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Abstract

Determination mitochondrial DNA (mtDNA) sequences from extremely small amounts of DNA
extracted from tissue of limited amounts and/or degraded samples is frequently employed in
medical, forensic, and anthropologic studies. Polymerase chain reaction (PCR) amplification
followed by DNA cloning is a routine method, especially to examine heteroplasmy of mtDNA
mutations. In this review, we compare the mtDNA mutation patterns detected by three different
sequencing strategies. Cloning and sequencing methods that are based on PCR amplification of
DNA extracted from either single cells or pooled cells yield a high frequency of mutations, partly
due to the artifacts introduced by PCR and/or the DNA cloning process. Direct sequencing of PCR
product which has been amplified from DNA in individual cells is able to detect the low levels of
mtDNA mutations present within a cell. We further summarize the findings in our recent studies
that utilized this single cell method to assay mtDNA mutation patterns in different human blood
cells. Our data show that many somatic mutations observed in the end-stage differentiated cells are
found in hematopoietic stem cells (HSCs) and progenitors within the CD34* cell compartment.
Accumulation of mtDNA variations in the individual CD34+ cells is affected by both aging and
family genetic background. Granulocytes harbor higher numbers of mutations compared with the
other cells, such as CD34" cells and lymphocytes. Serial assessment of mtDNA mutations in a
population of single CD34* cells obtained from the same donor over time suggests stability of
some somatic mutations. CD34" cell clones from a donor marked by specific mtDNA somatic
mutations can be found in the recipient after transplantation. The significance of these findings is
discussed in terms of the lineage tracing of HSCs, aging effect on accumulation of mtDNA
mutations and the usage of mtDNA sequence in forensic identification.
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Introduction

Mitochondrial DNA, a 16.6kb, circular and double-stranded molecule that is located in
mitochondria, encodes 13 respiratory chain subunits, 2 ribosomal RNAs, and 22 tRNAs [1].
Each cell contains hundreds to thousands of copies of mtDNA, which replicate independent
of the nuclear genomic DNA. In comparison to nuclear DNA, mtDNA has limited repair
capacity and is proximate to the sites of reactive oxygen species generation; it is thus more
vulnerable to mutations [2]. Because of its abundance and specific characters, such as
maternal inheritance, absence of recombination, and a high mutation rate, mtDNA has been
widely used in forensic science and anthropology [2-15]. In medicine, hundreds of mtDNA
mutations have been reported to cause or associate with a variety of degenerative diseases
(refer to MITOMAP at www.mitomap.org for more details). Within the past decade, a high
frequency of somatic mtDNA mutation has been observed in tumor and aging tissues,
leading to the hypothesis that mtDNA mutations play an active role in tumorigenesis and
aging [2,16-23]. However, there are numerous technical problems inherent in the assay of
specimens and/or clinical samples that are of limited quantity or poor quality; degraded
DNA and/or an extremely low quantity of DNA, as from a single cell or a few mtDNA
copies are frequently encountered [24]. In such cases, to generate an amplicon, avoid
contamination, and obtain an authentic sequence are daunting tasks. Fortunately, methods
and caveats have recently been elucidated that help to optimize the analysis of ancient DNA
[25,26]. A posterior check of data according to mtDNA phylogenetic information is also
helpful to identify potential problems [10,27-33]. Some mtDNA disease-associated
mutations are present in a heteroplasmic status (co-existence of mutant and wild-type
mtDNA) and show a threshold effect [34]. One routine method to determine the
heteroplasmic mutation load is PCR amplification (one-step or two-step PCR, depending on
the quality and amount of initial template DNA) and cloning, followed by physical isolation
of sufficient positive clones (usually 5-20) for sequencing. This method has been widely
employed in ancient DNA studies [8,35] and in medical research [36-38].

In recent years, we and others have designed methods for determining mtDNA mutations in
single cells and have analyzed the mutation spectra of individual hematopoietic cells
[19,21,39-42], single epithelial cells [43] and postmitotic cardiomyocytes [44,45], single
muscle fibers [46-50], single neuron and glia cells [51-54], single cells of different cell lines
[55], as well as DNA from minimal amounts of tissues [56,57]. Single-cell sequencing
analysis is capable of detecting the lower levels of mtDNA mutations within individual cells
[21,58]. We describe here the sensitivity and shortcoming of different sequencing
approaches based on PCR amplification of DNA extracted from single cells and/or pooled
cells (Fig. 1), and we focus on our own new and reported data in hematopoietic cells to
discuss mtDNA somatic mutation patterns and process.

2. mtDNA mutation status in cells

Each cell usually has hundreds to thousands of mitochondria. Within each mitochondrion,
there are many copies of mtDNA which are localized to numerous intramitochondrial
nucleoprotein complexes (nucleoid) and are compartmentalized within mitochondrion [59].
Because of the unique compartmentalized structure of mitochondrion, and the abundance of
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mitochondria and mtDNA copy per cell, mutations always occur in a heteroplasmic status
within a population of cells or tissues: the existence of wild type and mutant mtDNA will be
present within cells (intracell heteroplasmy) and among cells (inter-cell heteroplasmy); the
mutation load within a cell or tissue may vary from 0% to 100% (Fig. 1). Due to clonal
expansion and genetic drift, cells with a certain mutation can become prevalent in a tissue
[44,60,61]. However, in most cases, random genetic drift has been proposed to be the main
factor that results in fixation of a somatic mutation in a cell or tissue [62,63]. However,
recent studies based on next generation sequencing technologies showed that mtDNA
heteroplasmy is extensive in tissues and positive selection acting on some somatic mtDNA
mutations [20,22,23,64]. Meanwhile, mtDNA heteroplasmy at the single-cell level is
affected by both genetic background and aging [19,65] and may be facilitated by
intercellular exchange of mtDNA [55].

3. “Single-cell sequencing” versus “pooled-cells cloning and sequencing”

To evaluate different methods of detecting the low level of mtDNA mutation in cells, we first
performed a comparison between two mutation detection methods in a leukemia patient
(sample UPN16 in Yao et al. [21]). The first method, “single-cell sequencing”, has been
fully described by us [19,21,41,42]. In brief, single cells sorted by flow-cytometry are lysed,
then subjected to direct two-step nested PCR amplification, followed by direct sequencing of
the purified PCR products. Mutations are scored according to the sequencing
chromatograms, following the same approach in our previous study [21]. The second
method, “pooled-cells cloning and sequencing”, includes one-step PCR amplification using
DNA extracted from a homogenate of many blast cells, followed by TA-cloning and
sequencing of the plasmids from positive clones (Supplementary method).We used the
network method [66] to display mutations observed in single cells and single plasmids. Due
to the limit of mutation scoring based on sequencing chromatograms, we only score
mutations that appear with a heteroplasmy of at least 10% according to the sequencing
chromatograms [21]; this conservative mutation scoring underestimates the total mutation
events in a population of cells, especially when the mutations are present at a very marginal
level. In a previous study, Song et al. [67] claimed that they could accurately detect
mutations with a heteroplasmic level as low as 3% based on the sequencing chromatograms,
by using the program Mutation Quantifier. However, in our own experience, we are unable
to reliably distinguish background noise from true signal if the mutation load was under
10%.

As shown in Fig. 2A, five haplotypes were found among a total of 92 individual leukemia
blast cells from UPN16 that had been sorted by flow cytometry and analyzed for 1.2 kb
fragment covering the entire mtDNA control region (data were initially reported in Yao et al.
[21]). When we extracted DNA from pooled blast cells from this sample and performed PCR
amplification (using 100 ng of genomic DNA), TA-cloning and sequencing, we observed a
high frequency of mutations: 34 haplotypes were identified in a total of 50 plasmid DNAs
with the 1.2 kb mtDNA insert isolated from positive Escherichia coli clones. Moreover, the
sequences of some plasmid clones differed from each other in as many as ten separate
mutations (Fig. 2B; new data in this study). Such a high frequency of mutations would not
be simply attributable to artifacts introduced by PCR and/or TA-cloning, as we did not find
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such a high mutation pattern in a “clone-of-clone” assay (Supplementary method) to
quantify the errors introduced by this method; in brief, we picked up a plasmid which
contains an inserted sequence identical to the main haplotype sequence in Fig. 2B, and then
performed PCR amplification, TA-cloning, and sequencing. Among the 48 plasmids
sequenced, we observed 14 haplotypes (including the main haplotype that occurred in 35
plasmids; Supplementary Table S1). Most of the haplotypes differed from the main
haplotype by only one mutation (Fig. 2C; new data in this study). It is important to note that
the consensus sequences of MtDNA fragments determined in single cells and cloned
plasmids are identical, justifying the use in forensics or in ancient DNA studies. The
observed mutations in the pooled-cells cloning and sequencing method are thus composed of
real somatic mutations and errors derived from PCR and/or TA-cloning.

We tentatively estimated the point mutation frequency observed in the three experiments
shown in Fig. 2. Mutations detected multiple times were counted only once. The clone-of-
clone method shows a mutation frequency of 2.08 x 10~* substitutions/bp, which may
represent the error rate introduced by the PCR and/or the TA-cloning method and serves as
the background noise of the technique (Supplementary Table S1). The pooled-cells cloning
and sequencing method has a mutation frequency of 1.05 x 1072 substitutions/base pair (bp),
much higher than that observed by the single-cell sequencing method (3.62 x 10™°
substitutions/bp, which is estimated based on data showing in Fig. 2A). The extremely high
mutation frequency estimated by using the pooled-cells cloning and sequencing method
contradicted to previous studies that reported a much lower frequency ~1-5 x 107° [22,23]
and should be received with caution, as all methods involved cloning and sequencing are
highly affected by artifacts and any non-reproducible mutations must be rejected as potential
artifacts. For single-cell sequencing method, according to our previous experience [19], we
could consistently reproduce the majority of mutations (~80%) in single cells among
duplicates in independent amplifications of single cells, which suggested that the mutation
frequency estimated by this approach should be more reliable. The mutation frequency that
we estimated from our single-cell sequencing method was similar to those reported by others
[22,23,64], albeit different methods were used in the latter studies. Intriguingly, studies in
flies [68] and mice [69] also showed similar mutation frequency as well.

4. Mutations in single cells determined by “single-cell cloning and

sequencing” method

As mentioned above, each cell has hundreds to thousands of mtDNA copies; differences
among these mtDNA copies constitute intracellular heteroplasmy. The single-cell
sequencing method might not be able to sample the trivial difference among these copies. A
sensitive method to detect these minor changes among copies of mtDNA within a cell, by
“single-cell cloning and sequencing”, relies on the DNA cloning approach (Supplementary
method): amplification of the target mtDNA fragment by a two-step nested PCR, TA-cloning
for the PCR product, and sequencing of the positive clones are required. A potential
difficulty inherent in these manipulations is increased PCR-derived artifacts from the two-
step PCR, which would falsely introduce nucleotide changes that could not be distinguished
from true alterations in mtDNA sequences. This method has been used to identify mtDNA
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somatic mutations in single neurons and glia cells from post-mortem human substantia nigra
[51]: Cantuti-Castelvetri and coworkers reported that neurons had a higher frequency of
somatic mutations as compared with glia cells, and remarkably many mutations were
transversions [51]. Based on a counting for the number of transversions in their mutation list
(disregarding the frequency of each transversion), we found that approximately 34% of
mutations in glia cells and 26% of mutations in neurons are transversions. This mutation
pattern obviously contrasts to the estimated transition/transversion ratio based on
population-derived data [70,71], the mutation spectra of single cell analysis [19], as well as
tissue-specific mutation pattern revealed by high-throughput sequencing [20,22,23].
Notably, there was an enrichment of G> T and C >A transversions in both glia cells (57%
(12/21) of transversions is G> T and 33% (7/21) of transversion is C >A) and neurons (34%
(13/38) of transversions is G>T and 29% (11/38) of transversion is C >A) [51]. However,
this pattern was not found in other studies and there was no evidence for a striking
accumulation of G> T and C >A transversions with age in brain tissues according to recent
studies using the next generation sequencing technology [23] and the ultra-sensitive Duplex
Sequencing methodology [22]. Therefore, the mutation pattern reported by Cantuti-
Castelvetri et al. [51] may either reflect the elevated level of oxidative stress encountered in
these cells, or tissue/cell specific pattern, or simply be affected by a technical artifact.

To clarify the potential technical artifact of the “single-cell cloning and sequencing”
approach, we determined the mutation patterns in three single CD34" cells and one
granulocyte from one healthy donor (Supplementary Table S1). For each cell, at least 80 £.
colf positive clones were isolated for sequencing. As expected, we observed a very high
number of nucleotide changes in the 1.2 kb plasmid inserts sequenced. Some haplotypes
differed from each other by as many as 12 mutations. We failed to confirm in single
hematopoietic cells the remarkable increase in transversions and enrichment of G> T and C
>A as described in single neuron and glia by Cantuti-Castelvetri et al. [51], suggesting
potential cell-specific pattern or lab-specific pattern. We summarized the mutation
information in the plasmid inserts picked from each of the four single cells (Supplementary
Table S1). About 16% of cloned plasmids had an inserted mtDNA sequence identical to the
consensus sequence of all the clones, also identical to the sequence that was determined by
directly sequencing the PCR product of the single cells. Note that there were some
differences in the percentage of plasmids harboring consensus sequence among the three
single CD34* cells (10%, 11%, and 19%, respectively), which might reflect the real
mutation status among these cells and/or be generated randomly during the DNA
amplification and plasmid physical isolation. The overall mutation frequency estimated from
the four single cells determined by using the single-cell cloning and sequencing method
(Supplementary Table S1) showed a mean value of 1.40 x 1073 substitutions/bp, a value
slightly higher than the mutation frequency (1.05 x 1073 substitutions/bp) determined by the
pooled-cells cloning and sequencing method, in which DNA from a cell homogenate in the
leukemia patient and one step PCR amplification were used. This biased mutation frequency
difference might reflect the different technical procedures that were used in the analyses,
rather than of potentially biological significance. Again, we cannot take this mutation
frequency if we did not discard all non-reproducible mutations.
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5. mtDNA alterations in different type of blood cells from the same donor

Different tissues are composed of different types of cells and have tissue-specific gene
expression patterns. In the hematopoietic system, blood cell production or hematopoiesis
occurs through a highly organized system: mature erythrocytes, leucocytes, and platelets are
derived from their respective intermediate progenitor cells and are replenished continuously.
Committed progenitors are ultimately originated from a limited number of primitive
hematopoietic stem cells [72,73]. Due to this hierarchical structure, mtDNA somatic
mutations that occurred in or are fixed in HSCs should be found in the differentiated mature
cells that were derived from more primitive cells of the lineage. Tracing this sentinel somatic
mutation(s) might help estimate the active number of the HSCs during hemotopiesis, as well
as to discern the aging effect on hematopoiesis. Mutations that occur in the committed
progenitor cells or in mature cells would be obviously restricted to these cells and/or their
immediate progeny and might not be present in the HSCs (disregarding parallel mutations).

Using the single-cell sequencing method, we compared mutation patterns in single CD34*
cells (containing HSCs and progenitors), B cells, T cells, and granulocytes from five donors
[41]. In general, the granulocytes showed higher intracellular heterogeneity compared with
CD34" cells, T cells, and B cells (Fig. 3). In a study aimed at quantifying the mtDNA
common deletion (4977 bp) in blood cells, Mohamed et al. [74] also found that granulocytes
had a higher level of a common deletion as compared to T and B cells. The higher number
of mutations in granulocytes could be explained by their function and especially the high
level of reactive oxygen species in these cells. Some of the mutations observed in
differentiated cells could be traced to the CD34* cells, such as 146T > Y (Y means
heterogeneous for both C and T), 204T > C, and 200A >G or R (R means heterogeneous for
both A and G) in one donor shown in Fig. 4, suggesting that these mutations occurred
relatively early in blood cell development.

6. Longitudinal assessment of mtDNA mutation in the same type of cells

from same donor

In an organism’s lifespan, HSCs are mitotically quiescent and undergo a carefully regulated
process of balanced self-renewal; both conditions are required in order to maintain the stem
cell pool and allow periodically regulated commitment to differentiate to mature progeny
[72,75,76]. Genomic instability and transformation of HSCs likely cause leukemia and other
malignant hematological diseases [73]. Because of the rapid replenishment of fully
differentiated end-stage blood cells in normal hematopoiesis, those mtDNA somatic
mutations that arose in mature cells and/or committed progenitors at a later differentiation
stage would be eliminated from the blood and should not be detectable over time. Only
mutations that arose in HSCs and multipotential progenitors would be observed over an
extended period time. In addition, with aging and other environmental effects, new
mutations might arise in these cells.

To discern the dynamic process of HSC clones marked by mtDNA somatic mutations, we
collected peripheral blood samples from one healthy donor (donor CABO) during an eight-
year interval and compared the mtDNA mutation pattern in single CD34"* cells in our
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previous study [77]. Many of the somatic mutations observed in single CD34* cells from the
same donor at the two different time points were different. However, five CD34" cell clones,
characterized by nucleotide transitions at sites 227, 309, 541, 16221, and 16272,
respectively, could be easily discerned in the serial assessment of mtDNA mutation in a
population of single CD34* cells (cf. Fig. 1C in Yao et al. [77]). This result confirms the
idea that HSCs are quiescent in vivo, and suggests that primitive stem cells and somatic
mutations in the stem cell compartment might persistent over time [77]. Further evidence for
a quiescent status of primitive CD34* cells marked by specific mtDNA variant(s) could be
demonstrated by the analysis of CD34* cells from mononuclear cells with different storage
and transport [42]. We were able to identify CD34* cells marked by certain mtDNA variant
in two batches of CD34" cells sampled at different time points and subjected to different
storage and transport. To name a few, cells with 16131T > Y in donor #1, cells with 16129G
> R in donor #2, cells with 182T > Y in donor #3, and cells with 207T > C in donor #4, were
observed at both time points of sample collection [42].

In contrast, for end-stage differentiated cells, it would be difficult to detect identical
mutations in cells collected over months to year, unless these mutations arose in the HSCs
and pluripotential progenitors, or were recurrent. In one donor that we analyzed, mtDNA
mutations in single granulocytes from peripheral blood [41] and bone marrow [21] during a
two-year interval showed no overlapping somatic mutations (Fig. 5). The number of
haplotypes defined by substitutions per 100 granulocytes from bone marrow (13/96) was
lower than that of granulocytes from peripheral blood (23/82) collected almost two years
earlier. Unresolved is whether the difference of mutation levels in granulocytes from bone
marrow and peripheral blood is secondary to tissue origin. Nevertheless, this result suggests
a quick change of somatic mutations in the end-stage mature cells, consistent with the fast
replenishment of these cells in blood.

Donor-specific somatic mutations in CD34* cells can be transplanted to

a recipient

Hematopoietic stem cell transplantation is effective therapy for hematologic and lymphoid
tumors as well as many other rare diseases [78]. Allogeneic transplantation, especially when
HSCs from an unrelated donor are used, could produce a dilemma for forensic identification
by using the blood sample from the recipient after transplantation, as the whole blood
system is essentially reconstructed by the donor’s stem cells. Moreover, HSCs may also
incorporate and differentiate into mature cells in various tissues [79,80]. Somatic mutations
that arise in HSCs may be stable for a long time (as discussed above), and donor HSCs
containing these mutations repopulate the recipient. We observed mtDNA mutations in a
patient with aplastic anemia who received a HSC transplant from his brother (sample
BURDC in Yao et al. [77]); there was clear evidence that CD34™ cells with specific mtDNA
mutations from the donor had equal potentiality to repopulate the recipient (Fig. 6).

Since the overall mtDNA sequences of the donor and recipient are largely the same (as they
are maternally inherited), we focused on donor- and recipient-specific somatic mutations
observed in CD34* cells in order to distinguish the source. Fig. 6 shows the variants
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observed in single CD34" cells from a donor and recipient pair before and after
transplantation based on the original data published in our previous study [77].
Subsequently, the donor-originated nucleotide substitutions at sites 56, 195, 251, and 292
were detected in CD34* cells from the recipient eight months later after transplant. Nearly
all of the nucleotide substitutions present in CD34"* cells from the recipient before
transplantation were not seen in the patient after transplantation, likely eliminated through
the graft versus host effect [81]. This case indicates that mtDNA somatic mutations in stem
cells from the donor can be transplanted to the recipient and can be used as a useful marker
to trace the single HSC clone.

8. Family-specific pattern of mtDNA mutations

The inheritance of lower level of heteroplasmic mtDNA received wide concerns in the past
decades. Recent studies using the next generation sequencing technologies showed that
nearly half of identified mtDNA heteroplasmy is likely to be inherited, and the identified
mtDNA mutations have a tissue-related, allele-related and age-related pattern [20].
Similarly, Greaves and coworker showed that neutral mtDNA mutations occur at early or
may be transmitted through the germline [64]. In our recent study [19], we analyzed mtDNA
mutations in 5071 single CD34™ cells from 49 individuals (including 31 maternally related
members from four families and 18 unrelated donors), and we found that CD34* cells from
members of the same family shared several family-unique mtDNA variants, albeit at very
low frequency, suggesting a pedigree-specific occurrence of these mutations (if these
mutations were not recurrent) [19]. For instance, single CD34" cells from different members
of Family A had mutations at sites 16192, 204, 16079, 16129, 215, 217 etc, whereas single
CD34" cells from members of Family B shared mutations at sites 146, 204, 16129, 16131,
16093, 16150, 16187 etc [19]. The appearance of such a pedigree-specific mutation pattern
raised more unanswered questions: If these mutations were inherited, how they were
maintained at the very low level of heteroplasmy? What is the driving force behind this
process? Suppose these variants occurred randomly, how did they target to the same
positions in different members? Note that not all these family-specific mutations were
hypervariable sites according to human population data [19].

Along with the occurrence of family-specific mtDNA mutations, we found that the age-
related accumulation of mtDNA mutations in CD34* cells varied in different families,
suggesting an influence by family genetic background [19]. The different genetic
background effects on mtDNA mutation accumulation in single HSCs were also evident in
our previous mouse experiments, in that we showed that B6 mice has an obvious age-related
increase of mtDNA mutations, but not for BALB mice [65]. Taken all these lines of evidence
together, it seems probable that highly frequent mutations in single HSCs do not occur
randomly during the aging process.

9. Occurrence of mtDNA somatic mutations in single leukemia cells

The marked level of mtDNA mutations observed in single cells is not unexpected, especially
when we consider the different microenvironments of the cells from different tissues and the
dynamics of the cell population. In leukemia, the increased generation of reactive oxygen
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species and other intrinsic aspects of leukemia pathophysiology would contribute to mtDNA
genetic alterations, leading to a high level of mtDNA somatic mutations. Conversely, rapid
expansion of a clonal leukemic cell population would act to either dilute mutations or to fix
specific mtDNA variants by genetic drift, resulting in lower overall heterogeneity. We tested
this hypothesis by measuring the level of mtDNA mutations in single leukemic cells and we
found that the pattern was more complex than we had thought [21]. The single leukemic
cells from the patients presented a higher variance of mtDNA heterogeneity than that of
normal controls. In particular, there is no association of the level of mtDNA mutations in
single cells with clinical leukemia types. Some relapsed patients presented a complex shift
of major haplotypes in single leukemic cells, which might be related to chemotherapy effects
or other factors [21]. For instance, in the relapsed acute myeloid leukemia patient UPN22
reported in our previous study [21], we saw a quick shift of single cells with step-wise
mutations at sites 16320 and 195 based on the consensus haplotype 16222-16519-263-319,
and a possible introduced / contaminated haplotype 16239-16519-263 caused by a platelet
transfusion (Fig. 7) [21]. Apparently, the overall pattern of mtDNA heterogeneity in single
blast cells from different patients had no uniform pattern but bore individual-specific feature
[21]. This result differed from the finding by Ericson et al. [82], who found a decrease of the
frequency of mtDNA mutations in colorectal cancer relative to normal tissues, possibly a
result of the decrease in reactive oxygen species-mediated mtDNA damage due to the
change of glucose metabolism in neoplastic tissues.

10. Summary

We conclude from our data that mtDNA somatic mutations are frequent and common in
blood cells; their detection and quantification depend on the methods employed. Different
techniques have different sensitivity to identify true mutations and to generate
methodological artifacts introduced by PCR amplification and DNA cloning. Single cell
analysis for mutational spectrum and frequency is the best approach to trace the somatic
mutations in single cells. However, this approach is also prone to error, unless one limits the
analyses to intracellular clonally expanded mutations. If a mutation is not expanded in a cell
(e.g. is present in one copy) then there is no good way to distinguish true mutations from
artifacts, without the use of a high-resolution mutation detection assay, such as the Duplex
Sequencing methodology [22]. Intracellular clones, in contrast, can be easily recognized and
confirmed by repeated PCR-sequencing from the same cell (clonally expanded mutation will
be repeatedly detected in the same cell by this procedure, which undoubtedly confirms their
existence). It should also be mentioned that when amplifying from individual cells, there is a
chance to fall into a situation where PCR may start with a single copy, and it is crucial to
present proof that that single PCR originated from multiple copies, otherwise repeated PCR
should be performed to consistently reproduce the mutation(s). Our results are also of
importance inference to routine procedures employed in forensic laboratories, where only
minimal amounts of often degraded DNA samples may be retrieved from crime scenes: the
correct sequence of a specimen can be determined from consensus sequence of 10 or more
single cells or cloned mtDNA in plasmids, filtering out both somatic mutations and/or
technical artifacts.
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The single-cell sequencing analysis has the ability to trace certain HSC clone and to uncover
the mutational pattern of hematopoietic cells at the single cell level. We showed that
different hematopoietic cell types may have different mutation spectra. End-stage, fully
differentiated granulocytes have more mutations compared with other HSCs and progenitors;
many somatic mutations in differentiated cells can be traced to stem cells and progenitors.
Somatic mutations arising in stem cells and progenitors appear relatively stable for long
periods of time and may be transplanted to another individual; accumulation of mtDNA
mutations in HSCs is affected by genetic background and the aging effect varies in different
families. These findings add new implications for the occurrence of mtDNA mutations in
HSCs and understanding their putative role in ageing. Can we use mtDNA mutations as a
marker to reconstruct the dynamics of normal human hematopoiesis, as had been
demonstrated by recent studies using genetically manipulated labels in situ in mice [75,76],
or to estimate the number of HSC clones active in white cell production? Considering the
high mutation rate and complex intrinsic features of mtDNA mutations, and inherent defect
of artifacts in a method aiming at achieving a high sensitivity, we would not be very
optimistic about this attempt although it may deserve a try in principal. On the other hand,
rapid expansion effect, chemotherapy effect, as well as intrinsic aspects of leukemia
pathophysiology, would affect mtDNA mutations in leukemic cells. With the use of new
cutting-edge technologies with a high sensitive and reliability, we will be able to depict the
overall picture of low level of heteroplasmic mtDNA mutations in cells and tissues, and will
finally resolve the fundamental properties regarding the nature of mtDNA heterogeneity.
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Fig. 1.
Strategies for determining mtDNA mutations within and among cells. Heteroplasmy of

mtDNA mutations can exist within a cell and among different cells. Different mutation
detection strategies have different sensitivity to pick up the lower levels of mutations and/or
artifacts.
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MtDNA mutations detected by using the “single-cell sequencing” method (A), “pooled-cells
cloning and sequencing” method (B), and “clone-of-clone” method (C) to show the artifacts.
The relationship of haplotypes in single cells and plasmid clones are presented in a network
profile. The order of mutations on the branch is arbitrary. Each circle represents one mtDNA
haplotype, with area of the circle proportional to its frequency, and is further specified by the
number of individual cells or plasmid clones sharing that haplotype. The main haplotype,

which is located at the center of each network and denoted by a star (*), contains the
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consensus sequence (16069-16126-73-185-228-263-295-315+C-462-482-489) of all
single cells or plasmid clones. The mutations observed in single cells are all heteroplasmic
and are represented with all the status, e.g. 405Y means site 405 has both C and T, 7C/8C
means heteroplasmy of two length mutations of C-tract (7C and 8C) in region 303-309. In
all plasmid clones, we did not observe heteroplasmic mutations; mutations are thus listed as
site for transitions and transversions are highlighted by adding suffixes A, G, C or T.
Insertion and deletion are demonstrated by “+ inserted base” and “del”, respectively.
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Fig. 3.

To%al number of haplotypes defined by nucleotide substitutions relative to the aggregate or
consensus sequence in a population of single CD34", T, and B cells, and granulocytes. The
data are taken from Ogasawara et al. [41]. Different donors are demonstrated by different
shapes. The horizontal lines denote the mean values.
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Fig. 4.

Ngtwork profiles of mtDNA mutations in single CD34*, T, and B cells, and granulocytes
from the same donor. The original data for this donor (donor 5) were previously reported by
Ogasawara et al. [41]. Only haplotypes defined by nucleotide substitutions relative to the
aggregate sequence are considered. The aggregate sequence / the main haplotype contains
sequence variations 16270-16292-16362-73-150-263-315 + C-517. The order of mutations
on the branch is arbitrary. Each circle represents one mtDNA haplotype, with the area of the
circle proportional to the frequency of the haplotype in a population of cells, and is further
specified by the number of cells sharing that haplotype. Mutations shared between CD34*
and differentiated cells were marked in gray shade; the CD34* and differentiated cell clones
with identical sequence (not including the aggregate sequence) were marked in black.
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Fig. 5.

Longitudinal assessment of mtDNA mutations in single granulocytes over almost two years.
The original data for single granulocytes from peripheral blood and bone marrow were taken
from Ogasawara et al. [41] and Yao et al. [21], respectively. The aggregate sequence of the
single granulocytes /main haplotype harbors 16223-16278-16294-16390-73-146-152—
195-263-315 + C- (523-524) delAC. For additional information regarding the network, see
legend of Fig. 4.
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Network profile of mtDNA mutations observed in single CD34* cell populations from a

donor and a recipient before and after the nonmyeloidablative allogeneic stem cell
transplantation. The original data were from Yao et al. [77] and we only considered the
nucleotide substitutions. The main haplotype harbors sequence variations 16111—

16189-16224-16256-16311-16519-56 + C-58-73-263-315 + C-497-(523-524) insAC. The
CD34" cell clones recognized by donor-specific somatic mutations (in gray shade) that
repopulated the recipient eight months after transplantation were marked in black filled
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circles. Mutations at sites 16390 and 588 were found in both donor and recipient before
transplantation and were in box; mutation at site 16191 found in the recipient before
transplantation was still detected after transplantation and was in italic. For additional
information regarding the network, see legend of Fig. 4.
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Fig. 7.
Diverse mtDNA haplotypes identified in a relapsed patient with acute myeloid leukemia.

This patient (UPN22) received a platelet transfusion proximate to blood collection, and
contamination by donor blood cells might account for the presence of haplotype 16239—
16519-263, which differed from the main haplotype 16222-16519-263-319 by three
variants that were underlined. The percentage of cells sharing each haplotype was marked in
parentheses besides the haplotype. The step-wise occurrence of mutations 16320 and 195
based on haplotype 16222-16519-263-319 was marked by arrows. The original data were
from Yao et al. [21].
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