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Abstract

The mitochondrial DNA (mtDNA) lacks a protection provided by the nucleosomes in the nuclear
DNA and does not have a DNA repair mechanism, making it highly susceptible to damage, which
can lead to mtDNA depletion. MtDNA depletion compromises the efficient function of cells and
tissues and thus impacts negatively on health. Here, we describe a brief and easy protocol to
quantify mtDNA copy number by determining the mtDNA/nDNA ratio that we validated in a
cohort of young and aged mice.
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INTRODUCTION

Mouse mitochondrial DNA (mtDNA) is a double-stranded circular DNA with an
approximate size of 16.6-kb, which encodes 37 genes: 22 transfer RNAs (tRNA), 2
ribosomal RNAs (rRNA), and 13 polypeptides. These 13 polypeptides are protein subunits
of the oxidative phosphorylation (OXPHOS) complexes 1, 111, IV, and V, while the tRNAs
and rRNASs are required to translate these mtDNA-encoded polypeptides. The rest of the
mitochondrial proteome, composed of ~1,500 proteins, is encoded in the nuclear DNA
(nDNA). Both mtDNA strands, which differ in their nucleotide content, encode different
genes: the heavy strand (H-strand), rich in guanine, encodes 28 genes (2 rRNAs, 14 tRNAs,
and 12 polypeptides), while the light strand (L-strand), rich in cytosine, encodes only 8
tRNAs and a single polypeptide, ND6. Each mtDNA strand is transcribed continuously,
generating a polycistronic RNA, in which almost all protein-coding regions are separated by
tRNASs genes, except for ATP8-ATP6 and ND4L-ND4 that are overlapping genes (Figure 1).
MtDNA is maternally inherited and is redundant, being present in multiple copies in each
mitochondrion. Each mouse cell, or in general each animal cell, contains between 100 and
10,000 copies of mtDNA, although these numbers vary widely between cell type, tissue and
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developmental stage, as well as in several pathological conditions and during the aging
process (Bogenhagen, 2012).

MtDNA replication is carried out by the nuclear-encoded mitochondrial polymerase -y and is
regulated by the mitochondrial transcription factor A (Tfam), a component of the
mitochondrial nucleoids (Young and Copeland, 2016). In humans, defects in mtDNA
maintenance generated by mutations in genes involved in mtDNA replication and nucleotide
biosynthesis cause mtDNA depletion syndromes (MDS) (El-Hattab and Scaglia, 2013). Such
mtDNA depletions are also associated with metabolic diseases, including type 2 diabetes,
cancers and neurodegenerative disorders, including Alzheimer’s, Parkinson’s and Machado-
Joseph disease (Abolhassani et al., 2016; Kazachkova et al., 2013; Ramos et al., 2015; Sepe
et al., 2016). During aging, mtDNA copy number also decreases, probably because it is
prone to oxidative damage by reactive oxygen species (ROS) produced in the mitochondrial
matrix. In addition, the lack of protection by nucleosomes, as in the nDNA, along with the
absence of DNA repair mechanisms, also contributes to the accumulation of mtDNA
damage, which finally generates mtDNA deletions and depletion. In this regard, several
reports have shown that aging leads to mtDNA damage and dysfunction (Bratic and Larsson,
2013; Gomez-Cabrera et al., 2012; Kennedy et al., 2012; Trifunovic and Larsson, 2008). In
such cases, quantification of the mtDNA damage and analysis and quantification of the
mtDNA copy number may be a good biomarker for disease progression and development of
therapies (Kazachkova et al., 2013). In non-pathological or aging-related conditions, mtDNA
quantification is also a good indicator of the mitochondrial mass. Since in a normal/healthy
physiological state, mtDNA levels remain almost constant, evaluation of the mtDNA copy
number can be a good indicator of the amount of mitochondrial mass in a diseased state,
although it is recommended to use other complementary techniques to provide additional
evidence for disease, such as measurements of citrate synthase activity or specific
mitochondrial staining (Quiros et al., 2012).

Analysis of mtDNA content to obtain the mtDNA/nDNA ratio, was classically evaluated by
Southern blot or gel electrophoresis, however, these techniques are only semi-quantitative
and required higher amounts of DNA than PCR-based techniques. Quantitative PCR (qPCR)
is generally being used to quantify and detect mtDNA depletions, but improvements have
been made in the application of PCR to achieve better resolution. Recently, a multiplexed
real-time PCR strategy was validated that can be used for quantification of mitochondrial
DNA copy number (He et al., 2002; Phillips et al., 2014). Here, we provide a protocol for
analysis of mtDNA/nDNA ratio in mouse tissues and cells using a SYBR green assay. Our
protocol focuses on the estimation of mtDNA copy number, comparing the amount of
mitochondrial versus nuclear DNA. We validated our protocol by analyzing the effect of
aging on the decrease in the mtDNA content in a cohort of young (2 months) and old
C57BL/6J (24 months) mice.

Note. All protocols using live animals must first be reviewed and approved by an
Institutional Animal Care and Use Committee (IACUC) or must conform to governmental
regulations regarding the care and use of laboratory animals.
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BASIC PROTOCOL

QPCR presents a highly efficient, fast and quantitative technique for estimating relative
amounts of known DNA in a sample. With the help of the primers designed for specific
amplification of particular mtDNA fragments, the Ct (threshold cycle) and the relative
expression levels of mtDNA can be calculated using gPCR.

Protocol outline (for review purposes only)

DNA isolation from liver (also applies to other organs)
DNA isolation from cells

Quantitative PCR

Data analysis

STEP 1. DNA isolation

MATERIALS—Mouse tissue Take ~10-30 mg liver or other tissue.
Mouse cells EDTA (Applichem, A2937,0500)

NaCl (Sigma, 71380)

20% SDS solution(Applichem, A0675,0500)

Tris(Hydroxymethyl aminomethane) (Biosolve, 0020092391BS)
37% Hydrochloric acid (Applichem, A0659,1000GL)

3 M NacCl solution (see reagents and solutions)

0.5 M EDTA solution (see reagents and solutions)

1 M Tris-HCI solution (see reagents and solutions)

TE buffer (see reagents and solutions)

Lysis buffer (see reagents and solutions)

Ammonium acetate (Fischer, A/3440/50)

7.5 M Ammonium acetate solution (see reagents and solutions)

Ultrapure™ Phenol: Chloroform: isoamyl alcohol mix (25:24:1, v/v) (Thermofischer,
15593031)

70% Ethanol (Reactolab, 96170)

Proteinase K recombinant, PCR Grade (20 mg/ml, RPROTK-RO ROCHE,
000000003115836001)
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RNase A (5 mg/ml, Thermofisher, EN0531)
PBS pH7.4 (1X) (gibco, Ref.n0.10010-015)
Centrifuge
Tubes 15-ml polypropylene Falcon tubes, 2-ml centrifuge tubes, 1.5-ml centrifuge tubes
NanoDrop 2000 (UV-Vis Spectrophotometer)

gPCR Syber Green Mix (LightCycler ® 480 SYBR Green | Master - Roche Life Science,
4887352001)

Forward and reverse primers (Invitrogen)

16S rRNA forward and reverse primers

FWD: 5’-CCGCAAGGGAAAGATGAAAGAC-3’
REV:5-TCGTTTGGTTTCGGGGTTTC-3’

ND1 forward and reverse primers

FWD: 5’-CTAGCAGAAACAAACCGGGC-3’
REV: 5’-CCGGCTGCGTATTCTACGTT-3’

HK2 forward and reverse primers

FWD: 5’-GCCAGCCTCTCCTGATTTTAGTGT-3’
REV: 5’-GGGAACACAAAAGACCTCTTCTGG-3’
384 well plates

Plate seals (ThermalSeal RTS™ Sealing Films, Z734438)
Double-distilled or Milli Q water

Apparatus

Sterile filter pipette tips, sterile 1.5-mL screw top microcentrifuge tubes

METHOD

A From liver (appliesfor other organs aswell)

1 Sacrifice a mouse under anesthesia (e.g. 3-5% isoflurane (Adams and
Pacharinsak, 2015)) and excise the liver. Rinse liver briefly with PBS,
excise and put a very small piece (~10-30 mg) of liver tissue in an ice-
cold 1.5 ml microcentrifuge tube. Snap frozen tissues stored at -80°C
can also be used with this protocol.
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2 Add 600 pl of lysis buffer (LB) to the microcentrifuge tube, followed
by 0.2 mg/ml proteinase K (6 ul of 20 mg/ml stock), to degrade the
proteins present in the tissue sample. Depending upon the tissue sample
size, if small, 300 pl of LB and 3 pl proteinase K may also be
sufficient.

3 Incubate the samples overnight at 55°C. A time period of 3 h also
works well for tissue samples weighing up to 10 mg for non-fibrotic
tissues like liver.

Cdlls

la Remove media from 1 well of a 6 well or 12 well plate. Wash cells
with 500 ul of PBS solution.

2a Add LB and proteinase K: a volume of 600 pl of LB and 6 pl of
proteinase K for each well of 6-well plate or 300 pl of LB and 3 pl of
proteinase K for a 12-well plate is sufficient.

3a Put the lysate in a microcentrifuge tube and incubate at 55°C for 3 hrs.

Both tissues and cells

4

10

Add RNase A (100 pg/ml) to degrade the RNA present. Incubate at 37°C for 30
min. Optionally, a phenol-chloroform extraction can be performed after step 4 if
high-quality DNA is required (e.g. next-generation sequencing). Add 600 ul of
an ultrapure phenol: chloroform. isoamyl alcohol (25:24:1, v/v). Mix well.
Centrifuge at 12,000 x g for 5 min. Transfer the aqueous phase (upper part)
carefully to another microcentrifuge tube.

Add 250 pl ammonium acetate (7.5 M) and 600 pl of isopropanol (0.7 v/v). Mix
well. This will result in “DNA jelly fish” like structure that can be clearly seen.

Centrifuge at 15,000 x g for 10 min at 4°C. Remove the supernatant. Care
should be taken while removing the supernatant so as to not destroy the pellet.

Wash with 500 ul of 70% ethanol.
Dry the pellet. Resuspend in 100 pl of TE buffer.
Measure the concentration of DNA using NanoDrop.

Dilute the sample using double-distilled water to have a final concentration of 10
ng DNA/ul to be used for qPCR. (Generally an amount of 20-100 ng is used for
gPCR, so the final concentration and the volume for gPCR can be adjusted
accordingly). Proceed to gPCR.

STEP 2. Quantitative PCR (qPCR)

Different genes were selected to evaluate the relative copy number of mtDNA and nDNA. In
the mouse mitochondrial genome, genes corresponding to the stable fraction that is not
prone to deletions encode for 16S rRNA and ND1 (Figure 1) (Tanhauser and Laipis, 1995).
Hexokinase 2 (HK2) is a nuclear encoded gene that we selected for our assay. A comparison

Curr Protoc Mouse Biol. Author manuscript; available in PMC 2018 March 02.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnue Joyiny

Page 6

of ND1 and 16S rRNA DNA expression relative to HK DNA expression will give a measure
of mtDNA copy number to nDNA copy number ratio. Liver samples of 2 and 24 month old
C57BL/6J mice are used in this study as an example.

Quiros et al.
METHOD
11
12
13
14
15

DATA ANALYSIS

Prepare 100 uM primer stock by diluting it with double-distilled water.

For each gene, prepare a working stock mastermix of forward and reverse
primers with a volume of 100 pl each of both forward and reverse primer to have
a concentration of 10 UM each in a volume of 1000 ul. Add 800 pl of double-
distilled water.

In the 384 well plate, add in each well a total volume of 5 pl with the following
compositions for different samples using a multichannel pipette. For each gene
and each sample, perform the experiment in triplicate.

Components:

DNA: 2 ul

Syber Green Mix + Forward and reverse primer mix: 3 pl (2.5 pl + 0.5 pl)
Total: 5 pl

Cover the plate with plate seal and spin down at top speed (10 seconds) in a
plate centrifuge.

Put the plate in a thermocycler designed for quantitative measurements.

Conditions of the gPCR: (preamplification step) 95°C for 5 min, (amplification
step) 45 cycles of 95°C for 10 s, 60°C for 10 s and 72°C for 20 s. Finally a
melting curve is calculated to confirm the presence of a single PCR product
following these steps: 95°C for 5's, 66°C for 1 min and gradual increase in
temperature up to 97°C (fluorescence adquisition).

Analysis of mtDNA/nDNA ratio can be calculated either by following the classical AACt
method used for gPCR analysis or by calculating the number of mtDNA molecules per
nDNA molecules. Both methods will generate the same relative results.

Ct values are calculated using the gPCR machine software. The Ct of each DNA sample is
the mean of the triplicate values of Ct for each sample (provided the standard deviation (SD)
is not more than 0.2). In case of an SD of more than 0.2, the outlier values can be suppressed
for the analysis.

A) AACt method
16

Calculate ACt using the following formula:

ACt=Ct(mtDN A gene) — Ct(nDNA gene)
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17 Then, calculate the AACt by using the mean of the young cohort as control
sample.

AACt=ACt(Sample of interest) — ACt(Control sample)

18 Finally, calculate the expression of each sample as 2722Ct, Import the data into
GraphPad Prism for statistical analysis and represent the results using box-and-
whisker plot (Figure 2).

B) Number of copies of mtDNA

16a  Alternatively, calculate the number of copies of mtDNA using the following
formula:

ACt=Ct(nDN A gene) — Ct(mtDNA gene)

17a  Copies of mtDNA = 2 x 2ACt
18a  Relative mtDNA content = mtDNA old / mtDNA young.

REAGENTS AND SOLUTIONS

Use double-distilled or Milli-Q-purified water in all recipes and protocol steps.
3 M NaCl solution

Dissolve 175.5 g of NaCl powder in 1000 ml of double-distilled water.

0.5 M EDTA solution

Dissolve 186.12 grams of EDTA powder in 1000 ml of double-distilled water.
1 M Tris-HCI solution

Dissolve 121.4 g of Tris (Hydroxymethyl aminomethane) in 1000 ml of double-distilled
water, adjust pH to 7.4 using hydrochloric acid.

7.5 M Ammonium acetate solution
Add 578.1 g of ammonium acetate in 1000 ml of double-distilled water.
Tris-EDTA (TE buffer)

Mix Tris-HCI solution (1 ml of 1 M, pH7.4) and EDTA solution (0.2 ml of 0.5 M) in double-
distilled to have a final concentration of 10 mM and 1 mM respectively in a 100 ml volume
of buffer.

Lysis buffer (LB)
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Mix NaCl solution (16.67 ml of 3 M stock), EDTA solution (10 ml of 0.5 M stock), SDS
solution (12.5 ml of 20% stock) and Tris-HCI solution (pH 7.4) (10 ml of 1 M stock) in
double-distilled water to have final concentrations of 100 mM, 10 mM, 0.5% and 20 mM
respectively for a total of 500 ml buffer.

COMMENTARY

Background Information

Analysis of the mtDNA copy number can be done using qPCR. In the example used in this
protocol, liver samples from young (2 month) and old (24 month) C57BL/6J mice were
collected and DNA was isolated from them. The DNA (which contained both mtDNA and
nDNA) was then used for gPCR for amplification and the ratio of both was calculated.
Although gPCR has been shown to be efficient for this analysis in various research articles
(He et al., 2002; Phillips et al., 2014), but the detailed procedure has not been described. The
advantage of this protocol is the detailed explanation of each and every step carried out and
its functional relevance in young and aged mice. In addition, this protocol can be also useful
for examining the mtDNA copy number in some mouse pathologies, as in mouse mutants in
which increased DNA damage or rapid aging may also lead to depleted mtDNA.

Critical Parameters

1 Always wear gloves, protective eyewear, and a laboratory coat while handling
the detergents

2 This protocol is also applicable to other mouse tissues such as heart and skeletal
muscle, brown adipose tissue. It can also be used for cells.

3 It is preferable to use age-matched samples as mtDNA copy number decreases
with age.

Troubleshooting

1 If the tissue is not lysed completely, another 6 pl of proteinase K can be added.

2 With a small amount of tissue or tissues like muscle, the DNA jelly fish structure
may not be visible after Step 5, but becomes visible after centrifugation. If the
pellet is still not visible, the washing steps should be done carefully to leave
enough supernatant at the bottom so that the pellet is not removed.

Anticipated Results

With this brief protocol, one can easily quantify the mtDNA copy number in mouse tissues.
A typical example is shown using the amplification of genes both in mtDNA and in nDNA.
The ratio of mMtDNA/NDNA decreases by ~75% in old mice (24 months) compared to young
mice (2 months) and may reflect either a depletion of mtDNA or a decrease in mitochondrial
number/content. To verify that the decrease in mtDNA/nDNA ratio is a consequence of
mtDNA depletion, the amount of mitochondria or the mitochondrial mass should be
quantified using other assays, such as the measurement of citrate synthase activity (Quiros et
al., 2012). Results of mtDNA copy number vary depending upon the age of the mice used,
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therefore, if comparing different strain or conditions, age-matched mice should be used. We
advise that a minimum number of five animals per group should be analysed to obtain
consistent and reproducible data.

Time Considerations

Lysis of the samples is carried out overnight. The initial DNA isolation and dilution takes ~2
hrs for up to 10 samples. If more than a dozen samples are analysed, it is advisable to do the
DNA isolation and dilution on day 1 and to continue with gPCR analysis on day 2. QPCR
will take ~120 min, 30 min for preparation and 90 min for the qPCR run, followed by
analysis which may take another 1 hr. In total, execution of this protocol will take 2—3 days
for completion.
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Figure 1. Mouse mitochondrial DNA
The mouse mitochondrial DNA (mtDNA) comprises 16,295 bp. MtDNA forms an inner

light strand (L-strand) and an outer heavy strand (H-strand) that encodes different genes.
The position of gene names reflects the strand where they are encoded (inside: L-strand:
outside: H-strand). Colors identify the different genes: rRNAs (purple), tRNAs (yellow),
proteins encoding subunits of the OXPHOS complexes | (blue), 111 (green), IV (orange) and
V (red). 16S rRNA and ND1 genes are located in the stable part of mtDNA, where no
deletions have been reported.
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Figure 2. Box plot showing the relative mtDNA levels in young and old C57BL/6J mice
Relative quantification was performed on seven young (2 months) and five old (24 months)
samples in triplicates using gPCR by amplification of ND1 and 16S genes belonging to
stable part of mtDNA, and normalised against hexokinase gene (HK). The decrease in
mtDNA/nDNA ratio in old samples is indicative of the decrease in mtDNA copy number

with age. Data are represented as box-and-whisker plot. Statistical differences were
calculated using Student’s t-test, *** P < 0.001.
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