Thirdly, we have devised a 

reliable and reproducible protocol for quantifying mtDNA over a large dynamic range 

from 30 to 3.0 x 10
6
 copies.  One of the most widely used assays for systemic oxidative 

stress analysis is the comet assay [36-37].  However, it is a semi-quantitative assay that 

relies on the visual grading of scorers [101].  Additionally, saturation occurs when most 

of the DNA is in the tail, and, as a result, the assay has a limited dynamic range.  This 

may cause problems for measuring samples with high damage levels [101].  Detection of 

lipid peroxidation through malondialdehyde (MDA) with thiobarbituric acid reactive 

substances assay (TBARS) is one of the most widely method used for assaying oxidative 

stress due to its ease of use.  But TBARS has been criticized of not being a specific 

marker of oxidative stress [110].  Taken together, our approach may be an alternative that 

researchers can use for analyzing systemic oxidative stress. 

 

Our approach for measuring systemic oxidative stress may contribute to prostate cancer 

research.  First, high levels of systemic oxidative stress have been associated with 

increased prostate cancer risk [36-37].  Our approach may allow researchers to assess 

prostate cancer risk in the general population in epidemiological studies.   To test this 

hypothesis, a case-control study of age-matched healthy males vs. prostate cancer patients 

can be conducted.  Secondly, elevated systemic oxidative stress has also been associated 
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with aggressive forms of prostate cancers [94].  Our approach may be used to assess 

prostate cancer progression.   This can be used to screen for the more aggressive prostate 

cancers in patients, supplying additional data to physicians for a better judgment on 

prognosis outcome.   

  



61 

 

C 
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•Pre-heated DNA templates 

(95oC – 6 min)

qPCR mtDNA analysis
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Figure 3 Approach for absolute quantification of total and damaged mtDNA.  

This protocol is separated into four main steps.  The first step (A) consisted of constructing the 

mtDNA and nuclear DNA standards.  Long fragments of genes which contained the shorter 

real-time PCR targets were amplified and a 10X serial dilution was made from 3x10
6
 to 30 

copies.  In the second step (B), the original and pre-heated DNA templates were prepared from 

lymphocytes DNA samples and were used in the analysis for quantifying damage and total 

mtDNA, respectively.  The third step (C) consisted of the real-time PCR absolute quantification 

analysis of mtDNA damage and total content.  The fourth step (D) was the interpretation of the 

data.  
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Figure 4 Absolute quantification of total mtDNA and endogenous mtDNA 

damage in lymphocytes and prostate cancer cells.  

C4-2 (n=2), LNCaP (n=2), and lymphocytes (n=4) were analyzed by real-time PCR for 

total mtDNA content, damaged mtDNA number, and level of endogenous damage.  

The cell number was calculated from Calicin copy numbers, a single copy nuclear 

marker.  With mtDNA CO2 marker, the original (CO2 original) and pre-heated (CO2-

heated) DNA templates were quantified for damaged mtDNA number and total 

mtDNA content, respectively.   
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Figure 5  mtDNA damage response after H2O2 challenge experiment.  

Two experiments were performed to detect the endogenous damage level, induced damage 

by H2O2 treatment and repair capacity of white blood cells from healthy volunteers.  (A)  

Lymphocytes were isolated from the fresh blood of three volunteers and frozen for storage.  

The lymphocytes were split into three groups, untreated control (n=3), 15 min of exposure to 

120 µM H2O2 (n=3), and 15 min of exposure + 60 min recovery (n=2).  (B) Blood from six 

healthy male volunteers were collected and frozen at -80
o
C for storage.  The whole blood 

sample of each volunteer was thawed, incubated in RPMI-1640/FBS medium and separated 

into three groups: untreated control, 15 min. of exposure to 120 µM H2O2, and 15 min of 

exposure to 120 µM H2O2 + 60 min recovery.  (*=p<0.05, **=p<0.01) 
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5. Chapter 3 - Differential mtDNA damage responses in prostate cancer cells with different metastatic potential 

Chapter 3 

Differential mtDNA damage responses 

in prostate cancer cells with different 

metastatic potential 
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Connecting statement 

In the previous chapter, we developed a new approach for assessing systemic oxidative 

stress using mtDNA from circulating lymphocytes which may be useful in 

epidemiological studies of prostate cancer risk and progression.  In this chapter, we 

investigated dynamic mtDNA damage responses to induced oxidative stress in two 

isogenic prostate cancer cell lines with different metastatic potential.  This study may 

offer new insights into the underlying mechanisms of prostate cancer progression. 

 

 

 

Contributions 

 MtDNA analysis of LNCaP and C4-2 treated with H2O2 performed by Jinsong Chen 

 MtDNA analysis of C4-2 treated with H2O2 with and without administration of 

antioxidant NAC performed by Sam W. Chan 

 MTT assay and fluorescent microscopy experiment performed by Nadia Passarelli 

and Sam W. Chan 

 Supervisor: Junjian Z. Chen 

 Co-supervisor: Simone Chevalier 
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5.1 Abstract 

Prostate cancer cell line C4-2 is an isogenic clone isolated from androgen-responsive 

LNCaP cells.  Unlike its parental cell line, C4-2 does not respond to androgen and 

exhibits increased metastatic potential.  New evidence suggests that mtDNA aberrations 

in C4-2 cell may play a critical role in the aggressive phenotype.  To understand the 

molecular mechanisms of this phenomenon, we propose to investigate mtDNA responses 

to induced oxidative stress in cultured cells.  We hypothesized that mtDNA from LNCaP 

and C4-2 cells may respond differently to oxidative stress and that such differences may 

be associated with aggressive phenotypes in prostate cancer.  Using the real-time PCR 

approach, we demonstrated a dynamic mtDNA response to oxidative stress in both cancer 

cell lines upon H2O2 treatment. It involved early mtDNA damage followed by repair 

activity or copy number reduction.  We showed that LNCaP cells were more resistant to 

oxidative damage induced by 120 and 240 µM H2O2.  Early mtDNA damage in LNCaP 

cells was repaired rapidly at low dose, but took 24 h to start recovering at high dose.  In 

contrast, C4-2 cells were more susceptible to oxidative damage.  Extensive mtDNA 

damage was induced at low dose of H2O2 (120 µM) in C4-2 cells, such that it was not 

repaired but instead, led to a 50% copy number reduction long after initial treatment.  

Interestingly, NAC antioxidant could partially prevent short-term mtDNA damage and 

enhance long-term repair activity in C4-2 cells.  We conclude that the C4-2 cells are more 

susceptible to induced mtDNA damage than LNCaP cells.  The increased susceptibility to 

oxidative damage may be caused by enhanced cellular ROS levels and mitochondrial 

dysfunction associated with more metastatic cancer cells. 
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5.2 Introduction 

Prostate cancer is the most common cancer in men and the third leading cause of cancer 

death in Canada. Unfortunately, the primary causes leading to prostate malignancy are 

still poorly understood, but epidemiological studies have identified several risk factors for 

prostate cancer such as age, smoking, diet, ROS and single-nucleotide polymorphisms 

(SNPs) in metabolic and repair genes associated with oxidative stress [8-10].  In addition, 

increasing evidences suggest that the prostate may be particularly vulnerable to oxidative 

stress.  The roles of ROS in cells are multifaceted.  At low levels, ROS promote cell 

proliferation through activation of growth signalling pathways [23]. At high levels, ROS 

subject the cell to a state of oxidative stress, which may damage DNA, proteins and 

lipids, leading to mutation and cell toxicity [24-25].  For example, more than 2-fold 

increases in common oxidative DNA lesions were detected in prostate cancer vs. normal 

tissues [49].  On the other hand, antioxidants such as vitamin E and selenium appear to 

protect against prostate cancer [111-112]. 

 

The mitochondrion is a vital organelle that is responsible for energy production through 

oxidative phosphorylation, but also for the production of ROS, by-products of cellular 

respiration.  Almost 80 years ago, Warburg coined the term “aerobic glycolysis” when he 

observed that cancer cells rely heavily on glycolysis for obtaining ATP when ATP 

generation from mitochondrial respiration was crippled [62].  Mitochondrial defects may 

be central to cancer cell biology and are closely associated with changes in mtDNA. 

MtDNA is a 16,569 bp circular DNA that is maintained semi-autonomously in the 

mitochondria and exists in multiple copies in a cell.  It contains a main regulatory region 

(the D-loop) and 37 genes encoding 13 polypeptides involved in the ETC [55-56].  Due 

to its close proximity to the ETC and lack of histone protection, mtDNA is susceptible to 
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oxidative injury [57-60].  In fact, numerous studies have identified frequent somatic 

mutations in prostate cancer mtDNA [68-72].  Additionally, oxidative injury disrupts 

mtDNA structure integrity, which is crucial to normal mitochondrial function.  The 

supercoiled structure of mtDNA is its functional form and is required for mtDNA 

replication and transcription. Single or double strand breaks due to oxidative damage 

convert the supercoiled form into relaxed forms. Equilibrium exists between the amount 

of relaxed and supercoiled structures since the damage is constantly repaired, but the 

accumulation of strand breaks may lead to the degradation of mtDNA molecules [84].  

Chen et al. have developed a novel real-time PCR method for quantifying these different 

forms of mtDNA, which would help us assess mtDNA damage and total mtDNA copy in 

prostate cancer cells [109]. 

 

LNCaP and C4-2 are isogenic prostate cancer cells.  LNCaP is a widely used prostate 

cancer cell line which is androgen-sensitive. While still expressing androgen-receptors, 

C4-2 cells are androgen-insensitive.  The C4-2 cell line was generated from inoculation 

of LNCaP cells in a castrated mouse [113].  C4-2 cells are highly aggressive and 

metastasize readily to the bone [113].  Higuchi et al. have reported that C4-2 exhibited 

reduced total mtDNA copy and increased mtDNA deletions when compared to LNCaP 

[114].  These mtDNA aberrations inhibited mitochondrial cellular respiration in C4-2 

cells by approximately 75% in comparison to LNCaP when measuring oxygen 

consumption.  Furthermore, they have reported that LNCaP cells with depleted mtDNA 

resulted in the loss of androgen-responsiveness, while reintroduction of normal mtDNA 

in mtDNA-free LNCaP clones recovered androgen-responsiveness.  These results suggest 

that mtDNA aberrations may be responsible for androgen-insensitivity and increased 
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metastasis in C4-2 cells.  Thus, it would be important to study mechanisms of mtDNA 

responses to oxidative damage. 

 

In this study, we hypothesize that mtDNA from LNCaP and C4-2 cells respond 

differently to oxidative stress, which can be detected using a novel real-time PCR 

method.  We further hypothesize that antioxidants may prevent or reduce mtDNA 

damage in the cells.  To confirm our hypothesis, (1) mtDNA damage, repair and total 

copy were quantified in LNCaP and C4-2 cells after H2O2 treatment, and (2) the effects of 

N-acetylcysteine (NAC) antioxidant on mtDNA damage response were analyzed in C4-2 

cells treated with H2O2. 

 

5.3 Material and Methods 

5.3.1 Cell culture 

2 to 2.5 x 10
6
 LNCaP and C4-2 prostate cancer cells were cultured, each in 100 mm 

dishes with RPMI media 1640 (GIBCO) supplemented with 10% FBS (GIBCO) and 1% 

penicillin-streptomycin (GIBCO).  LNCaP cells were cultured in 1% PLL (Sigma) coated 

dishes, while C4-2 cells were cultured in regular dishes.  They were incubated at 37
o
C 

with 5% CO2 (Refer to chapter 1 of this thesis). 

 

5.3.2 H2O2 challenge on LNCaP cells for mtDNA analysis 

LNCaP cells were seeded 48 h prior to treatment.  For exposure experiments, duplicate 

dishes of LNCaP cells were treated with 120 µM and 240 µM H2O2 solutions in serum-

free medium for 5, 15, and 60 min.  For recovery experiments, duplicate dishes of LNCaP 

cells were first treated with 120 µM and 240 µM H2O2 solutions in serum-free medium 
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for 60 min, and then allowed to recover in fresh complete medium for 2 or 24 h.  The 

cells were collected by trypsin digestion; the cell pellets were washed down with PBS 

and stored at -80
o
C prior to mtDNA analysis.   

 

5.3.3 H2O2 challenge on C4-2 cells for mtDNA analysis 

C4-2 cells were seeded 24 h prior to treatment.  For exposure experiments, duplicate 

dishes of C4-2 cells were treated with 120 µM H2O2 solution in serum-free medium for 5, 

15, and 60 min.  For recovery experiments, duplicate dishes of C4-2 cells were first 

treated with 120 µM H2O2 solutions in serum-free medium for 60 min, and then allowed 

to recover in fresh complete medium for 6 and 24 h. The cells were collected by trypsin 

digestion; the cell pellets were washed down with PBS and stored at -80
o
C prior to 

mtDNA analysis. 

 

5.3.4 Nuclear DNA and mtDNA extraction 

Genomic nuclear and mitochondrial DNA were extracted with the QIAGEN Blood & 

Cell Culture DNA Kit (Qiagen) with a few minor modifications to preserve mtDNA 

(refer to chapter 1 of this thesis).  Concentrations of the DNA stock solutions from 

samples were quantified with Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen) 

according to the proposed protocol (refer to chapter 1 of this thesis). 

 

5.3.5 DNA template and standard preparation for real-time PCR analysis 

From DNA stock solutions, 5 ng/µl and 1 ng/µl DNA templates were prepared in 

Tris/EDTA buffer (pH 8.0 ± 0.1, Fisher).  The 5 ng/µl DNA templates were used for the 

quantification of nuclear markers.  The 1 ng/µl DNA templates were split into two equal 
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halves.  One half was left unmodified for the quantification of relaxed mtDNA. The other 

half was pre-treated to heat at 95
o
C for 6 min and was used for the quantification of total 

mtDNA content.  5-point DNA standard solutions (5X serial dilution) were made from 

the untreated control sample of each cell line. (Refer to chapter 1 of this thesis) 

 

5.3.6 MtDNA damage analysis with real-time PCR 

MyIQ Single Color Real-Time PCR Detection System (Bio-Rad) was used to perform 

relative amplification analysis.  MtDNA and nuclear DNA markers, primers listed in 

Table 4, were used for real-time PCR amplification with SYBR Green Supermix (Bio-

Rad).  DNA templates and standards were analyzed in triplicate with the following PCR 

program: 95
o
C for 3 min, 30-40 cycles of 95

o
C for 20 sec followed by 61

o
C for 30 sec.  A 

melt curve analysis was performed after amplification (Refer to chapter 1 of this thesis).  

Relative amplification analysis was performed based on the equation from Pfaffl [115]: 

   

   sampleMeanControlMeanrefCP

genereference

sampleMeanControlMeanettCP

geneett

Efficiency

Efficiency
R







arg

arg

. Equation 1 

 

5.3.7 MtDNA analysis experiment in C4-2 cells pre-treated with an anti-oxidant 

C4-2 cells were pre-treated with 4 mM of NAC in serum-free medium (Sigma-Aldrich) 

and incubated for 30 min at 37
o
C before treatment.  For the exposure experiments, 

duplicate dishes of NAC pre-treated and NAC-free C4-2 were treated with 120 µM H2O2 

for 1 h in serum-free medium.  For the recovery experiments, they were treated for 1 h 

and allowed to recover in fresh complete medium for 2 h and 24 h.  MtDNA analysis was 

performed as described previously in “4.2.6 MtDNA damage analysis with real-time 

PCR”. 
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5.3.8 Data analysis 

All statistical analyses were performed with the aid of Graphpad Prism version 4 

software.  Unless specified otherwise, the data were analyzed with one-way ANOVA. 

 

Table 4 Chapter 3 - Primer Sequences 

 

  

Gene Forward primer 5’-3’ Reverse primer 5’-3’ 

CO2 (mtDNA) CCCCACATTAGGCTTAAAAACAGAT TATACCCCCGGTCGTGTAGCGGT 

D-loop 

(mtDNA) 
TATCTTTTGGCGGTATGCACTTTTAACAGT TGATGAGATTAGTAGTATGGGAGTGG 

β-actin TCACCCACACTGTGCCCATCTACGA CAGCGGAACCGCTCATTGCCAATGG 

β-globin GTGCACCTGACTCCTGAGGAGA CCTTGATACCAACCTGCCCAG 
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5.4 Results 

5.4.1 MtDNA damage responses induced by H2O2 in LNCaP  

LNCaP cells were treated with 120 and 240 µM of H2O2 for 5, 15 and 60 min to induce 

mtDNA damage.  For recovery, the cells were first treated for 60 min and then allowed to 

recover in fresh complete medium for 2 and 24 h.  Total genomic DNA was extracted 

from the cells and real-time PCR amplification of the CO2 marker was used to quantify 

the original (CO2 ori) and pre-heated (CO2-heated) DNA templates of each sample.  An 

increase in the amplification signal from the original DNA template would signify that 

the amount of relaxed mtDNA has increased.  This in turn suggests that there is an 

increase in mtDNA damage.  In contrast, if the total copy remains the same and there is a 

decrease in relaxed mtDNA detected from the original template, it would suggest that the 

damaged mtDNA was repaired.  Total copy can be quantified with the pre-heated DNA 

templates, since heat pre-treatment will have converted all of mtDNA into the relaxed 

form.  During the first 5 min at 120 µM of H2O2 treatment, mtDNA damage detected 

from the relaxed mtDNA of the original template increased by 1.25-fold over the control 

level (p<0.01) (Figure 6A).  As the time of treatment increased, the amount of relaxed 

mtDNA also increased by 1.5-fold for 15 min treatment when compared to the control. 

(p<0.01)   The amount of relaxed mtDNA then decreased starting from 60 min of 

treatment (1.28-fold compared to the control, p<0.01), and because total copy detected 

from the pre-heated DNA templates remained stable, it suggested that mtDNA repair 

activity was taking place.  MtDNA repair was also observed at 2 h recovery, as the 

amount of relaxed mtDNA decreased further to around the control level.  At 24 h of 

recovery, the amount of relaxed mtDNA was reduced to 0.9-fold of the control level 
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(p<0.05).  There were few minor variations in total mtDNA copy (p>0.05), but it 

remained stable across all time points.   

 

In the first 5 min of 240 µM of H2O2 treatment, the mtDNA damage detected from the 

relaxed mtDNA of the original template increased by 2.1-fold over control level (p<0.01) 

(Figure 6 B).  Interestingly, the amplification signal from the original template is the 

same, or slightly more, than the pre-heated template’s, suggesting that all mtDNA was 

relaxed.  At 15 min of treatment, relaxed mtDNA remained at 2-fold higher than control 

level (p<0.01). At 60 min of treatment, all mtDNA remained relaxed and there was also a 

32% decrease in total mtDNA copy (p<0.01) compared to the control.  This loss of total 

mtDNA copy suggested that mtDNA was degraded.  At 2 h of recovery, more than half 

of the total mtDNA copy was lost.  After 24 h of recovery, total mtDNA copy was 

quantified at 0.6-fold of the control sample (p<0.01), but this represented a 1.3-fold 

increase compared to the 2 h recovery time point, suggesting a start in the repair process.  

With this experiment we detected a very dynamic dose and time-dependent mtDNA 

response to oxidative stress. 

 

5.4.2 MtDNA damage responses induced by H2O2 in C4-2 cells 

C4-2 cells were treated with 120 µM of H2O2 for 5, 15 and 60 min to induce mtDNA 

damage.  For recovery, the cells were first treated for 60 min and then allowed to recover 

in fresh complete medium for 6 and 24 h.  Extensive mtDNA damage was detected from 

the 1.8-fold increase in relaxed mtDNA from the original template when compared to the 

control (Figure 6C).  At 15 min of treatment, the amount of relaxed mtDNA increased by 

2.3 fold over the control level.  At this point, the amount of relaxed mtDNA was the same 

as the detected total mtDNA copy, suggesting that all mtDNA has been relaxed.  Starting 
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from 60 min of treatment, there was a loss of total mtDNA copy, 0.7-fold compared to 

the control.  This suggested that mtDNA was degraded.  After 24 h of recovery, almost 

half of the mtDNA content was lost.  This behaviour of C4-2 cells treated at a low dose of 

H2O2 was very similar to LNCaP cells treated at the high dose.  This suggests that the 

more metastatic C4-2 cells may be more susceptible to oxidative stress than LNCaP cells. 

 

5.4.3 Effects of N-acetylcysteine (NAC) anti-oxidant on C4-2 cells 

The mtDNA damage observed in the previous analysis was induced by an exogenous 

source of oxidative stress, and we suspected that an antioxidant may prevent or reduce 

mtDNA damage.  To test this hypothesis, we treated C4-2 cells with 4 mM of antioxidant 

NAC for 30 min before exposing the cells to 120 µM of H2O2 for 1 h, and then allowed 

the cells to recover for 2 h and 24 h.  Alongside this experiment, NAC-free C4-2 cells 

were also treated and analyzed.  Similar levels of relaxed mtDNA and total mtDNA copy 

were detected from the control samples without H2O2 treatment of either NAC-treated or 

NAC-free cells, suggesting that NAC pre-treatment did not affect mtDNA damage level 

nor the total mtDNA copy.  At 1 h of treatment for the NAC-free cells, an increase of 1.7-

fold in relaxed mtDNA was detected compared to the control (p<0.05).  A decrease in 

total mtDNA copy compared to the control was also observed, but the difference was not 

significant.  It is interesting to note that all mtDNA was relaxed for this sample at 1 h of 

treatment.  In comparison, with NAC-treated cells, a 1.6 fold increase in relaxed mtDNA 

was detected when compared to the control, but the total mtDNA copy remained stable at 

the control level.  When allowed to recover for 2 h, the NAC-free cells lost 48% total 

mtDNA copy compared to the control (p<0.01), while NAC pre-treated cells lost 18% 

compared to control (p<0.05).  After 24 h of recovery, the total mtDNA copy for NAC-

free cells increased slightly to 0.65-fold of control (p<0.01), but the total mtDNA copy 
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from NAC-treated cells returned to control level.  Antioxidant pre-treatment in C4-2 cells 

seemed to have reduced the damage to mtDNA, and these cells had a better outcome after 

24 h of recovery than the ones without pre-treatment.  Data from duplicate experiments 

were pooled and analyzed together. 

 

5.5 Discussion 

In this study, we have revealed a very dynamic process in mtDNA damage responses to 

oxidative stress in two isogenic cell lines with different metastatic potentials. The LNCaP 

cells which are androgen-responsive, exhibited dose and time-dependent mtDNA damage 

upon H2O2 treatment. In fact, significant mtDNA damage was observed almost 

immediately after H2O2 treatment. At low dose, the induced damage could be repaired 

within 2 h recovery; however, at high dose, it led to degradation and reduction in total 

copy number. As for the androgen-insensitive cell line, C4-2, it exhibited a different 

response pattern in comparison to LNCaP cells. Even at low dose of H2O2 treatment, we 

observed significantly more initial damage in mtDNA of C4-2 cells. The extensive 

damage could not be repaired and, as a result, led to a significant reduction in total 

mtDNA copy number over a period of 24 h. Therefore, the androgen-insensitive and 

more metastatic C4-2 cells appear to be more susceptible to oxidative damage. This 

differential damage response between the two prostate cancer cell lines is consistent with 

the observation of mtDNA alterations in prostate cancer progression reported by Higuchi 

et al. [114]  To further explore the molecular mechanisms underlining the differential 

damage response in the two cell lines, their redox activities were analyzed using MTT 

assay in another study. Consistent with mtDNA damage response, an increased redox 

toxicity was detected in C4-2 cells, which led to significantly more growth inhibition 
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over time than LNCaP cells when stressed by different doses of H2O2 (data attached in 

appendices, Figure 8).  Furthermore, we have determined earlier the exact mtDNA copy 

numbers in untreated C4-2 and LNCaP cells at 1495 and 3086 copies/cell, respectively, 

which seem to substantiate the observations made by Higuchi et al. on reduced mtDNA 

content in C4-2 [refer to chapter 2 of this thesis].  Taken together, altered mtDNA content 

and differential damage response between C4-2 and LNCaP prostate cancer cells provide 

new evidence to support a critical role played by mitochondrial dysfunction in prostate 

carcinogenesis and progression.  

 

The increased susceptibility of C4-2 cells to oxidative damage may reflect a cascade 

mechanism in ROS interaction in cancer cells.  Acute mtDNA damage was observed in 

C4-2 cells in the first few minutes of treatment, followed by a sustained mtDNA damage 

increase beyond 24 h after treatment.  Since the reported H2O2 half-life in cells is very 

short, we suspected there was a secondary ROS production, triggered by the initial H2O2 

treatment, which in turn contributed to the sustained mtDNA damage and copy number 

reduction observed in C4-2 cells.  In order to confirm this possibility, we carried another 

study using dihydroethidium (DHE) probes and fluorescent microscopy to detect 

superoxide production (data attached in appendices, Figure 9) and indeed observed a 

secondary superoxide production in C4-2 cells after H2O2 treatment.  The mechanism 

underlining this phenomenon is not clear from the limited data.  It is possible that an 

acute H2O2 exposure in cancer cells may trigger a secondary superoxide production inside 

the cell, leading to a fenton reaction and accumulation of hydroxyl radicals. This chain of 

ROS conversions may explain the sustained mtDNA damage in C4-2 cells.  On the other 

hand, NAC had preventive effects on mtDNA damage in C4-2 cells.  The antioxidant 

NAC is a precursor for the synthesis of glutathione which is a key peptide used by 
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glutathione peroxidase in cellular antioxidant defence.  In our findings, a significant 

reduction in short-term mtDNA damage and an enhanced long-term repair activity were 

observed in C4-2 cells when NAC was administered in cell culture.  Hence, the 

preventive effects offered by NAC antioxidant not only suggests a mechanism 

underlining the increased susceptibility of C4-2 cells to oxidative damage, but may also 

have implications in prostate cancer prevention and treatment. Additional work is 

required to address the relationship between mtDNA dysfunction, differential 

susceptibility to oxidative stress and metastatic potential in prostate cancer cells. 
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Figure 6 MtDNA damage and copy number change in LNCaP and C4-2 cells induced by H2O2 

exposure. 

 

LNCaP cells were treated with 120 (A) or 240 M H2O2 (B) in serum free medium for 5, 15 and 60 

min, respectively, to induce mtDNA damage. For the recovery experiment, LNCaP cells were first 

treated with 120 or 240 M H2O2 for 60 min, then allowed to recover in fresh medium for 2 and 24 h 

respectively. C4-2 cells were treated with120 M H2O2 for both exposure and recovery experiments 

(C). MtDNA (CO2) and nuclear DNA (-actin and -globin) markers were used for real-time PCR 

using total genomic DNA isolated from each sample. The CO2 marker was used to analyze the original 

and heat pre-treated (95
o
C for 6 min) DNA template to determine the quantity of relaxed (CO2-ori) or 

total (CO2-heated) mtDNA from each sample.  Two additional nuclear markers were analyzed: β-actin 

was used as the reference gene to normalize results and β-globin, for monitoring loading. 

A B 

C 
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Figure 7 Effects of NAC antioxidant on mtDNA damage and total mtDNA copy in C4-2 

cells. 

C4-2 cells were pre-treated with 4 mM NAC for 30 min before H2O2 treatment. For exposure, 

both the pre-treated and non pre-treated cells were treated with 120 µM H2O2 for 1 h.  For 

recovery, the cells were allowed to recover for 2 and 24 h after the 1 h of treatment.  At each 

time point, the results of non-pre-treated (left) and NAC pre-treated (right) cells were grouped 

together for comparison.  The CO2 marker was used to analyze the original or heat pre-treated 

(95
o
C for 6 min) DNA template to determine the quantity of initial relaxed (CO2-ori) or total 

(CO2-heated) mtDNA from each sample.  Two additional nuclear markers were analyzed, β -

actin as the reference gene to normalize results, and β-globin, for monitoring loading.  
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6. Conclusions 
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In this manuscript-based thesis, we have studied mtDNA as a surrogate to oxidative stress 

in three different perspectives: method development, detection of systemic oxidative 

stress in circulating lymphocytes and detection of differential mtDNA damage responses 

in isogenic cancer cell lines. 

 

In the first chapter, we developed a step-by-step protocol for a novel method for the 

quantitative analysis of mtDNA damage, repair and total copy change using real-time 

PCR.  This standardized method overcomes many limitations of existing methods such as 

the semi-quantitative nature of gel electrophoresis and the lack of information on mtDNA 

structure using long PCR method.  Many improvements were made to the method since it 

was first published by Chen et al. [84].  It was observed that artificial damages were 

introduced when mtDNA was subjected to heat of 95
o
C for a prolonged period of time 

[84]. We hypothesized that by shortening the time required by the real-time PCR 

procedure for heating the samples, mainly the initial heat-activation step, there would be 

decrease in artificial damage introduced.  Hence, we improved the method by establishing 

a fast procedure in real-time PCR, which significantly reduces the amount of 

experimental artifacts up to 34.5% associated with the previous method.  This 

improvement in sensitivity makes it possible to measure endogenous mtDNA damage in 

cells more accurately. 

 

In the second chapter, we further developed a new approach to detect systemic oxidative 

stress by absolute quantification of mtDNA markers in circulating lymphocytes and 

whole blood.  We suggest that oxidative stress is not only a characteristic of prostate 

cancer cells, but also a distinctive feature of the circulating cells in prostate cancer 

patients.  High levels of systemic oxidative stress have been associated with increased 
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prostate cancer risk [36-37], and with aggressive forms of prostate cancers [94].  

Consequently, our non-invasive and quantitative approach may prove to be useful in 

epidemiological studies for assessing prostate cancer risks among the population, or in 

studies for aggressive prostate cancer progression.  In the process of developing this new 

approach, we have outlined a detailed protocol which was described in three main parts: 

1) nuclear DNA and mtDNA standard preparation, 2) DNA sample preparation, and 3) 

real-time PCR analysis of mtDNA damage and total copy number.  In our initial test of 

the new approach, we have demonstrated that lymphocytes from healthy men have a 

significantly lower total mtDNA copy number and endogenous levels of damage than in 

prostate cancer cells.  As expected, these results are in agreement with the notion from 

the literature that mtDNA content varies greatly between cell types.  Furthermore in our 

damage response experiments, we observed that mtDNA in lymphocytes exhibited 

significantly induced damage after H2O2 exposure, but lack repair activity in ex-vivo 

challenge test.  In this second chapter, we propose that our new non-invasive approach 

may be a valuable addition for detecting systemic oxidative stress, since it offers several 

advantages over existing methods.  The new approach allows quantification of precise 

mtDNA content, endogenous damage levels and induced stress responses simultaneously.  

These multiple endpoints allow for flexible and methodical analyses of systemic 

oxidative stress. 

 

In the third chapter, we investigated the dynamic mtDNA damage responses to oxidative 

stress in two isogenic prostate cancer cell lines with different metastatic potentials, which 

would offer new insights into the underlying mechanisms of prostate cancer progression.  

We not only detected vastly different amount of mtDNA content between LNCaP and 

C4-2 cells (LNCaP has over 2-fold more than C4-2), but when treated with the same 
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amount of oxidative stress, we measured a significant increase in the amount of mtDNA 

damage and total mtDNA copy reduction in C4-2 cells when compared to LNCaP cells.  

This suggests that the more metastatic and androgen-insensitive C4-2 cells are more 

susceptible to oxidative stress, probably through a cascade mechanism in secondary 

production of toxic ROS.  This differential damage response between the two prostate 

cancer cell lines is also consistent with reported observations on mtDNA alterations in the 

prostate cancer progression of LNCaP and C4-2 cells [114].  In agreement with our 

mtDNA results, MTT data also supported the observed differential damage response to 

H2O2 between the two cell lines.  We detected increased redox toxicity in C4-2 cells that 

led to a significant cell toxicity and growth inhibition over time when compared to 

LNCaP cells.  Taken altogether, our results on altered mtDNA content and differential 

damage response between LNCaP and C4-2 cells support the notion that mitochondrial 

dysfunction may be a key player in prostate carcinogenesis and progression [21, 62, 73].  

One notable observation is that the administration of the NAC antioxidant partially 

prevented and reduced mtDNA damage induced by H2O2 treatment and allowed an 

enhanced long-term repair capacity in C4-2 cells.  Ultimately, further studies of the 

differential mtDNA damage response between LNCaP and C4-2 cells, the enhanced 

susceptibility to oxidative stress of C4-2 cells, and the intricate balance between oxidants 

and antioxidant systems may provide new insights on the mechanism of prostate cancer 

progression. 

 

Taken together, mtDNA may serve as a sensitive molecular marker to detect either 

oxidative damage from patients’ local/tissue specific cancer cells or systemic oxidative 

stress from their circulating blood cells.  The results from the studies not only provide 

new understanding on the role of oxidative stress in prostate carcinogenesis, but also 
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provide sensitive markers for clinical analysis of prostate cancer risk and progression.  

For future directions, there are two potential facets that we can explore: 1) using our new 

approach for systemic oxidative stress we can conduct an epidemiological study between 

a healthy population and prostate cancer patients, 2) to expand our work with the prostate 

cancer cell lines and investigate the biological pathways and the underlining mechanisms 

responsible for the differential oxidative stress responses observed between LNCaP and 

C4-2 prostate cancer cells.  For the epidemiological study, the goal would be to test the 

hypothesis that either the variation in mtDNA content, endogenous damage, and or 

damage responses measured from lymphocytes can distinguish populations with a higher 

risk of prostate cancer and progression.  The same approach could be applied to other 

cancers as well, notably renal and bladder cancers.  For expanding the cell line work, it 

would be worthwhile to confirm our results with additional isogenic prostate cancer cell 

lines with different metastatic potentials such as PC-3 and LN4 (LN4’s metastatic 

potential > PC-3’s). 
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Figure 8 MTT assay with LNCaP and C4-2 prostate cancer cells 
MTT assays were performed on LNCaP (A) and C4-2 (B) cells treated to 30 to 240 µM H2O2 for 

1, 3, 6, 24, and 48 h.  The MTT results were calculated from a combination of at least two 

separate experiments.  For each individual experiment, duplicate 96-well plates (12 wells/H2O2 

treatments) were measured.  Statistics were performed by one-way ANOVA with Dunnett’s 

multiple comparison test (* = p<0.05, ** = p<0.01). 
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Figure 9 Detection of intracellular production of ROS with fluorescent microscopy 

Superoxide was detected and quantified under fluorescent microscopy with DHE.  Duplicate 

dishes of LNCaP (A), and C4-2 (B) cells were treated to 0, 120, and 240 µM H2O2 in serum-

free medium for 30 min, 30 min with 2 h of recovery, and 30 min with 24 h of recovery.  

DHE fluorescence was immediately measured after treatment under inverted fluorescent 

microscopy (IX81, Olympus).  All DHE stained images were taken at two random spots on 

each dish with a TRITC/TR filter, and an exposure time of 25 ms.  The relative fluorescence 

intensity/cell (RFI/cell) data was quantified with Image-Pro 5.0 software (Media Cybernetics) 

and compared to the untreated control sample (RFI value = 1).  The results were calculated 

from at least two separate experiments.  Statistics were performed by one-way ANOVA with 

Dunnett’s multiple comparison test (* = p<0.05, ** = p<0.01). 
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