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a  b  s  t  r  a  c  t

Single  CD34+ cells  from  adult  human  peripheral  blood  show  mtDNA  sequence  heterogeneity.  In this  study,
we compared  mtDNA  sequence  variation  in  single  CD34+ cells  from  peripheral  blood  (PB)  mononuclear
cells  (MNCs)  from  the  same  donors  but  under  different  conditions  of  storage  and  transport:  group  I, MNCs
from  heparinized  PB  that  inadvertently  required  six  days  to be  transported  to the  testing  laboratory;  group
II,  MNCs  which  were  isolated  from  PB  within  a day  of  phlebotomy  and  frozen  prior  to  transportation  and
storage.  We  observed  more  cell  death  for MNCs  of  group  I  than  group  II.  Concordantly,  group  I  CD34+

cells  had  a very  low  potential  for  hematopoietic  colony  formation  in  vitro  compared  with  group  II cells.
CD34+ cells  of  group  II showed  an  unexpectedly  higher  level  of  mtDNA  sequence  heterogeneity  than
was present  in  group  I  cells.  These  observations  suggest  that  reduced  mtDNA  sequence  heterogeneity
in  single  CD34+ cells  of  group  I  was  likely  due  to elimination  of  cells  harboring  mutations.  CD34+ cells
that  survive  stress  ex  vivo  may  be  more  enriched  in quiescent  primitive  hematopoietic  stem  cells,  with
fewer  mtDNA  mutations  than  are  present  in  committed  progenitors.  Technically,  attention  is  required  to
conditions  of  preparation  of  human  blood  samples  for single  cell  mtDNA  analysis.

Published by Elsevier B.V.

1. Introduction

Human mtDNA is a circular double-stand molecule which
encodes 2 rRNA, 22 tRNA, and 13 proteins essential for oxida-
tive phosphorylation [1]. Because of the unique characteristics of
this molecule, such as maternally inheritance, lack of recombi-
nation, a high mutation rate, and many copies per cell, mtDNA
has been extensively used as a marker in the reconstruction
of demographic history for ethnic populations and in forensic
identification [2,3]. Germline and somatic mutations in mtDNA,
which affect the transcription and translation of mtDNA genes
or lead to defective protein production, cause mitochondrial dys-
function and contribute to a wide variety of disorders [4,5].
The cumulative burden of mtDNA mutations is central to the

Abbreviations: mtDNA, mitochondrial DNA; HSC, hematopoietic stem cell; PB,
peripheral blood; MNC, mononuclear cell; PBS, phosphate buffered saline; BSA,
bovine serum albumin.

∗ Corresponding author at: Key Laboratory of Animal Models and Human Disease
Mechanisms, Kunming Institute of Zoology, Chinese Academy of Sciences, Kunming,
Yunnan 650223, China. Tel.: +86 871 65180085; fax: +86 871 65180085.

E-mail addresses: ygyaozh@gmail.com, yaoyg@mail.kiz.ac.cn (Y.-G. Yao).

“mitochondrial theory of aging” [6], which hypothesizes that aging
is caused by a vicious cycle between reactive oxygen species gen-
eration and mtDNA mutation induction [7,8]. However, this theory
has been challenged by recent data, and further there are common
misconceptions and criticisms concerning the theory itself [9,10].

Over several years, we have systematically analyzed mtDNA
mutation in single hematopoietic cells, with the intention to char-
acterize potential roles of accumulated mtDNA mutations during
the aging of human hematopoietic system and as they may  relate
to hematologic diseases [11–15]. We  are also interested in whether
somatic mtDNA mutations in single CD34+ cells are stable and can
be utilized as markers to trace the hematopoietic stem cell (HSC)
and its progeny [16]. We  detected aging-dependent accumulation
of mtDNA mutations in single colonies of CD34+ cells from cord
blood, peripheral blood (PB), and bone marrow [12,13]. CD34+ cells
marked by certain mtDNA variant(s) are stable in vivo and repop-
ulate recipients after HSC transplantation [16]. Moreover, some
mtDNA variants in differentiated cells, such as T-cells, B-cells, and
granulocytes, also are present in CD34+ cells from that individual,
suggesting common origin of these mature cells from the same HSC
clone [11].

In subsequent experiments, we  aimed to discern mtDNA
sequence variations in single CD34+ cells from multiple members of

0027-5107/$ – see front matter. Published by Elsevier B.V.
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Table 1
Number of mtDNA sequence haplotypes in the single CD34+ cell population.

Donora Sampleb Age/sex Live cells/gated
cells (%)c

CD34+

cells/live cells
(%)c

No. of cells for
mtDNA
analysis

No. of
haplotypes

No. of haplotypes
defined by
nucleotide
substitutions

No. of haplo-
types/100 cells

No. of
haplotypes by
substitu-
tions/100 cells

Donor #1 Sample 5 51/M 62.55 0.208 96 10 5 10.4 5.2
B-8  91.92 0.371 94 35 28 37.2 29.8

Donor  #2 Sample 10 89/F 70.29 0.079 95 22 14 23.2 14.7
B-3  96.41 0.026 86 48 42 55.8 48.8

Donor  #3 Sample 6 60/F 77.95 0.099 95 19 10 20.0 10.5
B-6  89.71 0.025 95 47 38 49.5 40.0

Donor  #4 Sample 9 87/F 71.24 0.019 95 13 8 13.7 8.4
B-5  87.69 0.025 95 49 40 51.6 42.1

a These four donors were maternally related and belonged to family B described in our recent study [15]. Donors #1, #2, #3, and #4 refer to family members B-8, B-3, B-6,
and  B-5, respectively.

b Samples from the same donors that were included in group I and group II were marked by “Sample” and “B-”, respectively. The mtDNA sequence data for samples of
group  II (B-8, B-3, B-6, and B-5) were taken from Yao et al. [15].

c The gating for living cells and CD34+ cells was  defined in Fig. 1.

a large pedigree whose ages varied widely [15]. Due to unexpected
delay in the arrival of blood samples from Europe to the testing
laboratory and apparently anomalous results, we were forced to
analyze mtDNA sequence heterogeneity in CD34+ cells isolated
from peripheral blood (PB) mononuclear cells (MNCs) from the
same donors twice. In the first round of sample collection (group I),
PB was collected in heparin and shipped by express “overnight” ser-
vice to the testing laboratory in Bethesda. However, the shipment
was delayed, and MNCs were isolated upon receiving the samples
six days after the initial phlebotomy (and subsequent isolation of
cells and freezing in liquid nitrogen). Because of our concern for the
integrity of the DNA ultimately extracted and anomalous results,
we undertook a second round of sample collection from the same
individuals (group II); MNCs were isolated from PB within 24 h of
blood drawing, frozen in a local laboratory by the same procedure,
and then cells were transported to the testing laboratory in dry
ice and transferred to liquid nitrogen upon arrival. We  observed
markedly different levels of mtDNA sequence heterogeneity in sin-
gle CD34+ cells from the same donors’ MNCs after these different
collection, storage and transportation protocols. Our observation
suggested that mtDNA sequence heterogeneity in single CD34+

cells may  unexpectedly alter in vitro, most likely due to changes
in the composition of the CD34+ cell population.

2. Materials and methods

2.1. Sample collection

PB was drawn from the maternally related healthy donors living in Italy and the
United States (Table S1); these donors were from Family B described in our recent
publication [15]. In group I, whole blood (8–10 mL)  from each of ten donors was
collected in a heparinized tube in Europe and mailed to Bethesda. MNCs were sepa-
rated by Ficoll density gradient centrifugation upon arrival, but after an unexpected
six days after blood collection, followed by storage in liquid nitrogen. In group II, a
similar amount of PB was  obtained from ten donors (eight of them had been sam-
pled in group I) in a heparinized tube and processed in a proximate laboratory in
Italy within 24 h of phlebotomy by sedimentation of MNCs using the same standard
protocol, freezing, and storage in liquid nitrogen. Freezing medium was  composed
of  10% dimethyl sulfoxide (DMSO) and 90% fetal bovine serum (FBS). The frozen
MNCs were shipped to Bethesda on dry ice and then transferred to liquid nitrogen
until they were thawed for sorting. MNCs of three healthy donors from the family
living in the United States were processed within 24 h of blood collection and were
stored promptly in liquid nitrogen. All donors gave informed consent according to
a  protocol for sample collection approved by the institutional review board of the
National Heart, Lung, and Blood Institute.

2.2. Single CD34+ cell sorting and culture

Frozen MNCs were thawed and washed with phosphate buffered saline (PBS), as
described [11,15,16]. Briefly, about 1 × 106 cells suspended in 100 �L of PBS contain-
ing 0.5% bovine serum albumin (BSA) were incubated with anti-CD34 phycoerythrin

(PE)-conjugated monoclonal antibody (BD Bioscience, San Jose, CA) for 30 min  at
4 ◦C. Cells were then washed and resuspended in 600 �L of PBS supplemented with
0.5%  BSA. We  added 4 �L of 7-amino-actinomycin D (7-AAD) into the cell suspen-
sion  and kept the cells on ice for approximately 20 min  or until sorting on the MoFlo
Cytometer (Dako-Cytomation, Ft. Collins, CO). Cell sorting was  performed using
100 mW of the 488 nm line of an argon laser (I-90, Coherent, Inc., Palo Alto, CA)
for  excitation. Forward scatter was the triggering parameter. Single cell deposition
was  accomplished using the CyClone automated cloner (Dako-Cytomation) in the
0.5 single drop mode with gating based on forward scatter and fluorescence, as
described in our previous studies [11,14,16]. Single CD34+ cells from four donors,
with ages of 51, 60, 87, and 89 years, respectively (Table 1), were collected in one
or  two  96-well plates (one cell/well) for mtDNA analysis, depending on the cell
number. The remaining cells were then sorted into 96-well round-bottom cell cul-
ture  plates (Corning, Inc., Corning, NY) in the same mode as used for culture. Each
well contained 50 �L of StemSpan® Serum-Free Expansion Medium supplemented
with StemSpan® CC100 cytokine cocktail (StemCell Technologies, Inc., Vancouver,
Canada). Single CD34+ cells were cultured for a week in 5% CO2 at 37 ◦C. Colonies in
wells of the culture plate were viewed using an inverted Olympus IX50 microscope.
For  the remaining six samples in group I and nine samples in group II (Table S1),
we  counted the ratio for CD34+ cells/live cells of each sample, to show the relative
number of CD34 positive staining cells.

2.3. Single cell PCR amplification and sequencing

For mtDNA analysis, we followed our previously described procedure
[11,14–16]. In brief, single CD34+ cells were sorted into each well of an optical
96-well reaction plate (MicroAmp; Applied Biosystems, Foster City, CA) containing
50  �L of lysis buffer (10 mM Tris–HCl [pH 8.0], 50 mM KCl, 100 �g/mL Proteinase
K, 1% Triton X-100). The plate was incubated at 56 ◦C for 30 min, followed by
incubation at 96 ◦C for 8 min to release the mtDNA molecules. Two-step nested
PCR  was used to amplify the entire mtDNA control region in single CD34+ cells
[14,16]. The first PCR was performed in 30 �L of reaction mixture, which contain-
ing  5 �L of cell lysate, 400 �M of each dNTP, 1× LA PCRTM Buffer II (Mg2+ plus),
1  unit of TaKaRa LA TaqTM that with proof-reading activity (Takara Bio., Inc.), and
0.5  �M of each primer (L15594: 5′-CGCCTACACAATTCTCCGATC-3′ and H901: 5′-
ACTTGGGTTAATCGTGTGACC-3′). PCR amplification was performed on a GeneAmp
PCR  system 9700 (Applied Biosystems, Foster City, CA) with the following cycles:
one  cycle of 94 ◦C for 3 min; then 35 cycles of 94 ◦C for 30 s, 50 ◦C for 40 s and 72 ◦C
for 1 min  with a 5 s increase per cycle; and ending with a full extension cycle of
72 ◦C for 10 min. The second PCR was  performed in 50 �L of reaction mixture con-
taining 400 �M of each dNTP, 1 x LA PCRTM Buffer II (Mg2+ plus), 2 units of TaKaRa
LA TaqTM, 0.5 �M of each (L15990: 5′-TTAACTCCACCATTAGCACC-3′ and H650: 5′-
GAAAGGCTAGGACCAAACCTA-3′), and 5 �L of each first PCR product. Amplification
cycles for the second PCR consisted of one cycle of 94 ◦C for 3 min; 35 cycles of 94 ◦C
for  30 s, 52 ◦C for 40 s and 72 ◦C for 90 s; and ending with a full extension cycle of
72 ◦C for 10 min.

Second PCR products were purified using the ExcelaPure 96-Well UF  PCR
Purification Kit (EdgeBiosystems, Gaithersburg, MD)  and sequenced by using
the BigDye Terminator v3.1 Cycle Sequencing Kit on a 3100 DNA sequencer
(Applied Biosystems), according to the manufacturer’s manual. We  used the
second PCR primers and the following primers that were described in our
previous studies [14–16] to cover the entire mtDNA control region: L15996,
5′-CTCCACCATTAGCACCCAAAGC-3′; L16209, 5′-CCCCATGCTTACAAGCAAGT-3′;
L16517, 5′-CATCTGGTTCCTACTTCAGG-3′; H26, 5′-GCATGGAGAGCTCCCGTGAGTGG-
3′; L29, 5′-GGTCTATCACCCTATTAACCAC-3′; L332, 5′-CCCGCTTCTGGCCACAGCAC-3′ .



Author's personal copy

38 Y.-G. Yao et al. / Mutation Research 751– 752 (2013) 36– 41

Fig. 1. Sorting for CD34+ cells using flow cytometry and culture assay for single CD34+ cells. (A) Dead cells in the mononuclear cells from donor #1 were demonstrated by
staining with 7-AAD. Cells from Sample 5 (group I) had a lower level of viability than cells from B-8 (group II). (B) Single CD34+ cells from Sample 5 (group I) had less colony
formation potential than those from B-5 (group II). A representative colony developed from individual CD34+ cell of each group was shown.

2.4. Scoring mtDNA sequence variation and statistical analysis

Our approach to define sequence variations in single CD34+ cells has been pub-
lished [14–16]. In brief, sequences were aligned by SeqMan program in DNAstar
package (DNASTAR. Inc.) and were proof-read by eye. Sequence variants were scored
relative to the Cambridge Reference Sequence (rCRS) [1]. Cells with contamination
were identified using the approach described before [17] and were excluded from
the  analysis. Due to the limits of sequencing, heteroplasmy (co-existence of wild-
type and the mutant allele) of certain mtDNA variant was scored when a mutant
allele was  present at >10% level chromatography [14]. Because the four donors
selected for mtDNA analysis were maternally related, their mtDNA sequences were
essentially the same, and they contained a 16189T>C polymorphism that triggers
heteroplasmy in multiple poly-C tracts in region 16184–16193; these length poly-
morphisms of poly-C tracts could be not reliably counted based on the sequencing
electropherograms and were not analyzed in the current study. We scored the length
variations of the C-tract in region 303–309 by direct counting of the base shift of
T  at site 310. The length mutation of the AC repeat in region 515–524 in the third
hypervariable segment (HVS-III) was also based on sequencing electropherograms.

We  counted the number of haplotypes in a population of cells from each sample
and used it as an index to compare the level of mtDNA sequence heterogeneity
between different samples. This index reflects the total number of mutations that
have occurred or retained within a given number of cells, which in turn reflects the
time over which the subclone has developed and the net mutation rate per unit time
[14].

The unpaired t test was used to compare differences between the two  groups
of  samples that had been processed differently. We used the Fisher exact test to
quantify the difference of heterogeneity level in CD34+ cells from the same donor.
A  value of P < 0.05 was regarded as statistically significant.

3. Results and discussion

3.1. Cell viability and colony formation

Upon receiving the heparinized blood shipped to Bethesda at
day 6 after blood collection, we suspected hemolysis, as the serum
was tinged red. After Ficoll density gradient centrifugation and
washing in PBS, we discarded the cell clump and froze the remain-
ing MNCs in freezing medium. Staining with trypan blue showed
that 20–50% of suspended MNCs were dead cells among the sam-
ples.

After thawing and washing of the frozen MNCs, we observed
cell debris clumps for the samples of group I but not for samples of
group II, suggesting that many of the MNCs in the former were dead.
Staining with 7-AAD during the sorting for the MNCs confirmed
that a high proportion (22–58%) of MNCs of group I was dead cells,
whereas of MNCs of group II, only 4–15% cells were positive for
7-AAD staining (Fig. 1A). However, we observed a generally higher

frequency of CD34+ cells in the gated area for MNCs in samples of
group I compared to group II (except for donor #1, which showed
an inverse pattern; Tables 1 and S1 and Fig. 2). Since we removed
the dead cells by 7-AAD staining during the sorting, we do not think
the enriched CD34+ cells in the MNCs of group I were artifacts of
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Fig. 4. Network profiles of mtDNA haplotypes (CD34+ cell clones) observed in single CD34+ cell populations of donors #1 and #2 that were stored and transported by using
two  different approaches. The length mutation of C-tract in regions 16183–16192 and 303–309 in the mtDNA control region was not considered. The order of mutations
on  the branch is arbitrary. Each circle represents an mtDNA haplotype identified in a population of CD34+ cells, with its area being proportional to the frequency of the
haplotype. We specified the number of cells sharing certain haplotype within the circle, for instance, “#64” means this haplotype was found in 64 single cells. The haplotype
in  the center of the network constitutes the consensus or aggregate sequence of the single cells.

non-specific staining of dead cells. The enrichment of CD34+ cells
in group I more likely and simply is explained by higher viability of
CD34+ cells compared with more mature leucocytes, as others have
shown that most hematopoietic progenitor cells, characterized by
positive staining for CD34, are more resistant to cryopreservation
injury than are mature mononucleated cells, regardless of the over-
all post-thaw total nucleated cell viability [18,19].

In total, we collected 165 single CD34+ cells from the MNCs
of group I for culture. After a week, we observed 7 colonies,
all of which were relatively small (<20 cells/colony). In contrast,
we observed much more colony formation (727/1709) by single
CD34+ cells of group II and a high frequency of large colonies
(e.g. >100 cells/colony; colony formation potential was statistically
significantly different between the single CD34+ cells from the
two groups by two tailed Fisher exact test, P < 1 × 10−6) (Fig. 1B).
Thus, single CD34+ cells from samples of group II had a higher
colony formation potential. As we only cultured CD34+ cells for
a week, and this population was functionally heterogeneous, our

conditions favored detection of growth of more differentiated
lineage-committed progenitors rather than of primitive HSCs that
require more time in vitro to generate progeny. While we inferred
that more quiescent cells with properties closer to a hematopoietic
stem cell were preserved in group I specimens, as would be sug-
gested by the literature [18,19], we were not able to directly test
for these cells in these samples.

3.2. Reduced level of mtDNA variation in group I cells

In total, we  analyzed 751 single CD34+ cells for mtDNA sequence
variation from four healthy donors (Table 1). Among them, 381 cells
were from MNCs of group I samples, and 370 cells were from MNCs
prepared from samples in group II and were reported recently [15].
The values for the average number of haplotypes per 100 cells in
each donor, defined by all sequence variations or by nucleotide
substitutions only, were significantly lower (P < 0.001) in single
CD34+ cells of group I than in CD34+ cells from group II (Fig. 3
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and Table 1). The reduced level of mtDNA heterogeneity in group
I CD34+ cells was unexpected, as we had detected both global cell
loss and deficiency of proliferating progenitor cells in these sam-
ples and anticipated DNA damage or stress might increase mtDNA
mutations in these cells. Alternatively, these results are consistent
with over representation of primitive and quiescent CD34+ cells in
group I and a lower level of mtDNA mutation than in the committed
progenitor cells. Clonal expansion of certain CD34+ cells in the hep-
arinized blood during transport might also lead to a reduced level of
mtDNA sequence heterogeneity, as we have observed for leukemic
blasts [14], but would appear unlikely to occur under poor condi-
tions for cell proliferation. Further experiments should be carried
out to solidify this speculation.

3.3. Survival of CD34+ cells marked by specific mtDNA variants

In our previous study, we found that mtDNA variants in CD34+

cells can exist in vivo for years and be transplanted to a recipient
[16]. Disregarding the differences in sample storage and transport,
the analyzed CD34+ cells from each donor represented two  dif-
ferent samplings. It was of interest to compare the occurrence of
clones marked by specific mtDNA variants in both batches of cells
from the same donor in order to identify CD34+ cells capable of sur-
vival over the 6 days of transport. As the length mutations of the
C-stretch in regions 16183–16193 (due to the 16189T>C variation)
and 303–309 constitute mutational hot spots, we  only considered
the haplotypes defined by nucleotide substitutions. For each donor,
we identified at least one such haplotype in CD34+ cells, e.g. a cell
with 16131T>Y was observed in two batches of CD34+ cells from
donor #1; in donor #3, a cell clone with 182T>Y was observed in
both groups (Fig. 4 and Table S1). This unique pattern suggested
that these CD34+ cells were presumably the primitive HSCs that
had better survived storage and transport.

3.4. Implications for primitive CD34+ cells and limitations of this
study

For clinical reasons, the storage and transport of CD34+ cells
have been extensively studied [18–21], mainly because hematopoi-
etic reconstitution following transplantation depends upon the
number of infused CD34+ cells [22]. In this study, we  compared
colony formation and the level of mtDNA sequence variations in
CD34+ cells from the same donors that were stored and trans-
ported differently. We  speculate that surviving CD34+ cells in group
I were more primitive, based on two lines of evidence: (1) lower
colony formation potential during short-term culture, and (2) low
frequency of mtDNA sequence alterations. The persistence of cer-
tain CD34+ cell clones marked by specific mtDNA mutations in two
different samplings of the same donor further suggested that these
clones were stable [16] and had good survival potential in vitro.
Further study will be required to characterize functionally the
primitive status of enriched CD34+ cells as observed during the
sorting for samples of group I and to elucidate why more primitive
hematopoietic stem cells are more likely to survive stress. Regard-
less of the mechanism, caution in interpreting mtDNA mutation
data in human blood samples is warranted, with attention to the
details of collection, processing, and storage, especially in increas-
ingly global studies of the human genomes and its variants.

The current study has two limitations. First, reduced mtDNA
sequence heterogeneity in single CD34+ cells of group I was based
essentially on a single experiment and we were not able to repeat
this experiment. Nonetheless, we examined four pairs of samples
in the analysis and we obtained a similar pattern in all individu-
als, suggesting that this is unlikely to be a random finding. Second,
except for the colony formation culture assay, we did not explore
further characterization of the CD34+ cells of group I and to confirm

that these cells are more primitive compared with the CD34+ cells
of group II. Staining with more markers to distinguish hematopoi-
etic stem cells and progenitors would provide further evidence to
clarify this issue.
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Table S1. Frequency of CD34
+
 cells in living mononuclear cells isolated from samples of group I and group II 

Donor Age /Sex Sample  
Total number 

of cells 

Number of 

gated cells 

Number of 

live cells 

Number of 

dead cells 

Number of 

CD34+ cells 

Live cells / 

gated cells (%) 

CD34+ cells / 

gated cells (%) 

CD34+ cells / 

live cells (%) 

Donor #1 51/M B-8 13511 5864 5390 474 20 91.9168 0.34106 0.37106 

Sample 5 10742 6141 3841 2300 8 62.5468 0.13027 0.20828 

Donor #2 89/F B-3 102366 47742 46026 1716 12 96.4057 0.02514 0.02607 

Sample 10 11323 3595 2527 1068 2 70.2921 0.05563 0.07915 

Donor #3 60/F B-6 102151 70343 63108 7235 16 89.7147 0.02275 0.02535 

Sample 6 11571 6472 5045 1427 5 77.9512 0.07726 0.09911 

Donor #4 87/F B-5 106871 59211 51925 7286 13 87.6949 0.02196 0.02504 

Sample 9 31612 14524 10347 4177 2 71.2407 0.01377 0.01933 

Donor #5 57/F B-10 101300 61689 54156 7533 28 87.7887 0.04539 0.0517 

－ － － － － － － － － 

Donor #6 79/F B-4 311505 86398 80713 5685 47 93.42 0.0544 0.05823 

Sample 7 10702 4721 2563 2158 4 54.2893 0.08473 0.15607 

Donor #7 28/F B-16 59660 27212 24854 2358 7 91.3347 0.02572 0.02816 

－ － － － － － － － － 

Donor #8 48/M B-7 12919 7853 7397 456 2 94.1933 0.02547 0.02704 

Sample 4 10711 5353 2217 3136 3 41.416 0.05604 0.13532 

Donor #9 81/M B-2 104184 45655 40752 4903 39 89.2608 0.08542 0.0957 

Sample 8 11806 6650 4809 1841 2 72.3158 0.03008 0.04159 

Donor #10 27/M B-11 152612 59207 49804 9403 76 84.1184 0.12836 0.1526 

Sample 1 10665 4156 2898 1258 5 69.7305 0.12031 0.17253 

Donor #11 83/M B-1 151859 80083 72857 7226 68 90.9769 0.08491 0.09333 

－ － － － － － － － － 

Donor #12 21/M B-12 106046 57860 53145 4715 27 91.851 0.04666 0.0508 
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Donor Age /Sex Sample  
Total number 

of cells 

Number of 

gated cells 

Number of 

live cells 

Number of 

dead cells 

Number of 

CD34+ cells 

Live cells / 

gated cells (%) 

CD34+ cells / 

gated cells (%) 

CD34+ cells / 

live cells (%) 

－ － － － － － － － － 

Donor #13 32/F B-15 114404 92898 87518 5380 4 94.2087 0.00431 0.00457 

－ － － － － － － － － 

Donor #14 37/M Sample 2 11844 4466 3036 1430 3 67.9803 0.06717 0.09881 

－ － － － － － － － － 

Donor #15 42/F Sample 3 5000000 120288 65831 54457 65 54.7278 0.05404 0.09874 

－ － － － － － － － － 

 

Note: Samples from the same donors that were included in group I and group II were represented marked by “Sample” and “B-”, respectively. These donors were 

maternally related and were from Family B described in Yao et al. [15]. The gating for living cells and CD34
+
 cells was defined in Figure 1.  
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Table S2. mtDNA sequence variations in single CD34
+
 cells isolated from group I 

samples 

 

Sample Sequence variation No. No. of 

haplotypes 

No. of haplotypes 

defined by 

nucleotide 

substitutions 

Sample 5 Aggregate sequence 36 1  

 +16086T>Y, 9C/10C 1 2 1 

 +16131T>Y, 8C/9C/10C/11C 1 3 2 

 +16150C>Y, 9C/10C/11C 1 4 3 

 +16181A>A/C, 9C/10C/11C 1 5 4 

 +16519T>Y, 9C/10C/11C 1 6 5 

 8C/9C/10C/11C 1 7  

 8C/9C/10C/11C/12C 1 8  

 9C/10C 19 9  

 9C/10C/11C/12C 34 10  

     

Sample 10 Aggregate sequence 34 1  

 +16034G>R, 9C/10C/11C/12C 1 2 1 

 +16072C>Y, 9C/10C/11C 1 3 2 

 +16081A>R, 16445T>Y, 9C/10C/11C/12C 1 4 3 

 +16086T>Y, 9C/10C/11C 1 5 4 

 +16124T>C, 9C/10C/11C 1 6 7 

 +16129G>R, 9C/10C/11C/12C 1 7 6 

 +16131T>C, 9C/10C 2 8 7 

 +16131T>C, 9C/10C/11C 1 9  

 +16468T>Y, 9C/10C/11C/12C 1 10 8 

 +204T>Y, 9C/10C/11C/12C 1 11 9 

 +226T>Y, 9C/10C 1 12 10 

 +302A>R, 9C/10C/11C/12C 1 13 11 

 +303C>C/A, 9C/10C/11C/12C 1 14 12 

 +303insA, 8C/9C/10C/11C 1 15  

 +405T>C, 466T>C, 9C/10C/11C/12C 1 16 13 

 +405T>C, 9C/10C/11C/12C 1 17 14 

 8C/9C/10C 1 18  

 8C/9C/10C/11C 3 19  

 8C/9C/10C/11C/12C 1 20  

 9C/10C 8 21  

 9C/10C/11C 31 22  

     

Sample 6 Aggregate sequence 40 1  

 +16018T>Y, 9C/10C/11C/12C 1 2 1 

 +16250C>Y, 9C/10C 1 3 2 
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 +182C>Y, 9C/10C/11C 1 4 3 

 +204T>Y, 9C/10C/11C 1 5 4 

 +270A, 9C/10C 1 6 5 

 +405T>C, 9C/10C/11C 1 7 6 

 +418C>Y, 9C/10C/11C/12C 1 8 7 

 +445C>Y, 9C/10C/11C/12C 1 9 8 

 +513G>A, 9C/10C/11C/12C 1 10 9 

 +573insC/non-ins, 9C/10C/11C/12C 1 11  

 +574A>R, 9C/10C/11C/12C 1 12 10 

 +(523-524)delAC/non-del, 9C/10C/11C 1 13  

 +(523-524)delAC/non-del, 9C/10C/11C/12C 1 14  

 8C/9C/10C 1 15  

 8C/9C/10C/11C 1 16  

 8C/9C/10C/11C/12C 1 17  

 9C/10C 18 18  

 9C/10C/11C 21 19  

     

Sample 9 Aggregate sequence 44 1  

 +16095C>Y, 9C/10C/11C/12C 1 2 1 

 +16129G>A, 9C/10C/11C/12C 1 3 2 

 +16287C>Y, 308C>Y, 9C/10C/11C 1 4 3 

 +16301C>Y, 9C/10C 1 5 4 

 +217T>C, 9C/10C/11C 1 6 5 

 +260G>R, 9C/10C/11C/12C 1 7 6 

 +308C>Y, 9C/10C/11C 1 8 7 

 +405T>C, 9C/10C/11C 1 9 8 

 8C/9C/10C 1 10  

 8C/9C/10C/11C 5 11  

 9C/10C 8 12  

 9C/10C/11C 29 13   

Note: Sequence variation was scored relative to the Cambridge reference sequence [1]. A site 

heterogeneous for both thymidine (T) and cytidine (C) was abbreviated as Y, and heterogeneous 

for adenosine (A) and guanosine (G) was abbreviated as R. A site heterogeneous for a transversion 

or an indel (insertion and deletion) was highlighted by listing all status. We followed the approach 

in our previous studies [14, 16] to highlight the status of the C-tract length variations in region 

303-309 and the dinucleotide AC repeat in region 515-524 in these cells differ from the 

aggregated sequence by listing all the status, e.g. 9C/10C means region 303-315 has heteroplasmy 

of CCCCCCCCCTCCCCCC and CCCCCCCCCCTCCCCCC in the cell, 523-524delAC/non-del 

means co-existing of 4 and 5 repeats of AC in region 515-524 in the cell. +, extra mtDNA changes 

compared with the aggregate sequence. The aggregate sequence of Sample 5 contains 9C/10C/11C, 

whereas the other three samples all contain 9C/10C/11C/12C. The sequence variations in single 

CD34
+
 cells isolated from group II samples (B-8, B-3, B-6 and B-5) were reported in Yao et al. 

[15]. 
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