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CHAPTER 1 

Environmentally induced DNA damage, repair, and disease 

２
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1.Nuclear and mitochondrial DNA in mammalian cells 

Eukaryotic organisms contain two kinds of deoxyribonucleic acid (DNA) in two different 

sites, the nucleus, and mitochondria. Nuclear DNA (nDNA) and mitochondrial DNA 

(mtDNA) are both in the form of a double helix, with two DNA strands composed of sugar 

(2-deoxyribose), a phosphate group, and four nucleobases [Thymine (Thy), Adenine (Ade), 

Cytosine (Cyt) and Guanine(Gua)] (Figure 1.1) [1]. The bases are composed of carbon and 

nitrogen ring, and they are separated into two groups- purines (double-rings; Ade and Gua) 

and pyrimidines (single ring; Cyt and Thy), as shown in Figure 1.2 [2]. As a Chargaff rule 

and Watson -Crick base-pairing rules in double-stranded DNA (dsDNA), purines naturally 

pair with pyrimidines by hydrogen bonds and form nucleotides with a phosphate group via 

a phosphodiester bond. For example, guanine bonds with cytosine by forming three 

hydrogen bonds, and adenine binds to thymine by forming two hydrogen bonds [3].  

 

(National Cancer Institute/Terese Winslow, 2015) 

Figure 1. 1 Illustration of the structure of (A) nuclear DNA and (B) mitochondrial 
DNA 
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Three nucleotides encode one amino acid, and in the human genome, nDNA is linear in 

shape and has 3.3 billion base pairs with 46 chromosomes that encode 20,000 to 25,000 

genes [4].  

 

Figure 1. 2 Structure of nucleobases  

Compared to the nDNA, mtDNA is circular in shape, and it is in the mitochondrial matrix 

within the mitochondrial inner membrane. mtDNA comprises 16,569 base pairs with 37 

genes of which 13 genes encode protein subunits associated with respiratory complexes 

that are important for the respiratory chain in mitochondria [5, 6]. Both nDNA and mtDNA 

encode genes that play an important role in cell function and metabolism. Therefore, 

damage, and mutations, to either nDNA or mtDNA, may be associated with pathogenesis 

in humans. In this chapter, environmental factors that cause DNA damage, the cellular 

response to the damage, and lead the diseases related to nDNA and mtDNA damage will 

be introduced. 
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2. Environmentally induced DNA damage  

Many types of DNA damage and the resulting mutations occur due to exogenous and 

endogenous factors. Strand breaks, modified nucleobases, bulky DNA adducts, and abasic 

sites are common types of DNA damage found in nDNA and mtDNA [7]. Endogenous 

factors such as reactive oxygen species (ROS) are produced by metabolism and could 

induce DNA damage in the cells – particularly under oxidative stress, where the balance 

between prooxidants and antioxidants is tipped in favor of the former. Exogenous factors 

can also be a source of oxidative stress in the cell. There are many kinds of exogenous 

factors inducing a variety of DNA damage in cells.  

 

Figure 1. 3 Overview of DNA damage, repair, and pathogenesis. Exogenous factors 
and endogenous factors induce DNA damage. Once DNA is damaged, damaged DNA is 
repaired using a cellular repair mechanism. However, increases in the rate of DNA damage 
leads to diseases such as cancer, aging, and neurodegenerative diseases.    
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Ultraviolet radiation (UVR) is one of the well-known exogenous factors that produce bulky 

adducts (e.g. cyclobutane thymine dimers: T<>T) in both nDNA and mtDNA and can also 

induce ROS that leads to oxidation of nDNA and mtDNA. In this section, exogenous 

factors that cause DNA damage will be introduced.  

2.1 Oxidative stress- induced DNA damage (an example of non-bulky adducts) 

Oxidative stress is one of the factors that cause DNA damage. ROS are chemically reactive 

molecules containing oxygen, and they are produced by natural metabolism, essential for 

biological function, cell signaling, cell survival, growth, proliferation, and differentiation 

[8]. ROS, such as superoxide or the hydroxyl radical, react with DNA and cause DNA 

damage by breaking the DNA double strands, together with other forms of damage, such 

as modification of the nucleobases [9]. This damage can lead to DNA mutation and 

potentially induce carcinogenesis, or apoptosis, or lead to cellular aging [10, 11]. In 

addition to DNA, ROS can cause oxidation in the 2’-deoxyribonucleotide pool. For 

example, UVA irradiation is a factor that produces ROS by interaction with intracellular 

photosensitizer that induces ROS in the cells [12]. Once dGTP is oxidized by ROS, it forms 

8-oxodGTP, which may be misincorporated into into G:C > C:G and G:C > T:A 

transversions during DNA replication [13]. The oxidized purine, 8-oxo-7,8-dihydro-2’-

deoxyguanosine (8-oxodG) is described as a non-bulky adduct (as it is only a subtle 

modification of dG, compared to other adducts, such as pyrimidine dimers), and it is a 

widely recognized biomarker of oxidative stress. It is also a major DNA damage product 

of ROS and oxidative stress [13].  
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Figure 1. 4 Example of the formation of oxidized purines  

 

2.2 UV induced DNA damage – Pyrimidine dimers (an example of a bulky adducts) 

UVR, some chemicals, and ionizing radiation are examples of the exogenous factors that 

induce DNA damage. UVR is classified into three categories based upon wavelength: UVA 

(320-400 nm), UVB (280-320 nm), and UVC (200-280 nm) [14]. Although UVR has some 

beneficial properties, in terms of producing vitamin D in humans, UVR is a most effective 

inducer of DNA damage and mutations, which can lead to skin carcinogenesis, by forming 

cyclobutane pyrimidine dimers (CPD), arising from the formation of bonds between C5 

and C6 in pyrimidine bases [14-17]. The distribution and formation of DNA damage 

induced by UVR depend on multiple factors, such as DNA sequences, structure, and 

chromatin organization, in part due to the sequence specificity of UVR and access of DNA 

repair enzyme to the adducts [18-20]. Failure to repair CPD causes DNA mutation and skin 

cancer. 
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(NASA/Herring, Wikipedia, 2010) 

 

Figure 1. 5 Formation of CPD after UV radiation exposure of DNA 

 

2.3 Bacterial infection- Mycoplasma as a potential environmental source of DNA 
damage  

Mycoplasma is a bacterium that lacks a cell wall surrounding the cell membrane, and 

because of this biological feature, it makes them markedly different from other bacteria 

[21]. The absence of a cell wall, coupled with their small size, allows Mycoplasma to pass 

through sterilizing filters that would otherwise prevent contamination [21]. It also makes 

Mycoplasma resistant to antibiotics, which require binding to the cell wall of a bacterium 

for their effect. Common sources of contamination that lead to Mycoplasma infection 

include cell culture supplies, reagents, exposure to other Mycoplasma contaminated cells, 

or laboratory supplements [21, 22]. Mycoplasma causes altered metabolism, 

morphological changes, and changes in cell growth and viability (which can increase or 

decrease) [23]. However, the precise effects of Mycoplasma contamination on specific host 

cell functions remain unclear, partly because the Mycoplasma genus contains many 

different species, each of which has a different effect on host cell function [23]. It has been 

reported that Mycoplasma infections in humans lead to oxidative stress, by causing the 
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changes in protein levels that are associated with a respiratory response, and the induction 

dsDNA breaks [24]. Furthermore, Mycoplasma changes the expression of a plethora of 

genes, modifying the cellular responses of the host cells, and rendering the results of such 

an in vitro cell model invalid.  

3. DNA repair  

Protecting the cells and rescuing DNA from damage is the repair of damaged DNA using 

a variety of DNA repair pathways. There are many repair pathways to correct DNA 

damage such as nucleotide excision repair (NER) and base excision repair (BER). 

3.1 Nuclear excision repair (NER)  

NER removes damaged nucleobases within a string of nucleotides and is particularly 

targeted towards bulky lesions. As such, this pathway is the most critical pathway to 

remove CPD [25, 26]. NER has two different sub-pathways to recognize DNA damage: 

global genome NER (GG-NER) and transcription-coupled NER (TC-NER). GG-NER 

operates across the entire genome, however TC-NER focuses on actively transcribed 

regions in the genome. The reason behind this is a mechanism for the recognition of DNA 

damage (Figure 3.1). GG-NER recognizes bulky adducts using xeroderma pigmentosum C 

protein (XP-C) and 23 B protein complex. This complex recruits TFIIH, a transcription 

factor that contains a helicase subunit that helps unwind damaged DNA. XP-G and RPA 

protein bind to the DNA repair complex to destabilize the helix until the complex bubble 

holds about 25 nucleobases. After the complex covers 25 nucleobases, endonuclease XP-

F and XP-G cut the damaged strand fragment, and DNA polymerase fills the gap, and DNA 

ligase seals the nick [27]. In contrast, TC-NER uses RNA polymerase to recognize the 



 10 

damaged DNA by getting blocked by DNA adduct. Once blocked by the adduct, a small 

protein called CSB binds to the damaged site and recruits XP-G to unwind the helix, and 

the same pathway as GG-NER proceeds to remove and repair the damaged DNA [27].  

(Karbaschi, 2012)  

 

Figure 1. 6 The pathways of Global genome and Transcription-coupled nuclear 
excision repair
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3.2 Base excision repair (BER) 

Base excision repair (BER) repairs damaged DNA by removing the damaged nucleobase 

[28]. Thus, BER is also important in preventing mutations, and there are a number of 

pathways to achieve this, each involving different BER enzymes, with overlapping 

substrates. Human 8-oxoguanine DNA glycosylase (hOGG1) is the primary enzyme for 

removing oxidized purines. For example, it removes 8-oxo-7,8-dihydroguanine (8-oxoGua) 

when formed in situ, opposite cytosine [29]. In contrast, human mutY homologue (hMYH) 

removes adenine when it is mispaired with 8-oxoGua. Excising adenine from opposite the 

damaged DNA nucleobase provides an additional opportunity for the correct nucleobase 

to be inserted (i.e. cytosine), and then create the substrate for the 8-oxoGua to be repaired 

by hOGG1 [30, 31]. There are two BER pathways, long-patch BER and short-patch BER. 

DNA glycosylases such as hOGG1 cleaves 8-oxoGua when paired with cytosine and form 

an AP site (apurinic/aprimidinic site). AP endonuclease cleaves AP sites when they are 

formed. After AP site formation, Short- patch BER removes the damaged nucleotide while 

long-patch BER eliminates the damaged nucleotide, together with a number of undamaged 

nucleotides (Figure 3.2) [32]. Mitochondrial DNA is easily damaged by ROS due to the 

proximity to ROS generation within the mitochondria. Failure to convert superoxide to 

hydrogen peroxide causes oxidation of mtDNA resulting in oxidized purines, such as 8-

oxoGua [33]. Once mtDNA is damaged, the mtDNA repair systems are activated. There 

are many mtDNA repair pathways, although BER and Mismatch repair (MMR) is the most 

common repair systems. BER is one of the most important routes to repair oxidatively 

damaged mtDNA.  
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(Martin, 2011) 

 

Figure 1. 7 Summary of mitochondrial DNA BER process 
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3.3 Mismatch repair (MMR) 

Mismatch repair (MMR) is one of the pathways that corrects the misincorporation of 

nucleobases (base-pair mismatch, nucleotide insertion, and deletion) during DNA 

replication [34]. For example, in human cells, there are two heterodimers involved in MMR: 

bacterial MutS homolog alpha (MSH2/MSH6α: MutSα) and beta (MSH2/MSH3β: MutSβ) 

[35]. MutSα is involved in the small insertion and deletion of mispaired nucleotides (one 

or two nucleotides), but MutSβ is involved the longer insertion (one to 15 mispaired 

nucleotides) [35]. If there is a mismatched nucleotide synthesized in the daughter strand 

during DNA replication, MutS protein recognizes mismatched nucleotides, and it binds to 

the mispaired segment. After MutS proteins bind and form the DNA-protein complex, it 

recruits MutL homolog alpha (MLH1/PMS2α: MutLα) required for MMR. MutLα, a repair 

endonuclease, binds to the DNA-MutS protein complex, and it distinguishes template 

strand and newly synthesized daughter strand that contained mispaired nucleotides [36]. 

MutL nick the mispaired daughter strand and recruits DNA helicase (MCM9) and 

replication protein RPA to unwind the mismatched nucleotide and excise the mismatched 

segment by Exonuclease 1 (EXO1) [37]. After excision, DNA polymerase δ re-synthesizes 

the nucleotides, and DNA ligase fills the gaps [38].  

4. Diseases in which DNA damage is implicated  

4.1 Neurodegenerative diseases 

Environmental toxicants and stress increase the risk of neurodegeneration disease. 

Glyphosate, which is a toxic herbicide, decreases zinc levels in the brain, which causes 

neurological toxicity [39]. Much of the toxin mechanisms implicated in neurodegeneration 

appear to be linked to the induction of oxidative stress and its consequences. For examples, 
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exposure to glyphosate increases H2O2 levels in cells, which causes oxidative stress, and is 

closely associated with cytotoxicity and neurodegenerative disease [40]. This coupled with 

the high levels of iron in the substantia nigra, or low levels of glutathione, increase the 

likelihood of oxidative stress, which will then form •OH from the H2O2, a mechanism 

implicated Parkinson’s disease. Free radicals induce aggregation of soluble beta-amyloid 

(Aβ) into insoluble plaques, which are associated with Alzheimer’s disease [41]. 

Deficiency in the DNA repair enzyme Ape1 (human AP endonuclease) has been reported 

to lead to apoptosis in oxidatively damaged neuronal cells [42]. Furthermore, lower levels 

of hOGG1 activity are found in the brain tissue of Alzheimer’s disease patients compared 

with controls [43]. Mice OGG1 and MTH1 work together to suppress 8-oxoGua formation 

to protect the brain from neurodegeneration. Mice OGG1 deficiency leads to increases in 

8-oxoGua levels, which may lead to neurodegenerative disease [44]. 

4.2 Cancer  

Many studies show that environmental exposures are a major cause of cancers. UVR is an 

example of a well-known environmental factor that causes skin cancer. UVB-exposed 

human keratinocytes demonstrate increased CC to TT mutations in the p53 gene (tumor 

suppressor gene) with increasing the UV dose [45]. Failure to repair T<>T increases the 

risk of skin cancer. For example, xeroderma pigmentosum (XP) patients have mutation that 

result in defective NER, as a result these individuals are extremely photosensitive have a 

higher risk of having skin cancer [46]. In an epidemiological study, the skin cancer 

incidence rate in general population is significantly correlated with UV exposure [47]. In 

addition, nearly 65 % of melanoma skin cancers are linked to sun exposure [48].   
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Another environmental factor linked to cancer is bacterial infection and there is evidence 

that this occurs via perturbation of the DNA damage response. For example, Mycoplasma 

chaperone protein DnaK downregulates the DNA repair protein PARP (poly-ADP ribose 

polymerase-1), and results in the accumulation of DNA damage, and promotion of cellular 

transformation, PARP also reduces the effect of anticancer drugs such as Nutlin-3 [49]. 

Benign human prostate BPH-1 cells infected with Mycoplasma develop anchorage-

independent growth [50]. Furthermore, nude mice inoculated with Mycoplasma infected 

BPH-1 cells developed tumors [50]. Many studies have shown the importance of DNA 

repair pathways in cancer causation and prevention. For example, levels of hMTH1, which 

is one of the proteins in the NUDT family and hydrolyzes 8-oxodGTP to 8-oxodGMP to 

prevent misincorporation into DNA, are elevated in lung cancer cells so it helps cells to 

survive exposure to oxidative stress [51]. Likewise, many studies show the relationship 

between DNA repair and cancer, or neurodegenerative diseases. However, the 

consequences of specific types or genomic location of DNA damage or types of DNA 

repair dysfunction, are not well understood.  

5. Techniques that detect DNA damage 

Many methods have been used to evaluate and investigate the DNA damage and repair 

such as single-cell gel electrophoresis (the comet assay), polymerase chain reaction (PCR), 

and damaged DNA immunoprecipitation sequencing (DDIP-seq). Theses assays have 

particular strengths and weaknesses, which lend them to specific applications in the field 

of genotoxicity (Table 1).   
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5.1 Single-cell gel electrophoresis (the comet assay) 

The comet assay is a sensitive method to evaluate the genotoxicity in individual cells [52]. 

Östling and Johansson developed the comet assay in 1984 [53]. In 1988, the comet assay 

was developed as a sensitive method to measure low levels of nuclear DNA damage in 

individual cells [54]. Nowadays, many epidemiology, genotoxicology studies have used 

the comet assay as a technique to test genotoxicity and human biomonitoring [55]. There 

are several variants of the comet assay: (1) alkaline comet assay, (2) neutral comet assay, 

(3) enzyme-modified comet assay. The alkaline comet assay is performed under alkaline 

conditions with high pH (pH>13) during electrophoresis to detect strand breaks and alkali-

labile sites (such as AP sites). The neutral comet assay uses more neutral conditions (pH 

8.3), to detect frank single strand breaks, and double strand breaks [56, 57]. The enzyme 

modified comet assay is used to gain more specificity for the type of DNA damage detected 

through the use of a specific enzyme (e.g., hOGG1, which removes oxidized purines, and 

T4endoV, which nicks at CPD).  The activity of these enzymes results in breaks at the site 

of each DNA lesion, which can be detected in the alkaline comet assay. 

 However, the process of the conventional comet assay is time-consuming, can only run a 

relatively limited number of samples, and requires a large space in which perform the assay. 

For these reasons, many high-throughput methods are developed. The COMPAC-50 

(Cleaver Scientific Ltd) and CometChip (Trevigen, Inc) are recent examples of high-

throughput comet assay platforms with a reduction in buffer usage, duration of performing 

the assay with a high number of samples [58, 59]. Even though there are many advantages 

in both COMPAC-50 and CometChip, some limitations still exist with both methods, and 
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the comet assay in general, such as not being able to analyze mitochondrial DNA damage, 

and measuring global nuclear DNA damage, with no information on the sites of damage. 

5.2 Polymerase chain reaction (PCR) 

PCR methods have been used to identify the DNA damage in individual and multiple genes 

in both nDNA and mtDNA. The mechanism to evaluate DNA damage is to amplify the 

specific gene that is damaged or undamaged DNA. The concept of PCR to detect DNA 

damage in the gene of interest is to quantify the PCR product after assay. If there is damage 

in the gene of interest, the polymerase may be blocked by the adduct or strand break. 

Therefore, the quantity of PCR products in damaged DNA, will be less than undamaged 

DNA. But because the amount of PCR product will depend not only on the quality of the 

DNA (how much damage is present), but also the amount of template DNA i.e. the number 

of mitochondria, it is important to correct for mitochondrial copy number. This too can be 

achieved by PCR. The concept of mtDNA contents analysis is to determine the relative 

copy number using the single-copy gene of damaged nDNA and mtDNA versus 

undamaged [60]. There is another method to evaluate the DNA damage in multiple genes 

(up to 30 kb) called long-range PCR [61]. Long-range PCR has been used to investigate 

depletion, mutations, and the formation of DNA damage in human mitochondria and 

nuclear DNA [62]. This method is more sensitive than short range PCR methods as the 

likelihood of encountering damage is a larger region of DNA is greater. PCR methods are 

sensitive methods to measure region and gene-specific damage, however some kinds of 

DNA damage are not detectable because the polymerase bypasses the damage, instead of 

being blocked by it [63].  
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5.3 Immunoprecipitation sequencing (IP-seq) 

Immunoprecipitation sequencing has been used in recent studies to assess DNA damage. 

Chromatin immunoprecipitation sequencing (ChIP-seq) and damaged DNA 

immunoprecipitation sequencing (DDIP-seq) are the most commonly used to evaluate 

DNA damage. ChIP-seq is used to isolate the regions where a DNA repair enzyme binds 

(DNA protein interaction region). For example, if DNA is damaged and 8-oxoGua is 

formed, hOGG1 binds to the DNA to perform repair. The hOGG1 is fixed in place by 

crosslinking, the DNA fragments, and the hOGG1-containing fragments isolated using an 

anti-hOGG1 antibody. The isolated regions can then be sequenced. For the DDIP-seq, 8-

oxoGua containing fragments are isolated directly using anti-8-oxoGua antibody.  

Currently, mapping methods (such as DDIP-seq) of gene-specific damaged DNA regions 

are available at a high resolution. These methods allow the study of the formation and 

repair of a variety of different kinds of DNA damage (e.g. CPD, oxidized purines, and 

strand breaks) [64-67]. DDIP-seq is a very reliable and sensitive method with high 

resolution (100-1000 bp) to detect specific sites, but it is costly [68]. 
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Table 1. Advantages and limitations of the techniques assessing DNA damage.  

 

Method  Advantage Limitation 

Comet assay  

• Sensitive method to detect nuclear 
DNA damage, repair, and cross-
links in vivo and in vitro model.  

• Good method to test genotoxicity of 
drugs 

• Inexpensive 
• Fast, and simple method 

• Only detect 
nuclear 
DNA 
damage 

• Data 
analysis is 
time 
consuming 

PCR 

Short 
range  

• 80 – 200 
bp 
(efficient 
amplicon 
size) 

• DNA 
damage 
detection 
of 
specific 
genes  

• Sensitive 
method to 
detect nuclear 
and 
mitochondrial 
DNA damage 

• Region and 
gene specific  

• Time 
consuming 

• Analyze one 
area each 
time 

• Required 
specific 
primer  

• Expensive 
• Some types 

of DNA 
damage is 
not 
detectable 

Long 
range 

• Up to 20 
kb 
(efficient 
amplicon 
size) 

• DNA 
damage 
detection 
of longer 
region 

DDIP-seq 

• Highly sensitive method to find the 
DNA damage and mutation  

• Detection of specific mutation or 
DNA damage  

• Specific 
antibody 
needed 

• Time 
consuming 

• Expensive 
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6. Central hypothesis and specific aims 

Many environmental factors cause DNA damage and cellular dysfunction, if not repaired 

and are therefore implicated in the etiology of numerous diseases. In this thesis, we 

hypothesized that different environmental factors induce various types of DNA 

damage and this leads to a differential response. To prove this hypothesis, we tested 

three different aims to examine the DNA damage response in appropriate cell culture 

models exposed to relevant environmental stressors. 

 

Aim 1. To develop, optimize, and evaluation methods for assessing DNA damage   

 

Aim 2. To investigate the distribution of damage and repair across the nuclear 

mitochondrial genomes in human skin keratinocytes exposed to UVR and SSR.  

 

Aim 3. To investigate the effect of chronic bacterial infection on the DNA damage response 

in a model of dopaminergic neurons.  
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Materials 

2.1 Cell culture conditions and treatments 

2.1.1 Cell culture conditions 

2.1.1.1 Human Keratinocytes (HaCaTs) 

Immortalized human keratinocytes (HaCaTs) were used as a relevant, representative cell 

culture model to study the UV induced nuclear and mitochondrial DNA damage and 

repair. Cells were cultured as a monolayer in cell culture flasks in Dulbecco's Modified 

Eagle Medium (DMEM): F-12 (1:1) without L-Glutamine (Quality Biological, 

Gaithersburg, MD, USA) supplemented with 10 % fetal bovine serum (Gibco, Waltham, 

MA, USA), 2 mM Glutamax (Gibco, Waltham, MA, USA) and 1 mM sodium pyruvate 

(Gibco, Waltham, MA, USA) without antibiotics, at 37 °C, in a 5 % CO2 humidified 

incubator. Cells were sub-cultured at 70 % confluency. Cells were washed twice with 

PBS before trypsinization to detach them from the flask. 0.25 % Trypsin EDTA was 

added to the flask and incubated for 10 min at 37 °C in a 5 % CO2 humidified incubator. 

Cells were washed with HaCaT media and centrifuged at 300 x g for 5 min. Cells were 

sub-cultured with a 1:5 ratio. 

2.1.1.2 Dopaminergic neuroblastoma cell line (BE-M17) 

Dopaminergic neuroblastoma cells (BE-M17) were used as a representative cell culture 

model to study the effect of Mycoplasma infection on the nuclear and mitochondrial 

DNA damage response. BE-M17 cells were cultured as a monolayer in cell culture flasks 

in Dulbecco’s modified Eagle’s medium (Gibco, Waltham, MA, USA) supplemented 

with 10% fetal bovine serum (Gibco, Waltham, MA, USA), without antibiotics, at 37 °C, 

in a 5% CO2 humidified incubator. Cells were sub-cultured 80 % confluency. Cells were 
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washed with PBS twice prior to the trypsinization with 0.25 % Trypsin EDTA for 1 min 

at 37 °C in a 5 % CO2 humidified incubator. Cells were then de-trypsinized with BE-M17 

complete media and centrifuged at 300 x g for 5 min. Cell pellets were collected and 

subculture with a ratio of 1:4. 

Mycoplasma contamination testing was performed regularly using 4 mL of cell culture 

medium from the cells, and a PCR-based method shown as developed and performed by 

the Tissue Culture Core Facility at Florida International University. 

2.1.2 Cell treatment 

2.1.2.1 UV irradiation  

To induce pyrimidine dimers in cells, UV irradiation was performed in an AirClean 600 

PCR workstation cabinet (Airclean System, Creedmoor, NC, USA). UVP UVX 

Radiometer with three different sensors (Analytik Jena US LLC, Beverly, MA, USA) for 

each treatment [UVX 25 (UVC), 31 (UVB) or 36 (UVA)] was used to measure UVA, 

UVB, or UVC intensity prior to irradiation and calculated required dose for UVA, UVB 

or UVC according to the formula below:  

[Exposure time (sec) = Required dose (J/cm2)/ UV intensity (W/cm2)]  

After two washes of the cells with PBS, cells were irradiated in PBS, adherent, on ice, 

without the lid of Petri-dishes. After removing the PBS, the cells were washed twice with 

PBS prior to being trypsinized with 0.25 % Trypsin EDTA (Gibco, Waltham, MA, USA). 

2.1.2.2 H2O2 treatment  

H2O2was used s a representative inducer of oxidatively generated DNA damage. Cells 

seeded in 6 well plates or 100 mm Petri dishes and were washed twice prior to H2O2 

treatment. 50 μM H2O2 diluted in serum-free Dulbecco’s Modified Eagle Medium 



 24 

(DMEM): F-12 (1:1) without L-Glutamine (Quality Biological, Gaithersburg, MD, USA) 

was used to treat cells, on ice, for 30 min in a cell culture cabinet. The cells were 

trypsinized with 0.25 % Trypsin EDTA (Gibco, Waltham, MA, USA) following the cell 

culture conditions mentioned in section 2.1.1. 

General methods 

2.2 DNA damage detection methods  

2.2.1 Detection of nuclear DNA damage - the alkaline comet assay 

2.2.1.1. Cell preparation for the comet assay  

After irradiation described in section 2.1.2.1, cells were trypsinized following the 

condition for each cell line described in section 2.1. After the centrifugation, 1 mL of 

PBS was added to the cells, and cell counting performed using trypan blue and a 

hemocytometer to harvest approximately 30,000 live cells. 30,000 cells were transferred 

to a 1.5 mL microcentrifuge tube prior to comet assay. 

 

2.2.1.2 Standard alkaline comet assay protocol  

200 µL of 0.6 % low melting agarose was added into the cell pellets containing ~30,000 

cells. 80 µL of 0.6 % low melting agarose gel, containing ~12,000 cells, were added to 

pre-chilled, 1 % normal agarose pre-coated microscope slides, and left to solidify under a 

coverslip on a chilling plate (Cleaver, Rugby, Warwickshire, UK). The coverslips were 

then removed, and the slides were placed in COMPAC50 slide racks (Cleaver, Rugby, 

Warwickshire, UK), transferred to a COMPAC50 lysis buffer box ( Cleaver, Rugby, 

Warwickshire, UK) containing lysis buffer (100 mM Na2EDTA, 2.5 M NaCl, 10 mM 

Tris-HCl, pH 10) with 1 % Triton X (Sigma, St. Louis, MO, USA) and incubated at 4 °C 
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overnight. Slides were transferred to a wash box containing cold ddH2O for 20 min and 

transferred to a COMPAC50 electrophoresis tank (Cleaver, Rugby, Warwickshire, UK) 

(Figure 2.1) containing electrophoresis buffer (300 mM NaOH, 1 mM Na2EDTA, pH ≥ 

13).  Following incubation for 20 min, electrophoresis was performed (1.19 V/cm) for 20 

min. The slide-containing racks were then transferred sequentially to tanks containing 

neutralization buffer (0.4 Tris-HCl, pH 7.5; 20 min); cold ddH2O (20 min); propidium 

iodide (2.5 μg/mL) for 20 min in the dark, i.e., with tank lid closed); and finally washed 

in cold ddH2O (20 min). After the final wash, the slides were dried before the analysis of 

comets using Comet IV software, version 4.2 (Perceptive, Shawnee, KS, USA).  

 

 

(Karbaschi et al. 2016) 

 

Figure 2. 1 The COMPAC50 equipment.  
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2.2.2 Detection of mitochondrial DNA damage - polymerase chain reaction (PCR) 

2.2.2.1 Cell culture preparation for DNA extraction  

Cells were grown in T75 flasks or 100 mm Petri dishes prior to DNA extraction. Cells 

were washed twice with PBS and trypsinized with 0.25 % Trypsin EDTA for 10 min 

(HaCaTs) or 1 min (BE-M17) at 37 °C in a 5 % CO2 humidified incubator. After 

trypsinization, completed media was added to the cells to inactivate trypsin. Cells were 

transferred to a 50 mL falcon tube and centrifuged at 300 x g for 5 min. After removing 

the supernatant, 1 mL of PBS was added to the cell pellets, and cell counting was 

performed. Following the cell counting, each required cell number (~30,000 cells) was 

transferred to a 1.5 mL microcentrifuge tube, and centrifugation was performed for 5 min 

at 500 x g. PBS was removed, and the cell pellets were stored at -20 °C until DNA 

extraction was performed.   

2.2.2.2 DNA extraction and pre-quantification  

DNA extraction was performed using the QIAamp DNA mini kit (Qiagen, Hilden, 

Germany), and procedures were followed by the manufacture’s protocol. Briefly, 

approximately 5 x 106 cells were collected from cell culture. Cells were transferred to a 

1.5 mL microcentrifuge tube and centrifuged for 5 min at 300 x g. After centrifugation, 

the supernatant was removed and resuspended with 200 µL PBS. 20 µL of protein kinase 

K and 200 µL of lysis buffer were added and mixed by purse vortex for 15 sec. The tubes 

containing the mixture were then incubated in a heating block for 10 min at 56 °C. Short 

centrifugation was performed to remove any drops from the lid. 200 µL of isopropanol 

was added to the tube and mixed by pulse vortex. The mixture was transferred to the 

column provided in the kit and centrifuged at 6000 x g for 1 min. 2 mL of collection tube 
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was replaced to the new one, 500 µL of AW1 buffer (washing buffer) was added to the 

column, and the centrifugation was performed at 6000 x g for 1 min. A new 2 mL 

collection tube was replaced, 500 µL of AW2 buffer was added to the column and 

centrifuged at 20,000 x g for 3 min. A new 2 mL tube was replaced with a new tube and 

centrifuged with 20,000 x g for 1 min. The column was transferred to a 1.5 mL tube, and 

200 µL of AE buffer (elution buffer) was added to the column and incubated for 5 min. 

Centrifugation was performed at 6000 x g for 1 min, and DNA was collected. After DNA 

extraction, samples were quantified using a Nanodrop (Nanodrop one,c Thermofisher, 

Waltham, MA, USA). 

 

Table 2 Primer sequences and conditions for mtDNA damage detection methods 

Primer Sequence 5’-3’ Amplicon size 
(bp) 

Annealing 
temperature 

(°C) 

PCR cycles 

Short mito 
Fragment 
Forward 

5'-CCC CAC 
AAA CCC CAT 
TAC TAA ACC 
CA-3' 

 
 

221 
 
 
 

 
 

62 
 
 
 

 
 

25  
 
 
 

Short mito 
Fragment 
Reverse 

5' -TTT CAT 
CAT GCG GAG 
ATG TTG GAT 
GG-3' 

 

 

2.2.2.3 Short-range polymerase chain reaction  

LongAmp™ Taq 2X Master Mix (NewEngland Biolabs, Ipswich, USA) was used to 

evaluate cellular mtDNA damage and repair. The primers and conditions used are 

described in Table 1. The Master mix was prepared per well (with 15 ng DNA) 

containing 0.4 µM Forward primer, 0.4 µM Reverse primer, 1X LongAmp Taq 2X 
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Master mix, and made up to 24 µL with nuclease-free water. After samples and master 

mix were added to the 96 well plate, 25 cycles of the PCR were run using a Mastercycler 

® Pro PCR machine (Eppendorf, Germany).  

 

 

 
 

 

Figure 2. 2 Illustration of the structure of mitochondrial DNA. Mitochondrial DNA is 
located in the mitochondrial matrix, circular, and it contains 37 genes with 16,569 DNA 
base pairs. 
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2.2.2.4 Quantification of PCR products  

This procedure was performed in a dark room. 5 μL of PCR products were added into a 

black 96 well plate (E&K Scientific Products inc, USA) containing 95 μL of 1X TE buffer. 

100 μL of PicoGreen solution (1:200 dilution with 1X TE buffer) was added to each well. 

Following loading, the plate containing the mixture was covered with foil and incubated at 

room temperature for 10 min in a dark room. After incubation, the plate was read by a 

SynergyTM2, a fluorescence microplate reader (BioTeK, Winooski, VT, USA) at 485 nm 

(excitation)/ 528 nm (emission). All the samples were duplicated. 

2.2.2.5 Determination of mitochondrial DNA content analysis using quantitative 
PCR  

The mitochondrial DNA content for all the samples was evaluated using a small size (83 

bp) of mtDNA single-copy gene (D-loop), and small size (93 bp) of the amplicon of the 

nuclear single-copy gene (β2M) (Table 2)  was amplified using real-time quantitative 

PCR method after modification and optimization of the PCR condition. The 

mitochondrial and nuclear DNA were amplified using Maxima SYBR Green qPCR 

Master Mix (2X) and QuantStudio 3 (Applied Biosystems, USA). By using Ct, the 

relative amplification of mtDNA content (2-ΔΔCt) was calculated.  

 

 

 

 

 


