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Abstract It is believed that cancer stem cells (CSCs) are
precursors for the formation, development, and recurrence
of malignant tumors. However, it has proven difficult to
isolate and enrich these rare, undifferentiated cells from
heterogeneous tumor masses. With some existing reports
and preliminary results in mind, we hypothesized that the
mitochondrial membrane potential within a tumor mass was
heterogeneous and could be used as a tool to isolate and
enrich CSCs.
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Introduction

It has long been thought that all tumor cells in a given
population share similar characteristics, such as unlimited
proliferation, loss of differentiation, and increased invasive-
ness and tumorigenicity [1, 2]. Recently this view was
challenged by the discovery of tumor stem cells (TSCs) or
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cancer stem cells (CSCs) [3, 4]. The discovery of CSCs
suggests that tumor cell populations are heterogeneous and
exist in different states of differentiation, including imma-
ture CSCs, progenitors, and committed tumor cells.
Moreover, research has shown that only a subset of
undifferentiated CSCs present in many tumor types pos-
sesses the capacity of self-renewal and tumorigenicity [5—
9]. Nonetheless, isolation of CSCs from tumor masses
remains difficult due to their rarity among tumor cells.

Mitochondria are important organelles in eukaryotic
cells. Not only do they provide energy to sustain the
metabolic needs of cells, but also integrate death signals
[10]. The mitochondrial membrane potential (Alpm), which
reflects the functional status of a mitochondrion, is
associated with a cell’s differentiation status, tumorigenicity
and malignancy. According to preliminary results presented
here and elsewhere, we propose that Am heterogeneity
might be useful as a tool to isolate and identify CSCs from
tumor masses.

Evidence
APpm and Differentiation

There is a close relationship between a cell’s differentiation
status and Alpm. When cells are induced to differentiate, Apm
may change significantly. For example, once myoblasts fuse
into a myotube, Aipm increases by approximately 60 mV [11].
An increase in Am has also been detected during the
differentiation of hippocampal neuroblasts induced by
retinoic acid treatment [12]. During differentiation of bone
marrow stromal cells into osteoprogenitor cells (OPC),
elevated Apm peaks are detected on days 3—4 and 10-11.
Furthermore, when OPCs differentiate, a surge in Alm
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during late matrix maturation could be a marker that heralds
extracellular matrix mineralization [13, 14]. One can also
induce an increase in Aipm in L6E9 myoblasts by treatment
with growth factors [11]. Confocal imaging of differentiating
cultured osteoblasts stained with a mitochondria-specific
transmembrane potential-sensitive vital dye revealed that
mature cells possess abundant amounts of high-
transmembrane-potential mitochondria [15]. In contrast, an
apparent decrease in AYPm is observed when HL-60 cells
(human promyelocytic leukemia) differentiate into
granulocyte-like cells [16] or when Friend erythroleukemia
cells differentiate into erythroid-like cells [16, 17]. During re-
differentiation of pancreatic cancer cells, Alpm is significant-
ly reduced three days after the addition of retinoid [18]. In
addition, the Ca**-induced cell differentiation of epidermal
HaCaT keratinocytes is accompanied by a significant
decrease in APm [19]. Similar results were reported by
Allombert-Blaise [20], who implied that a direct causal
relationship between depolarization of Apm and differenti-
ation exists in other cell types as well.

Although the directional change of A{m is not accordant,
which may be attributed to differences in the studied cell
types, and the change of Apm between different node points
of differentiation is not unilateral, these results support the
hypothesis that mitochondrial activity plays a central role in
regulating the differentiation of many types of cells.

AYpm and Tumorigenicity

Recently, Toren Finkel and colleagues [21] described a
relationship between the tumorigenicity of stem cells and
their Aym. It was found that stem cells with a high Ajpm
have a greater propensity to form tumors. They sorted
mouse embryonic stem cells by their AYm and found that,
both visually and with regard to the expression of key stem
cell markers, stem cells with high and low metabolic rates
were indistinguishable. Yet, when transplanted into mice,
these two types of cells had contrasting properties; cells
with lower Aym were more efficient at differentiating into
other cell types, while cells with higher Aypm were more
prone to continue dividing and form tumors. After the Apm
inhibitor rapamycin was administered to high membrane
potential stem cells, their tumorigenicity decreased signif-
icantly. A human mtDNA-deficient breast cancer cell line,
T47D rho(0), was found to exhibit a marked decrease in
Apm, a slower proliferation rate, and a severe impairment
of tumorigenicity [22]. Reduction of lactate dehydrogenase
A activity in tumor cells also resulted in a decrease in Apm
and compromised their ability to proliferate and form
tumors [23]. On the contrary, expression of a mutant
mitochondrial DNA polymerase-gamma in breast cancer
cells results in depletion of mtDNA, decreased Alpm, and
an increase in invasiveness/tumorigenicity [24].
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Apm Between Normal Cells and Cancer Cells

Although the underlying mechanism remains unclear,
hyperpolarization of Apm is frequently seen in cancer cells
[25]. Tt has been noted that most, if not all, carcinoma-
derived cell lines possess a higher Aijpm than normal
epithelial cells [16, 25, 26].

The results of a six-year systematic study from Chen et al.
overwhelmingly confirm that all normal epithelial cells tested
have a low Alpm. In contrast, screenings of 200 cell lines/
types derived from tumors of kidney, ovary, pancreas, lung,
adrenal cortex, skin, breast, prostate, cervix, vulva, colon,
liver, testis, esophagus, trachea, and tongue show that a great
majority of adenocarcinoma, transitional cell carcinoma,
squamous cell carcinoma, and melanoma cells have high
Apm. The difference in Aipm between normal epithelial cells
and carcinoma cells is at least 60 mV [16]. In another
important study, Bonnet compared the Aijpm of A549 (non-
small-cell lung cancer), M059K (glioblastoma), and MCF-7
(breast cancer) cancer cells to that of healthy, noncancerous,
small airway epithelial cells, fibroblasts, and pulmonary
artery smooth muscle cells. All cancer cell lines exhibited
significantly hyperpolarized Apm in comparison with
normal cells, as seen by the increased fluorescence of the
Apm-sensitive positive dye tetramethyl rhodamine methyl
ester (TMRM) [27]. In our preliminary studies, we also
found that some lung cancer cell lines (A549, H446, SPC)
possessed a higher Am than HBE cells, a normal bronchial
epithelial cell type.

Hypothesis and Supporting Results
Hypothesis

Based on this evidence, we propose that Apm heterogeneity,
which is an indicator of transformation, differentiation status,
and tumorigenicity, exists among different subpopulations of a
tumor mass. In comparison with their differentiated descend-
ants (progenitors and committed tumor cells), CSCs may
possess a different AYpm. Furthermore, with instruments such
as flow cytometry, heterogeneity (represented by varying
intensities of a fluorescent dye, such as Rhodaminel23
(Rh123), TMRM, JC-1, could be useful for isolating and/or
enriching CSCs from a tumor population. In addition, given
that cancer cells possess higher Aim than normal epithelial
cells, this heterogeneity may permit Aym to be used in
discriminating CSCs from normal cells.

Supporting Results from Other Researchers

Heerdt et al. subcloned and established two isogenic cell
lines from the SW620 human colonic carcinoma cell line
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that display significant and stable differences in the intrinsic
Apm [28]. These differences in Apm are linked to
important tumorigenic properties of the cells. As compared
to those with lower Alpm, cells with intrinsically higher
Apm exhibit significantly higher resistance to some
apoptotic inducers. Despite the translocation of pro-
apoptotic Bax and Bak to the mitochondria, fewer cells
with elevated intrinsic Alpm exhibit concomitant cyto-
chrome c release. Moreover, these cells undergo signifi-
cantly lower levels of Aym dissipation and apoptosis than
do cells with low Alm [29]. The subcloned cell lines with
higher Alpm were more likely to exhibit elevated steady-
state levels of vascular endothelial growth factor and matrix
metalloproteinase 7 as well as increased invasive behavior
(properties associated with tumor progression) than cells
with lower intrinsic Apm. Cells with eclevated intrinsic
Apm have an enhanced capacity to respond to hypoxia by
avoiding apoptosis and initiating angiogenesis. They also
have the ability to escape anoikis and grow under
anchorage-independent conditions. These data suggest that
differences in the intrinsic Apm of colonic carcinoma cells
are likely to be tied to the subtle shifts in biochemical
pathways and/or cell phenotypes that play fundamental
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Fig. 1 Heterogeneity of Aym between SP and non-SP tumor cells.
A549 cells were seeded on to a coverslip at the density of 1x10* cells/
mL. One week after culture, Hoechst33342 (2.5 ug/mL) was added
for a 100 min incubation, and then Rh123 (1.0 ng/mL) was used for
another 30 min staining. (A) Under a laser confocal microscopy, the
heterogeneity of Aym between SP (cells with dim nuclei at 450 nm
and 625 nm wavelengths, denoted by white arrowhead) and non-SP
(cells with bright nuclei at the same wavelengths, denoted by yellow
arrow) tumor cells was determined. The Apm was represented by the
intensity of Rh123 (green). Nuclei were stained with Hoechst33342
(blue and red). Scale bar = 10 pm. (B) The intensity of Rh123 was
analyzed using Image-Pro Plus 5.0 software. The results indicated that
the Apm in A549 SP cells (133.48+29.33) was higher than that in the
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roles in determining the probability of tumorigenesis and
progression [30].

Supporting Results from Our Group

The side population (SP) was first described by Goodell
and defined as a small subpopulation of cells with enriched
stem cell activity that possesses a distinct ability to extrude
the fluorescent dye Hoechst33342 [31]. Adult stem cells
can be identified by the SP phenotype, which may be a
consequence of expressing an ATP-binding cassette (ABC)
transporter in this subpopulation. In recent years, some
studies have suggested that the SP may be useful for the
identification and isolation of CSCs by fluorescence
activated cell sorting (FACS) from human cancers, includ-
ing acute myeloid leukemia (AML), neuroblastoma, glio-
ma, and lung cancer [6, 32—34]. Interestingly, as illustrated
in Fig. 1, our preliminary results indicate that SP A549 lung
cancer cells (133.48+29.33) display a fairly high AYm as
compared with their non-SP counterparts (111.37+20.70).
Reynolds and Weiss described the neurosphere method in
1992. Since its initial characterization, this method it has been
used to test for the presence of neural stem cells in brain
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non-SP subpopulation (111.37+20.70). Statistical significance was
evaluated by a Student’s 7 test, n=13, t=2.22, *: P=0.036. (C) The
amount of mitochondria was normalized after the sequential incuba-
tion with Hoechst33342 (2.5 pg/mL, 100 min) and Mitotracker Green
(a potential independent dye to indicate the mitochondria, 0.1 pg/mL,
30 min). Hoechst low/high cells were selected randomly under laser
confocal microscopy. Then, the average intensity of Mitotracker Green
was detected and analyzed to represent the average amount of
mitochondria in SP and non-SP subpopulations. There was no
significant difference of fluorescent intensity between these two
subgroups (SP: 110.34+17.93, non-SP: 106.03+10.48; n=10, =
0.656, P=0.52)
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tissues in vitro [35]. This simple and convenient to enrich for
neural stem cells in the adult mammalian brain has generated
potential therapeutic strategies to facilitate brain regeneration
after injury. In addition, it has been applied to the isolation of
CSCs from many malignant tumor types including brain,
breast, lung, and colon carcinoma. As shown in Fig. 2, our
recent studies illustrate that high AYm was also detected in
sphere-forming lung cancer A549 cells (99.92+18.27) when
compared with adherent monolayer cells (53.53+3.35) under
serum-free stem cell culture condition.

CD133, a sorting marker derived from neural stem cells,
is widely accepted for isolating CSCs from many different
tumor populations, including lung cancer. After the A549
cells were sorted into populations with lowest 5% (AymL)
or highest 5% (AymH) Apm (represented by the intensity
of Rh123) by flow cytometry, the expression of CD133 was
analyzed under laser confocal microscopy. In most A549
cells with high Aym (AbmH), CD133 expression could be
obviously detected. However, the expression of this stem
cell marker was nearly absent in another subpopulation
(Fig. 3).

Although additional investigations are needed to corrob-
orate these findings in other cancer cell lines and tumor
samples, they provide preliminary insights into the role of
APpm in CSCs.
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Underlying Mechanism

Reactive oxygen species (ROS), an important signaling
molecule, participates in many intracellular physiopathologi-
cal processes, including differentiation. It has been shown that
neural and hematopoietic stem cells (HSC) contain lower
levels of ROS than their more mature progeny and that these
differences are essential for maintaining stem cell function
[36-42]. Although, the connection between ROS and Alpm
is not always straight forward, some sporadic results suggest
that ROS is an important contributor to the decrease of Apm
[43]. The Am in those neural and HSCs, which possessed
lower concentration of ROS, is fairly high indeed [44, 45].
Thy-1.1""Sca-1"Lin~ mouse HSCs exhibit a higher Am
than differentiated bone marrow cells, as detected by the
intensity of Rh123 [44]. Plotnikov et al. studied the AYm of
neural precursor cells forming neurospheres in culture. Cell
heterogeneity, as indicated by Aypm, increased with neuro-
sphere enlargement during culturing. The population of cells
exhibiting high AYm responded to the addition of a nuclear
dye by lowering their Apm, which suggests that the ABCG2
complex is active in these cells, as would be expected of
undifferentiated stem cells [45]. Do CSCs also share this
property? Recently, results from Diehn et al. indicate that,
similar to normal tissue stem cells, subsets of CSCs in some
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Fig. 2 Heterogeneity of Alpm between tumor spheres and monolayer
tumor cells. Tumorspheres were obtained from the lung cancer A549
by serum-free stem cell medium containing DMEM/F12, B27 (1x),
recombinant human epidermal growth factor (thEGF, 20 ng/mL),
basic fibroblast growth factor (bFGF, 20 ng/ml), and insulin (4 U/L).
After the identification of self-renewal, multipotency, and tumorige-
nicity, tumorspheres and adherent non-sphere forming cells (mono-
layer cells) were collected and dissociated into a single cell
suspension. Then, flow cytometry was used to detect the Aypm after
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the suspension was incubated with 1.0 pg/mL Rh123. Both
populations were measured in the same experiment. (A) Tumorspheres
and monolayer cells derived from lung cancer cell line A549 were
imaged with optical microscopy. Tumorspheres are denoted by the
blue arrowhead. (B) The Aym in the A549 tumorsphere (90.92+
18.27) was higher than that in the monolayer subpopulation (50.53+
3.35). Statistical significance was evaluated by a Student’s 7 test, n=
6x10% 1=3.403, *: P=0.014
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Fig. 3 Heterogeneity of Alpm
and CD133 expression. (A)
After incubation with 1.0 pg/mL o
Rh123 for 20 min, the A549
cells were sorted by flow BH
cytometry into populations with

the lowest 5% (ApmL, R2 and i
M1) or highest 5% (ApmH, R3 :
and M2) Apm (represented by i il
the intensity of Rh123). (B) h
Then, the expression of CD133 i
was analyzed under laser ]
confocal microscopy. In the
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AYpmH group, obvious CD133 L
expression (Red) could be 100 10
detected. However, the
expression of this stem cell
marker was nearly absent in the
ApmL subpopulation. Nuclei
were stained with DAPI (blue).
Scale bar = 25 um

tumors also contain lower ROS levels and enhanced ROS
defenses compared to their non-tumorigenic progeny [46].
Thus, one would suggest that a higher Alpm, which
correlated with the lower ROS, might be another character-
istic of these malignant stem cells. In another words, the
lower concentration of ROS might be a molecular candidate
for explaining the increased Apm in CSCs.

Mitochondrial uncoupling proteins (UCPs) are members
of a large protein family named mitochondrial anion carrier
proteins (MACP). They separate oxidative phosphorylation
from ATP synthesis with energy dissipated as heat, also
referred to as the mitochondrial proton leak. The expression
of UCPs is negatively correlated with AYpm in mammalian
cells. Intriguingly, there is accumulating evidence to
indicate a link between mitochondrial uncoupling proteins
and cancer in recent years. Derda’k et al. address the
potential role of UCP2 in cancer initiation [47]. They
observe that UCP2™"" mice develop more aberrant crypt
foci and colon tumors than UCP2 ** littermates. Another
important study performed by Claire et al. show that
UCP2™" cells display enhanced colony formation and
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hypoxia resistance, increased oxygen consumption, and
low ATP/cell content. In addition, the dysfunction of UCP2
does not result in a significant increase but a slight decrease
of ROS production in these cells [48]. As we know, CSCs
are the real initiators of tumorigenesis [1, 2]. At the same
time, increased capacity of colony formation [2], hypoxia
resistance [49], high rate of oxygen consumption, and low
ATP content per cell are all valid indicators of stem cell
competence [50]. Thus, one would presume that the
expression level of UCPs might be another molecular
candidate for the high Am in CSCs.

Conclusions and Perspectives

In recent years, mitochondrial and energy/metabolism-
related features of adult/embryonic stem cells have sparked
the interest of an increasing number of researchers [51-54].
It is thought that mitochondrial function and integrity may
affect stem cell viability, proliferative and differentiation
potential, and lifespan [54, 55]. Some well described
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features of stem cells include perinuclear mitochondrial
arrangement, low ATP content, high rate of oxygen
consumption, and low quantity of mitochondrial DNA.
Departures from this profile indicate that cells are differen-
tiating or perhaps becoming senescent [50-57]. Mitochon-
drial biogenesis and accumulation of much lower levels of
ROS are required for adult HSCs to remain quiescent and
retain their long-term self-renewal potential and multi-
potency [42, 58]. Studies during the past decade also have
shed light on some of the peculiarities of mitochondrial
function in cancer cells [59]. However, the intrinsic
association between energy/metabolism and the biological
characteristics of CSCs, the stem cell-like subpopulation in
cancer cells, remains unknown. According to current
research and some preliminary results, we suggest that the
Apm serves as an important indicator of intracellular
metabolic status in undifferentiated and tumorigenic CSCs.
In addition, it may differ from other subpopulations of
tumor tissues, such as committed cancer cells mingled with
normal epithelial cells (based on their Apm, from high to
low, we can order these three cell types like this: CSCs >
committed cancer cells > normal epithelial cells). Conse-
quently, by taking advantage of the cells’ own putative
functional hallmark, heterogeneity in Apm may provide an
attractive new tool to isolate CSCs from a tumor mass.
Indeed, this technology may lead to important new
advances in developmental cell biology. For example, using
Apm to sort cells, one may utilize proteomics technology
to analyze subpopulations for specific cellular markers and
drug targets.

The dissipation of Apm is also a critical event in
apoptosis, [10] and the cells with high intrinsic A{jpm
possess a stronger resistance to apoptotic inducers than
those cells with low Aypm [55]. Considering that CSCs are
resistant to apoptosis [60, 61], one might ask whether such
resistance correlates to CSCs’ intrinsic Apm and how this
value differs from that of committed or non-malignant cells.
A greater reduction is needed for those cells with high
intrinsic Aym to reach the dissipation threshold. This might
be another explanation for the results presented by Griguer
that the proportion of CD133 positive glioma cells (termed
glioma stem cells) is increased in the cell population after
the treatment of rotenone and EB [62].

In conclusion, we have described some potential
investigational and therapeutic uses of this technology. A
complete investigation of the role of Al heterogeneity in
cancer may lead to a wealth of additional therapeutic
possibilities.
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