Clonally expanded mtDNA point mutations are
abundant in individual cells of human tissues
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Using single-cell sequence analysis, we discovered that a high pro-
portion of cells in tissues as diverse as buccal epithelium and heart
muscle contain high proportions of clonal mutant mtDNA expanded
from single initial mutant mtDNA molecules. We demonstrate that
intracellular clonal expansion of somatic point mutations is a common
event in normal human tissues. This finding implies efficient homog-
enization of mitochondrial genomes within individual cells. Signifi-
cant qualitative differences observed between the spectra of clonally
expanded mutations in proliferating epithelial cells and postmitotic
cardiomyocytes suggest, however, that either the processes gener-
ating these mutations or mechanisms driving them to homoplasmy
are likely to be fundamentally different between the two tissues.
Furthermore, the ability of somatic mtDNA mutations to expand
(required for their phenotypic expression), as well as their apparently
high incidence, reinforces the possibility that these mutations may be
involved actively in various physiological processes such as aging and
degenerative disease. The abundance of clonally expanded point
mutations in individual cells of normal tissues also suggests that the
recently discovered accumulation of mtDNA mutations in tumors may
be explained by processes that are similar or identical to those
operating in the normal tissue.
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Somatic mitochondrial mutations have been studied inten-
sively because of their proposed involvement in the aging
process (1-3). One of the early recognized problems of the
mitochondrial theory of aging is the fact that because each cell
contains a large number of mtDNA molecules, a mutant mtDNA
can start influencing the physiology of the cell only once it has
accumulated to a significant fraction of all mtDNA in the cell (4).
Indeed, the fraction of mtDNA mutations necessary for their
“phenotypic expression” is on the order of 90%, as determined
in in vitro studies (5, 6). The only logical possibility for a somatic
mutation to accumulate in the cell is through “clonal expansion,”
i.e., accumulation of the progeny of the single initial mutated
DNA molecule.

It has been recognized for a while that large somatic mtDNA
deletions are capable of clonally expanding in individual cells
(7-11), reaching levels of physiological significance. In contrast
to deletions, somatic point mutations have not been shown to be
capable of expanding and/or reaching homoplasmy (i.e., ap-
proaching 100%) in individual somatic cells in vivo, although
some have been shown to do so in cell culture (5, 12, 13) and in
the germ line (14, 15). Indirect evidence supporting the possi-
bility that somatic point mutations are likely to expand clonally
also comes from studies of the distribution of the two haplotypes
among the colon crypts of an engineered heteroplasmic mouse
(16). The lack of direct in vivo data is particularly disturbing
given the recent evidence of accumulation with increasing age of
alarge number of mtDNA point mutations at the tissue level (17,
18). The expected incidence of point mutations apparently
significantly exceeds that of deletions and approaches one per
mtDNA copy, thus making clonal accumulation of point muta-
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tions in mtDNA an attractive potential aging mechanism. Inter-
estingly, a high rate of somatic point mutations in a transgenic
mouse expressing an error-prone mtDNA polymerase gamma in
the heart resulted in a severe, early onset cardiomyopathy (19).

Recently, somatic mtDNA point mutations came to the focus of
attention when it was discovered that a high proportion of human
tumors contained one or more of such mutations (20-25). In
addition to a very important practical implication for diagnostic
detection of tumor cells, this discovery has posed a conceptual
paradox. The striking fact that the whole tumor carries mtDNA
molecules of a single genotype that is different from the genotype
of the host organism prompted the hypothesis that certain mtDNA
mutations may facilitate tumor development and thus may be
selected for in tumors (21, 24). These concepts are undermined by
the fact that some of the somatic mutations found in tumors
apparently are identical to certain neutral polymorphisms and thus
are unlikely to have emerged through selection. An alternative
explanation would be that homoplasmic cells are present already in
normal tissue. When one such cell becomes transformed, the
resulting tumor automatically becomes homoplasmic. Data on the
incidence of intracellular homoplasmy in normal tissues is necessary
to evaluate these explanations.

To assess whether somatic mtDNA point mutations expand in
normal human tissues, we used a cell-by-cell sequence-analysis
approach originally developed for studying mtDNA deletions
(11). Our studies of human buccal epithelial cells and cardio-
myocytes indicate that in an aged human body, there is approx-
imately one expanded mtDNA point mutation per cell on
average. These results are discussed with respect to the mito-
chondrial theory of aging and the possible mechanisms leading
to mtDNA homoplasmy in normal tissues and tumors.

Materials and Methods

Tissue Samples. Cardiomyocytes were obtained from autopsy
heart samples snap-frozen in liquid nitrogen within 24 h after
death and stored at —80°C. The six samples involved were from
unrelated individuals 0.3, 2, 31, 51, 104, and 109 years old. Buccal
cells were obtained via standard buccal swabs from seven
unrelated individuals 2, 5, 5, 7, 76, 85, and 93 years old. At least
12 individual cells were analyzed per sample /swab.

Isolation of Single Cells and PCR Amplification of mtDNA. Tissue was
dissociated into cell suspension, cells were collected individually,
and a small portion of each cell’s DNA was subjected to long-
distance PCR such that almost the entire mitochondrial genome
was amplified as a single PCR fragment ~16 kb long (base pairs
161-16,510; ref. 11). Long PCR was performed in all cardiomyo-
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Table 1. Clonally expanded mutations detected in single cells

Lane no. Position, bp Nucleotide change Cell type Age, years Mutant fraction*, % SDY, %
1 73 G—A Buccal 76 39 5
2 189 A—G Myocyte 109 71 8
3 189 A—G Myocyte 109 58 5
4 214 A—G Buccal 85 60 14
5 251 G—C Buccal 93 98 2
6 252 T—C Buccal 85 69 23
7 303-310 ins C Buccal 5 30 1
8 303-310 ins C Buccal 76 61 3
9 303-310 ins C Buccal 76 28 3

10 303-310 ins 1,2C Buccal 76 83 4

11 303-310 ins 1,2C Buccal 76 43 4

12 303-309 ins 2,3,4C Buccal 85 100 0

13 303-309 ins C Buccal 85 43 15

14 303-310 del C Buccal 93 95 7

15 303-310 ins C Buccal 93 29 1

16 303-310 del C Buccal 93 88 1

17 303-310 ins 1,2C Buccal 93 53 9

18 303-310 ins 1,2,3C Buccal 93 94 1

19 303-310 del C Myocyte 104 28 3

20 16,028 T—C Myocyte 51 65 7

21 16,029 T—C Myocyte 109 53 4

22 16,029 T—C Myocyte 109 57 4

23 16,033 G—A Myocyte 109 50 14

24 16,034 G—A Myocyte 109 25 1

25 16,035 G—A Myocyte 104 58 4

26 16,035 G—A Myocyte 109 100 0

27 16,036 G—A Myocyte 104 73 10

28 16,036 G—A Myocyte 109 91 8

29 16,049 G—A Myocyte 109 80 8

30 16,052-3 del C Myocyte 104 78 11

31 16,054 A—G Myocyte 51 65 1

Note that generally there was one mutation per cell except for the four cells in which there were two mutations (mutations in lanes

1and 10, 5 and 15, 2 and 21, and 3 and 29).

*The averages are of at least two independent measurements from two independent PCR amplifications from the same cell.
TFormal standard deviations are given to illustrate the extent of reproducibility of the data.

cytes and in approximately one half of the buccal cells analyzed.
DNA from every cell was subjected to at least two independent
replicate shorter PCRs (1.2-kb fragment, base pairs 15,972-609,
amplified with the corresponding 20-mer primers). This fragment
provided a readable sequence approximately between base pairs
16,010 and 590. The 1.2-kb fragment covered the region of base
pairs 16,485-195 not included in the 16-kb PCR fragment and was
used to detect mutations in cells where long PCR either failed or
was not attempted and to quantify mutations. The PCR-amplified
DNA as well as the remaining original unicellular DNA were stored
permanently for future analyses. Special precautions were taken to
avoid contamination of cellular DNA; pre- and post-PCR proce-
dures were carried out in separate rooms located on different floors
with one-way flow of materials and reagents between the rooms.
PCRs without input DNA were performed as controls on a regular
basis and were consistently negative.

We did not include RNase treatment on a routine basis,
because no regular mtRNA is expected to be amplified by the
15,972-609 primers. The analysis including RNase treatment
was done for selected cells with prominent mutations (lanes 21,
22,23, 29,30, and 31 in Table 1). RNase treatment did not affect
the presence of mutation in either of the cells tested.

The cells that yielded 16-kb PCR products were tested for the
presence of large mtDNA deletions, as detected by agarose gel
electrophoresis (11). Large deletions can be detected by this
approach down to 1% and lower. In this study, the cells with
detectable clonally expanded deletions were excluded from
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further analysis to avoid the possibility that expanded point
mutations were linked to and coexpanded with such deletions.

Target Sequence. Our goal was to test the hypothesis that mtDNA
point mutations frequently attain homoplasmy in somatic cells of
the human body. The search therefore was focused on mtDNA
sequences with the highest a priori likelihood to find mutations,
i.e., the 1,121-bp-long control region (base pairs 16,024-576).
This region was chosen as the target sequence on the basis of the
reported high incidence of somatic mutations within this area in
normal fibroblasts (17), muscle (18), and various tumors (22-25).
In addition, our initial screening of ~25% of the mitochondrial
genome in cardiomyocytes using two-dimensional gene screen-
ing (26) identified the 16,025-16,055-bp area as a putative
hotspot for expanded mutations in the heart (data not shown).
Sequencing of PCR fragments was performed at MWG Biotech,
Charlotte, NC. In our experience, direct sequencing provided for
a detection limit of ~20% or higher.

Identification and Quantification of Clonally Expanded mtDNA
Mutations. To identify mutations in individual cells, we first deter-
mined the “bulk” genotype of each sample involved in this study.
DNA was isolated by SDS/proteinase K digestion from bulk
amounts of tissue (i.e., at least 10,000 cells), and the control region
was amplified and sequenced. The control region as amplified from
DNA of every cell under study (at least 12 cells per sample were
analyzed) was sequenced completely and compared with the bulk
sequence of the corresponding tissue sample. Any differences
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between the bulk sequence and the sequence obtained from an
individual cell were considered to be somatic mutations.

As expected, multiple polymorphisms were identified in bulk
sequences that distinguished each sample from other samples
and/or from the Anderson sequence (27; data not shown). In
addition to homoplasmic polymorphisms, two cases of appar-
ently inherited heteroplasmy were detected. Specifically, the
2-year-old heart contained 55% of the common T16,356C
transition (MITOMAP, www.gen.emory.edu/mitomap.html). The
buccal swab from the 7-year-old girl presented with a 35%
C-tract polymorphism. DNA from the mother was available in
this case, and it showed 45% of the same polymorphism,
supporting the idea that the mutation was inherited. In both
heteroplasmy cases, every cell analyzed was polymorphic.

Heteroplasmy is not restricted to cells from young individuals;
screening of a wider group of individuals for their bulk genotype
revealed many cases of inherited heteroplasmy in the old sam-
ples, with a frequency similar to that observed in the young. In
contrast to the heteroplasmic samples, the bulk “old” buccal
samples showed low, difficult-to-quantify levels of insertion
and/or deletion mutants at the 303-309 /310 C-tract in addition
to the predominant genotype. This feature is consistent with the
anticipated high mutational rate at the C-tract, not observed in
bulk heart DNA (n = 14), and thus was not considered a sign of
inherited heteroplasmy.

When a mutation was detected in a cell, an independent PCR
(base pairs 15,972-609) was performed from the DNA of the
same cell once or twice such that the total number of such PCRs
from any cell with suspected mutation was at least two. If the
mutation was detected in all PCR amplifications, it was consid-
ered to be confirmed. This replicate PCR from the same cell
rules out any PCR artifacts of a stochastic nature and confirms
reproducibility of the quantification procedure as discussed
previously (11) and below. It is very important therefore that our
approach allows replicate PCR amplifications from the same
cell. The fractions of the mutations were quantified as described
in the Fig. 1 legend and Table 1.

Results and Discussion

Clonally Expanded mtDNA Mutations Are Abundant in the Cells of
Aged but Not Young Human Tissues. Analysis of 36 cells from buccal
swabs from three individuals 76, 85, and 93 years old (12 cells each)
revealed a total of 15 expanded mutations in 13 cells. In most cases,
there was one (rarely two) mutation(s) per cell, and different cells
contained different mutations. Evidently, each of these mutations
had expanded clonally from a single initial mutational event. The
complete list of mutations and their cellular fractions is presented
in Table 1. Note that the insertion of one Cin the C-tract sometimes
is accompanied by the insertion of two or three nucleotides. It is
possible that insertion of the first nucleotide creates instability in the
sequence leading to consecutive secondary mutations.

Similarly, analysis of 36 cardiomyocytes from three individuals
51, 104, and 109 years old (12 cells each) yielded 15 clonally
expanded mutations in 13 cells. This result is even more impres-
sive than that for buccal cells. A cardiomyocyte contains over 10
times as many mtDNA copies as a buccal cell. Hence, expanding
to a significant level in such a cell should have been even more
dramatic an achievement for a single initial mutant copy than it
would be in an epithelial cell.

Analysis of a similar number of young cells/individuals (cardi-
omyocytes and buccal cells) revealed only one buccal cell with
~30% insertion of a C in the C-tract of a 5-year-old boy. The
difference in mutant fraction between young and old samples is
highly statistically significant (P < 0.005 according to Fisher’s exact
test, assuming that all old samples and one young sample are
“mutant-bearing,” whereas the rest of young samples are “mutant-
free”). This result implies that clonally expanded mutations accu-
mulate with age. The data are not sufficient, however, to draw
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Fig.1. Detection, quantification, and confirmation of point mutations in single
cells. Somatic nucleotide changes are detected first by direct sequencing of PCR
product from single cells. Mutations (Middle) are determined as changes in the
sequence compared with the sequences from the majority of cells of the same
individual (Top). After an initial identification of a mutation, a duplicate PCR was
performed from the DNA of each presumably mutant cell (PCR 2). The mutations
then were confirmed and quantified by one of the following methods, depend-
ing on the type of the mutation. Note that in each case, the two duplicate
experiments yielded very similar results. mut, mutant; wt, wild type. (A) If the
mutation resulted in a nucleotide change within arestrictionssite (in this example,
a G — Cchange creates a Hinfl restriction site, G’ANTC), direct restriction analysis
was used to confirm and quantify the mutation by gel densitometry (Bottom). (B)
A deletion/insertion within a C-tract was confirmed by a variant of the T-PCR
approach (15). Briefly, a PCR fragment was restriction-digested to provide a
labeled PCR /restriction fragment ~50-nt long, which included the C-tract. The
DNA was run on a sequencing gel. A deletion or insertion in the C-tract mani-
fested itself as a band shift. The weaker subbands do not represent mutations but
rather aberrant PCR products that ultimately limit the assay sensitivity. The image
was quantified by using a Phosphorimager (Molecular Dynamics). (C) If a muta-
tion did not alter a restriction site or the C-tract length, direct sequencing of the
PCR fragments was used.

conclusions about the kinetics of this process. Recently, Attardi and
coworkers concluded that C-tract alterations do not accumulate
with age (17). We see a number of reasons for the difference
between the two studies. Attardi and coworkers studied fibroblasts
rather than epithelial cells, and their young samples were on average
5 times older than those in this study. Also, in our experience the
mutation rate at the C-tract critically depends on the length of the
tract; thus old persons with a C7 will present consistently with low
mutant fractions, thus potentially masking the age dependence in
the fibroblast data, in which C7 and C8 variants were pooled
together. Furthermore, an occasional young individual with a
C-tract heteroplasmy could also mask the age dependence. Reas-
suringly, longitudinal studies by Attardi’s group revealed consider-
able and consistent increases of the mutant fractions with age within
the same person (17), which is in accord with our conclusion.
The above data imply that clonal expansion of single mtDNA
molecules is a widespread process in somatic cells. Most probably
expansions affect all or almost all cells in a tissue, and we do not
detect expanded mutations in all cells because only a very small
fraction of the mitochondrial genome (~5%) was scanned. Had
we analyzed the whole mitochondrial genome, we most probably
would have found more (different) expanded mutations. In fact,
our preliminary data indicate that this is indeed the case;
expanded mutations are observed in the coding regions of
mtDNA as well as in the control region. In any case, our results
clearly indicate that a very large proportion of somatic cells in
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human tissues normally contain significantly expanded mtDNA
mutations. Furthermore, preliminary single-cell /fiber analysis
of heart and muscle of individuals with neutral heteroplasmies
demonstrated extreme segregation of the two genotypes be-
tween different cells/fibers (Y.K., N.D.B., and K.K., unpub-
lished data). These data lend additional support to our conclu-
sion that intracellular clonal expansion of mitochondrial
genomes is a common event in the adult human organism.

Tests for Potential Artifacts. A potential problem of quantification
of PCR-amplified DNA is allelic preference, i.e., preferential
amplification of one of the templates, either mutant, or wild type.
Although it is unlikely that a single base-pair change would affect
the efficiency of amplification of a 16- or 1.2-kb-long PCR frag-
ment, we have checked the most prominent mutations (lanes 4, 5,
6, 8, 21, 22, 23, 29, 30, and 31 in Table 1) for allelic preference.
Specifically, the corresponding PCR fragments were mixed to
produce an easy-to-quantify 1:1 mutant/wild type mixture, diluted
1 million times, and then reamplified to the initial copy number.
Mutant fractions were determined in the resulting PCR products,
and no significant deviation from the original mutant fraction was
observed in any of the cases that were subjected to the test.

It has been shown that mtDNA sequences with somatic
mutations in some cases may be confused with nuclear pseudo-
genes of mtDNA sequences (28, 29), although this required
strong selection against mtDNA (28, 30). To make sure that the
mutations we discovered did not originate in pseudogenes, we
searched the public version of the human genome (BLAST,
www.ncbi.nlm.nih.gov/BLAST/) for homologies to the mtDNA
sequence of base pairs 15,900-700. Approximately 100 pseudo-
gene-like sequences homologous to the various parts of the
control region are present in the human nuclear DNA. None of
pseudogene sequences, however, spanned the whole control
region and thus could not be the source of our PCR products,
which do span the whole region. Moreover, the nuclear sequence
with the highest homology to mtDNA was less than 90%
homologous, which is consistent with the established relatively
ancient origin of pseudogenes (31-33). In contrast, mutant
sequences found in this study contain mostly one (in a few cases
two) base change(s) in more than 1 kb, i.e., >99.8% homology.

We cannot completely exclude the possibility that some of the
mutations found in individual cells were generated in a germ-line
cell rather than in a somatic cell. The fact that almost no
mutations were detected by our approach in tissues (both buccal
swabs and the heart) of young individuals, however, implies that
almost all mutations were generated (or at least expanded)
somatically. This conclusion is supported also by the observation
that mutations are highly tissue-specific; germ-line mutations, in
contrast, would be expected to affect all tissues. Furthermore,
even if some of the mutations reported here were in fact low
percentage germ-line mutations, they still must have undergone
clonal expansion in individual cells to produce the frequency
distribution observed, and thus they support the main conclu-
sions of this paper just as well as if they were somatic mutations.

Rapid Dynamics of mtDNA in Somatic Cells: Intracellular “Homogeni-
zation” of Mitochondrial Genomes. mtDNA is present in somatic
cells in the numbers of hundreds (e.g., in typical epithelial cells
including buccal cells studied here) to hundred-thousands (e.g.,
cardiomyocytes). The in vivo dynamics of these “populations” of
mitochondrial genomes in somatic cells have been studied in only
a few special cases. Somatic mtDNA mutations can be used as
markers to trace such dynamics. For example, the observation
that almost all cells contain clonally expanded somatic mutations
implies that most mtDNA copies in a typical somatic cell should
have been derived from a single mtDNA copy (which happened
to carry that particular mutation). Based on the results of
modeling experiments (34), it is expected that in the case of
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epithelial cells, a common ancestor for all current mtDNA copies
in a typical epithelial cell should have existed only ~70 cell
generations earlier. In other words, the typical number of
generations necessary for a nascent mutant mtDNA copy that is
destined to become expanded to achieve such a state is ~70
generations of the corresponding stem-cell lineage.

In the case of cardiomyocytes, the time necessary for clonal
expansion is less clear. In most cases, expansion is likely to take
place after the formation of the heart is essentially complete;
otherwise one would expect to see clones of cardiomyocytes bearing
the same expanded mutation, which was not what we observed,
although more data are needed for a well justified conclusion. Most
likely, expansion in cardiomyocytes takes place after they become
postmitotic and is driven by mtDNA synthesis coupled to DNA
repair and/or turnover (ref. 35; see details below). In conclusion,
in a high proportion (if not all) of somatic cells, mitochondrial
genomes are subject to homogenization apparently by replacement
with the progeny of a single mtDNA genome.

Mutant Spectra of Cardiomyocytes and Buccal Cells Are Significantly
Different. The spectra of expanded mutations are shown in Fig.
2. Note that the set of mutations found in epithelial cells differs
dramatically from that present in cardiomyocytes. The most
significant difference involves a strong epithelium-specific mu-
tational hotspot located in the homopolymeric C (7-8)-tract
located between base pairs 303 and 309 or 310. Although as many
as 11 mutations were detected at this hotspot among 36 epithelial
cells, only one cell containing 28% mutation was detected among
the 36 heart cells (Table 1). Another important feature is that
almost all cardiomyocyte mutations fall within a compact area 30
bp long between base pairs 16,025-16,055 of the control region,
whereas none of the mutations detected in the epithelial cells
appears to reside even close to this area.

Statistical analysis of the data demonstrates that the two spectra
are highly significantly different. To test whether our data are
sufficient to support such a hypothesis, the observed mutations
were divided into two groups according to location (between either
base pairs 0 and 590 or 16,010 and 16,569). The statistical signifi-
cance of the observed differences between cell types with respect to
the frequency of mutations within each segment was assessed first
by using the two-sided Fisher’s exact test (36). The spectra proved
to be highly significantly different in either of the segments (seg-
ment 0-590, P < 0.0001; segment 16,000-16,569, P < 0.0002). Next,
assuming independence of mutation processes in these regions, a
standard metaanalysis (37) was applied to obtain an overall P value
(P < 107°), which confirms with very high confidence that the
spectra in different cell types indeed are different.

Our data are in accord with the recent demonstration by
Attardi and coworkers that spectra of mtDNA mutations differ
significantly between skeletal muscle and fibroblasts (17, 18),
although the comparison should be made with caution, because
these studies involved homogenates rater than single cells. None
of the prominent hotspots reported in fibroblasts and muscle
cells have counterparts in either buccal cells or cardiomyocytes,
which further supports tissue specificity of the spectra. In the
heart, however, we do observe the A189G mutation that Attardi
and coworkers report as a major hotspot in the muscle (18). We
propose that the differences between the mutational spectra of
cardiomyocytes and epithelial cells reflect a difference in the
mechanisms of clonal expansion in the two cell types.

Epithelial Mutational Hotspot: Clonal Expansion via Random
Segregation? Length alterations in the C-tract apparently are silent
mutations, because they are identical to the corresponding common
polymorphisms and thus are likely to be “passive riders” in the
process of clonal expansion. They are likely to originate from
polymerase errors, because homopolymer tracts are known to be
error hotspots for DNA polymerases in vitro (38). The mutational
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Fig. 2.

Spectra of clonally expanded point mutations in cardiomyocytes and buccal epithelial cells. The number of cells bearing a particular expanded mutation

is plotted against the position of the mutation within the control region of the mitochondrial genome. Solid bars, mutations detected in cardiomyocytes; dotted
bars, mutations detected in buccal cells; Oy, origin of replication of the heavy strand.

rate at the C-tract should correlate with the intensity of mtDNA
replication, and the fact that these mutations are virtually absent in
cardiomyocytes thus implies that the mtDNA in myocytes may
replicate at a lower rate than in epithelial cells, consistent with their
postmitotic status. An alternative explanation for the absence of the
C-tract hotspot in myocytes, i.e., that C-tract mutants are abundant
in myocytes but do not expand and thus evade our analysis, is
invalid. Indeed, we know that expanded mutations do exist in
cardiomyocytes at a frequency similar to that in buccal cells, thus
C-tract mutations, if they were available at a comparable fraction,
should have been expanded passively just as they were in buccal
cells. Interestingly, the remaining four non-C-tract mutations de-
tected in buccal cells are also identical to common neutral poly-
morphisms (MITOMAP and BLAST).

It has been suggested by a number of investigators that in
proliferating cells, the mechanism of clonal expansion of
mtDNA mutations may be random genetic drift via unbiased
mtDNA replication and sorting during cell division (34, 39-41).
A random segregation mechanism is consistent with our current
finding that the major mutational hotspot in these cells consists
of neutral length alterations in the C-tract. It should be noted,
however, that a clearly nonrandom selection was observed
for/against ostensibly neutral haplotypes in the mouse (16). A
similar mechanism could have worked in the case of buccal cells
instead of or in addition to random segregation.

Cardiomyocyte Hotspot: Clonal Expansion by Selection? We see two
potential explanations for the observed differences in the 16,025-
16,055 hotspot, which was seen almost exclusively in cardiomyocytes
but was absent completely in buccal cells. First, mtDNA bearing
these mutations may possess some selective advantage, with selec-
tion mechanisms being active in myocytes only. Interestingly, an
elegant mechanism has been proposed, which provides for prefer-
ential survival of subfunctional mitochondria in postmitotic but not
in proliferating cells (42). This mechanism postulates that dysfunc-
tional mitochondria accumulate less oxidative damage than the
working ones and thus avoid degradation in the lysosomes, which
otherwise is a normal course of mitochondrial turnover in nondi-
viding cells. The involvement of such a mechanism would imply that
the 16,025-16,055 mutations are perturbing, at least mildly, normal
mitochondrial function. Reassuringly, there are reasons to believe
that these mutations indeed may be nonneutral. First, it appears
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that the particular nucleotide positions involved in the 16,025-
16,055 expanded mutations are highly conserved; according to
GenBank, no polymorphisms have been detected in these positions
in the human population (i.e., among >5,000 sequences of this
region that are available, BLAST search). None are listed in MITO-
MAP either. Moreover, all the mutated nucleotides are conserved
among the great apes. The absence of polymorphisms or interspe-
cies differences is especially impressive given the high variability of
these sequences in cardiomyocytes, which implies that these posi-
tions are potentially highly mutable. The fact that these mutations
are never inherited strongly supports the involvement of these
sequences in some vital mitochondrial function. Second, we note
that all the mutations in question are distributed within a very
compact area, reminiscent of a protein binding site or a secondary
structure site. It is tempting to speculate that mutations of con-
served sequences around base pairs 16,025-16,055 might disrupt a
binding site of a (yet unknown) protein or secondary structure
involved in the regulation of synthesis and /or maintenance of DNA
and/or RNA in the mitochondrion, which ultimately could result
in altered mitochondrial function and positive selection via the
mechanism mentioned above (42). The known functional site
closest to the hotspot is the transcription-associated sequence,
TASI, mapped to base pairs 16,081-16,141 (43).

The other possible explanation for the observed differences
between the spectra would be that the 16,025-16,055 hotspot
mutations are generated by a myocyte-specific mutagen. The two
mechanisms are not necessarily mutually exclusive, although the
second mechanism seems less plausible, because mutations in
the 16,025-16,055 hotspot are quite diverse chemically, whereas the
hotspot is extremely compact. This pattern is more suggestive of a
binding site inactivation mechanism. In our previous studies of a
different target sequence (base pairs 10,030-10,130; ref. 44), we
detected no significant differences between the mtDNA mutational
spectra in different tissues, which also weakens the possibility that
mutagens differ significantly between various tissues. It has been
proposed recently (47) that clonal expansion of mtDNA mutations
in nonproliferating cells may be explained by random drift. Al-
though this possibility cannot be excluded, overall, our spectral data
seem to support the selective mechanism of clonal expansion in
such cells.

Spectra of Large mtDNA Deletions. Tissue specificity of mutational
spectra is even more pronounced if large mtDNA deletions are
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considered in addition to point mutations. In this work, no
deleted mtDNA were detected in buccal cells. As we have
reported elsewhere (11, 46), in cardiomyocytes a large number
of clonally expanded deletions were detected (up to 25% of cells
in a heart contain expanded deletions). There is a hotspot for
deletion breakpoints within the control region very close to the
point mutation hotspot (around base pair 16,070). This hotspot
apparently is identical to that described originally in autosomal
dominant mitochondrial myopathy (47).

One of us (J.V.) has reported recently mutational spectra of
the small intestine and the heart as determined by using a mouse
model with chromosomally integrated lacZ reporter gene (48,
49). Interestingly, the nuclear DNA spectrum of the small
intestine (proliferative tissue) was similar to the mtDNA spec-
trum of buccal cells in that it was comprised predominantly of
point mutations. The nuclear spectrum of the heart was similar
to the heart mtDNA spectrum in that it was comprised of both
point mutations and large genome rearrangements.

Intracellular Homogeneity of mtDNA Supports Mitochondrial Theory
of Aging. The mitochondrial theory of aging (2) in its mutational
form (3) proposes that the aging process is caused by the life-long
accumulation of somatic mtDNA mutations. An obstacle of this
theory has been the large copy number of mtDNA per cell, which
would be expected to prevent low copy somatic mtDNA mutants
from influencing the cellular phenotype if these mutants were
distributed randomly among cells. It has been suggested therefore
that mtDNA somatic mutations should expand in aging human
tissues by either random segregation (3) or selection (4). Although
for mtDNA deletions such a postulate was confirmed promptly (7,
8), the present communication reports clonal expansion of somatic
point mutations in nontumor somatic tissues. Our finding implies
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that point mutations, in addition to deletions, are likely to be
involved in the aging process. This is an important addition in
support of the theory because point mutations appear to be much
more abundant than deletions, and thus their impact (even though
most of them are likely neutral) may be even greater, especially
considering the possibility of positive selection for detrimental
mutations (42).

Implications for the Observed High Frequency of Homoplasmic mtDNA
Mutations in Tumors. The demonstration that clonally expanded
mtDNA mutations are abundant in normal epithelial cells
provides for a simple interpretation of the recent discovery
(20-25) that a majority of human tumors of epithelial origin
contained one or more mtDNA somatic mutations at a level
close to 100%. Indeed, a typical tumor originates from a single
cell of a precancerous cell lineage, which in turn originates from
a normal cell of the parental tissue. Thus an abundance of cells
with clonally expanded somatic mutations in normal tissues leads
directly to the abundance of expanded mutations within tumor
precursor cells and, finally, tumors. Moreover, additional cell
divisions associated with the progression of a normal epithelial
cell into a tumor precursor would provide an additional oppor-
tunity for mutation as well as for expansion, such that one would
expect the frequency of homoplasmic mutations in tumors to be
somewhat higher than the frequency of clonal expansions in
normal epithelial cells, which indeed seems to be the case (34).
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