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Abstract

In this chapter, we describe a gene-specific quantitative PCR (QPCR)-based assay for the
measurement of DNA damage, using amplification of long DNA targets. This assay has been used
extensively to measure the integrity of both nuclear and mitochondrial genomes exposed to
different genotoxins and has proven to be particularly valuable in identifying reactive oxygen
species-mediated mitochondrial DNA damage. QPCR can be used to quantify both the formation
of DNA damage as well as the kinetics of damage removal. One of the main strengths of the assay
is that it permits monitoring the integrity of mtDNA directly from total cellular DNA without the
need for isolating mitochondria or a separate step of mitochondrial DNA purification. Here we
discuss advantages and limitations of using QPCR to assay DNA damage in mammalian cells. In
addition, we give a detailed protocol of the QPCR assay that helps facilitate its successful
deployment in any molecular biology laboratory.
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1 Introduction

1.1 Principle of the Assay

The quantitative PCR (QPCR) assay of DNA damage is based on of the Assay the principle
that many kinds of DNA lesions can slow down or block the progression of DNA
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10primers: Since the same batch of primers when used over a long period of time (several months) can give rise to lower
amplification, it is valuable to make new dilutions from time to time. Always protect primer stocks from unnecessary temperature
fluctuation and contamination. If frozen, primer stocks should be completely thawed prior to use (Unpublished data).

1IgNTPs: Higher misincorporation frequency for the enzyme and reduction in effective magnesium concentration can occur if dNTPs
exceed 200 pM (Unpublished data).

L2rTth polymerase: Increasing amounts of the thermostable polymerase beyond 2.5 U per reaction can increase the production of
nonspecific amplification products (Unpublished data).

13Magnesium: The optimal concentration must be determined for each set of primers and template. The rTth polymerase is extremely
sensitive to magnesium; we advise that amplification of the fragment of interest be evaluated using varying quantities of Mg*™,
starting from 0.9 mM and increasing by 0.1 increments (Unpublished data).

14Quantitative aspect of amplification—During each set of amplifications we routinely amplify a control sample in which only 50 %
of the template is added to the QPCR. Depending on the DNA quality and the products being amplified, relative amplification ranging
from 40 to 60 % is considered acceptable. Any experiments that are outside this range are not satisfactory, and the entire set of
reactions is discarded. It may be necessary to re-optimize the PCR by varying the number of cycles to establish a linear response to
increasing template concentrations from 1.25 to 30 ng (Unpublished data).
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polymerase [1]. Therefore, if equal amounts of DNA from differently treated samples are
QPCR-amplified under identical conditions, DNA with fewer lesions will amplify to a
greater extent than more damaged DNA [2, 3]. For example, DNA from a biological sample
exposed to UV radiation will be amplified less than the DNA from a corresponding
untreated control sample [4]. Damage can be expressed in terms of lesions per kilobase
mathematically (see Subheading 3.4, step 4) by assuming a Poisson distribution of lesions.
Additionally, DNA repair kinetics can be followed by measuring restoration of amplification
of the target DNA over time, after the removal of the DNA-damaging agent. QPCR can be
performed using genomic DNA from cultured cells or extracted DNA from tissue obtained
from treated animals (such as rat, mouse, fish, or even nematodes).

1.2 Advantages of the Assay

Strengths of QPCR include its sensitivity, the requirement for only nanogram amounts of
total (genomic) DNA, its applicability to measurement of gene-specific DNA damage and
repair, and the fact that it can be used to directly compare damage to nuclear DNA (nDNA)
and to mitochondrial DNA (mtDNA) from the same sample. Gene-specific QPCR is highly
sensitive because of the use of “long” PCR methodology that permits the quantitative
amplification of fragments of genomic DNA between 10 and 25 kb in length [5, 6]. As a
result, low levels of lesions (approximately 1 per 10° kb) can be detected, permitting the
study of DNA damage and repair at levels of lesions that are biologically relevant. Because
this is a PCR-based assay, it is possible to use as little as 1-2 ng of total genomic DNA,
which allows analysis of a much wider range of biological samples than is feasible with
other methods (such as Southern blots or HPLC electrochemical detection) that require 10—
50 ug of total cellular DNA. In fact it is possible to perform this assay on one nematode that
has been simply lysed in a PCR tube.

Any gene (or region of DNA) that can be specifically PCR-amplified can be studied using
QPCR. Thus, it is possible to compare the rate of damage and/or repair in regions that are
hypothesized to be more quickly repaired than others. For example, using this method, it
was demonstrated that normal human fibroblasts showed higher rates of repair in the
actively transcribed hypoxanthineguanine phosphoribosyl transferase (HPRT) gene than in
the non-transcribed -globin gene (HBB) [4]. This study also demonstrated that repair
deficiencies in cells from patients with xeroderma pigmentosum could be clearly detected
with this assay. Finally, the use of genomic DNA, which includes both nuclear and
mitochondrial genomes, allows direct comparison of the degree of damage and/or repair in
nDNA versus mtDNA in the same biological sample. In fact, QPCR has been used
successfully to quantify damage and repair in nDNA and mtDNA after many types of
genotoxicants in a wide variety of cells and tissues [7-25].

1.3 Recent Discoveries Using the Gene-Specific QPCR Assay

Since the first publication of this chapter six years ago, QPCR has been utilized in a wide
variety of studies. These include the utilization of the QPCR method to determine the ability
of modulating experimental conditions to influence DNA damage levels or repair in mtDNA
or nDNA, such as a 2009 study by Jung et al. that measured benzo[a]pyrene-induced DNA
damage in the Atlantic killifish [26] and the 2009 Trnka et al. study showing that

Methods Mol Biol. Author manuscript; available in PMC 2015 April 23.
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MitoTEMPOL protects against the oxidative mtDNA damage caused by menadione [27] as
well as many others [28-41]. QPCR has also been employed to directly compare mtDNA
and nDNA damage in aged tissues [42, 43] as well as determine the effects of disease
conditions [37, 44—-46] and conditions such as oxidative stress [31, 40] on repair in mtDNA
and nDNA. The assay has also been used to show that repair of UV photoproducts is
reduced by approx 50 % in aging nematodes [47]. In addition to the range of discoveries
acquired using QPCR, several recent reviews have been published regarding the adaptability
of QPCR to a wide range of applications [48-50] as well as articles in which authors have
adapted the QPCR technique to apply to their own field of study [26, 31, 33, 39, 51, 52].

While the importance of damage to the nuclear genome is widely recognized, the role of
mtDNA damage in pathobiology and disease is only now being fully appreciated. To this
end, we discuss below the consequences of damage to the mitochondrial genome.

1.4 Mitochondrial DNA Damage

The mammalian mitochondrial genome is a circular molecule present in multiple (often 2—
10) copies in each mitochondrion, with hundreds to thousands of mitochondria per cell
(more mitochondria are generally present in cells with high energy requirements). The
human mtDNA encodes 2 rRNAs, 22 tRNAs, and 13 polypeptides, all of which are involved
in oxidative phosphorylation through the electron transport chain (ETC). While the
important role of nDNA damage in human pathological conditions such as cancers is well
known, increasing attention is being paid to the association of mtDNA damage with various
human diseases [53, 54]. Some of these include neurodegenerative disorders such as
Alzheimer’s, Parkinson’s, and Huntington’s disease [55-57]; hereditary diseases such as
Leber hereditary optic neuropathy and Kearns—Sayre syndrome [58]; cancer [59]; and aging
[60-62]. The MITOMAP website (http://www.mitomap.org) provides additional
information and links related to mtDNA mutations and deletions and the pathological
conditions associated with them.

Substantial evidence suggests that mtDNA may be more vulnerable than nDNA to certain
kinds of damage, in particular reactive oxygen species (ROS)-mediated lesions [7, 14, 19].
Several reasons may underlie this observation, including the immediate proximity of
mtDNA to the ETC in the inner mitochondrial membrane, which is the main source of
endogenous ROS production. ROS are generated at substantial rates under normal
circumstances by the ETC; it is estimated that perhaps as much as 1 % of the oxygen
consumed in vitro by mitochondrial preparations is released as superoxide (O,™) and
hydrogen peroxide (H,0,) [63, 64], although the in vivo level of production is probably
lower [65]. The rate of ROS generation by the ETC can be increased by exposure to some
xenobiotics (e.g., certain redox-cycling compounds and ETC inhibitors [62, 66]); and
lipophilic xenobiotics tend to accumulate in the mitochondrial membranes (reviewed in ref.
67). Redox-active metals, such as iron and copper that can participate in Fenton chemistry,
are in close proximity to or can directly bind to mtDNA [68, 69]. Additionally, mtDNA
lacks many of the protective protein structures associated with nDNA, and it is believed that
repair of mtDNA lesions occurs only via base excision repair [62, 70, 71]. In fact, while
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oxidative damage can be repaired in the mtDNA, bulky DNA adducts, which are removed
by the nucleotide excision repair machinery, are not (reviewed in ref. 67).

In the past three decades, various studies using different methodologies have identified
higher rates of damage in the mtDNA than in the nDNA of the same biological sample, most
notably ROS-mediated damage [7, 14, 72-74]. Early studies often relied upon DNA
extraction techniques that caused extensive DNA oxidation, resulting in reports of
artifactually high levels of adducts [75]. Moreover, in some cases the higher levels of
damage observed in mtDNA may have been due to the additional handling necessary to first
isolate mitochondria from whole-cell (or tissue) extracts in order to obtain nDNA-free
mtDNA [76]. Thus, the ability of the long PCR assay to measure mtDNA damage without
manipulation of mitochondria, and compare the mtDNA to nDNA damage in the same
samples, makes it particularly appropriate for this use.

1.5 Limitations of the Long PCR Assay

Four limitations are associated with QPCR. First, DNA lesions that do not significantly stall
progression of DNA polymerase, such as 8-hydroxydeoxyguanosine (8-OHdG), will not be
detected with high efficiency by this assay. However, agents that cause oxidative stress,
such as H,O» or ionizing radiation, are very unlikely to produce only one type of lesion. In
fact, it is estimated that only 10 % of H,O»-induced damage is 8-OHdG [77]. Second,
although we can identify the presence of damage on the DNA template, the specific nature
of the lesion cannot be inferred by QPCR alone. Both of these limitations are shared by
some of the other methods available, however. An additional hypothetical concern is that, in
terms of the nuclear genome, typically only one or a few genes or regions are amplified.
Thus, if the nDNA damage induced by a given agent were highly regiospecific, such as for
the p53 gene [78], the results of this assay could possibly be skewed (indicating no or low
DNA damage if the target regions were principally away from the fragments amplified, or
too many lesions if the fragments amplified were preferentially damaged). For example, it
has also been shown that oxidative lesions preferentially occur at promoter regions in certain
genes during aging [79]. A fourth problem has been recently encountered. Using an
automated extraction method (QIAcube) that is apparently more gentle on the DNA, we
have found that a large portion of mitochondrial DNA appears to exist in a supercoiled,
covalently closed circular form that does not easily denature and therefore inhibits free
access to primers (discussed below). Thus, mock-treated samples are not amplified as much
as, for instance, H,O,-treated samples, whose oxidatively induced nicks and single-strand
breaks convert the supercoiled mtDNA to open circular DNA, which readily denatures and
increases the accessibility to primers. This inherent issue with amplification and the accurate
determination of mtDNA copy number can be overcome by cutting the mtDNA with
restriction enzymes that cut in regions outside of the amplified regions. For example, the
Haell restriction enzyme cuts the mouse mitochondrial genome in a region proximal to the
D-loop that is outside the regions of amplification we use in our version of the assay. The
use of restriction enzymes greatly enhances the amplification of the mtDNA in both mock-
treated and treated samples, suggesting that a totally intact mitochondrial genome may
inherently limit amplification (discussed below).

Methods Mol Biol. Author manuscript; available in PMC 2015 April 23.
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2 Materials (See Notes 1 and 2)

2.1 DNA Sample Extraction (See Note 3)
1. QIAGEN Genomic Tip (QIAGEN, Valencia, CA,; cat. no. 10323).

2. QIAGEN Genomic DNA Buffer Set Kit (cat. no. 19060).

2.2 DNA Quantitation and PCR Analysis
1. Extracted DNA samples (routinely stored at —20 °C; avoid unnecessary cycles of

freezing and thawing). For quantitation, dilute to a range of around 20 ng/uL.
Diluted samples can be kept at 4 °C for up to several weeks before use.

2. PicoGreen dye (dsDNA quantitation reagent; Molecular Probes [Invitrogen,
Carlsbad, CA], cat. no. P-7581; see Note 4). Store as 50 pL aliquots at —20 °C.
Thaw only immediately prior to use.

3. 20x TE buffer: 200 mM Tris—HCI, 20 mM EDTA, pH 8.0. Dilute to 1x, and store
at room temperature.

4. ) Hindlll-cut DNA (Gibco [Invitrogen], cat. No. 15612-013) diluted to generate a
standard curve.

5. Fluorescent plate reader with capability for measuring 485 nm excitation and 528
nm emission (e.g., Synergy 2 Multi-Mode microplate reader, BioTek, Winooski,
VT).

2.3 PCR Reagents

1. GeneAmp XL PCR Kit (Perkin-Elmer, Foster City, CA) for long QPCR. Kit
includes rTth DNA polymerase XL (400 U; 2 U/uL), 3.3x XL PCR buffer, and 25
mM Mg(OACc) 2. All reagents are stored at —20 °C.

2. Bovine serum albumin (BSA).

3. Deoxyribonucleoside triphosphates (dNTPs): Purchase separately from Pharmacia
(Pfizer, New York, NY; cat. No. 27-2035-01). Prepare a solution of 10 mM total
dNTPs (2.5 mM of each nucleotide) and store as 100-pL aliquots at =20 °C to

Lin addition to high-quality reagents, the most important factor for the success of QPCR is the diligent avoidance of sample cross-
contamination with PCR products. Use sterile technique for all steps. The constant use of disposable gloves when handling samples
and reagents is essential to avoid the introduction of nucleases, foreign DNA, or other contaminants that can cause degradation of the
template or inhibition of the polymerase during cycling.

We have found that it is extremely important to have distinct, dedicated workstations for different steps of the procedure, preferably
in physically separate laboratories (see additional information in Note 5). We also suggest that micropipettes, racks, tubes, tips, and
other materials used for QPCR be exclusively used for the assay. In our laboratory, we set up PCR reactions in a hood that is sterilized
with ultraviolet light (that will also extensively damage any potentially contaminating product-carryover DNA) immediately before
each use.
3An automated method of DNA purification for QPCR has recently been developed using the QlAcube (QIAGEN, cat. no. 9001292)
with the QlAamp DNA mini kit for human samples (QIAGEN, cat. no. 51304) or the DNeasy blood and tissue kit for animal samples
(QIAGEN, cat. no. 69504). When using this method of extraction, the initial DNA yield is lower than when using QIAGEN Genomic
tips, but the DNA endures less damage and is more homogenous. As described above (and in Fig. 3), caution must be used to
accurately amplify mitochondrial DNA under these conditions.

The free dye has very low fluorescence but exhibits a >1,000-fold increase in fluorescence signal upon binding to dSDNA. The assay
displays a linear correlation between dsDNA quantity and fluorescence over a wide range of concentrations and is extremely sensitive
(limit of detection is approximately 25 pg/mL).

Methods Mol Biol. Author manuscript; available in PMC 2015 April 23.
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minimize degradation. Thaw the dNTPs immediately prior to use, and they are
reused.

4. Primer stocks and aliquots of the working concentration (10 pM) are maintained at
—20 °C. The lyophilized oligos are initially diluted in sterile deionized water (to
100 uM); further dilution to the working concentration is then done with 1x TE. It
is not necessary to purchase oligonucleotides purified beyond simple desalting.

3.1 DNA Extraction

High-molecular-weight DNA is essential in order to efficiently amplify long genomic
targets. We have found that the DNA purified using the QIAGEN Genomic Tip and
Genomic DNA Buffer Set Kit (QIAGEN, cat, nos. 10323 and 19060, respectively) is of high
quality and quite reproducible from sample to sample. In addition, the purified DNA is very
stable, yielding comparable amplification over long periods of storage.

DNA template integrity is essential for the reliable amplification of long PCR targets [80].
Although various kits are commercially available for DNA isolations, procedures that
involve phenol extraction should be avoided due to potential introduction of artifactual DNA
oxidation. As mentioned above, we use a DNA extraction kit from QIAGEN, which, in our
hands, gives rise to templates of relatively high molecular weight and highly reproducible
yield. The protocol for DNA isolation is followed as suggested by the manufacturer. Note
that when using the manual genomic-tip protocol, the tissue protocol is used irrespective of
whether tissue or cells are being studied, since the protocol for DNA extraction of cultured
cells involves isolation of nuclei and hence loss of mtDNA. Samples that cannot be
processed immediately after experiments should be stored at =80 °C until DNA is extracted.
See additional information in Note 2.

3.2 Quantitation of DNA Template

Quantitation of the purified genomic DNA, as well as of PCR products, is performed
fluorimetrically using the PicoGreen dsDNA quantitation reagent from Molecular Probes
(catalog number P-7581). The free dye has very low fluorescence but exhibits a >1,000-fold
increase in fluorescence signal upon binding to dsDNA. The assay displays a linear
correlation between dsDNA quantity and fluorescence over a wide range of concentrations
and is extremely sensitive (limit of detection is approximately 25 pg/mL).

The success of QPCR is absolutely dependent upon the accurate quantitation of the DNA
present in the samples [6]. As mentioned previously, we have adopted PicoGreen as a means
to quantify DNA. The DNA concentration of the samples is calculated based on a DNA
standard curve, plotting the fluorescence values on a Microsoft Excel spreadsheet (see Fig.
1; template available upon request). Additional aspects of this procedure are found in
Subheading 4.

We perform quantitation in a minimum of two different steps, called pre- and final
quantitation. The first gives a rough estimate of the initial amount of DNA in each sample.
At the end of this first step, the amount of DNA necessary to make a 10 ng/uL solution of

Methods Mol Biol. Author manuscript; available in PMC 2015 April 23.
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DNA is calculated. The final quantitation uses this latter solution to calculate the exact

amount of DNA needed to dilute samples to 3 ng/uL, which is the amount of template

routinely used for QPCR in our laboratory. Our protocol for quantitation is as follows:

1. Dilute lambda/HindlIl DNA (in 1x TE buffer) yielding different concentrations to
generate a standard curve (for example, from 1.25 to 20 ng/uL of DNA).

2. Add 95 pL of 1x TE buffer to each well that will be used (for standards and
samples).

3. Add5 pL of each lambda DNA standard per well (producing a curve of 0-200 ng
DNA/well), at least in duplicate (see Note 3).

4. For pre-quantitation, pipette 5 uL of the sample DNA in duplicate at a 1:10 dilution
in 1x TE.

5. Prepare a solution containing the PicoGreen reagent (5 uL reagent per mL of 1x
TE). This solution is mixed, and 100 pL are added into each well containing the
DNA samples.

6. Incubate for 10 min, at room temperature, in the dark (the plate can be covered with
foil paper).

7. Read fluorescence; in our laboratory we use the FL600 Microplate Fluorescence
Reader from Bio-Tek with the following parameters: excitation and emission
wavelengths 485 and 528 nm, respectively; sensitivity limit 75; and shaking of the
plate set at level 3 for 20 s. For additional details see Note 4.

3.3 Quantitation of PCR Products

3.4 QPCR

The PicoGreen reagent has proven efficient for quantitation not only of DNA template but
also of PCR products. In fact, the accuracy of the data obtained with this assay is
comparable to or can exceed the reproducibility that is accomplished with 32P-radiolabeled
nucleotides (Chen, Y. and Van Houten, B., unpublished observation) followed by
subsequent agarose gel electrophoresis. Analysis of PCR products is performed similarly to
the DNA quantitation (see Subheading 3.2), using 10 pL of the PCR products and
subtracting the fluorescence of a PCR reaction run without template. For data analysis see
Subheading 3.4.4. Important: When first developing the assay in your laboratory it is
essential to assess the PCR products by agarose gel electrophoresis to verify the size of the
product and to assure that no other spurious products are generated.

3.4.1 Primer Selection—The appropriate primer selection is highly important and is
empirically based. In general, the oligonucleotides should be 20-24 bases in length with a G
+C content of ~50 % and a Ty, of ~68 °C. The selected primers should be evaluated for
secondary structures using appropriate software since the formation of artifacts such as
primer-dimers can compete with the QPCR reaction [6]. Additionally, the production of one
unique band should be verified by gel electrophoresis prior to further use. We have
purchased oligonucleotides from several vendors and find that the primers work well with
no purification beyond standard desalting. Table 1 shows the sequences of the

Methods Mol Biol. Author manuscript; available in PMC 2015 April 23.
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oligonucleotides currently in use in our laboratory to amplify human, mouse, and rat target
genes. See also Note 5.

3.4.2 PCR Reaction—Once the primers are selected, finding the optimal reaction
conditions is the next step. Different target genes and different primers usually require
distinct conditions. Our laboratory has established optimal concentrations of reagents to
amplify specific genes of our interest. Using the Perkin-Elmer kit mentioned above, the PCR
reactions are prepared as follows:

=

15 ng of DNA (total).
1x buffer.

100 ng/uL final concentration of BSA.

20 pmol of each primer.

2
3
4. 200 uM final concentration of dNTPs (see Note 6).
5
6. 1.3 mM final concentration of Mg**.

7

Water to complete a total volume of 45 L.

Begin the PCR reaction by a “hot start.” Bring the reaction mixture to 75 °C prior to
addition of enzyme (1 U/reaction, dilute 0.5 pL of the polymerase in 4.5 pL of sterile water
(see Note 7)) and subsequent cycling.

Primers and magnesium concentrations may need to be optimized for different genes (see
Note 8). In addition, add the reaction components to the PCR tube in a consistent order. The
DNA template should be added first (remember to include a control that contains no
genomic DNA—any signal produced in this sample would be indicative of a carryover
problem; this is a serious problem and can only be cured by strict adherence to the
conditions described above and starting with all new reagents), followed by the PCR mix,
and finally the enzyme (as a hot start). In our laboratory reactions are set up at room
temperature.

3.4.3 Cycle Number Parameters and Thermal—The usefulness of the QPCR assay
for the detection of DNA damage requires that amplification yields be directly proportional
to the starting amount of template. These conditions must be met by keeping the PCR in the
exponential phase. The first step towards this criterion is to perform cycle tests to determine
quantitative conditions for the gene of interest [3]. This can be accomplished using a non-

SBecause of the long run time of our PCR programs, we add BSA (100 ng/pL final concentration) to the PCR mix to increase the
stability of the polymerase [6].

It is of extreme importance not to open the PCR tubes after the last cycle in the same laboratory where the reactions were set up.
Small DNA quantities can volatilize and contaminate other reactions, particularly if the tube is still hot, and completed reactions
contain very high numbers of PCR products. The inclusion of a blank sample (where no DNA is added) helps to assure that no
contamination has occurred with spurious DNA or PCR products. This sample should give no DNA band, if checked on gel, nor high
fluorescence signal (as gauged by PicoGreen).

When extracting DNA, vortex the samples well prior to lysis and again before adding them to the columns. This vortexing does not
affect the subsequent amplification of the DNA.

Load samples as well as standard DNA in duplicates, and average the fluorescent reading of two wells. This helps increase the
accuracy of the readings and, thus, of the estimated concentration.

Methods Mol Biol. Author manuscript; available in PMC 2015 April 23.
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damaged sample and a “50 % control” containing half of the amount of the non-damaged
template (1.5 ng/uL DNA). This control should give a 50 % reduction of the amplification
signal (see Note 9). Thus, a cycle test should identify a range of cycles over which the
product amplification is exponential and 50 % controls are very close to 50 %. Once the
optimal number of cycles is identified, always run this 50 % control as a quality control.

Another concern when performing QPCR is finding the optimal thermal conditions for
amplification of your target gene. As mentioned before, QPCR in our laboratory is routinely
performed using hot start, which produces cleaner PCR products because it prevents
nonspecific annealing of primers to each other, as well as to template, before enzyme
addition. Keep in mind that the melting temperature of the primers and the annealing
temperature used in the PCR determine how stably and specifically the primers hybridize to
the DNA template. Thus, it is important to check this parameter with suitable software
beforehand, and annealing temperatures must be experimentally optimized. Table 2 shows
the most favorable conditions for human and rodent amplifications currently used in our
laboratory.

3.4.4 Data Analysis—Analysis of data obtained by the PicoGreen protocol described
above is done using a Microsoft Excel spreadsheet (see example in Fig. 2). The fluorescence
readings (of the duplicated samples) are averaged, and blank value (from no-DNA control)
is subtracted. These values are used to calculate the “relative amplification,” which refers to
the comparison between amplification of treated samples with non-treated (or undamaged)
control. This is accomplished simply by dividing the respective fluorescence values. These
results are then used to determine the lesion frequency per fragment at a particular dose,
such that lesions/strand (average for both strands) at dose D=-In Ap/Ac. This equation is
based on the “zero class” of a Poisson expression. Note that a Poisson distribution requires
an assumption that DNA lesions are randomly distributed. We normally analyze each DNA
sample in two separate PCR runs which allows higher reproducibility.

3.4.5 Normalization to mtDNA Copy Number—It is known that DNA content can
vary in mitochondria from different cells or tissues, depending, for instance, on energy
requirements. Thus, in samples from distinct areas of a specific organ, one could expect
discrepancies in the ability to amplify the mtDNA based not on different levels of lesions
within the sample but simply from fluctuation in the number of copies of the mitochondrial
genome present. Therefore, to normalize for mitochondrial copy number, we routinely
amplify an additional short fragment (no longer than 300 bp) of the mitochondrial gene
under study. The idea is that the amplification of the short fragment reflects only undamaged
DNA due to the low probability of introducing lesions in small segments. The results
obtained with the short sequence are used to monitor the copy number of the mitochondrial
genome and, more importantly, to normalize the data obtained with the large (7-15 kb)
fragment. As noted above if DNA is extracted using an automated system employing the
QIlAcube (QIAGEN, catalog number 9001292) with the QlAamp DNA mini kit for human

9Make sure that the samples are well homogenized (by vortexing, for example) prior to quantitation. If samples are still highly
concentrated after the first dilution (i.e., well above 10 ng/uL), we recommend an additional round of quantitation. This assures
accuracy of the concentration of the final 3 ng/pL solution.

Methods Mol Biol. Author manuscript; available in PMC 2015 April 23.
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samples (QIAGEN, catalog number 51304), linearization of the mtDNA is necessary to get
an accurate level of mtDNA. We have found that Haell is compatible with our primer sets
for mouse mtDNA (see Fig. 3) and Pwvull or Clal are compatible with our primer sets for
human mtDNA.
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DNA Readl Read2 mean Conc (ng/uL)  DNA (uL)  TE (uL)
sample
1 50721 50188 504545 3.38 177.5 22.5
2 69751 71752 707515 4.431 1354 64.6
3 52235 51916 52075.5 3.464 173.2 26.8
4 61328 62739 62033.5 3.98 150.8 49.2

Fig. 1.

(a) Spreadsheet used for DNA quantitation. Example depicts fluorescence values obtained
during the first step of quantitation, pre-quantitation, and the graph shows values obtained
for the standard curve. Above the graph are all calculations related to the DNA standard
curve. The first column represents the concentrations of DNA used as standards. The second
and third columns show the raw fluorescence readings. These values were averaged (last
column). Below the graph is an example of values obtained for an experimental set of DNA
samples. Read 1 and Read 2 columns show raw fluorescence readings for each sample; the
third column is the mean of those values. DNA concentration is calculated based on the
slope of the standard curve. The last two columns show, respectively, the amount of DNA
and of TE buffer necessary to dilute the sample DNA to 3 ng/uL
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Fig. 2.

Representation of the raw fluorescence values obtained after PCR amplification of the
mitochondrial genome of mammalian fibroblasts exposed to 200 uM of hydrogen peroxide
for the indicated times. Column one, sample identification; columns two and three, raw
fluorescence readings for each sample; fourth column, average of values from first two
columns; these values are then background corrected (column 5). Relative amplification
(column 6) is calculated comparing the values of the treated samples with undamaged
control and is plotted in the left graph. Lesion frequency (column 7) is obtained based on the
values plotted on column 6 and are expressed as lesions per 10 kb of the mitochondrial
genome (column 8 and right graph)
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Fig. 3.

PCR products of QlAcube-extracted mouse DNA+/-digestion with Haell. QlAcube

200 1M H,0,
60 min
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extraction apparently results in mostly covalently closed supercoiled mtDNA, which limits
primer access. Haell digestion near the D-Loop (bp ~2,607) greatly increases amplification
of the large target. Raw fluorescence values of Lmito (a) and Smito (b) and hence lesion

frequencies (c) are affected by digestion. Lesion frequencies represent the decrease in

amplification of the large mitochondrial fragment normalized to the small fragment. Data
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represent the mean+/—SD of two biological samples. Net fluorescence: Picogreen
fluorescence of the PCR product minus a “no-template” control
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Gene targets and primer pairs for QPCR

Table 1

Page 18

Human primers

8.9 kb mitochondria fragment, accession number J01415

14841 5-TTT CAT CAT GCG GAG ATG TTG GAT GG-3’ Sense
5999 5-TCT AAG CCT CCT TAT TCG AGC CGA-3’ Antisense
12.2 kb region of the DNA polymerase beta gene, accession
number L11607
2372 5-CAT GTC ACC ACT GGA CTC TGC AC-3/ Sense
3927 5-CCT GGA GTA GGA ACA AAA ATT GCT G-3/ Antisense
Mouse primers
6.6 kb fragment of the DNA polymerase beta gene, accession
number AA79582
Chr8, 23735019 5-TAT CTC TCT TCC TCT TCACTT CTC CCC TGG-3'  Sense
Chr8, 23741702 5-CGT GAT GCC GCC GTT GAG GGT CTC CTG-¥ Antisense
10 kb mitochondria fragment
3278 5-GCC AGC CTG ACC CAT AGC CAT AAT AT-3/ Sense
13337 5-GAG AGA TTT TAT GGG TGT AAT GCG G-¥ Antisense
117 bp mitochondria fragment
13597 5-CCC AGC TAC TAC CAT CAT TCA AGT-3 Sense
13688 5-GAT GGT TTG GGA GAT TGG TTG ATG T-3 Antisense
Rat primers
12.5 kb fragment from the clusterin (TRPM-2) gene, accession
number M64733
5781 5-AGA CGG GTG AGA CAG CTG CACCTT TTC-3/ Sense
18314 5-CGA GAG CAT CAA GTG CAG GCA TTA GAG-3/ Antisense
13.4 kb mitochondria fragment
13559 5-AAA ATC CCC GCA AAC AAT GAC CAC CC-3/ Sense
10633 5-GGC AAT TAA GAG TGG GAT GGT CGG TT-3 Antisense
211 bp mitochondria fragment
14678 5-CCT CCC ATT CAT TAT CGC CGC CCT TGC-3 Sense
14885 5-GTC TGG GTC TCC TAG TAG GTC TGG GAA-3 Antisense
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Table 2

PCR conditions for human and rodent targets

Target Primer set Mg++ conc. (ImM) Ty (°C)  Cycle number

Human

Large mito  5999/14841 1.2 64 19

Small mito  14620/14841 11 60 19

f3-pol 3927/2372 1.2 64 26

Mouse

Large mito  3278/13337 1.2 64 19

Small mito  13688/13597 11 60 19

f3-pol MBForl/MBEX1B 1.2 64 26

Rat

Large mito  10633/13559 1.2 65 20

Small mito  14678/14885 11 60 20

Clusterin 5781/18314 1.2 65 28
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