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Cancer stem cells (CSCs) represent a subpopulation of tumor cells endowed with self-renewal capacity and are
considered as an underlying cause of tumor recurrence and metastasis. The metabolic signatures of CSCs and the
mechanisms involved in the regulation of their stem cell-like properties still remain elusive. We utilized nasopharyngeal
carcinoma (NPC) CSCs as a model to dissect their metabolic signatures and found that CSCs underwent metabolic shift
and mitochondrial resetting distinguished from their differentiated counterparts. In metabolic shift, CSCs showed a
greater reliance on glycolysis for energy supply compared with the parental cells. In mitochondrial resetting, the
quantity and function of mitochondria of CSCs were modulated by the biogenesis of the organelles, and the round-
shaped mitochondria were distributed in a peri-nuclear manner similar to those seen in the stem cells. In addition, we
blocked the glycolytic pathway, increased the ROS levels, and depolarized mitochondrial membranes of CSCs,
respectively, and examined the effects of these metabolic factors on CSC properties. Intriguingly, the properties of CSCs
were curbed when we redirected the quintessential metabolic reprogramming, which indicates that the plasticity of
energy metabolism regulated the balance between acquisition and loss of the stemness status. Taken together, we
suggest that metabolic reprogramming is critical for CSCs to sustain self-renewal, deter from differentiation and
enhance the antioxidant defense mechanism. Characterization of metabolic reprogramming governing CSC properties
is paramount to the design of novel therapeutic strategies through metabolic intervention of CSCs.

Introduction

Energy metabolism is an important physiology function for
cell survival or progression. Different types of cells may use dif-
ferent metabolic pathways. For example, fully differentiated adult
cells rely more on oxidative phosphorylation (OXPHOS) for
supply of ATP, while cancer cells rely more on anaerobic glycoly-
sis than on OXPHOS for energy supply even in normoxic condi-
tion. This special cancer metabolism was first recognized by Otto
Warburg as early as the 1920s." Several recent studies have shown
that stem cells, including embryonic stem cells (ESCs) and adult
stem cells, depend mostly on anaerobic metabolism for ATP sup-
ply, a phenomenon similar to that observed in cancer cells.” This
metabolic shift of stem cells was also found in induced-pluripo-
tent stem cells (iPSCs). Interestingly, during this process that
the somatic cells are converted into iPSCs, the upregulation of
the expression of glycolytic genes was found to be antecedent to

the expression of pluripotent markers. This implies that meta-
bolic switch is essential for the reprogramming processes of
iPSCs. In addition to a quick production of ATP, glycolysis can
provide metabolites to feed into pentose phosphate pathway and
offers a source of building blocks and reducing equivalents for
biosynthesis to meet the anabolic demands of stem cells for
growth.”®

Cancer stem cells (CSCs) or tumor-initiating cells refer to a
subset of tumor cells that are at the apex of the hierarchy and
construct phenotypic diversity within tumor masses.” These
CSCs exhibit self-renewal and differentiation capacity to persist
in tumors as a distinct population and may cause relapse and
metastasis of cancers. It remains to be clarified whether the
energy metabolism of CSCs is similar to that in normal stem
cells. Palorini et al. found that energy metabolism of a CSC-like
osteosarcoma cell line 3AB-OS is similar to that of normal stem
cells characterized by an increase of anaerobic glycolysis.'’
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Higher production of lactate, a glycolytic byproduct, was also
found in CSC-like ALDH 8" breast cancer cells."' However,
Vlashi et al. showed that CSCs of glioma relied mainly on
OXPHOS for energy supply.'? This suggests that the CSCs may
exhibit unique metabolic adaptation to oxidative stress, hypoxia,
normoxia and microenvironment.

Furthermore, reduction-oxidation (redox) homeostasis is
another critical issue for the balance between self-renewal and dif-
ferentiation of stem cells and CSCs, respectively.””'*' As com-
pared with differentiated cells, normal mammary epithelial stem
cells and hemopoietic stem cells have lower levels of reactive oxy-
gen species (ROS), which are important for their self-renewal
and deterrence from differentiation.'”"> Stem cells were reported
to have higher expression levels of antioxidant genes to dispose of
the ROS and protect cells from oxidative damage.'®'” Increase
in the ROS levels may coerce lineage-specific differentiation of
stem cells.'® Similar to the findings of normal stem cells, breast
CSCs were found to have lower levels of ROS compared with
non-tumorigenic cells.'” Cellular ROS may come from different
sources, and the majority are from the respiratory chain of mito-
chondria. Although stem cell research has attracted clinicians and
scientists in the past 2 decades, little is known pertaining to the
role of mitochondrial metabolism in the regulation of CSC
properties.

Accumulating evidence shows that nasopharyngeal carcinoma
(NPQ) cells with stem-like characteristics are able to self-renew,
propagate the tumor, and resist to standard anticancer thera-
pies.”?* In light of these observations, we used NPC as a model
to validate whether CSCs can withstand therapy and spawn
metastasis by virtue of their distinct metabolic signatures. The
ultimate goal of this study was to thoroughly dissect the key
events in energy metabolism of CSCs and provide clues to tackle
CSCs by metabolic interventions. Perturbing the survival skills of
CSCs through blockade of metabolic pathways might increase
the efficacy of the treatment of cancers.

Results

NPC CSCs undergo metabolic shift

Using a behavior selection approach, radioresistant cancer
cells were first harvested and their radioresistant phenotype was
verified (Fig. 1A). The clones with strong radioresistant capacity
formed compact spheres which expressed the stem cell self-
renewal markers, stage-specific embryonic antigen-3 (SSEA3),
and antigen-4 (SSEA4) (Fig. 1B). Expression of the ABC-trans-
porter ABCG2 was also increased (Fig. 1C). Radioresistant cells
capable of forming tumor spheres contained more CSC-like cells
and possessed a higher percentage of side population cells
(17.5%) when compared to their differentiated counterparts
(Figs. 1D and E).

CSCs obtained from behavior selection displayed elevated lev-
els of self-renewal markers SSEA3 and SSEA4 relative to parental
cells (Fig. 1F). CSCs also exhibited mesenchymal type of mor-
phology, which was distinctively different from the epithelial
type of parental NPC cells (Fig. 1G). This EMT process was
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accompanied by down-regulation of epithelial marker E-cadherin
and concomitant upregulation of mesenchymal markers, includ-
ing N-cadherin and vimentin (Fig. 1H; Fig. S1A). CSCs mani-
fested higher invasion capacity than did parental NPC cells
(Fig. 1I). The in vitro tumorigenicity assay also revealed that
CSCs formed more colonies in soft agar when compared with
their differentiated counterparts (Fig. 1]).

To unravel the metabolic hallmarks of CSCs, we investigated
possible pathways of energy metabolism in CSCs. The rates of
OCR (O, consumption rate)/ECAR (extracellular acidification
rate) of different CSC clones were lower than those of parental
cells (Fig. 2A; Fig. S1B), implying that these CSCs did not rely
much on mitochondrial respiration for energy supply. In agree-
ment with the OCR, the decrease of cytochrome ¢ oxidase
(CCO) staining substantiated the reduction of Complex IV activ-
ity of the respiratory chain in CSCs compared with the parental
cells (Fig. 2B; Fig. S1C). We then utilized 2-NBDG, a fluores-
cent deoxyglucose analog, to monitor glucose uptake and found
that the 2-NBDG uptake of CSCs was higher than that of the
parental cells (Fig. 2C; Fig. S1D). Likewise, CSCs excreted larger
amounts of lactate as a byproduct of anaerobic glycolysis than did
the parental cells (Fig. 2D). Nevertheless, the ATP levels of the
CSCs were not lower than those of the parental cells (Fig. 2E).
The high glucose uptake and lactate production rate of CSCs
suggests that the glycolytic flux was high enough to maintain the
energy status of CSCs.

In agreement with the high glycolytic flux of the CSCs, the
glycolysis-related proteins or enzymes were upregulated in CSCs.
Glycolysis-related enzymes, including glucose transporter 1
(GLUT1), hexokinase II (HK II) and glucose-6-phosphate
(GPI), were also elevated in CSCs compared with the parental
cells (Fig. 3A; Fig. S2A). Pyruvate dehydrogenase kinase (PDK),
which elicited the switch from aerobic metabolism to glycolysis,
was also upregulated in CSCs (Fig. 3A; Fig. S2A). On the con-
trary, pyruvate dehydrogenase (PDH) was down-regulated and
inactivated (phosphorylation of PDH on serine residue 293) in
CSCs compared with the parental cells (Fig. 3A; Fig. S2A). To
further examine the dependence of cells on glycolysis or mito-
chondrial respiration for ATP supply, cell viability was evaluated
by addition of 2-deoxyglucose (2-DG), a glycolytic inhibitor, or
oligomycin, an inhibitor of Complex V, to impair mitochondrial
respiration. The results showed that cell viability was significantly
decreased after treating CSCs with 2-DG (Fig. 3B) but no such
change by treatment with oligomycin (Fig. 3C). All these find-
ings implied that NPC CSCs predominately rely on glycolysis to

meet their energy demand and survival.

Mitochondrial resetting in CSCs

Morphological features of the mitochondrial network within
the parental cells and CSCs were considerably different in distri-
bution and shape. Regarding the intracellular distribution of
mitochondria, the organelles were distributed throughout the
cytoplasm in parental cells, while mitochondria were located at
the peri-nuclear region in CSCs (Fig. 4A). As to the ultra-struc-
tural morphology of mitochondria, CSCs displayed a signifi-
cantly higher percentage of small globules and linear tubules,
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Figure 1. Isolation of NPC CSC clones by behavior selection. (A) Survival fractions of TWO1 radioresistant clones and parental cells. TWO1 radioresistant
clone had significantly higher survival fraction than did parental cells. Imnmunofluorescent images reveal (B) specific embryonic antigen-3 (SSEA3),
SSEA4, and (C€) ABCG2 expressed in TWO1 tumor spheres. Scale bars in (B) and (C) indicate 10 wm. (D) TWO1 parental cells contained 0.1% side popula-
tion cells. (E) TWO1 tumor sphere cells possessed 17.5% side population cells. In (D and E), left plot shows cells incubated with Hoechst 33342; right plot
shows cells pre-incubated with fumitremorgin C to block the efflux of Hoechst 33342. (F) Expressions of SSEA3 and SSEA4 quantified by flow cytometry
were higher in TW01 CSCs than in TWO1 parental cells. (G) Cell morphology of TWO1 parental and CSC cells. Phase-contrast images on the left side reveal
epithelial type of TWO1 parental cells and mesenchymal type of CSCs. Scale bars indicate 100 wm. Immunofluorescence images on the right side indicat
the transition of epithelial (E-cad) and mesenchymal (Vim) markers in TWO1 parental cells and CSCs. Scale bars indicate 20 um. (H) Western blot con-
firmed the EMT of TWO01 CSCs at the protein level, with a-tubulin (a-tub) as the loading control. Epithelial marker (E-cad: E-cadherin) was downregulated,
while mesenchymal markers (N-cad: N-cadherin and Vim: vimentin) were upregulated in TW01 CSCs compared with the parental cells. (I) Transwell cell
invasion assay depicted greater invasion capacity of TW01 CSCs compared with that of the parental cells. (J) Soft agar assay indicated that TW01 CSCs
had higher clonogenic formation capacity than that in the parental cells. (PT: parental cells, RR: radioresistant clones, CSC: CSCs isolated by behavior
selection; *, P < 0.05; **, P < 0.01).

with a concomitant decrease in branched tubules compared with
somatic cells and parental cancer cells (Fig. 4B). The composi-
tion of mitochondrial subtypes did not show significant differen-
ces between parental cancer cells and somatic cells (Fig. 4B).
Interestingly, although mitochondrial respiratory function was
attenuated in CSCs, mitochondrial biogenesis was still active.
The expression levels of mitochondrial biogenesis-related genes
like mitochondrial DNA polymerase gamma (POLG), mito-
chondrial transcription factor A (TFAM), and peroxisome prolif-
erator-activated receptor gamma coactivator (PGC-1la), were all
increased in CSCs (Fig. 5A; Fig. S2B). The contents of
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mitochondrial DNA (mtDNA) and mitochondrial respiratory
enzyme subunits were significantly elevated in CSCs as compared
with those of the parental cells (Figs. 5B, C; Fig. $2C). However,
the mitochondrial mass of CSCs was lower than that of the
parental cells (Fig. 5D; Fig. S2D). Moreover, CSCs had lower
levels of intracellular H,O, and mitochondrial superoxide anions
(Fig. 5E; Figs. S2E and 3A), which seemed to be a results of high
levels of antioxidant enzymes including copper/zinc superoxide
dismutase (Cu/ZnSOD), manganese superoxide dismutase
(MnSOD), catalase, glutathione reductase (GR), and reduced
glutathione (Fig. 5F; Figs. S2F and S3A). The mitochondrial
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Figure 2. Metabolic shift in CSCs. (A) The O, consumption rate (OCR) was lower and the extracellular acidification rate (ECAR) was higher in TW01 CSCs
compared with those of the parental cells. The values of OCR and ECAR were determined after normalization to cell number. Right plot represents the
quantitative results of OCR/ECAR ratios which indicated lower mitochondrial respiration in 3 TWO01 CSC clones than that in TWO1 parental cells. TWO1
CSC clone #3 with the lowest OCR/ECAR ratio was chosen for further metabolic characterization in this study. (B) Cytochrome ¢ oxidase (CCO) activity
assay in TWO1 parental cells and CSCs was performed through histochemical staining. Faint brown color in cells indicates low CCO activity of TW01 CSCs.
Scale bars indicate 100 pm. (€) Immunofluorescence imaging observed by a confocal microscope (left; scale bars indicate 20 um) and quantified by
flow cytometry (right) of 2-NBDG uptake denoted the higher glucose uptake in TW01 CSCs compared with that in TWO1 parental cells. (D) TW01 CSCs
had higher levels of lactate production than did TWO1 parental cells. (E) Intracellular ATP content in TW01 CSCs was higher than that in the parental cells.

membrane potential (Am) of CSCs was also higher than that of
the parental cells (Fig. 5G; Fig. S3B). These findings indicate
that CSCs underwent mitochondrial resetting to possess unique
metabolic signatures similar to the characteristics of stem cells.

CSCs reprogram and de-reprogram into precise bioenergetic
states upon derivation and differentiation processes

To track the metabolic changes during selection and differen-
tiation process, we infected lentivirus vector harboring Oct4 pro-
moter-driven GFP reporter to observe the stemness status of
NPC cells (Fig. 6A). As expected, Oct4-GFP expression was
gradually increased during behavior selection process of CSCs
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(Fig. 6B, upper left panel). We then measured the metabolic pro-
files of these cells. The results showed that the OCR/ECAR ratio
was decreased (Fig. 6B, upper right panel), intracellular ROS lev-
els were decreased (Fig. 6B, lower left panel), and mitochondrial
membrane potential was increased (Fig. 6B, lower right panel)
during the selection process. On the contrary, the expression of
Oct4-GFP was attenuated during the spontaneous differentiation
process (Fig. 6C, upper left panel). The OCR/ECAR ratio
(Fig. 6C, upper right panel) and intracellular ROS levels
(Fig. 6C, lower left panel) were increased but mitochondrial
membrane potential was decreased after differentiation (Fig. 6C,
lower right panel). These metabolic profile changes signified the
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Figure 3. CSCs were dependent on glycolysis for major supply of energy. (A) GLUT1, HK II, GPI, p-PDH (5293), and PDK were upregulated while PDH was
down-regulated in TW01 CSCs. (B) 2-deoxyglucose (2-DG) was used to measure the extent of dependence on glycolysis for ATP of TW0O1 CSCs and the
parental cells, respectively. Lower cell viability was detected in CSCs after treatment with the glycolytic inhibitor 2-DG compared with the parental cells.
(€) Oligomycin was used to measure the extent of dependence on mitochondrial respiration and OXPHOS of TW01 CSCs and the parental cells. No signif-
icant differences of cell viability were observed between the parental cells and CSCs after oligomycin treatment. (¥, P < 0.05; **, P < 0.01).

importance of modulation of a precise bioenergetic state of CSCs
in order to acquire and maintain the self-renewal state and pro-
ceed to cell differentiation.

Dysfunction of metabolic reprogramming leads to
impairment of CSC properties

To find out whether metabolic reprogramming contributes to
CSC properties, we modulated the metabolic states of CSCs
comparable to that of the parental cells. By titration of 2-DG,
H,0,, and FCCP, respectively, we were able to optimize the
dose of each compound to manipulate the levels of lactate pro-
duction rate, intracellular ROS, and mitochondrial membrane
potential of CSCs to match those of the parental cells (Figs.
S4A-C). These treatments did not induce apoptosis of non-
CSCs such as normal skin fibroblasts and parental NPC cells
(Fig. $4D). 2-DG, H,0,, and FCCP respectively retarded
anchorage-independent growth of CSCs in soft agar assay and
anoikis resistance in tumor sphere assay (Figs. 7A and B). CSCs
exhibited greater radioresistant and chemoresistant capacity rela-
tive to parental cells (Figs. 7C and D). However, treatment of
CSCs with 2-DG or H,O, increased their radiosensitivity and
chemosensitivity, suggesting that 2-DG and H,0O, may serve as
sensitizers of CSCs to therapeutic agents and irradiation, respec-
tively (Figs. 7C and D). Moreover, 2-DG and FCCP signifi-
cantly reduced the migration and invasion capacity of CSCs
(Figs. 7E and F). These results have strengthened the importance
of the metabolic signatures of CSCs and suggest that metabolic
intervention may be able to directly affect the survival advantages

of CSCs.

Discussion

The origin of CSCs remains controversial. It may originate
from the pre-existing stem cells bearing the intrinsic stemness or
from differentiated neoplastic cells after acquiring extrinsic stem-
ness properties.23 7 In this study, we utilized the behavior selec-
tion method to isolate the pre-existing CSCs. These CSCs
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displayed the metabolic shift and mitochondrial resetting into
precise bioenergetic states and lost their unique metabolic pheno-
types after differentiation (Figs. 6 and 8). Although cancer cells
produce energy mainly by glycolysis, CSCs exhibit more pro-
nounced Warburg effect compared with differentiated neoplastic
cells (Fig. 2; Fig. S1). Therefore, blocking the energy production
by 2-DG significantly reduced the viability of NPC CSCs
(Fig. 3B). This observation is consistent with the phenotypes of
many malignant tumor cells and stem cells.>'®'"*® This pro-
nounced Warburg effect may channel plenty of glycolytic inter-
mediates into the pentose phosphate pathway to furnish
nucleotide precursors required for anabolic metabolism and
growth of CSCs.

In addition, NPC CSCs underwent a subtle mitochondrial
resetting including redistribution and reconstruction of mito-
chondria after reprogramming. In terms of mitochondrial
redistribution, the organelles were changed from wide distri-
bution over the cell periphery to a peri-nuclear pattern
(Fig. 4A), possibly because most of the mitochondrial genes
reside in the nucleus. The peri-nuclear distribution is benefi-
cial for the translocation of mitochondria-targeting polypepti-
des to form functional mitochondria.”® Tt can also enhance
the efficiency of the transport of ATP from mitochondria to
the nucleus.”” By further scrutiny of mitochondrial architec-
ture within CSCs, we unveiled that representative mitochon-
dria of CSCs inclined to small globular and simple tubular
shapes, while branched network of elongated mitochondria
were reduced in CSCs compared with non-tumorigenic cells
(Fig. 4B). These small fragmented globular mitochondria in
CSCs may undergo mitophagy or fusion to form simple
tubular mitochondria. Nevertheless, CSCs still contain less
branched tubules of mitochondria which came from inter-
mitochondrial end-to-end or side-to-side fusion, implying
that CSCs are lack of mature and functionally active mito-
chondria. The mitochondrial composition and cellular distri-
bution of CSCs are closer to those of iPSCs and ESCs.”
Upon reprogramming process, the mitochondria of iPSCs
were changed from an elongated tubular morphology to a
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Fol-
lowing spontaneous differentiation, the mitochondrial mor-
phology of differentiated iPSCs manifests elongated tubular
shape and fully-developed cristae similar to those of somatic
cells.” These observations suggest that mitochondria of CSCs

round-shaped structure and peri-nuclear polarization.3

exhibited ultra-structural morphology and intracellular distri-
bution similar to those of stem cells. Besides, the mitochon-
drial fission was also reported to be capable of inducing
glycolytic reprogramming in the transformation of normal
fibroblasts to cancer-associated fibroblasts by virtue of NF-kB
activation.>® The relationship between mitochondrial fission
and glycolytic shift in CSCs merits further investigation.
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For reconstruction of mitochondria, the quantity and quality
of mitochondria in CSCs are dictated by the balance between
mitochondrial biogenesis and mitochondrial turnover. Mito-
chondrial biogenesis is crucial for replenishing damaged and
degraded mitochondria. Transcription of mtDNA  requires
nuclear DNA-encoded TFAM and POLG with its accessory sub-
unit POLG2.?! PGC-1 family members, PGC-1at and PGC-1,
and NRF1 drive mitochondrial gene expression. Moreover,
PGC-la binds to NRF1 to activate TFAM and enhance the
expression of NRF1 to construct positive feedback loops.*>
These biogenesis-related factors were upregulated in NPC CSCs
(Fig. 5A; Fig. S2B) and resulted in an increase of mtDNA copy
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number (Fig. 5B) and
more polypeptides con-
stituting mitochondrial
respiratory enzymes
(Fig. 5C; Fig. S2C).
These results are in line
with the report that the
increase of mtDNA con-
tent is positively corre-
lated with the tumor
stages in head and neck
cancers.>? Increased
mitochondrial biogene-
sis may be an adaptation
of tumor cells to cope
with mtDNA mutations
and decline of respira-
tory function in late-
stage cancers.’ * Never-
theless, the post-transla-
tional modifications on
respiratory enzyme com-
plexes are crucial for the
control of their activi-
ties. Various post-trans-
lational  modifications
including  acetylation,
phosphorylation, ADP-
ribosylation,  nitrosyla-
tion, and oxidation of
constituent polypeptides
of respiratory enzyme
complexes, have been
reported to be associated
with alterations of Com-
plex I, Complex IV, and
Complex V activities.”
*3 The NADT-depen-
dent deacetylase activity
of sirtuin-3 (Sirt3), has
been demonstrated to be
able to regulate mito-
chondrial oxidative
metabolism through
deacetylation of mito-
chondrial enzymes and
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. 44,45

proteins. Skeletal sent nuclear DNA-encoded polypeptides of respiratory enzymes. B-actin was used as the loading control. (D) By nonyl acridine
muscle of Sirt3 knock- orange (NAO) fluorescent dye staining, lower mitochondrial mass was found in TW01 CSCs compared with that in TW01 paren-
out mice manifested tal cells. (E) Intracellular H,O, and mitochondrial superoxide anions were comparatively lower in TWO1 CSCs. H,DCFDA was

attenuated oxygen con-
sumption.45 We specu-
late that downregulation
of Sirt3 may explain
why CSCs  contain

used to measure the intracellular level of H,O, and MitoSOX was used to measure the levels of superoxide anions in mitochon-
dria. (F) Antioxidant enzymes were upregulated in TWO1 CSCs. B-actin was used as the loading control. (G) Immunofluores-
cence imaging observed by a confocal microscope (left; scale bars indicate 20 wm) and quantified by flow cytometry (right) of
TMRM depicted the higher mitochondrial membrane potential in TW01 CSCs compared with TWO1 parental cells. (¥, P < 0.05;

** P < 0.01).

abundant m¢DNA and COX4 protein in mitochondria but their
respiration rates appear to be restrained in regular culture

condition (data not shown). To cope with the stringent growth
condition, quiescent CSCs may employ post-translational
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modifications on specific mitochondrial enzyme complexes to
transform themselves into more active states. These reversible
post-translational modifications may allow CSCs to sustain more
metabolic plasticity in response to perpetual or acute energy
requirement.

Another prominent metabolic features of NPC CSCs are the
low ROS level and high Aym (Figs. 5E, G; Figs. S2E and S3),
which are consistent with previous reports of CSCs.®%
Enhanced antioxidant defense mechanisms (Fig. 5F; Fig. S2F
and S3A) leading to low ROS levels may confer survival advan-
tage for the CSCs such as radioresistance and chemoresistance
(Figs. 7C and D).'? As mitochondrial respiration is the major
intracellular sources of ROS, high dependence on glycolysis in
CSCs may also protect themselves from accumulating ROS
(Fig. 2; Fig. S1). Glycolysis may also enhance the antioxidant
defenses through providing NADPH by glucose-6-phosphate
dehydrogenase (G6PD) for the re-generation of the key small-
molecular-weight antioxidant, reduced glutathione, by glutathi-
one reductase (Fig. 5F; Figs. S2F and S3A). ROS can lead to
mitochondrial depolarization, thus low ROS in CSCs may main-
tain the membrane integrity and high Aym of mitochondria
(Fig. 5G; Fig. S3B).*® Considering that mitochondrial depolari-
zation is required for fusion events, CSCs may also manifest a
hyperpolarized mitochondria owing to their non-fused and frag-
mented mitochondrial hallmark (Fig. 4B). Furthermore, down-
regulation of mitochondrial uncoupling proteins (UCPs) may
also contribute to the high Aym and low ROS levels, which leads
to the maintenance of the malignancy of CSCs.” Besides, it was
reported that Aym is a key factor for ESCs to the differentiation
or formation of teratoma. High Ayym ESCs were found to be
prone to developing teratoma, while reducing the A{yym could
inhibit tumor grovvth.49

We could turn off the metabolic switch by treatment of CSCs
with 2-DG (Fig. S4A), increasing ROS levels by H,O,
(Fig. S4B), and depolarizing mitochondrial membranes by
FCCP (Fig. $4C), respectively. Importantly, these alterations in
core metabolism suppressed the CSC properties, such as resis-
tance to anticancer therapy, self-renewal capacity, tumor initia-
tion capacity, and metastatic potential in NPC CSCs (Fig. 7).
These findings indicate that CSCs may utilize their unique meta-
bolic signatures to sustain their stemness state and strengthen
their defense mechanism (Fig. 8). Loss of these metabolic signa-
tures not only affects the plasticity of CSCs to adjust themselves
to cope with the extrinsic and intrinsic stress but also compels
CSCs to differentiate by directly tackling the nexus of CSC
properties.

In this study, we have provided the proof-of-concept from the
in-depth studies of possible targeting of CSCs by metabolic inter-
ventions. We uncovered that certain metabolic signatures distin-
guished CSCs from their differentiated progenies. The regulation
of metabolic plasticity enables self-renewal and differentiation of
CSCs. This reprogramming of energy metabolism delicately reg-
ulates the stemness properties and the survival advantages of
CSCs. Further studies are warranted to elucidate how the meta-
bolic reprogramming is regulated in CSCs, which may enlighten
future development of novel strategies for treatment of cancers.

www.tandfonline.com

Materials and Methods

Cell culture
Human NPC cell lines TW01 and HONE-1 were used in this
study.”®®" These cancer cells were cultured in complete

Dulbecco’s Modified Eagle Medium (DMEM), supplemented
with 1% sodium pyruvate, 1% non-essential amino acids, 1%
penicillin (10,000 U/mL) and streptomycin sulfate (10,000 g/
mL), and 10% fetal bovine serum (FBS) (all purchased from
Invitrogen, Carlsbad, CA) at a 37°C incubator with humidified
5% CO,.

Derivation and differentiation of CSCs

To acquire a high ratio of CSCs from NPC parental cells, we
developed a behavior selection method as described previ-
ously.”! Briefly, the parental NPC cells were selected sequen-
tially by irradiation treatment, sphere formation, and side
population selection. Firstly, irradiation selection was per-
formed as described previously.’* Radioresistant clones were
selected after 4 rounds of 11 Gy irradiation at 37.9 mGy/s by
using a Rad Source RS 2000 X-ray biological irradiator (Rad
Source Technologies, Inc., Suwanee, GA), and the selected
radioresistant cells were then subjected to tumor sphere selec-
tion as described previously.’® Cells were seeded into a petri-
dish coated with 0.4% soft agar containing serum-free DMEM.
The soft surface prevented the cells from attaching to the dish
and formed tumor spheres after 10 d. Finally, CSCs were iso-
lated with side population selection by using the cells obtained
from tumor sphere selection. The side population selection was
performed as described previously.”” The cell density was
adjusted to 10° cells/mL with DMEM supplemented with 2%
FBS and 5 wM Hoechst 33342 (Sigma-Aldrich, St. Louis,
MO) and the cells were allowed to grow for 90 min at 37°C.
Control cells were incubated with 10 uM fumitremorgin C
(FTC, Sigma-Aldrich) for 30 min at 37°C prior to and during
Hoechst 33342 staining. After washing twice with PBS, propi-
dium iodide (PI) (2 pg/mL, Sigma-Aldrich) staining was used
to exclude dead cells. Cells were kept at 4°C in the dark and
then subjected to isolation by a BD FACSAria flow cytometer
(BD Biosciences, San Jose, CA). A subpopulation of cells would
extrude the Hoechst dye through ATP-binding cassette (ABC)
transporters and demonstrated low fluorescence expression.
However, FTC can hamper the ABC transporters leading to
efflux inhibition. The subpopulation cells would then manifest
high fluorescence when treated with FTC to hinder the efflux
of Hoechst dye. We thus compared the fluorescence pattern of
dot plots with and without the addition of FTC to designate
and isolate this subpopulation cells (so-called side population).
To initiate spontaneous differentiation, we used CSCs to form
tumor spheres under non-adherent conditions and the spheres
were then transferred onto a dish coated with a complete
medium according to a protocol for stem cell 77 vitro differenti-
ation.”® Cells within the spheres would start migrating out and
undergoing differentiation. Production and infection of Oct4-
GFP viruses were performed as described previously.”'
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Figure 6. Transition of metabolic states upon derivation and differentiation of CSCs. (A) To vali-
date the stem cell competence, TWO1 cells were first infected with Oct4 promoter-driven GFP
reporter to indicate the stemness. Images indicate that CSCs expressed GFP fluorescence, whereas
the parental cells did not. Scale bars indicate 20 wm. (B) The upper left plot shows that increasing
Oct4-GFP intensity was detected by flow cytometry from PT, RR, RR+TS, to CSC cells, indicating
the elevated percentage of CSCs in the selection process. Other plots indicate the changes of the
OCR/ECAR ratio (upper right), intracellular ROS (lower left), and mitochondrial membrane potential
(lower right) of indicated cells during the selection process. During the differentiation processess,
(C) upper left plot shows gradually decreasing Oct4-GFP intensity of CSCs from day 1 to day 7.
Other plots indicate the changes of the OCR/ECAR ratio (upper right), intracellular ROS (lower left),
and mitochondrial membrane potential (lower right) of CSCs during the differentiation process.
RR: TWO1 parental cells after irradiation selection; RR+TS: TWO1 parental cells after irradiation and
tumor sphere selection; CSC: TWO1 parental cells after full behavior selection. D1, D3, D5, D7, indi-
cate TWO01 CSC underwent differentiation on day 1, day 3, day 5, and day 7, respectively.
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Measurement of oxygen consumption
and extracellular acidification rate

The oxygen consumption rate (OCR)
and the extracellular acidification rate
(ECAR) were measured with a Seahorse
XF-24  extracellular flux
described by Qian and van Houten.
Before assay, the medium had been replen-
ished with un-buffered DMEM for 30 min
at 37°C to stabilize the pH and tempera-
ture. OCR denotes mitochondrial respira-
tion rate and ECAR represents the rate of
lactate production by glycolysis of the cells.

analyzer as
55

Cytochrome ¢ oxidase (CCO) staining

To measure the CCO activity, we per-
formed the CCO activity staining based on
the utilization of 3,3’-diaminobenzidine
(DAB) as an acceptor of electrons from
cytochrome ¢. Cells were washed twice
with the SP buffer (7.5% sucrose in
50 mM phosphate buffer), and were incu-
bated with 1 mg/mL cytochrome ¢ solution
(Sigma-Aldrich) at 37°C. After 20 min,
cells were washed twice with the SP buffer
and were then incubated with 2.7 mg/mL
DAB solution at 37°C for 2 hr. The images
of stained cells were captured by a Dino-
Lite microscope eye-piece camera (Dino-
Lite, Naarden, Netherlands).

Glucose uptake assay

For glucose uptake assay, a fluorescent
glucose analog was used to monitor glucose
uptake in live cells. Cells were first grown
overnight and replenished with a glucose-
free medium. To the medium, a final con-
centration of 100 pM  of  2-(N-
(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-
2-deoxyglucose (2-NBDG, Invitrogen) was
added and the cells were incubated for 2 hr
at 37°C. The fluorescence intensity of the
2NBDG transported to the cells was ana-
lyzed with a flow cytometer (Cytomics
FC500, Beckman Coulter, Fullerton, CA)
and captured by the Olympus FV10i con-
focal microscope (Olympus America Inc.,
Center Valley, PA).

Measurement of lactate production rate
Cells were washed with PBS and replen-
ished with a fresh medium for 5 hr of incu-
bation at 37°C. We then transferred 10 pL
medium to each of the 96-well dishes and
the medium was mixed with the lactate

reagent (Trinity Biotech Plc.,, Bray,
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Figure 7. Suppression of CSC properties via manipulating the core metabolism of CSCs. (A) 2-DG, H,0,, and FCCP treatments, respectively, significantly
reduced the tumor sphere formation of TW01 CSCs. The left panel shows phase-contrast images of tumor sphere formation. Scale bars indicate 100 wm.
The right histogram shows quantitative data of tumor sphere formation. (B) Treatments with 2-DG, H,0,, and FCCP, respectively, hindered significantly
the clonogenic formation of TW0O1 CSCs as assessed by soft agar assay. 2-DG and H,0, increased (C) the radiosensitivity and (D) the chemosensitivity of
TWO1 CSCs. Relative percentages of viable cells of TWO1 parental cells and CSCs were compared to the basal levels of parental cells or CSCs without any
treatment, including 2-DG, H,0,, FCCP, radiotherapy or chemotherapy. Statistically significant differences were determined when compared to the con-
trol groups of indicated cells treated with radiotherapy or chemotherapy but without 2-DG, H,0,, and FCCP treatment. Treatment of TW01 CSCs with 2-
DG and FCCP, respectively, significantly repressed (E) the migration capacity of TWO1 CSCs measured by a wound healing migration assay and (F) inva-
sion capacity of TWO1 CSCs in the transwell cell invasion assay. (¥, P < 0.05; **, P < 0.01).

Ireland). The absorbance at 540 nm was recorded on an Infin-
ite® 200 multimode microplate reader (Tecan Group Ltd.,
Mannedorf, Switzerland). The lactate production rate was calcu-
lated based on the absorbance and was normalized by the cell
number and incubation time.

Measurement of the intracellular ATP content

The intracellular ATP content was measured by using the
adenosine 5'-triphosphate (ATP) Bioluminescent Somatic
Cell Assay Kit (Sigma-Aldrich) as described previously.% To

www.tandfonline.com

release the intracellular ATP, the cells were trypsinized and
50 pl of the cell suspension was then mixed with 150 pl
Somatic Cell Releasing Reagent. Half of the mixture was
subsequently transferred into a black OptiPlate-96F 96-well
plate (Perkin-Elmer, Waltham, MA), which contained
100 pl of the ATP Assay Mix. The luminescence intensity
was analyzed by a Victor” 1420 Multi-label counter (Perkin-
Elmer). The intracellular ATP content was calculated from
the intensity of luminescence and was normalized by the
cell number.
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Morphological subtyping of mitochondria

Cells were replenished with a fresh medium containing
100 nM MitoTracker Green (Invitrogen) for 20 min incubation
at 37°C and then in the PBS containing 5 pg/ml CellMask™
Deep Red plasma membrane stain (Invitrogen) for 10 min incu-
bation at 37°C. Cell images were taken with the Olympus
FV10i confocal microscope (Olympus America Inc.) and ana-
lyzed by Micro-P software according to the area, axial, and
length/width of individual mitochondrion.”” The Micro-P algo-
rithm classified mitochondrial morphology into 6 representative
subtypes: type 1: small globules — small round shaped and frag-
mented globules; type 2: swollen globules — large round and
irregular-shaped globules; type 3: straight tubules — linear tubules
with varied lengths; type 4: twisted tubules — curved tubules with
varied lengths; type 5: loops — donuts and horseshoes-shaped
tubules; and type 6: branched tubules — branched tubules with
varied lengths.””

Determination of mitochondrial mass

Cells were pre-incubated with a 2.5 pM nonyl acridine
orange (NAO, Invitrogen) for 10 min at 25°C in the dark and
harvested in a solution containing 5 mM KCl, 140 mM NaCl,
2mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 5 mM
HEPES buffer (pH 7.4). The fluorescence intensity was analyzed
on a flow cytometer (Cytomics FC500, Beckman Coulter).

Mitochondrial membrane potential (Ayim)

Cells were pre-incubated with 100 nM of the tetramethylr-
hodamine methyl ester (TMRM) fluorescent dye (Invitrogen) for
30 min at 37°C. The fluorescence intensity was recorded on the
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Cytomics FC500 flow cytometer (Beckman Coulter) and cap-
tured by the Olympus FV10i confocal microscope (Olympus
America Inc.).

Measurement of reactive oxygen species (ROS)
and antioxidants

Cells were incubated with DMEM containing 40 uM 2/,7'-
dichlorofluorescin diacetate (H,DCFDA, Invitrogen) or Mito-
SOX Red for 15 min at 37°C. H,DCFDA was used for the
determination of intracellular H,O, while MitoSOX Red was
used to measure the mitochondrial levels of superoxide anions.
The fluorescence intensities of FL1 channel for H,DCFDA stain-
ing and FL2 channel for MitoSOX Red staining, respectively,
were recorded on the Cytomics FC500 flow cytometer (Beckman
Coulter) and captured by using the Olympus FV10i confocal
microscope (Olympus America Inc.). For the evaluation of the
cellular level of reduced glutathione (GSH), cells were stained
with 8 pg/mL VitaBright-48 (VB48; ChemoMetec A/S, Allerad,
Denmark) for 5 min at 37°C.>® Fluorescent intensity of VB48
was captured by using laser excitation at 405 nm and emission at
475/25 nm of Olympus FV10i confocal microscope (Olympus
America Inc.).

Statistical analysis

All data are presented as mean & SD. Statistical analysis was
performed by using Student’s # test and a difference between
groups with P < 0.05 is considered significant.
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