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Abstract

Mitochondrial dysfunction has reported in several diseases including diabetes, cancer, skeletal
muscle disorders and neurodegenerative diseases such as Wolfram syndrome. Several different
methods have evolved to study mtDNA damage including Southern blotting, 8-oxoG damage, or a
comprehensive scanning of the mitochondrial genome by RFLP or TTGE analyses. However these
approaches require large amounts of DNA or are labor intensive. The use of polymerase
amplification of long DNA products (LRPCR) has been described by several groups and more
recently summarized by Van Houten's group. The underlying basis use of DNA polymerases
capable of generating long DNA products and the rationale is that any lesion (strand breaks, base
modifications, apurinic sites) will stop a thermostable DNA polymerase. In this method, band
density of the PCR product is quantified either by Southern blotting or binding of a fluorescent
dye. Although the latter approach still has some limited use in the study gene expression, it is
semi-quantitative and realtime PCR analysis has largely supplanted it. Direct application of real-
time PCR to LRPCR has been made difficult because of low processivity and polymerization rates
of the DNA polymerases used and SYBR green inhibition of DNA amplification. We have
modified the LRPCR protocol to use the commercially available PfuUltra™ 1l Fusion HS DNA
Polymerase for real-time determination of mitochondrial DNA amplification as a means to
simplify and improve of the accuracy for quantification of mtDNA damage.
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Introduction

The mitochondrial genome is a circular double-stranded DNA of 16,569 basepairs in
humans. It codes for 13 separate proteins that are part of the electron transport chain as well
as for the synthesis of mitochondrial-specific ribosomal RNAs and transfer RNAs.
Mitochondrial disorders are a heterogeneous group of diseases that may be characterized by
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maternal inheritance, heteroplasmy, and threshold effect. Aside from diabetes, mitochondrial
dysfunction has reported in cancer, skeletal muscle disorders and neurodegenerative diseases
such as Wolfram syndrome (Gokey et al. 2004; Kagan et al. 2005; Sciacco et al. 2005;
Domenech et al. 2006). Mitochondrial DNA is thought to be more sensitive to oxidative
stress induced damage compared to genomic DNA (Yakes et al. 1997).

Over the years, several different methods have evolved to study mtDNA mutations
including, Southern blots, mtDNA copy number, 8-0xoG damage, comet assay, or
approaches that permit comprehensive scanning of the mitochondrial genome including
RFLP and TTGE analyses (Mellon et al. 1986; Leadon et al. 1988; Richter et al. 1988;
Thomas et al. 1988; Wong et al. 2002; Wong 2004). However these latter approaches
require large amounts of DNA, are labor intensive, or require optimization of a large number
of primer sets. The use of DNA polymerase amplification of long DNA products (LRPCR)
to study DNA damage was first described by Govan et.al and adapted by other groups, and
more recently summarized by Santos et.al. (Govan et al. 1990; Kalinowski et al. 1992;
Oshita et al. 1993; Ballinger et al. 1996; Yakes et al. 1997; Ballinger et al. 2000; Santos et
al. 2006). This approach makes use of DNA polymerases capable of generating long DNA
products and the rationale was that any lesion (strand breaks, base modifications, apurinic
sites) will stop a thermostable DNA polymerase, and only those DNA templates not
containing any lesions will be amplified (Govan et al. 1990; Kalinowski et al. 1992;
Ballinger et al. 1996). The copy number derived from this amplification will be compared to
the copy number of a short PCR product (150-250 bp) that is unlikely to contain any lesions.
The DNA lesion frequency is then calculated from the relative ratio of long:short amplicons.
This approach has been used not only to study genomic DNA repair mechanisms, but also to
demonstrate that mtDNA damage is more extensive than genomic DNA damage and that
mtDNA repair processes are slower (Govan et al. 1990; Ballinger et al. 1996; Yakes et al.
1997; Ballinger et al. 1999; Ballinger et al. 2000).

The LRPCR approach described by these groups quantifies DNA band density of PCR
products by either 32P-Southern blotting (Govan et al. 1990; Jennerwein et al. 1991:
Kalinowski et al. 1992; Yakes et al. 1997) or determination of fluorescent dye binding
(Ballinger et al. 1996; Ballinger et al. 2000; Santos et al. 2006). The LRPCR approach
requires DNA amplification to be carried out, such that measurements are made within the
linear range of amplification. This requires optimization to find the optimal starting
concentration of DNA template (Govan et al. 1990; Jennerwein et al. 1991; Yakes et al.
1997), or identify the range in which DNA amplification is linear (step-analysis), both
approaches require a significant amount of optimization (Kalinowski et al. 1992; Ballinger
et al. 1996; Yakes et al. 1997; Ballinger et al. 1999; Santos et al. 2006). Although this latter
approach still has some limited use in the study of gene expression and is accepted as a
semi-quantitative method, that realtime PCR analysis has largely supplanted for the
determination of mMRNA levels in gene expression studies.

Two significant problems occur in the direct application of realtime PCR to LRPCR; 1) the
low processivity and polymerization rates of the DNA polymerases used in comparison to
the length of the transcripts, 2) SYBR green inhibition of DNA amplification (Gudnason et
al. 2007). More recently, modified DNA polymerases and optimization protocols have
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improved both the rate of polymerization as well as increasing processivity. We have
modified the LRPCR approach to use the commercially available PfuUltra™ Il Fusion HS
DNA polymerase for real-time determination of mitochondrial DNA amplification. In
comparison to the earlier semi-quantitative protocols this represents a significant
improvement in both the ease of data acquisition and the precision for quantification of
mtDNA damage.

H9c2 myoblasts (ATCC, Manassas, VA) were used as the source of DNA for all
experiments, and cells were grown in DMEM/10% FBS. Total DNA was isolated using
DirectPCR lysis reagent (Viagen Biotech Inc., Los Angeles, CA). To induce mtDNA
damage, the media was removed and the cells washed once with PBS just prior to UV
exposure. Ultraviolet (UV) damage was induced by exposure to 254nm light using a
Stratalinker model 1800 (Stratagene, La Jolla, CA) and the cells were harvested immediately
thereafter.

Temperature annealing optimization was performed using an Eppendorf Mastercycler
(Eppendorf, Hamburg, Germany), and realtime DNA amplification was performed using a
MX3000P (Stratagene, La Jolla, CA). Rat primer sequences used are listed in Table 1; the
primer set for the short range PCR (SRPCR) was located within the 12S rRNA region.
Temperature annealing optimization was performed for each primer set using the enzyme/
buffer combination used for data collection; SRPCR was done using a Brilliant QPCR
Master Mix, while LRPCR was done using PfuUltra™ Il Fusion HS DNA Polymerase
(Stratagene, La Jolla, CA). The final LRPCR cycling parameters followed manufacturer's
recommendations; hot start of 2min@92°C followed by; 15sec@92°C, 30sec@50°C,
8:00min@68°C for 40 cycles. Crossing points were automatically generated by the software
(version 1.2) and calculation of mtDNA damage and mitochondrial copy number were made
using the A2Ct method. mtDNA lesion frequency was calculated as the amplification of
damaged mtDNA relative to amplification of control mtDNA and used the A2Ct method to
normalize the LRPCR:SRPCR for each group for the Poisson transformation as described by
Ballinger et.al (Ballinger et al. 1999). DNA band images were captured and where
applicable band density was quantified using AlphaEaseFC software (Alphalnnotech, San
Leando CA).

The structure of SYBR® Green (Invitrogen, Carlsbad CA) has been described by Zipper et.
al. and they reported an extinction coefficient of 73,000 M~1cm=1, more recently, Mao et.al
corrected this to be 58,000 M~1cm™1 and it is this latter value that was used to calculate
SYBR® Green concentrations (Zipper et al. 2004; Mao et al. 2007). EvaGreen™ was
obtained from Biotium (Biotium Hayward CA).

Both mitochondrial primer sets were initially optimized for annealing temperatures using the
buffers and DNA polymerase utilized in data collection. As shown in Figure 1A, annealing
of LRPCR/f and LRPCR/r primers was decreased above 52°C. The mitochondrial SRPCR
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primer set amplified a portion of the 12S rRNA region and annealing temperatures as high
as 68°C could be used (Figure 1B). A comparison of methods was made between detection
of amplification using the realtime protocol and a conventional protocol where samples were
removed at selected time points and band density quantified. Similar to what others have
observed, amplification/detection was exponential only over a few of the cycles (cycles
18:24) and above that a plateau was evident. Although detection of amplification was
similar, real-time detection of amplification appeared slightly more sensitive. It should also
be noted the real-time approach used 2 pl (n=4) of DNA polymerase compared to 12 ul of
DNA polymerase (n=3 for each step) for the conventional approach (Figure 2).

The processivity of PfuUltra™ Il Fusion HS DNA Polymerase is greater than Pfu or EXL
DNA polymerases (Stratagene 2006). The recommended extension times are 15-30 second
per kb of amplification. This permitted reactions to be completed in less than six hours
compared to other enzymes that required overnight incubations. SYBR green inhibition of
DNA amplification has been know for sometime, and our initial attempts to directly amplify
long DNA fragments in the presence of SYBR (1:10000 to 1:40000 dilution) were
unsuccessful (Karsai et al. 2002; Arezi et al. 2003). However decreasing the concentration to
156 nM (1:56250 dilution), some amplification of the 15kb fragment was observed (Figure
3B). Further decreasing the SYBR green concentration enhanced DNA yields. The 39-78
nM range appeared to be the best compromise between signal generation and DNA vyield as
indicated by producing the lowest C; (Figure 3A). The impact of input DNA over the range
of 31 to 1000 ng was examined and it was observed that similar to amplification of short
PCR products (data not shown), the amplification of long mtDNA products was logarithmic
over the range of input DNA used, the standard curve is shown in Figure 4.

Although numerous DNA binding dyes are available, more recently EvaGreen™ has
become available from Biotium (Biotium Hayward CA). Several different applications have
already been described for EvaGreen™ including DNA quantification, methylation-sensitive
melting curve analysis, and QPCR (lhrig et al. 2006; Mao et al. 2007; White et al. 2007). In
comparison to SYBR Green, it is reported to be less inhibitory of DNA amplification and
have a similar emission spectra that permits quantification using the FAM channel available
on many real-time thermo-cyclers (Mao et al. 2007). Although the structure and extinction
coefficient have not been reported, the recommended dilution of the commercially available
solution is 1:20 for typical QPCR use. Using that concentration no amplification of the 15kb
mitochondrial DNA fragment was observed (data not shown). However, when the EvaGreen
concentration was decreased to final dilutions of 1:625 to 1:2500, comparable amplification
of the 15kb DNA fragment was observed (Figure 5).

Several lines of evidence indicate that mitochondrial DNA is more susceptible to damage
compared to genomic DNA (Richter et al. 1988; Yakes et al. 1997). In the present study we
have used UV exposure as an example of a known agent that will cause DNA damage
(Govan et al. 1990; Kalinowski et al. 1992; Yakes et al. 1997). Using the real-time detection
of LRPCR we examined the impact of UV light on mtDNA. Exposure to low doses of UV
light induced a significant amount of damage to the mtDNA (Figure 6A) and mtDNA lesion
frequency was increased relative to controls (Figure 6C). In comparison, beta-actin as a
marker of genomic DNA was used to calculate the ratio of mtDNA to genomic DNA. UV
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light did not significantly alter this ratio (Figure 6B) indicating that no significant changes in
mitochondrial copy number occurred. Using a similar does of 10 J/m?2, Kalinowski et.al
observed an approximately 20% decrease in amplification which was less than the 73%
observed in the present study. These differences may reflect that their mitochondrial DNA
target was only 2.3 kb in length, compared to the 15 kb fragment in the present study. There
a linear response to a doubling of the UV dose. Other studies have reported greater
decreases in amplification in response to the lower range of dosages of UV or H,0, used
(Govan et al. 1990; Kalinowski et al. 1992; Yakes et al. 1997).

An underlying assumption is that no deletions occur within the SRPCR mtDNA region used
for quantifying copy number. Using different primer sets that included the 12S rRNA,
cytochrome oxidase subunit 1 region, and the D-Loop region no significant differences in
copy number between control and 10 J/m?2 group were observed, while the cytochrome
oxidase subunit 3 region was significantly increased by 16% and the cytochrome B region
decreased by 12% Figure 8. The nearest neighbor to the cytochrome B was the D-Loop,
which was not altered by the UV exposure and it is unclear why these two regions may have
been influenced. These findings suggest that care needs to be taken when designating the
SRPCR region for any study examining mtDNA damage in response to an experimental
treatment.

These protocols improve on the quality and precision in the quantification of mtDNA
damage. In addition, the approach described is simpler than previously reported protocols. In
comparison to 8-0xoG protocols that measure oxidative damage in the nucleus and
mitochondria, the LRPCR protocols can selectively examine damage of mitochondrial

DNA. Use of recently developed DNA Polymerases and protocols permits the rapid
amplification of very long mtDNA fragments. Adaptation of real-time determination
protocols allows for direct detection of DNA amplification of the long PCR products and its
application here permits a fairly simple and reproducible determination of mitochondrial
DNA damage.
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Figure 1.
Temperature gradient amplification of mtDNA. A. Long Range amplification of mtDNA.

mtDNA was annealed at the temperatures indicated above each band and amplification
carried out as described in Methods. B. Short range PCR (SRPCR) of mtDNA from the
cytochrome oxidase subunit 3 region. The annealing temperature used for DNA
amplification is shown above each band.
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Figure 2.
Comparison of realtime LRPCR and step cycle amplification of mtDNA. A. Representative

picture of step LRPCR; 100 ng of total DNA was amplified using the LRPCR protocol and
the reaction tube was removed at the cycle number indicated above each band. 10% of the
LRPCR product was run on a 1% agarose gel. B. Realtime determination of DNA
fluorescence (n=4) was determined as described in Methods. For the step cycle, the
integrated density value (IDV) of the bands (n=3 for each step) was determined using
Alphalnnotech/AlphaEaseFC software. All individual reactions contained 1:1250 dilution of
EvaGreen. Values represented are mean+SEM of fluorescence normalized to the plateau
values.
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IDV
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LRCPR of mtDNA using increasing concentrations of SYBR Green. A. Crossing point
analysis of the LRPCR using increasing concentrations of SYBR Green. B. 10% of the
LRPCR product after 40 cycles of amplification was electrophoresed on a 1% agarose gel.
The integrated density value (IDV) of the bands was determined using Alphalnnotech/
AlphaEaseFC software following 40 cycles of amplification. NTC: non-template control
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LRCPR of mtDNA using increasing input total DNA. A. The standard curve was derived
from the crossing point analysis using MX3000P software. The log fit values: Y=
-3.975*log(X) + 29.98, R2= 0.92 and calculated efficiency was 78%. B. Crossing point
analysis of the LRPCR using increasing amounts of total DNA. The integrated density value
(IDV) of the bands was determined using Alphalnnotech/AlphaEaseFC software following
40 cycles of amplification.
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LRCPR of mtDNA using increasing concentrations of EvaGreen. A. Crossing point analysis
of the LRPCR using increasing concentrations of EvaGreen. 100ng of total DNA was used
as described in Methods. B. 10% of the LRPCR product after 40 cycles of amplification was
electrophoresed on a 1% agarose gel. The integrated density value (IDV) of the bands was
determined using Alphalnnotech/AlphaEaseFC software following 40 cycles of

amplification.
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Figure 6.
UV light induces mtDNA damage. H9¢c2 myoblasts were exposed to 5 or 10 J/m? ultraviolet

light. Total DNA was isolated for LRPCR and SRPCR analysis using mitochondrial and
genomic probes as indicated in Methods. A. mtDNA damage calculated using the A2Ct
method; damage expressed as a % of control. B. Mitochondrial copy number was the ratio of
mtDNA.: genomic DNA calculated using the A2Ct as described in Methods, expression
expressed as a percentage of control. C. lesion frequency was calculated as described in
Methods. Values are mean£SEM, * p<.05 compared to respective control.

Mitochondrion. Author manuscript; available in PMC 2015 September 11.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Edwards

Page 14
200
[ control
2
& B 10 um
o
-] *
4
Q
x
w 100 = T
4
R
c
[«
(&)
R
0
12S IRNA D Loop COX 1 COXx 3 Cytochrome B

Figure 7.

Regional copy number test. H9c2 DNA (control and 10 J/m? UV light) were amplified and
copy number normalized using B-actin. Three of the regions found no differences, while the
cytochrome oxidase subunit 3 region was significantly increased by 16% and the
cytochrome B region decreased by 12%. Values are mean+SEM expression expressed as a

percentage of control; * p<.05 compared to respective control.
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Primer Sequences used for PCR amplification.

Table 1

Primers Genbank Reference/Sequence Fragment Length  Annealing Temperature
mMtDNA X14848

LRPCR/f: ATTTTCTCCCAGTTACGAAAG 14958 bp 50°C
LRPCR/r: CTTGGTAAGTAAATTTCTTTCTCC

SRPCR/f: ATGCACGATAGCTAAGACCCAA 210 bp 60°C
SRPCRI/r: GCTGAATTAGCGAGAAGGGGTA

D-Loop/f CCCTACACCTGAAACTTCAATGCCA 207 bp 58°C
D-Loop/r: GTGGAATTTTCTGAGGGTAGG

Cyto B/f: CCGACGCAGACAAAATCCCA 112 bp 59°C
Cyto B/r: TAGTAGGTCTGGGAAGAATAGTAC

16S RNA/F: AGGGACAGCTCTTTAGGAAACG 235 bp 63°C
16S RNA/r: CTTGTGCTTGGTGGATTGGTTC

COX1/f: CACAGTAGGGGGCCTAACAG 199 bp 58°C
COX1/r: CAAAGTGGGCTTTTGCTCAT

COXa3/f: TCAGGAGTCTCAATTACATG 244 bp 58°C
COXa/r: CGTAGTAGACAGACAATTAGG

B-actin V01217

SRPCR/f: GCGGTGACCATAGCCCTCTTT 191 bp 60°C
SRPCR:r: TGCCACTCCCAAAGTAAAGGGTCA
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