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Abstract

The current status of knowledge about mitochondrial properties in mouse, monkey and human embryonic, adult and precursor stem
cells is discussed. Topics include mitochondrial localization patterns, oxygen consumption and ATP content in cells as they relate to the
maintenance of stem cell properties and subsequent differentiation of stem cells into specific cell types. The significance of the perinuclear
arrangement of mitochondria, which may be a characteristic feature of stem cells, as well as the expression of mitochondrial DNA reg-
ulatory proteins and mutations in the mitochondrial stem cell genome is also discussed.
© 2007 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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1. Introduction

Stem cells have potential for numerous biomedical
applications, including therapeutic cell replacement to
repair damaged body organs, as tools for studying genetic
defects and testing drugs, and as models for studying cell
differentiation and early development. Scientists will need
to have a thorough understanding of basic stem cell prop-
erties before such high stakes goals can be achieved.

There are three types of stem cells: the pluripotent
embryonic stem (ES) cells that have the potential to differ-
entiate into any type of body cell, the multipotent cells
derived from adult tissue including umbilical cord blood
and amniotic fluid which can differentiate into a limited
number of cell types of their own lineage, e.g., mesoderm
only, and the precursor cells which are adult stem cells
committed to differentiation. For a review of the somewhat
complicated classification scheme for adult stem cell and
precursor cells, see Raff (2003). Investigators need to care-
fully catalog and compare the properties of these three
types of cells. While it is possible that they share common
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properties, it is also likely that significant differences will be
found.

While stem cell research has progressed rapidly since the
initial report of human ES cell isolation (Thomson et al.,
1998), the majority of published articles have focused pri-
marily on three general areas. Many reports have examined
the expression of various genes that are believed to indicate
the pluripotency status of stem cells (so-called “‘stemness”),
such as alkaline phosphatase, Oct 4 or SSEA 4. Research-
ers must verify that the expression of such markers is stable
for each cell line during prolonged periods of cell culture in
order to verify that the pluripotent condition has not been
lost. Another major focus involves physiological cell cul-
ture and microenvironment conditions that lead to uniform
directed differentiation of stem cells into specific cell types.
The third research thrust focuses on reducing possible xen-
ogenic complications arising from cell culture techniques.
Human ES cells are typically grown on a layer of mitoti-
cally-inactive fibroblasts (commonly mouse fetal fibro-
blasts), called a ‘““feeder layer”, in the presence of fetal
calf serum supplements. Although this approach has been
moderately successful in supporting proliferation of ES
cells, it is fraught with problems. For example, it has been
demonstrated that mouse cell surface antigens have trans-
located into the plasma membrane of some ES cell lines
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(Martin et al., 2005), and the potential for transfer of mur-
ine or bovine viruses into human ES cells also exists (Tailor
et al., 1999). These xenogenic concerns will preclude use of
many human ES cell lines for therapeutic purposes. To
avoid these complications, several laboratories have
reported some success in culturing ES cells either on human
fibroblasts, without using any feeder layer, and/or without
fetal serum (Richards et al., 2002; Hovatta et al., 2003;
Amit et al., 2004; Heins et al., 2004; Rosler et al., 2004; Val-
buena et al., 20006), but these culture conditions are techni-
cally challenging and not yet widely used. There is the
possibility that growing ES cells without feeder layers will
not constitute superior growth conditions (Richards
et al., 2004), and there is the possibility that cells acquire
different biological properties under such culture
conditions.

The fundamental importance of stem cell stability in cul-
ture conditions, and the consequent maintenance of pluri-
potency or multipotency, has led to searches for
indicators of what is commonly referred to as “stemness’.
Expression of such markers might indicate not only if the
stem cells are normal, but also whether they are fully capa-
ble of differentiation. There is a serious lack of research on
functional cellular markers of stem cells, such as ultrastruc-
tural morphology, metabolic profiles or cell signaling path-
ways. General features of stem cell function need to be
identified so that deviations from the normal pattern could
then be used to eliminate defective cell lines from further
use. Such properties will also be important in comparing
cell lines among different laboratories. The phenotypic sta-
bility of ES lines cultured for prolonged periods of time
must also be addressed because they may not be chromo-
somally stable after prolonged cell culture passage in the
absence of feeder cells (Ludwig et al., 2006).

While most stem cell studies have focused on the activity
of the nuclear genome, characteristics of the mitochondrial
genome have been largely ignored. Cells from embryos cre-
ated by in vitro fertilization (IVF) procedures, the source of
ES cells, have been reported to exhibit various forms of
mitochondrial DNA (mtDNA) mutations, and it is not
known if metabolic functions of stem cells are affected by
high copy number of mtDNA point mutations or mito-
chondrial deletions (Gibson et al., 2006). There is a distinct
possibility that many of the ES cell lines currently available
for study do not represent high quality stem cells. Consid-
ering that mutations in mitochondrial DNA have been
linked to a wide range of disorders, including diabetes, car-
diovascular disease and cancer (Chinney et al., 2002; Liu
et al., 2002; Maitra et al., 2005; Birch-Machin, 2006), it is
surprising that the mitochondrial properties of stem cells
have been largely overlooked. These concerns raise the pos-
sibility that the use of aberrant stem cell lines, whether
from embryonic or adult sources, for therapeutic cell
replacement could lead to the development of cancer. ES
cells and cancer cells share several traits, including unlim-
ited self renewal capabilities and the ability to generate a
diverse range of other cell types. The possible presence of

stem cell populations in tumors (Huntley and Gilliland,
2005; Clarke and Fuller, 2006) has many implications for
the diagnosis and treatment of cancers, since the most effec-
tive way to eliminate the disease would be to target cancer
stem cells for destruction. Thus, mtDNA anomalies could
have widespread implications for the biomedical applica-
tions of stem cells as well as for studies on their behavior
in vitro.

In this review, we examine mitochondrial properties in
early-stage embryos, the source of ES cells, as well as in
adult stem cells and differentiating precursor cells.

2. Mitochondrial localization in early-stage embryos and
stem cells

ES cells are derived from the inner cell mass (ICM) of
the pre-implantation blastocyst stage (Fig. 1). Descriptions
of mitochondria in a number of human and mouse ES cell
lines using electron microscopy report that these cells have
few mitochondria with poorly developed cristae (Sathanan-
than et al., 2001; Baharvand and Matthaei, 2003; Oh et al.,
2005; Cho et al., 2006). The human ES cell line HSF6 was
reported as having few mitochondria that tend to localize
in small perinuclear groups (see below) (St. John et al.,
2005). When HSF6 cells were removed from feeder layers
and allowed to differentiate for one week, the resulting cells
showed numerous larger mitochondria with distinct cristae.
The observations of ES cells having few mitochondria are
consistent with reports of lower mitochondrial mass and

Fig. 1. Human IVF blastocyst at approximately the 100 cell stage. The
outer layer of cells is the trophectoderm layer that contributes to the
placenta. The ball of cells at the lower left of the image is the inner cell
mass (ICM) from which the fetus develops or from which the embryonic
stem cells are derived upon ICM removal followed by culturing in vitro.
Courtesy of Dr. Richard Scott, Reproductive Medicine Associates of New
Jersey, Morristown, NJ, USA.
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mtDNA content in both the human HSF6 cell line (St.
John et al., 2005) and several newly created human cell
lines (Cho et al., 2006), in which mtDNA content was
quantified using real-time PCR. In both reports, the num-
bers of mtDNA copies increased as cells were allowed to
differentiate, and in the HSF6 cell line, differentiation
resulted in cells with numerous larger mitochondria with
distinct cristae.

A pattern for the cytoplasmic location of mitochondria,
as viewed using fluorescent probes, is beginning to emerge.
Because of the continuum of development from fertiliza-
tion through ES cells, it has been suggested that the mito-
chondrial characteristics of the pre-implantation embryo
might have much in common with those of ES cells (Bav-
ister, 2006). In several species, including hamster (Barnnett
et al., 1996), mouse (Batten et al., 1987), monkey (Squirrell
et al., 2003) and human (Wilding et al., 2001), the cluster-
ing of mitochondria around the pronuclei of fertilized
oocytes and around the nuclei of cleaveage stage embryos
(Fig. 2) has led to the idea that a perinuclear arrangement
of mitochondria might be a cellular marker for “‘stemness”
(Lonergan et al., 2006). Such an arrangement was reported
for the human HSF6 cell line (St. John et al., 2005), cells of
the human SNU line series (Cho et al., 2006), an adult
human hematopoietic cell line (Piccoli et al., 2005), and
for a rhesus monkey adult mesenchymal cell line (ATSC
line) (Lonergan et al., 2006). Patterns of mitochondrial
localization can be quantified by measuring the fluores-
cence intensity of labeled mitochondria from the edge of
the nucleus to the edge of the plasma membrane (Fig. 3b
and c). Using this approach, the proportions of the popu-
lation exhibiting three distinct patterns — perinuclear,
homogeneous/random or aggregated/fused (Fig. 3d-f) —
were measured in the ATSC line (Lonergan, 2006). This

Fig. 2. Hamster two-cell stage embryo stained with Rhodamine 123.
Mitochondria are clustered around each nucleus. Bar equals 10 pm.
Reproduced with permission from Barnett et al. (1996).

cell line is known to spontaneously differentiate into adi-
pose-like cells over several passages (Fig. 3a), and changes
in mitochondrial localization can be monitored during the
process of differentiation. Early passage stem cells (P11)
showed 85% perinuclear mitochondrial localization, but
as cultures progressed to higher passage numbers (P17)
over a six month period, this frequency decreased to 18%
as cells began to differentiate into adipocyte-like cells that
predominantly exhibited an aggregated or fused mitochon-
drial pattern. The mitochondria in the early and mid pas-
sage numbers were described as threadlike. That the
aggregated/fused mitochondrial morphology truly repre-
sents mitochondrial localization was verified by labeling
with an antibody against oxidative phosphorylation
(OXPHOS) complex I. The percentage of cells with the
aggregated pattern correlated to the percentage of cells
identified as presumptive adipocytes. The report by Loner-
gan et al. (2006) suggests that periodically measuring the
percentage of cells with a perinuclear mitochondrial
arrangement might serve as method to monitor the mainte-
nance of “stemness” in stem cell populations, at least in
adult stem cell lines. Additional cell lines need to be exam-
ined using this approach to determine the validity of this
predictive marker.

3. Metabolic characterizations of stem cells

Prior to embryo implantation and subsequent in vivo
vascularization, embryonic cells are contained in a hyp-
oxic environment within the uterine lumen (Fisher and
Bavister, 1993). Because this environment is not condu-
cive to ATP synthesis through OXPHOS, the embryonic
cells rely on anaerobic metabolism to meet their energy
demands (Brown, 1992). It is therefore not surprising that
ES cells have few mitochondria that lack cristae develop-
ment. It has been shown that the ATP content of blasto-
meres is correlated to their mitochondrial content (Van
Blerkom et al., 2000). This finding is consistent with data
showing that there is limited mtDNA replication during
mammalian pre-implantation development (Spikings
et al., 2007), hence there is a progressive decrease in
mtDNA content in the blastomeres during cleavage
stages. However, the mitochondrial genome undergoes
significant replication during implantation of the blasoto-
cyst (Thundathil et al., 2005), and once gastrulation
occurs cells replicate their mtDNA to match the
OXPHOS demands of differentiating cells (St. John
et al., 2005).

There are only two reports of ATP content in stem cells,
one for a human ES line (Cho et al., 2006), and the other
for the monkey adult ATSC cell line (Lonergan et al.,
2006). The ATP content in both cell lines was lower when
cells were characterized as stem-like, but upon differentia-
tion the ATP increased fourfold in the human cell line
and fivefold in the monkey cell line. An elevation in ATP
content per cell may therefore signal a loss of stemness
and the subsequent onset of differentiation.
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Fig. 3. Images of adult rhesus stromal stem cells. (a) Phase contrast image (400x) of a passage 14 stem cell that has differentiated or deteriorated into a cell
containing numerous lipid droplets (arrow). (b) Measurement of Mitotracker fluorescence intensity in a passage 11 cell with perinuclear mitochondrial
arrangement (600x). The cell periphery is outlined (dotted line). Cells with a predominantly perinuclear arrangement of mitochondria have a very high
fluorescence intensity near the nucleus which drops precipitously toward the cell periphery (graph inset). Because there is such a large variation in intensity
at the two ends of the transect line, the standard deviation is numerically high, resulting in a low fluorescence intensity/standard deviation ratio. (c) In a
cell with a homogeneous distribution of mitochondria (passage 14, 600x), the fluorescence intensity is relatively constant along the transect line (graph
inset) and the standard deviation is numerically low, resulting in a higher ratio. (d) Representative image of a passage 11 perinuclear mitochondrial
arrangement (600x), (e) image of a passage 14 homogeneous mitochondrial arrangement (600x), and (f) image of passage 17 an aggregated mitochondrial
arrangement (600x). Reproduced with permission from Lonergan et al. (2006).

There are three reports of oxygen consumption rates for
stem cells, and a fourth report using JCP-1 to identify the
presence of high potential mitochondria, which is an indi-
rect indicator of oxygen consumption rates. All of these
studies used either adult cell lines or precursor cells, but a
clear pattern has yet to emerge. Human pre-adipocytes
were reported to have a lower rate of oxygen consumption
compared to mature adipocytes (von Heimburg et al.,
2005), a pattern also reported for human hematopoietic
cells (Piccoli et al., 2005). Two other reports suggest that
the rate of oxidative phosphorylation is higher in undiffer-
entiated adult stem cells compared to their differentiated
counterparts. Neuronal stem cells isolated from 9- to 10-
week-old human fetuses form neurospheres in culture
(Plotnikov et al., 2006). Stem cells in younger, smaller
neurospheres had more high-potential mitochondria, as
judged by JC-1 staining, compared to older, larger neuro-
spheres (Plotnikov et al., 2006). The reduction in JC-1
staining in the mature cells might be the result of lower
oxygen levels in the center of the neurosphere. Similar
results were reported for the rates of oxygen consumption,
measured with a Clark-type electrode, using the ATSC rhe-
sus monkey adult cell line cultured in 5% CO, in air. The
cultures with a higher percentage of stem cells, as judged
by a predominantly perinuclear arrangement of mitochon-

dria, had a tenfold higher rate of oxygen consumption
compared to the more differentiated cells.

Oxygen consumption rates for ES cells have not been
reported. As previously stated in this review, the early
embryo from which ES cells are derived, exists in a hypoxic
environment. The cell culture conditions typically reported
for ES cells consist of 5% CO, in air (~20% O;). Reports
that oxygen supply can alter oxygen-dependent gene
expression in cells, including differentiating embryonic
mouse and human cells (Gassman et al., 1996; Wartenberg
et al., 2001; Harvey et al., 2004), suggest that future studies
using ES cells should be conducted at lower oxygen ten-
sions (e.g., 5% CO, in 1-5% O,), and compared to results
in the traditional culture condition of 5% CO, in air (Har-
vey, 2007).

4. The significance of perinuclear arrangement of
mitochondria

The possible functional significance of the perinuclear
arrangement of mitochondria in stem cells deserves further
examination. Numerous types of differentiated cells have
also been reported to exhibit perinuclear arrangements of
mitochondria, including fibroblasts (Yaffe, 1999), pancre-
atic ascinar cells (Johnson et al., 2003; Bruce et al., 2004),
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and astrocytes and neurons (Collins et al., 2002). The addi-
tion of ES and adult stem cells to this list reopens the ques-
tion “Is there a benefit for some cells having a perinuclear
arrangement of mitochondria in comparison to cell types
that do not?” The mitochondrion and nucleus interact
for at least three possible reasons. First, the DNA coding
for most of the approximately 1500 mitochondrial-related
genes resides in the nuclear genome. The mitochondrial
genome codes for thirteen polypeptides that are subunits
of the mitochondrial OXPHOS complexes, along with
twenty-two tRNAs used in mitochondrial proteins synthe-
sis, and the 12s and 16s mitochondrial rRNAs. Transcripts
for the vast majority of the mitochondrial polypeptides are
translated in the cytoplasm and imported into the mito-
chondria. For example, mtDNA replication requires an
RNA primer generated by mitochondrial transcription fac-
tor A (TFAM) (Larsson et al., 1998) and is coordinated by
catalytic DNA polymerase gamma (POLG) and accessory
POLYG?2 subunits (Gray and Wong, 1992). The transport
of polypeptides like POLG into the mitochondria might be
more efficient if the mitochondria are clustered around the
nucleus. A second reason for perinuclear clustering of
mitochondria might be for energy transfer. The import
and export of macromolecules across the nuclear pores is
thought to involve the energy-dependent Ran monomeric
G protein transport system. Positioning the mitochondria
near the nucleus might provide the energy for this process
in a more efficient manner. Thirdly, it is speculated that a
perinuclear arrangement of mitochondria might buffer the
nucleus from fluctuations in Ca®" levels occurring in the
cytoplasm (Park et al., 2001; Bruce et al., 2004; Giannucci
et al., 2003). However, all of these functional explanations
for mitochondrial clustering are purely speculative. Studies
are needed to ascertain how and why this arrangement
might benefit cells in general, and stem cells in particular.
Furthermore, it has always been assumed that the cellular
positioning of mitochondria is coordinated by their associ-
ation with microtubules. With the exception of fibroblasts
(Yaffe, 1999), it is not known whether this is a general fea-
ture of cells. This issue should also be examined in the sev-
eral cell types in which a perinuclear arrangement has been
documented.

5. Expression of mtDNA regulatory proteins in early stage
embryos and stem cells

For most species, it is not known at what stage of early
embryo development mtDNA replication begins. In mice,
reports suggest that no mtDNA replication occurs in the
early cleavage stages (Ebert et al., 1988; Piko and Taylor,
1987) although one report suggests a short burst of
mtDNA replication in the mouse two-cell stage with no
corresponding increase in mtDNA copy number (McCon-
nell and Petrie, 2004). mtDNA replication has been
reported in the blastocyst stage in both the mouse (Thun-
dathil et al., 2005) and cattle (McConnell and Petrie,
2004). Several protein factors encoded by the nuclear gen-

ome regulate or are involved in mtDNA replication. These
factors include polymerase gamma (PolG), mitochondrial
DNA helicase (twinkle), mitochondrial single-stranded
binding protein, mitochondrial transcription factors, such
as TFAM, and other nuclear factors that indirectly regu-
late TFAM expression, such as PGCl-a, and NRF-1.
The expression of TFAM and POLG in competent and
incompetent porcine embryos, determined by brilliant cre-
syl blue staining, was assessed from the two cell stage to the
expanded blastocyst stage using both real-time PCR and
immunohistochemistry, concomitantly measuring mtDNA
copy number using real-time PCR (Spikings et al., 2007).
Increased POLG expression was not detected in the ICM
until the expanded blastocyst stage, however a small but
consistent increase in TFAM gene transcription was
observed from the morula to the expanded blastocyst stage.
TFAM was present at very low levels throughout the cyto-
plasm at all stages suggesting that only low levels of TFAM
are needed for mtDNA replication.

There are two studies in human ES lines reporting that
the expression of mitochondrial transcription factors
increases only slightly during differentiation, even though
both mitochondrial mass and the number of mtDNA cop-
ies increased (St. John et al., 2005; Cho et al., 2006). This
observation appears to be inconsistent with the observed
accumulation of mitochondrial mass as ES cells differenti-
ate, and this discrepancy has yet to be explained.

6. Mitochondrial mutations in oocytes, embryos and stem
cells

A growing concern in the area of Assisted Reproductive
Technology is that mitochondrial mutations and deletions
have been found at high frequencies in oocytes and
embryos, and these may be passed on to the derived ES cell
lines and subsequent differentiated tissues (Harvey et al.,
2007). The extent to which these mitochondrial mutations
perturb mitochondrial functions is unclear, but it has been
suggested that mitochondrial instability and lack of repair
mechanisms may be associated with poor ooctye and
embryo quality in older women whose oocytes are more
likely to have significant chromosomal abnormalities
(Munne et al., 1995; Harvey et al., 2007).

The mtDNA deletion AmtDNA4977, also called the
“common deletion”, was found to be present in rhesus
monkey oocytes and embryos. Germinal vesicle oocytes
obtained from necropsied rhesus ovaries which were never
stimulated by exogenous follicle stimulating hormone
(FSH) or human chorionic gonadotropin (hCG) were com-
pared to oocytes obtained from stimulated follicles and
with IVF embryos derived from these oocytes. Twenty-
one percent of the germinal vesicle-stage oocytes exhibited
the common deletion compared to 71% of the oocytes from
gonadotrophin-stimulated ovaries and embryos derived by
IVF (Gibson et al., 2006). It was concluded that stimula-
tion with FSH and hCG causes mtDNA replication errors
resulting in higher frequencies of the common deletion.
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This conclusion implies that mitochondrial replication
must be occurring during oocyte maturation which is con-
trary to current beliefs. These results also have profound
implications for primate ES cell lines that are typically
derived from in vitro-produced embryos using oocytes from
gonadotropin-stimulated ovaries.

The presence of the common deletion was also examined
in three rhesus monkey ES cell lines derived from in vitro-
produced embryos, and compared to an ES cell line from
an in vivo-generated rhesus (Gibson et al., 2006). The
results were compared to a rhesus adult bone marrow stro-
mal cell line (BMSC) and the rhesus ATSC stromal adult
stem line, as well as an immortalized version of the ATSC
line created by transfection with a retroviral vector result-
ing in the expression of telomerase activity (ATSC-TERT)
(Kang et al., 2004). The common deletion was detected, but
not quantified, in the in vivo-derived R4 cell line and the
three ORMES cell lines derived from IVF-derived
embryos. The ATSC cell line expressed the common dele-
tion both at earlier passages, in which cells were thought
to be undifferentiated as judged by a low incidence of tri-
glyceride accumulation, as well as at higher passages in
which the majority of cells had visible triglyceride droplet
accumulation. The BMSC adult stromal cell line showed
high levels of the common deletion in passages 3, 10 and
30. It is not known whether the in vivo-derived R4 ES cell
line exhibited the common deletion prior to the establish-
ment of the cell line. While these studies are preliminary,
an enormous advantage of studying ES cell lines in the rhe-
sus monkey is that ES lines prepared from in vitro- vs.
in vivo-created embryos can be compared (Pau and Wolf,
2004; Bavister et al., 2005). No such comparison can be
done with human ES cell lines because of the unavailability
of in vivo-derived embryos. An accumulation of mtDNA
mutations, resulting in detectable cytochrome c¢ oxidase
deficiency, has also been reported for adult human colonic
stem cells (Greaves et al., 2006). One colonic crypt stem cell
with a mtDNA mutation has the potential to expand and
replace the entire colonic crypt stem cell population. In
view of these observations, mtDNA mutations and dele-
tions should be routinely evaluated for all stem cell lines
as part of their normal characterization during prolonged
periods of cell culture. Mutations in the mitochondrial gen-
ome, could have numerous consequences, including disrup-
tion of ATP production, altered cell division rates,
premature differentiation or failure to differentiate with
subsequent apoptosis (van Blerkom et al., 1995, 2000;
Chinnery et al., 2002).

7. Future directions

Little is known about the mechanisms regulating
mtDNA replication, repair mechanisms or transcription
during the differentiation of ES cells. Numerous questions
need to be addressed in order to develop a full under-
standing of the role of mitochondrial activity in stem
cells. Important questions include: (1) When does mtDNA

replication occur during the differentiation process, and
does this correlate with an increase in mtDNA copy num-
ber? (2) Does the timing of mtDNA replication correlate
with the attainment of functional metabolic activity, and
do differentiated cells, such as heart or nerve cells,
intended for clinical therapy and maintained in cell cul-
ture for prolonged periods of time, retain their full meta-
bolic capabilities or do such cells suffer from any
metabolic impairment? (3) During the differentiation pro-
cess, when is POLG expression upregulated? (4) Are pat-
terns of expression for POLG and TFAM consistent
across a variety of ES and adult stem cell lines or are they
specific for pluripotent cells or for particular cell lineages?
(5) What is the impact of mtDNA mutation frequency on
ES cell colony growth rate, differentiation capacity and
cancer potential? (6) If mitochondrial-based metabolism
is altered in any way, what are the consequences for stem
cell growth rates and their ability to differentiate? Answers
to these and similar fundamental questions are needed
before stem cells can be considered as agents for alleviat-
ing human disease.
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