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Demonstrate the Absence of CpG Methylation in Human
Mitochondrial DNA
Elizabeth E. Hong,a Cindy Y. Okitsu,b Andrew D. Smith,a Chih-Lin Hsiehb

Although CpG methylation clearly distributes genome-wide in vertebrate nuclear DNA, the state of methylation in the vertebrate mitochondrial genome has been unclear. Several recent reports using immunoprecipitation, mass spectrometry, and enzyme-linked immunosorbent assay methods concluded that human mitochondrial DNA (mtDNA) has much more than the 2 to
5% CpG methylation previously estimated. However, these methods do not provide information as to the sites or frequency of
methylation at each CpG site. Here, we have used the more definitive bisulfite genomic sequencing method to examine CpG
methylation in HCT116 human cells and primary human cells to independently answer these two questions. We found no evidence of CpG methylation at a biologically significant level in these regions of the human mitochondrial genome. Furthermore,
unbiased next-generation sequencing of sodium bisulfite treated total DNA from HCT116 cells and analysis of genome-wide
sodium bisulfite sequencing data sets from several other DNA sources confirmed this absence of CpG methylation in mtDNA.
Based on our findings using regionally specific and genome-wide approaches with multiple human cell sources, we can definitively conclude that CpG methylation is absent in mtDNA. It is highly unlikely that CpG methylation plays any role in direct
control of mitochondrial function.

C

pG methylation occurs with a genome-wide distribution in
vertebrates and has impacts on transcription, repeat element biology, and recombination. Although the presence of
CpG methylation in the mitochondrial genome was reported
using restriction digestion (1, 2) and radiolabeling methods (3)
a few decades ago, two of our unpublished studies showed no
CpG methylation in HEK293 cells by the sodium bisulfite sequencing method. The first of our unpublished studies nearly 2
decades ago did not detect any DNA methylation at CpG sites
in the 12S and the 16S regions of mitochondrial DNA
(mtDNA) from a limited number of molecules sequenced after
sodium bisufite treatment of DNA. Our more recent study of
three mtDNA regions (nucleotides 560 to 893, 4250 to 4569,
and 16381 to 16470) confirmed an absence of CpG methylation
in a total of 1,487 CpG sites from 203 molecules examined from
HEK293 cells using the sodium bisulfite genomic sequencing
method (see Table S1 in the supplemental material). A limited
study using bisulfite-PCR/single-stranded DNA conformation
polymorphism analysis failed to detect any cytosine methylation in mtDNA (4). Our interest in mtDNA methylation was
then renewed when detection of 5-methylcytosine (5mC) and
5-hydroxymethylcytosine (5hmC) at CpG dinucleotides in
mtDNA by immunoprecipitation (IP) (5), mass spectrometry
(6), and enzyme-linked immunosorbent assay (ELISA) (7)
were recently reported. However, these methods do not provide critical information about the sites and the frequency of
methylation at each site that is required to fully assess any
putative functional impact of DNA methylation on mtDNA.
Shock et al. (5) concluded that the level of 5mC and 5hmC
modifications is much higher in human cells than the 3 to 5%
previously reported in mouse cells by one group (2). Nass (3)
estimated 5mC frequency at CpG sites as between 2.8 and 8.4% in
mouse and hamster cells, and Shmookler Reis and Goldstein (1)
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concluded that 2 to 5% of the mtDNA is methylated at all CCGG
sites in human cells. Although methylation frequency in mtDNA
was consistently estimated in the 2 to 8% range in all of the reports
prior to Shock et al., the pattern of DNA methylation was not
clearly known and quite controversial. The restriction digestion
method employed by some is limited by an unavoidable small
percentage of incompletely digested or indigestible DNA molecules. The IP method using anti-5mC antibody captures the methylated DNA targets and provides a percentage pulldown of the
input DNA in a quantitative PCR (qPCR) assay. This method
cannot be used to determine the target frequency in a given sample
due to the difficulty in determining the efficiency of antibodies in
binding specific targets, even though it is widely used to compare
target frequencies between different samples. Infantino et al. (6)
reported a very high frequency of DNA methylation using mass
spectrometry analysis but could not assign methylation to specific
sites. A more recent study by Dzitoyeva et al. (7) also detected 5mC
and 5hmC in an ELISA; however, this approach does not provide
the frequency of methylation because the assay only normalizes
against a control standard of unknown sequence in the commercial kit for quantification. Most of these assays used to document
cytosine methylation in mtDNA do not provide any information
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MATERIALS AND METHODS
DNA sources. HTC116 cells (a gift from Bert Vogelstein, Johns Hopkins
University, Baltimore, MD) were maintained in McCoy 5A medium with
10% fetal bovine serum. DNA was extracted from HEK293 cells and
HTC116 cells by using proteinase K digestion, phenol-chloroform extraction, and isopropanol precipitation. Total DNA from primary cells without cell culture was isolated from whole blood obtained from a normal
male subject by guanidinium thiocyanate extraction method after lysing
the red blood cells.
Bisulfite genomic sequencing. Bisulfite genomic sequencing was carried out as described previously (14). DNA was digested with restriction
enzyme HindIII and purified by phenol-chloroform extraction and ethanol precipitation. One microgram of HindIII-digested DNA was then
treated with sodium bisulfite overnight at 55°C in 30 l of 1% agarose
after denaturing with NaOH. The agarose containing the treated DNA
was washed with water, alkaline treated, washed with water again, and
equilibrated with Tris-EDTA (TE). The agarose was melted after all treatments at 70°C, and an equal volume of TE was added. PCR was carried out
with 0.8 l of the treated DNA and the appropriate primers (Table 1). The
PCR products were ligated into the TOPO TA cloning vector (Invitrogen). Multiple clones from each ligation were sequenced. Both strands of
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TABLE 1 PCR primers and regions of amplification for 12S, 16S, COII,
and ATP6 regions of mtDNA
Nucleotidea
Primer

Sequence (5=–3=)

Start

End

MT12StopFor
MT12StopRev
MT16StopFor
MT16StopRev
MTCOX2topFor
MTCOX2topRev
MTATP6topFor
MTATP6topRev

GATTAAAAGGAATAAGTATTAAGTA
TCTAATCCCAATTTAAATCTTAAC
ATATGTTAAGATTTTATTAGTTAAAG
AAACCTTATTTCTCTTATCCTTTC
ATTGGTTATTAATGGTATTGAATTTA
CTCCACAAATTTCAAAACATTAAC
TTTATTTATTTAATTAATAGTTTTGGT
CCCCTATTAAAAATCATAAACTAA

740
1083
2851
3150
7883
8189
8970
9162

764
1060
2876
3127
7908
8166
8996
9138

a

Based on the nucleotide positions of the human mtDNA map at www.mitomap.org.

each clone were sequenced using an Excel II sequencing kit (Epicentre)
and analyzed on a Li-Cor sequencer (model 4200).
Next-generation sequencing and analysis of published data sets. Sodium bisulfite-treated total DNA from HCT116 cells was sequenced using
the Illumina next-generation sequencing platform by BGI Tech (Hong
Kong). In brief, adaptors were ligated to the sonicated total DNA before
sodium bisulfite treatment (Zymo EZ DNA methylation-gold kit). The
treated DNA was amplified, size selected, and pair end sequenced. DNA
from enterobacteria phage lambda was spiked into HCT116 DNA as a
control for the effectiveness of the sodium bisulfite treatment. A total of
13,333,334 sequencing reads (paired end, 90 bases per end, 2.4e09 bases
total) were mapped as previously described (15–17) to the hg19 genome
assembly downloaded from the FTP site associated with the UCSC Genome Browser. The unconverted Cs at non-CpG sites in the mtDNA reads
and the nuclear genome reads were counted separately to obtain the nonconversion rate of the sodium bisulfite treatment in each of the two genomes. The reads mapped to the phage lambda, which does not have DNA
methylation, were analyzed separately to determine the background nonconversion rate. The unconverted Cs at the CpG sites were counted to
derive the frequency of DNA methylation both in the reads of mtDNA and
the nuclear sequences. Ten published data sets were downloaded from the
NCBI Sequence Read Archive (18) and mapped to either hg18 or hg19
genome assembly. The nonconversion rate of the nuclear and mitochondrial genome and the methylation frequency at CpG sites of mtDNA were
determined as described above.

RESULTS

Lack of appreciable CpG methylation in mtDNA from HCT116
cells in specific regions. It is possible that 5mC is present in
mtDNA from HTC116 but not in HEK293 cells or that 5mC is
present in the regions of mtDNA analyzed in the study by Shock et
al. (5) but not in the regions that we analyzed, as previously described. To minimize any uncertainty, we examined cytosine
methylation in the same mtDNA regions of the same cell line as
Shock et al. (5). Unlike an unmodified cytosine that gives rise to a
T, 5mC and 5hmC do not react with sodium bisulfite and remain
as Cs in the PCR following the chemical treatment of DNA. Based
on the estimation of 2 to 8% methylation at CpG sites in mtDNA
by the previous reports, sodium bisulfite sequencing of mtDNA
should reveal both the pattern and the frequency of cytosine modification in mtDNA.
DNA extracted from HCT116 cells was treated with sodium
bisulfite to convert unmodified cytosines and to identify sites of
5mC and 5hmC. Four regions—12S, 16S, COII, and ATP6 — of
the mtDNA, where 5mC and 5hmC were reported to be present,
were amplified and sequenced after sodium bisulfite treatment.
The primers used to amplify these DNA regions do not include
any CpG sites to ensure that the PCRs do not bias against or for
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on the sites or frequency of CpG methylation of the targets. Without such information, the impact of DNA methylation on mitochondrial function cannot be discerned.
To determine whether CpG methylation plays a role in mitochondrial biology, the location and frequency of the methylated
sites must be clearly determined. Also, whether there is any nonCpG methylation in mtDNA needs to be investigated, as is potentially indicated by the results of Infantino et al. (6). Such information can be obtained using the more definitive method of sodium
bisulfite genomic sequencing, which allows analysis of each molecule for methylation at each cytosine (8). The sodium bisulfite
method generally has a 0.5% nonconversion rate as the assay
background and cannot convert either 5mC or 5hmC (9). The
claimed levels of DNA methylation in mitochondria are much
higher than the assay background; therefore, the sodium bisulfite
method should easily identify the sites of methylation or hydroxymethylation at CpG and non-CpG sites and provide the
needed information for mtDNA methylation. Four mtDNA regions—12S ribosome (12S), 16S ribosome (16S), cytochrome c
oxidase subunit II (COII), and ATP synthase F0 subunit 6
(ATP6)—in human HCT116 cells reported in Shock et al. (5) are
the only studies of specific regions of methylation. These four
regions were examined in the present study using the sodium
bisulfite sequencing method to assess cytosine methylation sites
and to estimate the frequency of CpG methylation in mtDNA. To
examine global DNA methylation status, as well as sites of methylation in mtDNA, 10 published data sets from genome-wide sodium bisulfite sequencing of DNA from many other cell sources,
including HCT116 cells, were analyzed for mtDNA methylation
(10–13). We further confirmed the findings from the published
data set generated from reduced representation bisulfite sequencing of HCT116 cells with sodium bisulfite sequencing of total
DNA from HCT116 using next-generation sequencing to obtain
unbiased information on mtDNA methylation. The study here is
the most comprehensive and detailed analysis for cytosine modification of human mtDNA, and it concludes the lack of DNA
methylation in CpG and non-CpG sites in human mtDNA unequivocally. Based on this finding, the conclusion that DNA methylation does not directly involve the regulation of mitochondrial
biology can be clearly drawn.

Absence of CpG Methylation in Human mtDNA

TABLE 2 Summary of unconverted Cs observed in four regions of mtDNA from HCT116 cells after sodium bisulfite treatmenta

No. of Cs

No. of CpG
sites

12S (292)

79

11

4,266

594

61

13

2,562

546

81

17

2,754

578

82

8

4,920

480

Total
16S (250)

Total
COII (258)

Total
ATP6 (247)

Total

Mutation

N

No. of
sites

No. of
mol

%b

No. of
sites

No. of
mol

16
14
9
15
54

0
0
0
0
0

0
0
0
0
0

⬍0.17

3
3
0
4
10

3
3
0
4
10

14
15
13
42

1
0
0
1

1
0
0
1

0.18

6
7
2
15

5
6
1
12

13
5
16
34

0
0
0
0

0
0
0
0

⬍0.17

1
0
4
5

1
0
4
5

15
15
15
15
60

2
0
0
1
3

2
0
0
1
3

0.63

3
4
0
7
14

3
4
0
2
9

F⫻10⫺4c

No. of
sites

No. of
mol

%d

6.3

0
2
1
0
3

0
2
1
0
3

0.08

14.3

1
0
1
2

1
0
1
2

0.10

5.7

1
0
2
3

1
0
2
3

0.14

9.4

1
3
2
2
8

1
3
2
2
8

0.18

a

Each line represents an independent PCR and cloning experiment. Cs, cytosines at non-CpG sites; N, total number of molecules examined; mol, molecules.
b
That is, the percent frequency of unconverted cytosine at CpG sites (i.e., the number of unconverted cytosines divided by the total number of CpG sites examined).
c
F⫻10⫺4, frequency of mutation ⫻ 10⫺4.
d
That is, the percent frequency of unconverted cytosines at non-CpG sites (i.e., the number of unconverted cytosines at non-CpG sites divided by the total number of non-CpG
sites examined).

DNA with unconverted Cs at CpG sites. Two independent PCRs
were carried out for each of the four regions, and multiple clones
were sequenced from each of the two PCRs after TA cloning. A
total of 54 molecules were sequenced from the 12S region, and no
methylation at any of the 594 CpG sites was detected (Table 2).
This finding suggests that the CpG methylation level in the 12S
region is ⬍0.17%. In the 16S region, a single unconverted cytosine
was detected from a total of 42 molecules with 546 CpG sites,
giving the region a 0.18% methylation frequency (Table 2). No
unconverted cytosine is detected in any of the 34 molecules (578
CpG sites) sequenced from the COII region of the mtDNA; thus,
the methylation frequency of this region is ⬍0.17% (Table 2). A
frequency of 0.63% methylation was calculated in the ATP6 region of mtDNA, based on a single unconverted cytosine detected
on each of the three molecules among a total of 60 molecules (480
CpG sites) sequenced (Table 2). None of the unconverted C was at
the same CpG site, indicating the randomness of the occurrence.
Other single-base mutations were observed on two of these three
molecules harboring a single unconverted cytosine at CpG methylation sites. There are some molecules from all four regions that
have unconverted cytosines at non-CpG sites, most likely due to
incomplete conversion (Table 2). The nonconversion rate is the
highest in the ATP6 region at 0.18% and the lowest in the 12S
region at 0.08%. These nonconversion rates are much lower than
the generally acceptable sodium bisulfite nonconversion background of 0.5%. It is noteworthy that the mutation frequency,
which includes mutations that can arise in the HCT116 cells in
culture, during PCR, or in Escherichia coli after TA cloning, was
almost 2-fold higher in the 16S (14.3 ⫻ 10⫺4) and the ATP6 (9.5 ⫻
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10⫺4) regions than in the 12S and the COII regions (Table 2).
Overall, we observe a much lower level of unconverted cytosines at
CpG sites than expected based on the prediction by Shock et al. (5)
at the 16S and the ATP6 regions. No unconverted cytosine was
found in the 12S and the COII regions of the mtDNA in HCT116
cells. We conclude that HCT116 cells have minimal, if any, cytosine methylation in mtDNA. Also, the modified cytosines observed are sporadic in occurrence and random in nature, instead
of at specific sites across the entire molecule, as suggested by
Shmookler and Goldstein (1).
Lack of appreciable CpG methylation in mtDNA from primary human cells in specific regions. To further examine
whether CpG methylation is present in mtDNA from primary
human tissue, the same four regions of the mtDNA from whole
blood were analyzed by the sodium bisulfite sequencing method.
In the COII region, no unconverted cytosine was detected at any
CpG sites on the 16 molecules sequenced, indicating a methylation frequency of ⬍0.37% (Table 3). Methylation frequencies
ranging from 0.27 to 0.66% were calculated based on the detection
of a single unconverted cytosine at all CpG sites examined from
each of the three other regions (Table 3). Rates of nonconversion
at non-CpG sites range from 0.02 to 0.06%. The mutation rates
range from 7.8 ⫻ 10⫺4 in the 12S region to 40.4 ⫻ 10⫺4 in the
ATP6 region (Table 3). Unconverted cytosines at CpG sites were
detected in three of the four mtDNA regions examined from primary cells and were at a level of ⬍0.7%. Again, DNA methylation
only occurs infrequently, if it exists at all, and the sites of methylation are random in primary human cells, as was found in
HCT116 cells.
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Locus (size [bp])

Uncoverted C at non-CpG
sites

Uncoverted C at CpG sites

Hong et al.

TABLE 3 Summary of unconverted Cs observed in four regions of mtDNA from human primary cells after sodium bisulfite treatmenta

No. of Cs

No. of CpG
sites

12S (292)

79

11

1,738

242

61

13

1,708

364

81

17

1,296

272

82

8

1,558

152

Total
16S (250)
Total
COII (258)
Total
ATP6 (247)
Total

Mutation

N

No. of
sites

No. of
mol

%b

No. of
sites

No. of
mol

11
11
22

0
1
1

0
1
1

0.41

2
3
5

2
3
5

13
15
28

0
1
1

0
1
1

0.27

3
8
11

2
5
7

11
5
16

0
0
0

0
0
0

⬍0.37

7
0
7

4
0
4

14
5
19

1
0
1

1
0
1

0.66

11
8
19

7
4
11

F⫻10⫺4c

No. of
sites

No. of
mol

%d

7.8

0
1
1

0
1
1

0.07

15.7

0
1
1

0
1
1

0.07

17

1
1
2

1
1
2

0.20

40.4

1
0
1

1
0
1

0.07

a

Each line represents an independent PCR and cloning experiment. Cs, cytosines at non-CpG sites; N, total number of molecules examined; mol, molecules.
b
That is, the percent frequency of unconverted cytosine at CpG sites (i.e., the number of unconverted cytosines divided by the total number of CpG sites examined).
c
F⫻10⫺4, frequency of mutation ⫻ 10⫺4.
d
That is, the percent frequency of unconverted cytosines at non-CpG sites (i.e., the number of unconverted cytosines at non-CpG sites divided by the total number of non-CpG
sites examined).

The lack of appreciable methylation in the four regions of
mtDNA is not due to cross-contamination of numt sequences in
the nuclear genome. Mitochondrial DNA is known to insert into
the nuclear genome as “numts ” (nuclear DNA sequences of mitochondrial origin). It is known that there are between 1,000 to
10,000 copies of mtDNA in each mammalian cell (19). It is important to consider that the high copy number of mtDNAs per cell
can lead to incorrect conclusions when studying these sequences
in the nuclear genome, but it is much less likely that these sequences in the nuclear genome would contribute significantly, if
at all, to the study of mtDNA. Despite this being unlikely to complicate our study, we carried out a sequence comparison to identify the mismatches between the numts and the mtDNA regions
that we studied.
There are 391 numts in the human genome considered as orthologous for which identical loci were found in chimpanzee (20).
There are an additional 61 nonorthologous numts that arose after
the divergence of human and chimpanzee. Of the 452 numts in the
human genome, 35 (34 orthologous and 1 nonorthologous) overlap with the four regions of mtDNA studied here (nucleotides 740
to 1080, 2851 to 3150, 7883 to 8166, and 8970 to 9255). Mismatches between the four specific regions of mtDNA and these 35
numts were examined, and substantial differences were found in
all 35 numts. These mismatches would not likely allow amplification from numts (lack of overlap with one of the primers or a high
number of mismatches in priming sites) or would allow the origin
of the DNA fragments to be clearly identified as 25 is the minimum number of mismatches found in the internal sequences of
the amplicons (Table 4). None of the molecules sequenced in the
current study was of numt origin, based on the sequences at the
sites of mismatch. To further ensure that the DNA fragments examined were not from any region of the nuclear genome that is
not previously known to match the mtDNA sequence, the se-
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quences of the four regions studied here were entered into the
NCBI BLAST search to identify potential nuclear genome
matches. Again, there are sufficient mismatches to allow the identification of origin if the DNA fragments were from the nuclear
genome (Table 5). All of the DNA molecules sequenced here were
perfect matches to the mtDNA, except for a few sporadic point
mutations, likely due to infidelity of the Taq polymerase. This
analysis clearly shows that none of the molecules sequenced in the
present study were from the nuclear genome. This finding is completely consistent with the fact that the probability of identical
sequence in the nuclear genome being amplified when mtDNA is
the target sequence is extremely low because of the vast excess of
mtDNA copy number relative to the nuclear genome in each cell.
It is clear that DNA fragments examined in the present study were
unequivocally of mtDNA origin and were without CpG methylation and non-CpG methylation.
Analysis of published genome-wide bisulfite sequencing
data sets indicates the lack of cytosine methylation in mtDNA. It
is remotely possible that cytosine methylation exists in regions of
mtDNA, even though we found no evidence of it in the regional
specific sodium bisulfite sequencing analysis in our experiments.
To be absolutely certain, 10 publicly available genome-wide sodium bisulfite sequencing data sets from four published papers
were analyzed for mtDNA methylation (10–13). The nonconversion rate of cytosines at non-CpG sites in the nuclear DNA in these
studies ranged from 0.2 to 0.7%, indicating that the background
nonconversion rate of the assay is within the general acceptable
rate of 0.5% (Table 6). The CpG methylation frequency in
mtDNA based on unconverted Cs at CpG sites range from 0.2 to
0.8% in the 10 data sets analyzed, indicating the lack of appreciable
methylation above the background level of the assay (Table 6).
The frequencies of unconverted Cs at all cytosine sites of mtDNA
in these 10 data sets ranged from 0.08 to 1.01%, which is not much
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Locus (size [bp])

Uncoverted C at non-CpG
sites

Uncoverted C at CpG sites

Absence of CpG Methylation in Human mtDNA

TABLE 4 Summary of the number of mismatches between numts and the four mtDNA regions sequenced
No. of mismatchesb
12S
a

Index

F

R

I

COII

F

R

I

2

1

60

9

4

38

1
3

15
1

58
58

2

11

44

NA

0

NA

2

5

3

3

0

60

6
6

4
7

0
0
0
2

57
61
72

7
9
8

NA
6
4

4

2

51

8
8
5

2
NA
3

2
2
2
1

NA
3
NA
NA

3
0
2
2

F

R

I

F

R

I

1
3

1
8

5
80

4

5

69

4

2

76

6

3

57

6

6

84

6

3

62

13

7

84

6
4

4
5

68
68

3

2

27

5
3

3
1

66
25

6
4

4
4

69
79

5

8

63

5

NA

6

6

5

NA

34
34

46

4
9
3
NA

4
4
3
5

ATP6

53
53
76
58

54

42
41
36
51

10

1

39

6
7
7

2
2
2

38
34
32

77

a

That is, the index number for numts in Table S1 in the supplemental material of Hazkani-Covo and Graur (20). *, new numts in Table 2 of Hazkani-Covo and Graur (20).
b
F, site of forward primer; R, site of reverse primer; I, internal DNA between the two primers. NA, one of the priming sites is not available.

TABLE 5 Summary of nucleotide mismatches between the mtDNA
fragments sequenced and the two closest matches in the nuclear genome
Fragmenta

No. of
mismatches

12S
chr5
chr11

16
24

16S
chr17
chrX

33
37

COII
chr1
chr17

7
41

ATP6
chr1
chr5

4
29

a

chr, chromosome.
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higher than the background level of the assay for nonconversion
(Table 6). This result indicates the lack of methylation at non-CpG
sites in mtDNA. This analysis includes a variety of human cell
lines, including HCT116, and primary human cells. It is clear that
there is no appreciable methylation at CpG and non-CpG sites in
mtDNA.
Next-generation sequencing confirms the lack of appreciable
global CpG methylation in mtDNA from HCT116 cells. The
published sodium bisulfite sequencing data set on HCT116 cells
was obtained using the reduced representation bisulfite sequencing method (10). Although unlikely, the enrichment method may
potentially bias the regions of mtDNA being sequenced. To further confirm the methylation status of mtDNA in this published
data set, we carried out independent next-generation sequencing
experiments using HCT116 cells. Total DNA from HCT116 cells
was subjected to sodium bisulfite treatment and sequenced by
next-generation sequencing using the Illumina platform. Among
the 13,333,334 pair-end reads obtained, 29,471 reads were
uniquely mapped to the mitochondrial genome in the hg19 ge-
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1
9
26
50
53
54
64
66
83
85
116
123
127
144
150
172
182
193
201
206
216
223
226
251
254
273
274
278
310
311
353
375
391
376
4N*

16S

Hong et al.

TABLE 6 Analysis of published datasets of genome-wide sodium bisulfite sequencing for cytosine methylation in mtDNA
% sodium bisulfite nonconversion
Cell type

% CpG methylation
in mtDNA

At all Cs in
mtDNA

At non-CpGs in
nuclear DNA

Akalin et al. (10)a

Acute myeloid leukemia
Healthy CD34⫹
Colon cancer cell line HCT116
Mixed-lineage leukemia

0.259
0.244
0.207
0.305

0.264
0.143
0.082
0.131

0.319
0.266
0.333
0.203

Heyn et al. (11)

CD4⫹ T cells from centenarian
CD4⫹ T cells from newborn
PBMCs from middle-aged man

0.502
0.483
0.609

0.470
0.406
0.708

0.456
0.475
0.782

Heyn et al. (12)

Healthy B cell

0.225

0.225

0.255

Hon et al. (13)

Breast cancer cell line HCC1954
Healthy mammary epithelial cells

0.779
0.566

1.009
0.832

0.677
0.556

a

Data were generated using reduced representation bisulfite sequencing.

nome assembly, with potential amplification duplicates removed
based on the pair-end sequences. Based on reads mapped to the
lambda phage control, 0.46% of the Cs were unconverted, reflecting the background nonconversion rate of the specific sodium
bisulfite treatment. A similar fraction of unconverted Cs was observed at non-CpG sites in nuclear chromosomes (0.55%) and in
the mtDNA (0.47%). The fraction of unconverted Cs at CpG sites
(either strand) in the nuclear chromosomes is 0.738, indicating a
73.8% average frequency of CpG methylation in the nuclear genome. In contrast, the methylation level determined similarly for
mtDNA is 0.48%, which is almost identical to the rates of nonconversion detected in phage DNA control, nuclear DNA, and
mtDNA in the sequencing library constructed from HCT116 cells.
These 29,471 reads in the final analysis cover the mitochondrial
genome to the depth of 94 times without duplications. Therefore,
the lack of DNA methylation observed in the regionally specific
analysis is not due to the “jackpot” effect of PCR amplification,
and it is clearly a mitochondrial genome-wide phenomenon. It
is also noteworthy that there are ⬃4,000 copies mtDNA per
HCT116 cell if the number of sequencing reads of mtDNA origin
in this next-generation sequencing experiment is an unbiased and
quantitative representation of the DNA content in the cells. This
estimation of mtDNA copy number per cell is consistent with
previous estimations (19). The CpG methylation frequency of
73.8% found in the nuclear DNA of HCT116 is in line with the
methylation frequency of ⬎50% reported in human cells (21, 22,
23). These findings clearly show that DNA methylation, if it exists
at all in mtDNA, is not any higher than the background nonconversion rate of the assay. Consistent with our findings in the four
specific regions of mtDNA described above and the analysis of
published data sets, the unbiased next-generation sequencing experiment carried out here conclusively indicates that there is no
cytosine methylation in the mtDNA in HCT116 or other human
cells at either CpG sites or non-CpG sites.
DISCUSSION

Our previous examination of three regions of mtDNA that account for ca. 4% of the mtDNA genome from HEK293 cells using
the sodium bisulfite genomic sequencing method did not detect
any cytosine modification at a total of 1,487 CpG sites from 203
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molecules (see Table S1 in the supplemental material). This indicates a ⬍0.1% overall frequency of DNA methylation in mtDNA.
To rule out the possibility of a cell type or DNA regionally specific
methylation, the same regions of mtDNA reported to have CpG
methylation were examined here in the sodium bisulfite-treated
DNA from HCT116 cells. The lack of an appreciable amount of
unconverted cytosine (no higher than 0.66%) at CpG sites in the
four regions of mtDNA examined from HCT116 cells indicates no
significant cytosine methylation. Further examination of these
same regions of mtDNA from primary human cells also failed to
detect appreciable amounts of CpG methylation. Analysis of 10
published genome-wide sodium bisulfite sequencing data sets derived from several cell lines and primary cell sources (10–13) provided further support for this finding. Unbiased sodium bisulfite
sequencing of total DNA from HCT116 cells using next-generation sequencing further confirms the lack of cytosine methylation
at both CpG sites and non-CpG sites. Taking findings from our
sequencing experiments and from analyses of published data sets,
a general lack of cytosine methylation in human mtDNA is clear.
Furthermore, the sites of CpG methylation, if the very few unconverted Cs at CpG sites are considered to be actual DNA methylation rather than assay false positives, are random, not the nonrandom and whole molecule methylation suggested by Shmookler
Reis and Goldstein (1). Our findings here unequivocally demonstrate that there is no evidence of appreciable CpG methylation in
mtDNA. Although the ⬍1% unconverted Cs cannot be ruled out
as true DNA methylation, random DNA methylation at such a low
level is unlikely to have biological significance as proposed in previous reports (5–7).
Sodium bisulfite sequencing has been used to examine cytosine modification for 20 years and remains the “gold standard” for DNA methylation analysis (8). In single-stranded
DNA, sodium bisulfite treatment does not convert 5mC and
5hmC but converts unmodified cytosine to uracil. Therefore,
the 5mC- and 5hmC-containing mtDNA would give rise to
unconverted cytosines at CpG sites after sodium bisulfite treatment. This method can provide precise sites and frequency
estimations of methylation at CpG sites, even though the frequency estimation could suffer the potential “jackpot” effect in
the PCR and cloning preference, which we have minimized by
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mtDNA isolated from mouse brain using a commercial ELISA kit.
Unfortunately, the frequency of methylation cannot be clearly discerned from that publication. If the units in their study are taken
as percentage (suggested by Epigentek, manufacturer of the kit
that they used) and considering that only 1% of the mouse genome consists of CpG sites (25), then the 0.1% in the study by
Dzitoyeva et al. would translate to 10% methylation of CpG sites.
The interpretations of results from all of these studies would
clearly predict detection of a high number of unconverted Cs in
sodium bisulfite assays, well above the 0.5% nonconversion background, and this is not what we observed.
To our surprise, the sodium bisulfite sequencing of mtDNA
did not detect any unconverted cytosine in the 203 molecules sequenced from HEK293 cells, the three molecules each with a single
unconverted cytosine among a total of 190 molecules sequenced
from HCT116 cells, or the three molecules each with a single unconverted cytosine among a total of 85 molecules sequenced from
primary human cells. Taking into account the potential contribution from mutation and the very low level of nonconversion by
sodium bisulfite, the frequency of CpG methylation may be even
lower, if it exists at all in mtDNA. The possibility of numts in the
nuclear DNA affecting the results of region-specific sodium bisulfite sequencing was clearly ruled out by primer sequence differences, as well as by examining all mismatches in the specific regions to the nuclear genome in the molecules sequenced. Also,
sodium bisulfite sequencing of the same regions of mtDNA harvested by the Hirt method (27), which preferentially extracts small
circular DNA from mammalian cells, showed similar results to
those described in the present study, supporting the mitochondrial origin of the clones sequenced (data not shown). This comparison also suggests that cautions should be taken when studying
numt sequences in the nuclear genome due to the high copy number of mtDNA in each cell that can bias the observation as described previously (26). Analyses of 10 published data sets of genome-wide sodium bisulfite sequencing of DNA from several
other human cell sources further support such a conclusion. Nextgeneration sequencing of sodium bisulfite treated HCT116 DNA
to 94⫻ coverage of mtDNA without duplication also clearly confirms the lack of DNA methylation in mitochondria. Although the
possibility of 0.5% DNA methylation in mtDNA cannot be ruled
out due to the background nonconversion of the sodium bisulfite
assay, it is doubtful that a biologically significant function should
be considered at this extremely low frequency of CpG methylation, especially given that the sites of these potential methylation
are random. The conclusion of no appreciable CpG methylation
in human mtDNA in the present study is essential for future studies of mitochondrial biology, since direct effects of cytosine methylation on mitochondrial function can now be unequivocally
ruled out. The findings of the present study and of the previous
studies serve as an important reminder that conclusions may be
made due to pitfalls of the assays used, even with diligent effort.
Also, many DNA methylation analysis assays, including genomewide sodium bisulfite sequencing, frequently read out CpG methylation levels and patterns in terms of the overall frequency at each
CpG site, each region, or the entire genome. However, understanding of the biological impact of DNA methylation requires the
critical information of the DNA methylation pattern, including
the methylation status of contiguous sites on each molecule.
Therefore, it is crucial to thoroughly examine experimental results
using direct methods that give rise to minimal ambiguity, and the
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doing multiple PCR and cloning experiments. Even the extremely low level of unconverted cytosine detected here is likely
to be an overestimate (rather than an underestimate) of the
true CpG methylation frequency due to mutations and nonconversion events that can give rise to a cytosine in the final
sequence. The highest level of methylation detected in the present study is 0.66% in the ATP6 region of mtDNA from primary
human cells. This methylation frequency is based on a single
unconverted cytosine on a single molecule. Therefore, the
overall methylation frequency in mtDNA is likely to be much
less than 0.66%. Our next-generation sequencing experiment
showed a nonconversion rate of ⬍0.5% for phage control,
mtDNA, and nuclear DNA in the sequencing library constructed from the same sodium bisulfite treatment. The sites of
these unconverted Cs are entirely random, indicating the potential nature of incomplete conversion or mutation instead of
true methylation sites. Unlike many other assays for DNA
methylation, the background of the sodium bisulfite sequencing assay can be determined and the sites of such background
can also be clearly identified; therefore, a definitive result and
interpretation can be derived.
The findings in previous studies reporting DNA methylation
and the present study lead to two critical issues: (i) the reliability
and sensitivity of the detection methods and (ii) the biological
significance of methylation in mtDNA at the level detected. The
percent pulldown by anti-5mC and anti-5hmC antibodies reported by Shock et al. (5) cannot be determined from the descriptions in that study. Our experiments with two different concentrations of the anti-5mC antibody for IP of in vitro methylated
DNA showed a linear relation between the number of methylated
CpG sites on the DNA fragment and the percentage pull-down
(see Fig. S1 in the supplemental material). However, when fewer
than 10 pairs of CpG sites (one CpG on each strand as a pair) are
methylated on a DNA fragment, the recovery of DNA targets by IP
using anti-5mC antibody is neither reliable nor efficient. With
increasing amounts of antibody in the assay, the efficiency of the
pulldown increases for both methylated targets and the background. These findings are consistent with the results of Weber et
al. (24; unpublished data). There are 427 CpG sites on each strand
of the mtDNA; therefore, the DNA fragments of 400 bp in the IP
experiment of Shock et al. (5) would have an average of 10 pairs
CpG sites on each fragment. Unless more than half of the CpG
pairs on the DNA fragment are methylated, the DNA fragment is
not likely to be captured by the anti-5mC antibody. Therefore,
considering the efficiency of IP, a ⬎50% frequency of methylation
at CpG sites should be observed on much more than 5% of the
molecules in the sodium bisulfite sequencing of mtDNA, based on
the observation of Shock et al. (5). Infantino et al. (6) reported a
0.25 ratio of 5mC to the sum of 5mC and deoxycytidine in the
control cells and a 0.13 ratio in patient cells. There are a total of
7,231 cytosines (Cs) and a total of 854 CpG sites on the two strands
of mtDNA. If DNA methylation only occurs at CpG sites and all
854 CpG sites are methylated, it would indicate that 2562 unmodified Cs were detected in the mass spectrometry analysis. Any less
methylation at CpG sites would indicate even fewer Cs detected in
the assay. Therefore, up to 3,815 Cs may have other modifications.
The other possible interpretation of the high 5mC ratio detected is
that methylation of Cs at non-CpG sites is much more frequent
than CpG methylation in mtDNA. The report by Dzitoyeva et al.
(7) describes about 0.1 to 0.25 U of 5mC and ⬃0.05 U of 5hmC in

Hong et al.

interpretation of biological importance of experimental observations should only be made with clear knowledge of sites of methylation on each molecule analyzed.
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