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Dodecyl-TPP Targets Mitochondria
and Potently Eradicates Cancer Stem
Cells (CSCs): Synergy With
FDA-Approved Drugs and Natural
Compounds (Vitamin C and
Berberine)

Ernestina Marianna De Francesco, Béla Ozsvari, Federica Sotgia* and Michael P. Lisanti*

Translational Medicine, Biomedical Research Centre, School of Environment and Life Sciences, University of Salford,
Greater Manchester, United Kingdom

Elevated mitochondrial biogenesis and/or metabolism are distinguishing features of
cancer cells, as well as Cancer Stem Cells (CSCs), which are involved in tumor initiation,
metastatic dissemination, and therapy resistance. In fact, mitochondria-impairing agents
can be used to hamper CSCs maintenance and propagation, toward better control
of neoplastic disease. Tri-Phenyl-Phosphonium (TPP)-based mitochondrially-targeted
compounds are small non-toxic and biologically active molecules that are delivered
to and accumulated within the mitochondria of living cells. Therefore, TPP-derivatives
may represent potentially “powerful” candidates to block CSCs. Here, we evaluate
the metabolic and biological effects induced by the TPP-derivative, termed Dodecyl-
TPP (d-TPP) on breast cancer cells. By employing the 3D mammosphere assay in
MCF-7 cells, we demonstrate that treatment with d-TPP dose-dependently inhibits the
propagation of breast CSCs in suspension. Also, d-TPP targets adherent “bulk” cancer
cells, by decreasing MCF-7 cell viability. The analysis of metabolic flux using Seahorse
Xfe96 revealed that d-TPP potently inhibits the mitochondrial oxygen consumption rate
(OCR), while simultaneously shifting cell metabolism toward glycolysis. Thereafter, we
exploited this ATP depletion phenotype and strict metabolic dependency on glycolysis to
eradicate the residual glycolytic CSC population, by using additional metabolic stressors.
More specifically, we applied a combination strategy based on treatment with d-TPP, in
the presence of a selected panel of natural and synthetic compounds, some of which are
FDA-approved, that are known to behave as glycolysis (Vitamin C, 2-Deoxy-Glucose) and
OXPHOS (Doxycyline, Niclosamide, Berberine) inhibitors. This two-hit scheme effectively
decreased CSC propagation, at concentrations of d-TPP toxic only for cancer cells,
but not for normal cells, as evidenced using normal human fibroblasts (WTERT-BJ1) as
a reference point. Taken together, d-TPP halts CSCs propagation and targets “bulk”
cancer cells, without eliciting the relevant undesirable off-target effects in normal cells.

Frontiers in Oncology | www.frontiersin.org

5 August 2019 | Volume 9 | Article 615


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2019.00615
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2019.00615&domain=pdf&date_stamp=2019-08-07
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:fsotgia@gmail.com
mailto:michaelp.lisanti@gmail.com
https://doi.org/10.3389/fonc.2019.00615
https://www.frontiersin.org/articles/10.3389/fonc.2019.00615/full
http://loop.frontiersin.org/people/558986/overview
http://loop.frontiersin.org/people/269370/overview
http://loop.frontiersin.org/people/269289/overview

De Francesco et al.

Dodecyl-TPP Targets Mitochondria in CSCs

These observations pave the way for further exploring the potential of TPP-based
derivatives in cancer therapy. Moreover, TPP-based compounds should be investigated
for their potential to discriminate between “normal” and “malignant” mitochondria,
suggesting that distinct biochemical, and metabolic changes in these organelles could
precede specific normal or pathological phenotypes. Lastly, our data validate the
manipulation of the energetic machinery as useful tool to eradicate CSCs.

Keywords: Tri-Phenyl-Phosphonium (TPP), Cancer Stem Cells (CSCs), mitochondria, cancer therapy, vitamin C,
Doxycycline, cancer metabolism, metabolic plasticity

INTRODUCTION

Intact and enhanced metabolic function are necessary to
support the elevated bioenergetic and biosynthetic demands of
cancer cells toward tumor growth and metastatic dissemination
(1, 2). Not surprisingly, mitochondrially-dependent metabolic
pathways provide an essential biochemical platform for cancer
cells, by extracting energy from several distinct fuels sources (3).

Recently, energetic metabolism and mitochondrial
function have been linked to certain dynamics involved in
the maintenance and propagation of Cancer Stem Cells (CSCs),
which are a distinct cell sub-population, within the tumor mass,
involved in tumor initiation, metastatic spread and resistance
to anti-cancer therapies (3-9). For instance, CSCs show a
peculiar and unique increase in mitochondrial mass, as well as
enhanced mitochondrial biogenesis and higher activation of
mitochondrial protein translation, suggestive of a strict reliance
on mitochondrial function (10-13).

Consistent with these observations, elevated mitochondrial
metabolic function, and OXPHOS have been detected in CSCs,
across multiple tumor types (10-13). Likewise, the fluorescent
mitochondrial dye, MitoTracker, has been used to enrich and
purify CSCs, due to its ability to accumulate in and distinguish
between different cancer cell sub-populations, characterized by
a higher degree of anchorage-independent growth and higher
tumor-initiating capability (10). During asymmetric cell division,
“newly-synthesized” mitochondria are clustered within daughter
cells, that retain stem-like phenotype. In contrast, daughter
cells committed to differentiation, progressively loose stem traits
because they receive older, less-efficient mitochondria. This
observation further supports the idea that the most functionally
viable and undamaged mitochondria, are selected for supporting
stemness traits in cancer cells (14).

Based on these observations, novel pharmacological
approaches aimed at targeting mitochondria in CSCs have
been proposed and successfully applied in pre-clinical and
clinical studies (15-23). For instance, the antibiotic Doxycycline,
which decreases mitochondrial protein translation as an off-
target effect, has been suggested for repurposing in the clinical
management of early breast cancer patients for its ability to
selectively target CSCs (21). In addition, compounds carrying
a Tri-Phenyl-Phosphonium (TPP) moiety, that serves as a
Mitochondria Targeting Signal (MTS), have been shown to elicit
selective inhibitory actions in cancer cells, and CSCs, but not in
normal cells (24).

Nevertheless, certain limitations restrain the use of solely anti-
mitochondrial agents in cancer therapy, as adaptive mechanisms
can be adopted in the tumor mass, to overcome the lack of
mitochondrial function (3, 25). These adaptive mechanisms
include the ability of CSCs to shift from oxidative metabolism
to alternate energetic pathways, in a multi-directional process of
metabolic plasticity driven by both intrinsic and extrinsic factors
within the tumor cells, as well as in the surrounding tumor
stroma or niche (7, 26, 27). Notably, in CSCs the manipulation
of such metabolic flexibility can be advantageous to enhance
therapeutic efficacy (23, 26). For instance, synchronizing CSCs
toward certain metabolic dependencies, thus blocking their
ability to shift among several energetic pathways, may represent
a useful strategy toward CSC eradication (23, 26).

Herein, we provide evidence that the TPP derivative dodecyl-
TPP (d-TPP), acting as a potent inhibitor of mitochondrial
function, selectively and preferentially targets cancer cells and
CSCs. As a proof of concept, we show that pharmacological
strategies based on the combined use of mitochondrial (i.e., d-
TPP) and glycolysis inhibitors (i.e., Vitamin C), efficiently hinder
CSCs propagation.

MATERIALS AND METHODS

Materials

Dodecyl-tri-phenyl-phosphonium (d-TPP) bromide,
Doxycycline, Ascorbic Acid, 2-Deoxy-D-glucose (2-DG),
Berberine Chloride, and Niclosamide were all purchased
from Sigma Aldrich. All compounds were dissolved in
DMSO (Dimethyl Sulfoxide), except Ascorbic Acid and
2-deoxy-D-glucose (2-DG), which were dissolved in cell
culture medium.

Cell Cultures

MCF7 and MDA-MB-231 breast cancer cells were obtained from
the ATCC. Human immortalized fibroblasts (hnTERT-BJ1) were
originally purchased from Clontech, Inc. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM), supplemented
with 10% FBS (fetal bovine serum), 2 mM GlutaMAX, and 1%
Pen-Strep in a 37°C humidified atmosphere containing 5% CO,.

Mammosphere Formation

A single cell suspension of MCF-7 or MDA-MB-231 cells was
prepared using enzymatic (1x Trypsin-EDTA, Sigma Aldrich),
and manual disaggregation (25 gauge needle) (28). Cells were
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then plated at a density of 500 cells/cm? in mammosphere
medium (DMEM-F12/ B27/EGF(20-ng/ml)/PenStrep) under
non-adherent conditions, in culture dishes coated with (2-
hydroxyethylmethacrylate) (poly-HEMA, Sigma Aldrich), in
the presence of treatments, as required. Cells were grown for
5 days and maintained in a humidified incubator at 37°C
at an atmospheric pressure in 5% (v/v) carbon dioxide/air
mixture. After 5 days for culture, spheres >50 um were counted
using an eye-piece (graticule), and the percentage of cells
plated which formed spheres was calculated and is referred
to as percentage mammosphere formation. Mammosphere
assays were performed in triplicate and repeated three
times independently.

Seahorse XFe-96 Metabolic Flux Analysis
Extracellular acidification rates (ECAR) and real-time oxygen
consumption rates (OCR) for MCF-7 cells were determined using
the Seahorse Extracellular Flux (XFe-96) analyzer (Seahorse
Bioscience) (11). Briefly, 15,000 MCEF-7 cells per well were
seeded into XFe-96 well cell culture plates, and incubated
overnight to allow attachment. Cells were then treated with
increasing concentrations of d-TPP (50-500nM) for 24h.
Vehicle alone (DMSO) control cells were processed in parallel.
Then, cells were washed in pre-warmed XF assay media (or
for OCR measurement, XF assay media supplemented with
10 mM glucose, 1 mM Pyruvate, 2 mM L-glutamine, and adjusted
at 7.4 pH). Cells were then maintained in 175 pL/well of
XF assay media at 37C, in a non-CO, incubator for 1h.
During the incubation time, 5 WL of 80 mM glucose, 9 pM
oligomycin, and 1 M 2-deoxyglucose (for ECAR measurement)
or 10uM oligomycin, 9pM FCCP, 10 .M Rotenone, 10 uM
antimycin A (for OCR measurement), were loaded in XF
assay media into the injection ports in the XFe-96 sensor
cartridge. Data sets was analyzed using XFe-96 software and
afterwards the measurements were normalized by protein
content (via the SRB assay). All experiments were performed
three times independently.

Sulphorhodamine B Assay

Protein content in viable cells was assessed in MCF-7 and hTERT-
BJ1 cells, by using the sulphorhodamine (SRB) assay, based on the
measurement of cellular protein content. After treatment with
d-TPP (50-1 M) for 24, 48, or 72 h, cells were fixed with 10%
trichloroacetic acid (TCA) for 1h in the cold room, and dried
overnight at room temperature. Then, cells were incubated with
SRB for 15 min, washed twice with 1% acetic acid, and air dried
for at least 1 h. Finally, the protein-bound dye was dissolved in
a 10mM Tris pH 8.8 solution and read using a plate reader at
540 nm.

xCELLigence RTCA System (ACEA

Biosciences Inc.)

The xCELLigence RTCA system provides a useful approach for
the real-time monitoring of the biological status of adherent
cells, by measuring their electrical impedance, expressed as a
cell index (CI) value. Five thousand MCEF-7 cells were seeded
in a 16-well plate (E-plate). Twenty-four hours after seeding,
cells were treated with vehicle or increasing concentrations of

d-TPP (from 50 to 250 nM) for additional 72 h. Real-time cell-
analysis (RTCA) was performed by measuring the cell-induced
electrical impedance values, which were automatically recorded
every 15 min for 96 h. This approach allows the quantification of
the onset and kinetics of the cellular response. Experiments were
repeated three times independently, using quadruplicate samples
for each condition.

Statistical Analysis

Data is represented as the mean =+ standard error of the
mean (SEM), taken over >3 independent experiments, with
>3 technical replicates per experiment, unless otherwise stated.
Statistical significance was measured, using the t-test. The p <
0.05 was considered to be statistically significant.

RESULTS

We have recently established that compounds carrying a
(TPP) moiety inhibit mitochondrial function and, therefore,
reduce CSC propagation (24). More specifically, using an ATP
(Adenosine Triphosphate) depletion assay as a surrogate marker
of mitochondrial dysfunction, we identified, among 9 TPP-
derivatives subjected to screening, the compound 2-butene-
1,4-bis-TPP (b-TPP), as the most effective in inhibiting CSC
propagation (IC-50 ~ 500nM) (24). The TPP moiety, which
acts as a mitochondrial targeting signal (MTS), is chemically
attached to a cargo molecule via a covalent bond. The intrinsic
nature of the cargo molecule and its binding to the TPP structure
may deeply influence the accumulation of the TPP-derivative in
the mitochondria of living cells, thereafter impacting its overall
biological function.

Herein, we characterized the metabolic and biological
properties of dodecyl-TPP (d-TPP), establishing a combination
strategy that efficiently targets the energetic cell machinery of
CSCs to achieve their eradication.

d-TPP Inhibits CSC Propagation

Figure 1A shows the structure of d-TPP, which contains a
long hydrophobic saturated aliphatic chain with 12 carbons,
covalently-linked to a TPP moiety. Figure 1B shows the structure
of b-TPP, which contains two TPP moieties. In contrast, note that
d-TPP has only one TPP moiety.

Firstly, we performed the mammosphere formation assay
as a read-out for CSC propagation, in the Estrogen Receptor
(ER)-positive MCE-7 breast cancer cells, treated with increasing
concentration of d-TPP. As shown in Figure 1C, treatment with
d-TPP resulted in an 80% reduction in CSC activity at the highest
concentrations tested (500 nM and 1uM); a slight (20%), but
significant reduction, in mammosphere formation was already
observed at very low concentrations (50 and 100nM). In a
parallel analysis of CSC activity, d-TPP was more than twice as
potent as b-TPP (Figure 1C). A similar inhibitory trend for CSC
propagation was observed in the triple-negative breast cancer
cells line MDA-MB-231 (Figure 1D).

Our previous study has indicated that certain TPP-derivatives
may interfere with mitochondrial function in cancer cells,
impairing their metabolic activity and ultimately leading to a
reduction in cancer cell viability. Of interest, the actions of certain
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TPP-compounds are selectively elicited on cancer cells, but not
on normal cells (24). Thereafter, we tested the ability of d-TPP to
decrease cell viability in MCF-7 breast cancer cells treated with
increasing concentrations of d-TPP (from 50 nM to 1 wM), over
different period of time (from 24 to 72 h). A similar experimental
approach was used in normal human fibroblasts (h\TERT-BJ1). As
shown in Figure 2, d-TPP reduced MCEF-7 cell viability in a time-
and dose-dependent manner. The highest concentrations of the
compound (250-500 nM and 1 M), led to early reductions in
cell viability (nearly 30%), which was evident already after 24 h of
treatment. After 72 h of treatment, the reduction in cell viability
was nearly 80% for the highest concentrations (250-500 nM and
1 M) and a slight (nearly 30%) but significant inhibitory action
was detected also at the lowest concentrations (50 and 100 nM).
On the other hand, in hTERT-BJ1 cells only the highest
concentrations of the compound (250-500 nM and 1 wM) led to
a reduction in cell viability, whereas the lowest concentrations
(50 and 100 nM) showed little or no toxicity (Figures 2B-F).
These results support the idea that d-TPP could be selectively

used to target cancer cells, rather than normal cells, when used
at low concentrations.

d-TPP Inhibits OXPHOS and Activates
Glycolysis Toward the Acquisition of
Metabolic Inflexibility

In cancer cells, the intrinsic ability to flexibly shift from one
fuel source to another, according to the local availability, is
a pre-requisite for abnormally high proliferation, cell survival,
and metastatic dissemination to distant sites (26, 27, 29). Any
pharmacological or metabolic approach aimed at compromising
this flexibility in the energetic cancer cell machinery will
negatively impact tumor progression [reviewed in (26)].

To understand the effects of d-TPP treatment on cancer
cell metabolism, we performed metabolic flux analysis using
the Seahorse XFe96. In MCF-7 cells, a dramatic reduction in
(OCR) was observed after 24h of treatment, with increasing
concentrations of d-TPP (Figure3). Basal mitochondrial
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FIGURE 2 | Effects of d-TPP on cell viability. Evaluation of cell viability using the SBR assay in MCF-7 (A,C,E) and h-TERT BJ1 (B,D,F) cells treated with increasing
concentrations of d-TPP (50 nM—1 wM) for 24, 48, and 72 h, as indicated. Data shown are the mean 4+ SEM of at least three independent experiments performed in
triplicate. *p < 0.05; *p < 0.01; **p < 0.001 indicates significance, all relative to the vehicle-alone treated cells.

respiration was reduced, with an IC-50 of ~250 nM (the same
concentration of the d-TPP necessary to halve CSC activity);
likewise, ATP levels were also dose-dependently depleted.

Strikingly, the opposite trend was observed for glycolysis,
which was substantially and dose-dependently increased, as
indicated by the analysis of ECAR (extracellular acidification
rate) in MCF-7 cells treated with d-TPP (Figure 4).

Taken together, these data indicate that d-TPP impairs
mitochondrial function, thereafter compromising the ability to
obtain ATP from oxidative phosphorylation. In order to cope
with this stressful metabolic setting, cancer cells are forced
toward a purely glycolytic phenotype, more strictly depending on
glucose to fulfill their high energetic demands. In this scenario,
the anti-mitochondrial effect elicited by d-TPP treatment serves

as a functional metabolic synchronizer toward an obligated and
inflexible glycolytic dependence.

Using d-TPP in a “Two-Hit” Metabolic
Strategy to Potently Target CSCs

Vulnerabilities

As we previously observed, this scenario of energetic inflexibility
can be further exploited to metabolically weaken CSCs, by
the addition of other metabolic stressors (23, 26). Therefore,
we performed 3D mammosphere assays using d-TPP in
combination with selected glycolysis and OXPHOS inhibitors, of
both synthetic and natural origin, including two FDA approved
drugs, as detailed below.
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FIGURE 3 | Mitochondrial respiration is inhibited in MCF-7 cells treated with d-TPP. The metabolic profile of MCF-7 cells treated with increasing concentrations of
d-TPP (50-500 nM) was assessed using the Seahorse XFe96 analyzer. (A) Representative tracings of metabolic flux. Dose-dependent significant reductions in basal
respiration, maximal respiration, ATP levels, and spare respiratory capacity were observed (B). Data shown are the mean + SEM of 3 independent experiments
performed in sextuplicate. *p < 0.05; *p < 0.01; **p < 0.001 indicates significance, all relative to the vehicle-alone treated cells.

This drug combination strategy has been designed as a
“two-hit” scheme, where the first metabolic hit is represented
by d-TPP and the second metabolic hit is represented by
either Vitamin C, 2-deoxy-glucose, Doxycycline, Niclosamide, or
Berberine Chloride.

For this set of experiments, we selected a concentration of d-
TPP equal to 100 nM, which is the dose of the chemical selectively
toxic only to cancer cells, but not normal cells (Figure 2).

Of note, a natural (Vitamin C) as well as a synthetic (2-deoxy-
glucose, 2-DG) glycolysis inhibitor were able to potentiate the
inhibitory effect of d-TPP on CSC activity (Figures 5A,B). In
particular, treatment with Vitamin C inhibited the propagation
of CSCs by >50% at 250 LM and >70% at 500 WM, when used in
combination with d-TPP (100 nM) (Figure 5A). Previously, we
showed that the IC-50 for Vitamin C is 1 mM for MCF-7 CSC
propagation (13). Therefore, treatment with d-TPP confers an
approximate 4-fold increase in CSC sensitivity to Vitamin C.

The inhibitory effect of 2-DG was observed already at the
concentration of 10 mM (which conferred a 2-fold increase in

the inhibitory effect of d-TPP alone) and was more dramatic at
20 mM (almost completely suppressing CSC activity, with <10%
residual mammosphere formation capability) (Figure 5B).

Next, we used two FDA-approved drugs, namely Doxycycline
and Niclosamide, as well as the natural compound Berberine,
all known to behave as OXPHOS inhibitors (11, 20, 30). This
strategy is based on the assumption that in cancer cells weakened
by d-TPP treatment, an additional metabolic mitochondrial
stressor may help to eradicate the residual CSC population.

As shown in Figure5C, low doses of the antibiotic
Doxycycline (10 wM), which is known to impair mitochondrial
biogenesis and function, were sufficient to double the efficacy of
d-TPP on CSC activity; this effect was potentiated in the presence
of 30uM Doxycyline. Interestingly, the anti-tapeworm drug
Niclosamide, which inhibits OXPHOS, increased the efficacy of
d-TPP on CSC activity by nearly 2-fold at 250 nM and by nearly
3-fold at 500 nM (Figure 5D).

Finally, we used the natural compound and OXPHOS
inhibitor Berberine, the main alkaloid extracted from Coptidis
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60

80

rhizoma (Coptis chinensis Franch) and Phellodendri cortex
(Phellodendron amurense Ruprecht), with known anti-malarial,
anti-inflammatory and antibiotic activity (31). At the highest
concentration tested (10 wM), Berberine inhibited CSC
formation by >80% thereafter increasing the efficacy of d-TPP
by almost 5-fold, nevertheless Berberine’s action was evident
already at 1 pM (Figure 5E).

Taken together, these findings suggest that a mitochondrial-
impairing agent like d-TPP compromises the normal functioning
of the energetic cancer cell machinery, thus significantly
narrowing the possibility to flexibly use alternate fuels and
metabolic pathways. This has a negative impact on CSC biology
and propagation, as well as cancer cell viability and proliferation.
The kinetics of d-TPP action on the proliferation of adherent
MCE-7 cells was independently evaluated using the xCELLigence

system that allows the real-time, label-free, monitoring of cell
health and behavior, by measuring electrical impedance, whose
magnitude is strictly dependent on the number of cells.

As shown in Figure 6, the effects of d-TPP on MCF-7 cells
are dose- and time-dependent, with a trend toward reduced cell
number after 72 h of treatment, even with the lowest dose tested
(50nM d-TPP). At higher doses (100 nM), a major cytostatic
effect was detected, whereas clear cytotoxicity was observed at the
concentration of 250 nM.

DISCUSSION

In this report, we provide solid evidence to validate the use
of an integrated metabolic strategy to eradicate CSCs. More
specifically, we demonstrate that in breast cancer cells the
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or in combination with the glycolysis inhibitors Ascorbic Acid (250 and 500 wM) (A), 2-deoxy-glucose (2-DG) (10 and 20 mM) (B); the OXPHOS inhibitors Doxycycline
(10 and 30 M) (C), Niclosamide (250 and 500 nM) (D), and Berberine (1 and 10 wM) (E). Data shown are the mean + SEM of at least three independent experiments
performed in triplicate **p < 0.001 indicates significance, all relative to the vehicle-alone treated cells.

compound d-TPP, which carries a mitochondria-targeting (TPP)  the almost complete loss of CSCs activity in MCF-7 cells,
motif, inhibits mitochondrial function, conferring a dose and  simultaneously treated with d-TPP in the presence of other
time-dependent reduction in cell viability, as well as inhibiting  energetic inhibitors.
the formation of 3D mammospheres, assayed as a read-out Inter- and intra-tumor heterogeneity is one of the main factors
for CSC activity. Quantitatively similar results were obtained  accounting for tumor progression and therapy failure (32). CSCs
with both ER(+) [MCF7] and Triple Negative [MDA-MB-231]  originate and drive such heterogeneity, due to their ability to give
cell lines. rise to a hierarchically differentiated progeny, which contributes
The analysis of metabolic flux revealed that d-TPP potently =~ toward the generation of a full repertoire of cell types within
inhibits mitochondrial basal respiration, as well as ATP  the tumor mass (33, 34). As a consequence, pharmacological
production, thereby providing a rational for the reduced  strategies aimed at identifying, and selectively targeting CSCs
functional capability observed in response to the treatment. As  are among the most promising, though challenging, therapeutic
a consequence, d-TPP-treated breast cancer cells preferentially  approaches (8, 26, 35, 36). Diverse theories have been proposed
exhibit a glycolytic phenotype, which allows them to cope with  for the explanation of the origin of CSCs. According to the so-
the anti-mitochondrial effects elicited by d-TPP. Despite the  called “metabo-stemness” model, certain metabolic phenotypes
acquisition of this compensatory glycolytic phenotype, d-TPP  may dictate the stemness properties of tumors, suggesting that
treatment weakens CSCs, rendering them more sensitive to  specific metabolic dynamics may drive the de novo acquisition
the action of a second metabolic inhibitor, as evidenced using  of stem cell traits in non-cancer or differentiated cancer cells
the glycolysis inhibitors Vitamin C and 2-DG, as well as the (37, 38). Likewise, onco-metabolism has been included among
OXPHOS inhibitors Doxycycline, Niclosamide, and Berberine.  the hallmarks of cancer (39). On the basis of these observations,
Thus, functional validation of this approach is evidenced by  it's not surprising that cancer metabolism has been regarded

Frontiers in Oncology | www.frontiersin.org 12 August 2019 | Volume 9 | Article 615


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

De Francesco et al. Dodecyl-TPP Targets Mitochondria in CSCs

57 EEE vehide
B d-TPP 50 nM

B d-TPP 100 nM -

e 100 1 o

§ B 4-TPP 250 nM z =

-~

2 5 3

] § 807 I o

e 8 2

E Start of treatment 3 60 = g
£2 %

3 3 =

3 E 40 1

2

»
(=3 (=3
+ "

0
o 10 20 30 a0 50 60 70
Time (Hour)
C D
b 120 4
? N Vehicle
6 N d-TPP SO nM
BN d-TPP 100 nM 100 =
5 | N d-TPP250nM 3 §
§ % 3
' PR H o
-— -
3 S e E
31 Start of treatment E N
o =
= =
E Ee
2 5
s z
1 20
- v .z a: " 4]

40
Time (Hour)
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after seeding, cells were treated with increasing concentrations of d-TPP (50-250 nM) for further 72 h. (A,C) Representative cell tracings of the impedance profile
indicating the normalized cell index is shown at 48 h (A) and 72 h (C). (B,D) The graphs show cell index values, normalized at the time of d-TPP stimulation, reached
after 48 (B) or 72 h (D) of d-TPP treatment. Data shown are the mean + SEM of at least three independent experiments performed in triplicate. *p < 0.05; **p <
0.001 indicates significance, all relative to the vehicle-alone treated cells.

as an opportunity to selectively target CSCs (26, 40). In this  “vehicles” to transport small molecules to the mitochondria.
regard, our laboratory and others have demonstrated that CSCs  In addition, their chemical synthesis is easily achievable, and
across diverse tumor types show peculiar metabolic features, the degree of accumulation in the mitochondria is elevated,
for instance an increased capacity for OXPHOS, elevated because of the chemical attraction between the positively
mitochondrial biogenesis, as well as higher mitochondrial mass,  charged TPP-cation and the negative membrane potential of
compared to the non-stem or “bulk” cancer cell population  the mitochondrial inner membrane (47). This peculiar chemical
[reviewed in (26)]. Corroborating these findings, cancer cells  structure would also explain at least some of the biochemical
with higher telomerase (\TERT"8") activity and therefore higher  effects induced by TPP-derivatives, like the dissipation of the
immortality features, exhibit an increased mitochondrial mass, = mitochondrial membrane potential, together with the inhibition
compared to their h\TERT'Y counterparts (41, 42). Furthermore, ~ of the respiratory chain complexes (48). Recently, we have
a metabolic rewiring due to mitochondrial dysfunction has  demonstrated that the compound 2-butene-1,4-bis-TPP impairs
been shown to inhibit cancer cell proliferation, encourage cell ~ mitochondrial metabolic function leading to the inhibition of
differentiation and halt tumor growth in vivo (43, 44). breast CSC activity (24). The TPP-based compound tested in the

Clearly these observations suggest that mitochondrial-  current study, namely dodecyl-TPP, is at least twice as potent
impairing agents could be used to specifically inhibit the CSC  as b-TPP in inhibiting CSC propagation (see Figure 1C). Also,
population, paving the way for the identification of chemical ~ d-TPP targets the bulk of cancer cells, resulting in a time-
strategies aimed at selectively targeting mitochondria in CSCs  dependent reduction in their viability. According to our data,
(4, 17, 18, 45, 46). In this regard, the covalent linkage of it is conceivable to hypothesize that after short time treatment
a compound to a (TPP) cation represents a well-established  with d-TPP (24h), cells would have enough metabolic reserves to
method to deliver probes and imaging agents to mitochondria ~ cope with the metabolic stress induced by the treatment; whereas
(47). TPP™ lipophilic cations may serve as very efficient chemical ~ upon stimulation with d-TPP for longer time (48-72 h), no spare
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FIGURE 7 | Schematic diagram showing the proposed “two-hit” metabolic
strategy for eradicating CSCs. Our results suggest that CSCs may be more
efficiently eradicated by using a “two-hit” metabolic strategy based on the use
of a first metabolic inhibitor (i.e., d-TPP), which would weaken CSCs and their
energetic machinery. The starved residual CSC population would be more
sensitive to the detrimental effects of a second metabolic inhibitor (i.e., Vitamin
C, Berberine, Doxycycline, Niclosamide, 2-Deoxy-Glucose). Green: Natural
Compounds; Orange: FDA-approved Drugs; Red: Synthetic drugs.

metabolic fuels would be progressively available for cancer cells
to survive. On the other hand, the compound has limited toxicity
effect on normal fibroblasts. One of the possible explanations of
this effect is that in cancer cells and CSCs, the mitochondrial
membrane potential is higher than in normal cells, and this could
account for the differential effects observed.

As such, TPP-based strategies would therefore be able to
distinguish between “normal” and “malignant” mitochondria,
mainly on the basis of the intrinsic chemical-physical
characteristics of these organelles in health and disease. Of
note, d-TPP treatment caused a shift in energetic metabolism
toward the activation of the glycolytic pathway, which very likely
represents a compensatory response to the anti-mitochondrial
effects elicited by d-TPP.

This metabolic shift has unveiled a strict dependency of cancer
cells on glycolysis after d-TPP treatment, immediately suggesting
the use of a second metabolic (glycolysis or OXPHOS) inhibitor
to further “starve” the residual CSCs population. This two-hit
metabolic strategy had already been implemented and validated
in our previous study (23). This approach is based on the use of a
first metabolic inhibitor (for instance a mitochondrial-impairing
agent) that serves as a first-hit, followed by the use of a
second metabolic inhibitor (for instance a glycolysis or an
OXPHOS inhibitor) that acts as a second-hit (Figure 7). For
example, we have previously demonstrated that: (i) the antibiotic
Doxycycline, acting as a mitochondrial inhibitor, impairs CSCs
activity; (ii) that prolonged treatment with Doxycycline turns
on the glycolytic pathway, in response to the mitochondrial
dysfunction; and (iii) the use of a glycolysis inhibitor, such
as Vitamin C, in combination with Doxycycline completely

eradicates CSCs. These findings indicate that a combination
of Doxycycline plus Vitamin C might conceivably represent a
safe approach for the clinical management of cancer patients.
Indeed, at biologically active concentrations Doxycycline has
a very manageable spectrum of side effects, whereas Vitamin
C has potentially no side effects, being used as additive to
a number of preparations. Adding to this, data coming from
meta-analysis of 21 published studies, as well as pre-clinical
investigations have demonstrated that oral doses of vitamin
C reduce cancer risk, overall mortality and disease-specific
mortality in lung and breast cancer (49-52); furthermore, a
1-week oral administration of ascorbate, performed before cell
inoculation, significantly decreased tumor development in a
lymphoma xenograft model (53).

Clinical validation of these findings, at least for Doxycycline,
has been provided in our recent pilot study, where we enrolled
early breast cancer patients for a short-term (14-day) pre-
operative Doxycycline administration. Notably, the analysis of
post-operative vs. pre-operative breast tumor specimens showed
a selective reduction in the stem markers, namely CD44
and ALDH], in the patients receiving Doxycycline compared
with controls. This provides exciting clinical evidence that
mitochondrial-targeting strategies may be used to efficiently halt
CSC propagation in cancer patients; nevertheless, additional
studies are still necessary to investigate the action of Doxycycline
together with Vitamin C, in breast cancer patients.

The data herein presented further validate the use of
a metabolic “Two-Hit” approach to manipulate cancer cell
metabolism, turning the metabolic plasticity of CSCs into an
obligate metabolic inflexibility, which would be used to more
efficiently eradicate CSCs. The potential of d-TPP to act as
a safe driver of such a metabolic shift paves the way for
further investigating the role of this compound in cancer
biology and bioenergetics. However, further studies are still
warranted to support the use of TPP-based compounds in
combination with other metabolic inhibitors, as an add-on to
conventional chemotherapy.
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Thymomas consist of neoplastic thymic cells intermixed with variable numbers of non-
neoplastic lymphocytes. Metastatic thymomas are typically managed with non-curative
chemotherapy to control tumor-related symptoms; no prolonged survival is expected.
Metabolic-based approaches, such as fasting and ketogenic diets, target cancer cell
metabolism by creating an increased reliance on ketones while decreasing glucose,
glutamine, and growth factor availability, theoretically depriving cancer cells of their
metabolic fuels while creating an unfavorable environment for cancer growth, which may
be beneficial in metastatic thymoma. We report the case of a 37-year-old woman with
myasthenia gravis, diagnosed with an inoperable type AB, stage IVA thymoma, who
pursued a metabolic intervention consisting of periodic fasting (7-day, fluid-only fasts
every 1-2 months), combined with a modified ketogenic diet on feeding days, for 2
years. Fasting-related adverse effects included cold intolerance, fatigue, and generalized
muscle aches, all of which resolved during the second year. She experienced two
myasthenia relapses, each associated with profoundly reduced oral intake, marked
weight loss, and tumor regression-the first relapse was followed by a 32% decrease
in tumor volume over 4 months, the second relapse by a dramatic 96% decrease in
tumor volume over 4 months. The second relapse also required prednisone to control the
myasthenia symptoms. We hypothesize that 2 years of fasting and ketogenic diet therapy
metabolically weakened the neoplastic thymic cell component of the thymoma, “setting
the stage” for immune activation and extreme energy restriction to destroy the majority
of cancer cells during both relapses, while prednisone-induced apoptosis eradicated the
remaining lymphocytic component of the thymoma during the second relapse. This case
is unique in that a metabolic-based fasting and ketogenic diet intervention was used
as the primary management strategy for a metastatic cancer in the absence of surgery,
chemotherapy, or radiotherapy, culminating in a near-complete regression. Nearly 3 years
after being diagnosed with inoperable metastatic cancer, our patient shows no signs of
disease and leads a full and active life.
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INTRODUCTION

Thymomas, the most common tumor of the anterior
mediastinum, are composed of neoplastic thymic epithelial
cells intermixed with variable numbers of non-neoplastic
lymphocytes (1, 2). Thymomas are usually asymptomatic
but may present with chest pain, dyspnea, and a variety of
autoimmune disorders, most commonly myasthenia gravis
which presents with ocular, bulbar, and limb weakness and
fatiguability (3). Nearly 30% of thymomas are inoperable (4),
resulting in 5-year survival rates of 36-53% (5, 6). Inoperable,
metastatic thymomas are typically managed with chemotherapy
to control tumor-related symptoms; no prolonged survival
is expected (4). Novel therapeutic strategies are needed for
metastatic thymomas.

Cancer is generally regarded as a primarily genetic disorder,
yet it may also be perceived as a primarily metabolic
disorder, with most of the genetic abnormalities arising as
secondary phenomena (7). Cancer cells show a dramatically
increased uptake of glucose, a feature common to over 90%
of malignant cancers (8), and some cancer cells also show
increased uptake of the amino acid glutamine (9, 10). Cancer
cells rely upon these fermentable metabolites to compensate
for mitochondria dysfunction and impaired cell respiration,
which are characteristic of most cancers (7). Cancer cells also
rely heavily on growth signaling pathways, particularly those
involving insulin, insulin-like growth factor-1 (IGF-1), and
mammalian target of rapamycin (mTOR) (11), to support a
“reprogrammed” cell metabolism redirected toward unbridled
growth and proliferation (12). Given these facts, cancer cells
may be vulnerable to interventions that selectively target their
abnormal metabolism.

Metabolic interventions, such as fasting and ketogenic diets,
target cancer cell metabolism and may be effective alongside
medical therapies in treating advanced cancers (7, 13). Fasting
is a voluntary abstinence from food and drink for specified,
recurring periods of time, with the fasting periods typically
ranging from 12h to 3 weeks in humans, whereas ketogenic
diets are high-fat, adequate-protein, low-carbohydrate diets
that stimulate the body to mimic a fasted metabolic state
(14). Both interventions increase fat metabolism within the
body, the former utilizing endogenous (body) fat and the
latter exogenous (dietary) fat. After several days of fasting or a
ketogenic diet, the human body enters a state of physiological
ketosis characterized by low blood glucose levels, emptied liver
glycogen stores, and hepatic production of ketones, which serve
as a major energy source for brain and muscle. Ketones cannot be
effectively utilized by cancer cells and may inhibit their growth
(15, 16). Moreover, both interventions can decrease glucose,
glutamine, and growth factor availability, depriving cancer cells
of their major fuels and creating an unfavorable physiological
environment for unchecked growth and proliferation. To
our knowledge, neither fasting nor ketogenic diets have
been utilized as the primary management strategy for
metastatic cancer in the absence of surgery, chemotherapy,
or radiotherapy.

CASE REPORT

We report the case of a 37-year-old, 37 weeks pregnant marketing
consultant who presented with 2 months of eyelid weakness
worsening on activity as well as 1 month of pleuritic chest pain
and dyspnea. She was diagnosed with myasthenia gravis at
age 26, during which time a coexisting mediastinal mass was
laparoscopically resected and diagnosed as a World Health
Organization (WHO) type B2 invasive thymoma. Although
she had been intermittently managed with pyridostigmine,
prednisone, and intravenous immunoglobulin (IVIg) in the
interim, her only current medication was azathioprine 50 mg
orally daily. She weighed 53kg. A neurological examination
revealed subtle bilateral asymmetric ptosis and mild eyelid
fatiguability. Examination findings regarding upper and
lower limb power, reflexes, plantar responses, and sensation
were normal.

A computed tomography (CT) scan of the neck and chest
revealed several large soft tissue masses in the left lung, the largest
being 10 x 5 x 14cm (total tumor volume 549.6 cm?); several
masses invaded the left pleura, and there was a small left pleural
effusion. Our patient was treated with IVIg (1 g/kg, administered
over 5 days) to ensure the uncomplicated delivery of a healthy
baby girl 2 weeks later. She underwent a left pleural percutaneous
needle biopsy the day after delivery and was diagnosed with
a WHO type AB (indicating oval/spindle cells admixed with
abundant small lymphocytes), Masaoka stage IVA (indicating
pleural or pericardial dissemination) thymoma [Figure 1; (3)].
The thymoma was deemed unresectable at a multidisciplinary
meeting, and she was offered non-curative chemotherapy, which
she declined. Following this, a combined metabolic intervention
was offered; after all foreseeable risks and benefits had been
explained, she chose this course.

Our patient’s health and myasthenia gravis were regularly
monitored by a neurologist during the metabolic intervention,
which consisted of a periodic fasting regimen (starting with
a 12-day, water-only fast followed by a series of 7-day, fluid-
only fasts every 1-2 months) combined with a modified
ketogenic diet (60% fat, 30% protein, 5% fiber, and 5% net
carbohydrate by weight, consisting largely of green vegetables,
meats, eggs, nuts, seeds, creams, and natural oils) on feeding
days (Figure 2). She monitored and recorded her blood glucose
and beta-hydroxybutyrate (BHB) levels (Freestyle Neo; Abbott
Diabetes Care, Whitney, UK) three times per week (17). All
adverse effects were documented. An oncologist monitored
the thymoma with a CT scan every 4-5 months, and a
radiologist blinded to treatment simultaneously assessed all CT
scans with volumetric analysis at the end of the intervention
(Figure 3). Tumor volumes were calculated by Hounsfield unit
threshold segmentation followed by manual correction of all
tumor margins.

The first 3 months of the combined metabolic intervention
was uneventful, but during months 4-7, our patient experienced
reduced appetite and oral intake in the setting of several
weeks of diarrhea (up to 10 motions per day), resulting in
6-kg weight loss; the diarrhea was extensively investigated
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FIGURE 1 | Pleural biopsy histological images showing (A) H&E stain, (B) 20 x P63 stain (highlighting epithelial cell nuclei), (C) 20xAE1/AES stain (highlighting

epithelial cell cytoplasm), and (D) 20xCD45 stain (highlighting lymphoid cells).

and thought to be a thymoma-associated autoimmune
enteropathy (18). Coincident with the diarrhea, she developed
a myasthenia relapse resulting in worsening bilateral ptosis,
dysphagia, and four-limb weakness with fatiguability. Our
patient chose not to commence prednisone as she had
experienced disrupted mood, insomnia, and weight gain
several years previously while taking this medication. She
was therefore commenced on 4-weekly IVIg for 4 months,
after which her 8-month CT scan revealed a partial regression
of the tumor (376.4 cm?®, representing a 32% decrease in
diagnosis volume), moderate bilateral pleural effusions,
and a small pericardial effusion. Given that the myasthenia
symptoms persisted combined with the possibility that the
IVIg may have contributed to the partial regression, the
azathioprine was stopped and the IVIg frequency increased to
3-weekly.

During months 9-12, our patient’s diarrhea ceased, she
regained her weight, and the myasthenia symptoms resolved.
However, the 12-month CT demonstrated that the thymoma had
regrown to its original diagnosis volume. Given her ongoing
myasthenia control and lack of IVIg inhibitory effect on
the growth of the tumor, the IVIg frequency was decreased
to 6-weekly.

During months 13-24, our patient remained largely free of
diarrhea and maintained her diagnosis body weight, and the
myasthenia symptoms remained controlled. Her IVIg frequency
was decreased to 8-weekly and then 12-weekly. By the time of
the 25-month CT, the thymoma showed minimal growth (632.7

cm?, representing a 13% increase in diagnosis volume), and all
effusions had disappeared.

After 2 years on the combined fasting and ketogenic diet
intervention, our patient weighed 54 kg and her mean 2-year
blood glucose and BHB levels (+standard deviation) were
measured at 4.98 & 0.55 and 3.50 &= 1.27 mmol/L, respectively.
During each 7-day fasting period, she lost an average of 2.9
=+ 0.72kg of body weight, with mean blood glucose and BHB
levels during the fasting periods measured at 3.92 + 0.73 and
6.31 £ 1.55 mmol/L, respectively. There were several fasting-
related adverse effects including cold intolerance, fatigue, and
generalized muscle aches, all of which peaked during the first 3
days of each fasting period and progressively resolved over the
first year such that they no longer occurred by the second year.
No adverse effects occurred in relation to the ketogenic diet.

During months 25-29, our patient experienced several weeks
of drastically reduced oral intake and diarrhea, resulting in
15-kg weight loss. She also developed a second, more severe
myasthenia relapse resulting in bilateral ptosis, dysarthria, four-
limb weakness with fatiguability, and respiratory failure requiring
2 weeks of intubation and mechanical ventilation in the intensive
care unit. She was treated with plasma exchange followed
by 3- to 4-weekly IVIg and 10 days of octreotide 1.5mg
subcutaneously daily (followed by a single dose of long-acting
octreotide 20 mg intramuscularly 1 month later). Despite the
previous adverse effects experienced by our patient in relation to
prednisone, we decided to commence prednisone 40 mg orally
daily. Her myasthenia symptoms resolved, and the 29-month CT
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Clinical Status Imaging Metabolic Therapies Medical Therapies
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decrease in diagnosis resume
volume) ‘ l
FIGURE 2 | Patient timeline.

revealed a near-complete regression of the thymoma (21.3 cm?,
representing a 96% decrease in diagnosis volume).

DISCUSSION

In this case, a metabolic-based fasting and ketogenic diet
intervention, along with adjunctive medications aimed at
controlling myasthenia symptoms, culminated in the near-
complete regression of a metastatic thymoma. For 2 years, our
patient relied almost completely upon a metabolic strategy to
manage her metastatic cancer, during which time she remained
active, maintained her diagnosis body weight, and the tumor
volume increased by a modest 13%. There were several fasting-
related adverse effects including cold intolerance, fatigue, and
generalized muscle aches, all of which resolved by the second
year. She then experienced a 4-month myasthenia relapse,
accompanied by severe weight loss and requiring prednisone,
during which time the thymoma decreased in volume by
96%. Nearly 3 years after being diagnosed with metastatic
cancer, our patient shows no signs of disease and leads
a full and active life. She continues her metabolic therapy
and her only remaining medical therapy is prednisone 10 mg
orally daily.

Various metabolic approaches are theoretically capable of
targeting cancer cell energy metabolism by creating an increased
cell reliance on ketone and fat metabolism, a decreased reliance
on glucose as the primary metabolic fuel, and reduced levels
of tumor growth-promoting factors such as insulin, IGF-1,
and mTOR (11, 14). Normal cells are metabolically flexible
and readily adapt to ketone and fat metabolism; in contrast,
metabolically inflexible cancer cells undergo physiological stress
(19). The metabolic intervention supported by the most evidence
is calorie restriction, defined as a chronic 20-40% reduction
in calorie intake with maintained meal frequency (20). Calorie
restriction reduces tumor incidence by 75% in rodents and by
50% in rhesus monkeys (21, 22). However, long-term adherence
to calorie restriction is challenging in cancer patients (11);
from a practical standpoint, fasting and ketogenic diets are
more suitable. Periodic fasting (fasting periods lasting 2 days or
longer) holds a particular therapeutic edge by inducing more
extreme changes in ketone, glucose, glutamine, and growth factor
levels compared to calorie restriction or ketogenic diets, as
shown by the lower glucose and higher BHB levels measured
by our patient during the fasts. Although the benefits of fasting
interventions in preventing cancer in animals are somewhat
variable (21), they can exceed those of calorie restriction
(23, 24); there is also mounting evidence that fasting may
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Thymoma diagnosis and
start of metabolic
intervention (total tumour
volume 549.6 cm3)

Eight months post-diagnosis
and end of first myasthenia
relapse (total tumour volume
376.4 cm3)

12 months post-diagnosis
(total tumour volume 580.2
cm3)

25 months post-diagnosis
and end of metabolic
intervention (total tumour
volume 632.7 cm3)

29 months post-diagnosis and
end of second myasthenia
relapse (total tumour volume
21.3 cm3)

FIGURE 3 | CT chest (coronal and axial views, bulk of tumor circled in red) showing total tumor volumes at diagnosis, 8, 12, 25, and 29 months post-diagnosis.

benefit human cancer patients, particularly when combined
with conventional treatments such as chemotherapy (25-27).
Regarding ketogenic diets, many animal studies suggest an
antitumor effect; however, evidence of improved outcomes
in human cancer patients is currently limited to individual
cases (28).

It is important to note that although 2 years of a combined
fasting and ketogenic diet intervention may have limited the
growth of our patient’s metastatic thymoma, the tumor had not
decreased in volume by the end of this approach; it was only in
the setting of two myasthenia relapses that significant volume
reduction occurred, with a 32% decrease in tumor diagnosis
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volume during the first 4-month relapse and a 96% decrease
in volume during the second 4-month relapse. Given that both
relapses in our patient were characterized by abnormal immune
function and marked weight loss, it is possible that immune
activation and extreme energy restriction contributed to the
regressions, and since both relapses were treated medically, one
or more of the myasthenia medications may have contributed to
the regressions. These possibilities warrant discussion.

First, it is possible that immune activation contributed
to both regressions. So-called “spontaneous” regressions have
been documented for thousands of years in a variety of
cancers (29). The mechanism of spontaneous regression remains
unknown but may involve the activation of antigen recognition
mechanisms such that the immune system becomes capable
of recognizing cancer cells, allowing for the establishment of
active immunity against tumors (30). In the case of thymomas,
which are generally asymptomatic, the few documented cases
of spontaneous regression presented with fever, chest pain,
and pleural effusions which are thought to result from a
massive inflammatory reaction within the tumor (31). Given the
similar findings in this case, an immunity-induced regression
may have occurred in our patient, although it must be noted
that the spontaneous regression of a metastatic thymoma in
the absence of any other treating factors is exceedingly rare;
to our knowledge, only one case of a stage IVA thymoma
undergoing a spontaneous (and only partial) regression has been
reported (31).

Second, extreme energy restriction may have contributed to
both regressions. During each relapse, our patient experienced
a profound reduction in appetite resulting in minimal calorie
intake over several weeks. The ensuing weight loss was
considerable—for example, during each 1-week, fluid-only fast,
our patient typically lost 2.9kg (5% of body weight), whereas
during the first and second relapses, she lost 6kg (11% of
body weight), and 15kg (28% of body weight), respectively. In
both cases, such a degree of weight loss would have created
drastic alterations in ketone, glucose, glutamine, and growth
factor levels, fostering a hostile physiological environment for
metabolically inflexible cancer cells. Thus, it is possible that an
extreme metabolic-induced regression occurred in our patient.

Third, one or more of the medications used to treat our
patient’s myasthenia symptoms may have contributed to the
regressions. The possibility that IVIg contributed to the first
regression was considered and partially formed the rationale
for increasing the IVIg frequency from 4- to 3-weekly in week
9. Despite this adjustment, the thymoma regrew to its original
size by week 12, which suggests that IVIg did not contribute to
either regression. In the second and more pronounced regression,
octreotide and prednisone were additionally used to placate
the myasthenia gravis and autoimmune enteropathy. Octreotide
inhibits somatostatin receptors, dampening angiogenesis and
growth factor availability, which can produce objective response
rates of 10-37% in thymic tumors (32, 33). However, due to
funding restrictions, octreotide was only administered for 10 days
in our patient, followed by a single long-acting dose 1 month
later; it seems unlikely that so small a dose could significantly
contribute to the dramatic reduction in thymoma volume
that occurred. Although extremely rare, corticosteroid-induced

regressions of advanced thymomas in the absence of other
treatments have been documented (34-36); however, all cases
involved subtype Bl thymomas which contain more CD4+4
and CD8+ double-positive immature lymphocytes compared
to other subtypes (37). Double-positive lymphocytes show
a high expression of glucocorticoid receptors, rendering the
lymphocytic component of subtype Bl thymomas susceptible
to glucocorticoid-induced apoptosis, whereas neoplastic thymic
cells and hence other subtypes (including type AB, as in this
case) are resistant to this mechanism (37). Nonetheless, it
remains possible that prednisone-induced lymphocytic apoptosis
contributed to the second regression seen in our patient, although
it cannot explain the first regression.

Taken together, it is likely that several factors culminated in the
near-complete regression of our patient’s metastatic thymoma. It
is difficult to ignore 2 years of periodic fasting combined with a
ketogenic diet, which would have immersed the tumor in ketones
while depriving it of glucose, glutamine, and growth-promoting
factors. It is equally difficult to ignore the two myasthenia relapses
in which immune activation and extreme energy restriction
may have contributed to both regressions; in the case of the
second relapse, it is possible that prednisone-induced apoptosis
of the lymphocytic component of the tumor contributed to
the dramatic second regression. Overall, we hypothesize that
2 years of a combined fasting and ketogenic diet intervention
metabolically weakened the neoplastic thymic cell component
of the thymoma, “setting the stage” for immune activation and
extreme energy restriction to destroy the majority of cancer
cells during the relapses, with prednisone-induced apoptosis
destroying most of the lymphocytic component of the thymoma
during the second relapse, culminating in the virtual eradication
of the tumor.

Given that this study involved one patient, its major limitation
is obvious, and it is difficult to draw definitive conclusions.
Additional potential limitations include concerns that periodic
fasting and ketogenic diets may produce unwanted weight loss
and other adverse effects in patients with metastatic cancer.
It is therefore important to note that our patient did not
experience weight loss after 2 years undergoing both metabolic
interventions. Furthermore, although she experienced several
fasting-related adverse effects, these were all transient and
improved as she adapted to each successive fasting period.

In conclusion, this case is unique in that a metabolic-
based fasting and ketogenic diet intervention was used as the
primary management strategy for a metastatic cancer in the
absence of surgery, chemotherapy, or radiotherapy, culminating
in the near-complete regression of an inoperable metastatic
thymoma, with our patient experiencing only transient, fasting-
related side effects. Nearly 3 years after being diagnosed with
inoperable metastatic cancer, our patient shows no signs of
disease and leads a full and active life. Although we cannot be
certain of the mechanism underlying this remarkable outcome,
the most plausible explanation is that 2 years of fasting and
ketogenic diet therapy metabolically weakened the thymoma,
setting the stage for a combined immunity-induced, metabolic-
induced, and prednisone-induced near-complete regression.
Despite our uncertainty, the extraordinary outcome in our
patient highlights the importance of exploring metabolic-based
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therapies in advanced cancer cases, in the hope that more options
may be offered to patients in the years to come.
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case report for the publication of any potentially identifiable
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Cancer cells show a formidable capacity to survive under stringent conditions, to elude
mechanisms of control, such as apoptosis, and to resist therapy. Cancer cells reprogram
their metabolism to support uncontrolled proliferation and metastatic progression.
Phenotypic and functional heterogeneity are hallmarks of cancer cells, which endow them
with aggressiveness, metastatic capacity, and resistance to therapy. This heterogeneity
is regulated by a variety of intrinsic and extrinsic stimuli including those from the
tumor microenvironment. Increasing evidence points to a key role for the metabolism
of non-essential amino acids in this complex scenario. Here we discuss the impact of
proline metabolism in cancer development and progression, with particular emphasis
on the enzymes involved in proline synthesis and catabolism, which are linked to
pathways of energy, redox, and anaplerosis. In particular, we emphasize how proline
availability influences collagen synthesis and maturation and the acquisition of cancer cell
plasticity and heterogeneity. Specifically, we propose a model whereby proline availability
generates a cycle based on collagen synthesis and degradation, which, in turn, influences
the epigenetic landscape and tumor heterogeneity. Therapeutic strategies targeting this
metabolic-epigenetic axis hold great promise for the treatment of metastatic cancers.

Keywords: proline, metabolic reprogramming, PRODH, ALDH18A1, PYCR1, collagen prolyl-hydroxylases,
epigenetic remodeling, Budesonide

INTRODUCTION

Metastatic seeding of tumor cells to distant body sites relies on the extraordinary phenotypic
plasticity of cancer cells (1, 2). The acquisition of cancer cell plasticity is emerging as the adaptive
response to a hostile tumor microenvironment. A paradigm of cell plasticity is the epithelial
to mesenchymal transition (EMT) by which epithelial cells acquire mesenchymal traits while
losing epithelial-specific gene expression. This phenotypic switch occurs through a continuum of
intermediated cellular states in which cells acquire intermediate/metastable phenotypes, adopting
phenotypic, and molecular features of both epithelial and mesenchymal cell types (3, 4). How this
multistep process is controlled is a key question and a major unresolved issue.

A central role for metabolism is emerging in the control/modulation of cancer cell plasticity
(5). Upon the activation of oncogenic pathways, cancer cells undergo metabolic reprogramming,
adapting their metabolism to the energetic and anabolic requirements necessary for uncontrolled
proliferation and motility (5). For instance, cancer cells become dependent on an exogenous source
of non-essential amino acids (NEAAs), which are involved in synthesis of macromolecules redox
balance, and post-translational and epigenetic modifications, i.e., the NEAAs take on regulatory
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functions essential for malignant growth and metastasis. Thus,
it has been hypothesized that during cancer progression, some
NEAAs may become “conditionally essential,” however, it is not
only the product amino acid but also the metabolic pathway,
itself, which is important (6-8).

In this context, a great interest is emerging on the role
of the extracellular matrix (ECM) as a readily available
source of limiting metabolites and an important component
of the tumor cell plasticity. ECM proteins are a great
reservoir of amino acids, mainly NEAAs, that can be released
in the tumor microenvironment by the activity of matrix
metalloproteinases/collagenases secreted by cancer cells (9) and
thus influence cancer cells metabolism. Among NEAAs, ECM
proteins are particularly rich of Glycine and Proline, and the
regulatory functions and the impact of Proline metabolism on
normal and cancer cell behavior has been deeply investigated and
well-described (10-12).

The goal of this review is to describe the emerging knowledge
on the role of Proline metabolism, mainly Proline synthesis, in
the control of cancer cell plasticity, the genes/enzymes/pathways
involved and their relevance as prognostic markers and potential
therapeutic targets. Finally, we will discuss the emerging idea
that cancer cells epigenetic and phenotypic plasticity rely on
a Proline-dependent cycle, based on collagen-synthesis and
degradation, which represents a potential target for the future
development of novel anti-cancer therapies.

PROLINE CATABOLISM IN CANCER

The conversion of Proline into A!- pyrroline-5-carboxylate
(P5C) is the first step of Proline catabolism, and is catalyzed by
Proline dehydrogenase/Proline oxidase (PRODH/POX) enzyme.
During this enzymatic reaction, flavin adenine dinucleotide
FAD is reduced to FADH;, which may be used to generate
ATP through the oxidative phosphorylation process. PRODH
enzyme is bound to the inner mitochondrial membrane and its
overexpression, concomitantly with high levels of free Proline,
may concur to generate reactive oxygen species (ROS). In a
second oxidative step, Proline-derived P5C can be converted
into Glutamate in a reaction catalyzed by the pyrroline-5-
carboxylate dehydrogenase (P5CDH) enzyme. Glutamate, after
conversion into a-Ketoglutarate (a-KG), can be burned to
CO, using the TCA cycle, gaining ATP. Thus, cells can use
Proline to produce ATP, other metabolites (P5C, glutamate, aKG)
and ROS. The role of PRODH-mediated Proline oxidation in
the proliferation/survival of cancer cells has been exhaustively
described elsewhere (11-14). Here we report a brief description
of the contrasting effects (anti- vs. pro- tumor) of PRODH on
cancer cell behavior.

Antitumor

PRODH is a p53-induced gene and its expression is down
regulated in many tumors (15-18), most likely those carrying
inactivated/mutated p53 variants. PRODH expression is also
induced by the inflammatory factor peroxisome proliferator-
activated receptor gamma (PPARy) and AMP activated protein
kinase (AMPK), whereas it is repressed by oncogenes, such as

MYC, which acts through miR-23b* (19). Overexpression of
PRODH gene in colorectal cancer cells blocks cell cycle and
reduces DNA synthesis (20). PRODH-induced ROS are strong
inducers of apoptosis and autophagy. PRODH activity can also
concur to suppress hypoxia-inducible factor 1 alpha (HIFla)-
mediated signaling by increasing the synthesis of a-KG, in
hepatocellular carcinoma (21, 22).

Protumor

PRODH expression is induced under hypoxic conditions in
different tumor cell lines and in a mouse xenograft model of
human breast tumor, and contributes to cancer cell survival by
inducing autophagy (23, 24). Moreover, PRODH is upregulated
in a 3D spheroidal cell culture model of breast cancer (BC)
compared to the 2D culture, as well as in metastases compared
to primary tumors in BC patients (25) (Table1). PRODH
inhibition impairs spheroids growth and reduces lung metastases
formation in vivo (25). PRODH/POX contributes to survival
of triple negative breast cancer (TNBC) cells treated with
HDAC inhibitors (Table1). PRODH ablation reduces pro-
survival autophagy and increases apoptosis induced by the
HDAC inhibitors used (45). PRODH induces, in vitro and in
vivo, non-small cell lung cancer (NSCLC) cells toward EMT,
proliferation and migration, which are blocked by depletion of
PRODH (46) (Table 1).

All together these findings support the idea that the
pro- or anti-survival roles of PRODH in cancer cells may
be context/environment- and cell type- dependent (75).
Additionally, the product of PRODH activity P5C is the
immediate precursor of Proline. The Proline-P5C cycle provides
unique functions in amino acid metabolism (14).

PROLINE BIOSYNTHESIS GENES
PREDICT POOR PROGNOSIS IN CANCER

De novo synthesis of Proline is supported by Glutamine-derived
Glutamate. In a first step, the P5C synthetase enzyme, encoded by
aldehyde dehydrogenase 18A1 (ALDH18A1) gene catalyzes the
conversion of Glutamate to P5C. In a second reductive step, P5C
is converted to Proline by P5C reductase (PYCR) enzymes (10).
Three isoforms (PYCR1, PYCR2, and PYCRL) of P5C reductase,
each with distinct properties, have been identified (76). PYCR1
and 2 share a high amino acid (aa) sequence similarity (84%),
they are both located in the mitochondria and prefer NADH as
electron donor. Conversely, PYCRL shares only 45% of the aa
sequence similarity with PYCR1 and 2, is localized in the cytosol
and preferentially uses NADPH as reducing agent. PYCR2 is
more sensitive to feedback inhibition by Proline (Ki ~0.15 mM)
than PYCRI1 (Ki ~1.0 mM), whereas PYCRL appears insensitive
to Proline inhibition (10, 14). Of note, the up regulation of
Proline synthesis from Glutamine by ¢cMYC (77), and NAD™
NADP* produced during Proline synthesis are potent regulators
of both glycolysis and the pentose phosphate pathway, strongly
suggesting its importance in cancer (8).

The role played by PYCRs-mediated Proline synthesis in
cancer progression is supported by unbiased transcriptomics,
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TABLE 1 | Proline-related genes and associated cancer types.

Proline-related genes

Cancer ALDH18A1  PYCR1 PRODH EIF5A P4HA1

Type/Organ

P4HA2 P4HB LEPREL4 PLOD1/2 MMP9/1/13  ATF4

Adrenal
Bladder
Brain
Breast
Cervix
Colon
Esophagus
Gastric
Germ Cell
Head-Neck
Hepatic
Kidney
Leukemia
Lung
Lymphoma
Melanoma
Myeloma
Ovary
Pancreas
Prostate
Thyroid
Reference

(26-29)

(26, 27, 30)
(28, 31)
(32-44)

(15-18)
(21-25, 45,
46)

(47) (48)

(49-56)

(67)
(58-65)
(66, 67)

(68-72) 26) (26) ©26) (73, 74)

The gray boxes indicate that the specific gene has been associated to the specific cancer type.

metabolomics, and proteomics studies, indicating that PYCRs
expression levels, especially PYCRI, influence the clinical course
of cancer (Table 1).

A comprehensive study comparing the mRNA expression
profiles of 1,454 metabolic enzymes across 1,981 tumors covering
19 different tumor types vs. 931 matched normal tissue controls,
identify Proline biosynthesis genes (PYCRI and ALDHI18A1)
among the most up regulated enzymes (26). The Cancer Genome
Atlas (TCGA) database and gene expression profiles from a
Singapore-based cohort reveal that PYCR1 and ALDH18A1 are
among the most up-regulated genes in Hepatocellular Carcinoma
(HCC). They both correlate with HCC grade, and predict a
poor clinical outcome (27). PYCR1 knock-down (KD) cells show
decreased cell proliferation, and a reduction of the NAD"-
induced glycolytic and NADPT-dependent oxidative pentose
phosphate pathways has been suggested (27). An independent
study reveal that PYCRI is induced in HCC tumor tissues
compared to adjacent normal liver tissues and, remarkably, that
PYCRI ablation induces apoptosis, decreases cell proliferation,
colony formation ability in vitro, and reduces in vivo tumor
size (30). Moreover, a link between PYCR1 expression and
activation of c-Jun N-terminal kinase (JNK) and insulin receptor
substrate 1 (IRS1) signaling has been also suggested (30).
Different studies reported that ablation of PYCR1 generates

smaller tumors. However, besides reduced proliferation/cell
number and/or increased apoptosis, lower tumor volume can be
the consequence of reduced stroma/ECM. Indeed, lower levels
of Proline affect collagen/ECM accumulation, which eventually
results in smaller/more compact tumors that have less capacity to
invade and generate metastasis (57).

In Breast Cancer (BC) tumors, PYCR1 and ALDHI18A1
expression levels varies among specific BC subtype. An increase
in PYCR1 copy number and PYCRI mRNA level is associated
with Luminal B type. Moreover, ALDH18A1 and Glutaminase
protein levels are higher in high proliferative estrogen receptor
positive (ERT) /human epidermal growth factor receptor
negative (HER2™) (Luminal B) compared to low proliferative
ERT/HER2™ (Luminal A) tumor cells, thus suggesting that the
Glutamine-Proline axis is a poor prognosis marker in BC (28).
By combining in vitro studies using BC cell lines and clinical
data from human samples, Ding et al. found that PYCR1, but
not PYCR?2, is highly expressed in BCs independently of the
specific subtype (ERT vs. ER™), and positively correlates with
tumor size, grade and invasiveness. Accordingly, PYCR1 KD
reduces BC cells proliferation and invasiveness and increases
the cytotoxicity of chemotherapeutic drugs, thus suggesting
that PYCR1 may be a potential therapeutic target for BC
(31). Complementary to these findings, Liu et al. developed a
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tool to calculate electrons energy dissipation during metabolic
transformations (29), and found that under hypoxic conditions
in which the electron transfer chain (ETC) to oxygen is
blocked, proliferating cells rewire their metabolism and use
Proline biosynthesis and lipogenesis as alternative electron
acceptors. Blocking simultaneously ALDH18A1 and lipogenesis
inhibits breast tumor growth in vivo and in vitro (29). A
recent study demonstrates that infection with oncogenic Kaposi’s
sarcoma-associated herpesvirus (KSHV), an etiological agent
of Kaposi sarcoma, increases Proline synthesis in a 3D model
of breast cancer. KSHV K1 oncoprotein interacts with and
activates PYCR1, promoting tumor growth and development.
Abrogation of PYCRI abolishes the oncogenic activity of KSHV
K1 protein (32).

PYCRI is highly expressed also in prostate cancer tissues
(33), in renal cell carcinoma (RCC) (34), in papillary renal cell
carcinoma (PRCC) (35) and in human malignant melanoma
(MM) (36). These studies showed that PYCR1 expression
strongly influence cell behavior (proliferation, colony formation,
apoptosis) in different cancer contexts, and correlate with poor
outcome and decreased overall survival in patients. Of particular
interest is the finding that PYCR1 ablation inhibits migration and
invasion both in PRCC and MM cells, altering phosphorylation
of AKT (36) and mTOR (35).

Independent studies bring to the findings that PYCRI is
overexpressed also in non-small cell lung cancer (NSCLC)
and has been associated with poor prognosis in patients
with NSCLC (37-40). Knocking down PYCR1 inhibits NSCLC
cell proliferation and cell cycle (37). Interestingly, PYCRI
expression is negatively regulated by miR-488, which inhibits
cell proliferation and clone formation ability, and promotes
apoptosis. These effects are rescued by PYCR1, which in turn
activates p38 MAPK pathway (38). PYCR1 was shown to regulate
NSCLC cell migration and invasion, and the expression of the
typical epithelial-mesenchymal transition markers E-cadherin,
Vimentin, N-cadherin, and Snaill, suggesting that PYCR1 may
be critical for NSCLC aggressiveness and a potential target for
treating NSCLC (39). Accordingly, lung adenocarcinoma cell
sensibility to cisplatin increased upon PYCRI silencing, further
supporting the idea that PYCR1 is a potential therapeutic target
for lung adenocarcinoma (40). Finally, recent findings showed a
correlation between cancer cells that have mutation in isocitrate
dehydrogenase 1 (IDH1) and increased PYCRI1 expression and
Proline levels (41).

Altogether, these findings further support a critical role
of Proline biosynthesis genes in cancer development and
progression, independently of the tumor type.

Transcriptional and Post-translational
Regulation of PYCR1 and ALDH18A1 in

Cancer

Recent studies on the role of Proline biosynthetic enzymes in
neuroblastoma (NB) progression unravel a novel mechanism
of transcriptional regulation of the genes coding for these
enzymes (42). Specifically, myeloid zinc finger 1 (MZF1) and
MZF1 antisense RNA1 (MZF1-AS1) have been identified as

transcriptional regulators of ALDH18A1 and PYCR1. MZFI
induces the expression of ALDH18A1 and PYCRI, promoting
NB aggressiveness. Mechanistically, MZF1AS1 promotes the
up-regulation of both MZF1 and of other oncogenic genes
through the interaction with poly(ADP-ribose) polymerase 1
(PARP1), thus facilitating its interaction with E2F transcription
factor 1 (E2F1). Interestingly, MZF1, MZF1AS1, PARPI, and
E2F1 are all associated with poor prognosis of NB patients,
and blocking MZF1AS1 and PARPI interaction, using a small
peptide, or targeting MZF1AS1 suppresses Proline synthesis
and tuomorigenesis, thus representing potential targets for NB
therapy (42).

Recently, a IncRNA TRPM2-AS/miR-140-3p/PYCRI axis has
been described in BC, which regulates cell proliferation and
apoptosis. Specifically, while TRPM2-AS and PYCR1 are both
overexpressed in BC, miR-140-3p is downregulated and directly
targets both TRPM2-AS and PYCRI (43).

To date the knowledge on PYCRI1 post-translational
regulation is still poor. Recently, it has been shown that SIRT3,
a mitochondrial NAD"-dependent deacetylase involved in the
regulation of several metabolic pathways, interacts with PYCR1
both in vitro and in vivo. Acetylation of PYCR1 at K288 residue
by cAMP response element- binding protein (CREB binding
protein, CBP) acetylase reduces its activity and leads to inhibition
of cell proliferation. These findings link Proline metabolism with
SIRT3 and CBP and cell growth, and suggest that this axis may
be a potential target for cancer therapy (44).

Finally, expression of P5CS, PYCR1/2/L is increased by c-
MYC and PI3K signaling in luminal B breast cancer (28) as was
previously shown in cultured cancer cells after ectopic expression
of c-MYC (77).

PROLINE AVAILABILITY CONTROLS
CANCER CELL BEHAVIOR

The emerging evidences that increased PYCR1 and ALDH18A1
expression is a poor prognosis factor in different tumor types
are robust and convincing, and suggest an increased need of
Proline biosynthesis in cancer cells. Proline can be used by cancer
cells as energy source and/or as precursor of protein synthesis.
An interesting finding regarding the requirement of Proline
for proteinogenesis has been reported by Loayzcha-Puch and
colleagues (78). The authors developed a protocol to measure
differential ribosome codon reading (diricore), which is based on
ribosome profiling measurements. The study reports a striking
contrast between the diricore of cancer and normal surrounding
kidney tissues and provides evidence for a cancer cells-specific
limitation of Proline-tRNA availability for protein synthesis
(78). These findings are complemented by the observation that
PYCRI gene is induced in cancer cells, likely as a compensatory
feedback mechanism against a condition of Proline shortage.
This can be provoked either by a reduced availability of
exogenous Proline and Proline metabolic precursors (Glutamine
and Glutamate), by a sudden increase of Proline consumption
for proteogenic and energetic purposes and/or by both, i.e.,
an increased requirement with a reduced availability. The
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FIGURE 1 | An autoregulatory loop controls Proline biosynthesis. Proline biosynthetic enzymes, ALDH18A1 and PYCR1 are under the control of the amino acid
starvation pathway (AAR-ATF4). Under Proline limiting conditions, uncharged tRNAs accumulate and activate/phosphorylate Gen2-elF2a inducing the expression of
the transcription factor ATF4, which in turn activates the expression of PYCR1, ALDH18A1, and the amino acid transporter Slc38a2/SNAT2 genes. When Proline
levels increases, tRNAs are charged and AAR-ATF4 pathway is relieved.

requirement of PYCR1 activity for tumor growth, further support
the idea that Proline availability controls cancer progression
(78). Interestingly, Proline restriction is not an unique feature
of kidney cancer cells, but also of breast cancer cells (78), thus
raising the possibility that it may be a common feature of different
tumors types. Accordingly, some cancer cell lines are starved
of Proline and depend on exogenous Proline to restore their
clonogenic potential, and resolve endoplasmic reticulum (ER)
stress (79).

Remarkably, a finely regulated growth-limiting starvation of
Proline is also a feature of mouse pluripotent embryonic stem
cells (ESCs), which is required to preserve ESC identity. We have
recently showed that the amino acid stress response (AAR)-ATF4
pathway, which is sensitive to nutrient starvation through the
presence of uncharged tRNAs, is active in ESCs and controls
the expression of the Proline biosynthesis genes Aldh18al and
Pycrl (80) (Figure 1). This generates an autoregulatory loop
by which ATF4 induces Proline synthesis/accumulation, which
in turn down regulates ATF4 through the relief of the AAR
pathway (Figure 1). Interestingly, also the amino acid transporter
Slc38a2/Snat2, which madiates Proline uptake in ESCs (81), is
an ATF4 target gene (82, 83) (Figure 1). This autoregulatory

loop causes a specific shortage of Proline that preserves ESC
behavior/identity. When Proline levels suddenly increase, for
instance as a consequence of Proline supplementation, the prolyl-
tRNA is loaded and the synthesis of Proline-rich proteins, such
as collagens, is induced (80). Consequent to the rapid increase
of Proline availability, mESCs undergo a phenotypic transition
named embryonic-stem-to-mesenchymal like transition (esMT).
During esMT, the cells acquire mesenchymal-like, motile and
invasive features, resembling the main characteristics of the
migrating cancer cells (80, 84). Remarkably, pharmacological
blocking of the prolyl-tRNA synthetase activity with the specific
inhibitor halofuginone (85, 86) antagonizes Proline-induced
esMT (80). These findings, together with the observations
that the prolyl-tRNA synthetase-coding gene (26) and the
transcription factor ATF4 (73) are overexpressed in different
tumor types, and promote cancer metabolic homeostasis and
survival (74) (Table1), point to the key role of Proline
availability in regulating protein synthesis, which sustains cancer
cell proliferation and preserves stem cell identity. Tumor
cells undergo metabolic reprograming that may restrict the
availability of specific amino acids. Thus, sensing of amino
acid availability by different pathways, including mTOR and
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AAR-ATF4 pathways, is crucial for cancer development, mainly
by controlling the efficiency of protein synthesis and in particular
of Proline-rich protein such as collagens.

COLLAGEN-PROLYL HYDROXYLATION IN
CANCER PROGRESSION

Tumor microenvironment and remodeling of the extracellular
matrix (ECM) have gained increasing interest as mechanisms
that contribute to the development of many solid tumors
and in particular, to the reprogramming of cancer cells,
conferring them with aggressive features, e.g., invasiveness,
ability to undergo EMT and therapeutic resistance (87-89).
Collagen is the most abundant protein in the human body
and is the principal component of ECM. In this view,
collagen biosynthesis, and maturation play a critical role.
About 25% of the amino acids in collagen are incorporated
as Proline and half of them are hydroxylated by a group
of Fe’t aKG/VitC- dependent dioxygenases, the prolyl-4-
hydroxylase (P4H), within the endoplasmic reticulum (ER) (90).
Hydroxylation of Proline residues is a critical modification
required to stabilize the triple helix of collagens. It is thus
reasonable to expect that incorporation of Proline into collagen
may have metabolic consequences. P4AH enzymes are tetramers
made of 2a catalytic subunits and 28 subunits, and the genes
encoding for these enzymes have been implicated in cancer
progression (Table1). High levels of P4HA2 correlate with
poor prognosis in glioma, and P4HA2 knockdown blocks
glioma cells proliferation, migration and acquisition of EMT-like
phenotypes (58). Overexpression of PAHA2 has been implicated
also in cervical cancer (59); papillary thyroid cancer (60);
B-cell lymphoma (61); oral cavity squamous cell carcinoma
development and recurrence (62, 63). PAHA2 is correlated to liver
fibrosis and hepatocellular carcinoma (HCC) (64). Interestingly,
TCGA database analysis reveal higher levels of PAHA2 in HCC
patients with a shorter overall survival and a higher cancer
grade (65). PAHA2 is thus emerging as a potential target for
the development of novel therapeutic anti-cancer strategies.
Elevated PAHA2 and 1 predict patient mortality in human breast
cancers (48, 66). Moreover, prolyl hydroxylase gene expression
is induced by hypoxia and promotes invasiveness and lung
metastasis (48). Conversely, depletion of PAHA2 inhibited BC cell
proliferation and invasiveness in vitro and in vivo, by reducing
collagen deposition (66). PAHA2 has been recently reported to
play a role in the progression of breast ductal carcinoma in
situ (DCIS) (67). Furthermore, high levels of PAHA2 has been
associated with decreased survival in a breast cancer dataset with
almost 2000 patients, and is an independent predictor of disease
outcome with respect to standard clinopathological parameters
(57). Accordingly, silencing of PAHA2 converted Triple Negative
Breast Cancer (TNBC) cells to a more epithelial phenotype, and
reduces invasiveness in a 3D organotypic culture (57).
Deregulated P4HA1 expression has been also implicated
in cancer development and progression. PAHAI expression is
induced in TNBC and correlates with short relapse-free survival
in patients treated with chemotherapy (49). The authors show

that P4AHA1 promotes HIFla-dependent cancer stemness and
chemoresistance by reducing the availability of «-KG, and
support the idea that P4H is a promising target to inhibit
tumor progression and sensitize TNBC to chemotherapy (49).
Elevated P4HA1 expression was recently described in pancreatic
ductal adenocarcinoma (PDAC) and predicts poor prognosis. Of
note, the authors found a PAHA1-HIFla positive feedback loop,
which regulates the glycolytic and oncogenic activities of PDAC,
their stemness and chemoresistance (50). Additionally, high
P4HA1 expression is a poor prognostic factor for head and neck
squamous cell carcinoma (51), oral squamous cell carcinoma
(52), and prostate cancer (53). In ovarian cancer P4HAI
promotes migration, invasion, EMT and metastasis formation
(54). In glioma, P4HA1 promotes the transdifferentiation of
glioma stem cells into endothelial cells leading to the formation
of vascular basement membranes (55) and has been considered
as a prognostic marker for high-grade glioma (56).

Prolyl-4 hydroxylases beta polypeptide (P4HB) is the beta
subunit of P4H and belongs to the family of protein disulfide
isomerase (PDI), which acts as chaperone in the ER to inhibit
the aggregation of misfolded proteins. P4HB is overexpressed
in different types of tumors, such as hepatocellular carcinoma
(68), non-small-cell lung cancer (69), and in gastric cancer (GC)
for which it has been considered to have a prognostic value
(70). High levels are mainly associated with invasiveness and
lymphatic metastases of cancers (71). Zhang et al. suggested a
correlation between hypoxia/hypoxic microenvironment, which
plays critical roles in the process of EMT, and P4HB in the context
of GC. Specifically, HIF-1a up-regulates PAHB expression in
gastric cancer and together they cooperate to promote GC
invasion and metastases (72).

In line with the idea that collagen hydroxylation and
maturation underlie tumor progression and metastasis
formation, PLOD1/2 and LEPREL4 genes, which are both
involved in collagen biosynthesis, are upregulated in 19 different
tumor types, (26) (Table 1).

Interestingly, recent phosphoproteomic analysis reveal
that PAHA2 and P4HB are targets of the tyrosine kinase
PKDCC/VLK, which phosphorylates a broad range of secreted
and ER-located proteins (91). Of note, PKDCC/VLK is one of
the most up regulated genes in Proline-induced esMT (80, 84).

In most cases, P4H expression has been linked to the
acquisition of mesenchymal/invasive features and metastasis
formation. In particular, (i) the accumulation/deposition of
collagen near tumors has been associated with metastasis
formation, (ii) inhibition of P4H reduces tumor aggressiveness
both in vitro and in vivo. Despite extensive studies, the
mechanisms underlying P4H-dependent tumor aggressiveness
are still poorly understood.

COLLAGEN-EPIGENETIC INTERPLAY IN
CANCER CELL IDENTITY AND PLASTICITY

Increased collagen synthesis and maturation may in turn
influence cancer cell growth and behavior by acting at different
levels. The most studied role of collagen processing in tumors
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development/progression is focused on its downstream signaling.
Different signaling pathways control synthesis/accumulation of
collagens, including TGFf. In the context of TGFp-dependent
activation of fibroblast and consequent production and secretion
of matrix protein and wound healing, TGFp promotes Proline
biosynthesis in a SMAD4-dependent manner, to support collagen
production (92). Collagens interact with specific receptors, e.g.,
discoidin domain receptors (DDRs) and integrins, and in turn
activate downstream pathways including ERK, PI3K/AKT -
NFkB, Focal adhesion kinase (FAK) and enhance migration
and promotion of EMT. This complex, context- specific role of
collagen signaling in cancer development and progression has
been extensively investigated and recently reviewed (93).

It is now evident that signals from the microenvironment
influence  cancer cell behavior, and that tumor
microenvironment, including ECM composition, largely
influences tumor progression. Indeed, the changing in the ECM
mechanical properties, the increased collagen deposition and
stiffness influence cell plasticity, endowing cancer cells with
elevated invasiveness, migration and metastatic dissemination
properties (87-89). In this context, it has been recently shown
that epigenetic silencing of the tumor suppressor RASSFIA in
lung cancer induces PAHA?2 expression, which leads to increased
collagen deposition, ECM stiffness and triggers metastatic
dissemination (94). An interesting interplay between Proline
metabolism/collagen synthesis and microenvironment has been
reported in a recent study on lung cancer, where the authors
show the interaction of PYCRI in the mitochondria with
Kindlin-2, a protein critical for integrin-mediated cell-ECM
adhesion. When ECM stiffness rises, as in cancer, Kindlin-2
translocates in the mithocondria where it interacts with PYCRI,
increasing PYCRI and proline levels. Kindlin-2 KD reduces
PYCRI levels and ECM stiffening-dependent increase of Proline
synthesis. In vivo Kindlin-2 ablation strongly reduces PYCR1
and Proline levels, fibrosis, tumor growth and mortality rate (95).

The aforementioned mechanisms allow cancer cells to survive
and adjust to rapid, transient changes. Genetic mutations do
not explain the heterogeneity/plasticity of cancer cells, which
can be better explained by metabolic, epigenetic mechanisms.
In this respect, we have recently proposed a novel mechanism
underlying cancer cells plasticity by which collagen maturation
may act as an epigenetic signal (57). Data provided in recently
published papers underscore the existence of a functional link
between Proline metabolism and epigenetic remodeling (84,
96, 97) and demonstrate that Proline availability influences
mouse embryonic stem cell (mESC) identity and behavior
through modulating AAR-ATF4 pathway (see above paragraph
Proline availability controls cancer cell behavior). Of particular
relevance is the finding that a sudden increase of Proline
availability in mESCs induces a mesenchymal-like transition
(esMT), which resembles the EMT that occurs at the invasive
border of metastatic tumors (80, 84). This phenotypic transition
is accompanied with metabolic and epigenetic changes similar
to that observed in cancer cells. First, the acquisition of
mesenchymal-like invasive features in Proline-treated ESCs
(PiCs) is accompanied by a metabolic reprogramming shift
from a bivalent to a glycolytic metabolism. Furthermore, esMT

is accompanied by epigenetic remodeling, which results in a
genome-wide increase of DNA and histone methylation (84,
98). While several metabolites act as cofactors or substrates
of epigenetic enzymes and may thus influence the epigenetic
landscape (99), a different mechanism has been recently
proposed underlying Proline’s epigenetic activity, which relies
on collagen synthesis/maturation that requires Vitamin C
(VitC) (Figure2) (57). Following this model, consequently
to a rapid increase of Proline-dependent collagen synthesis,
the activity of Prolyl-hydroxylase (P4h) enzymes for collagen
maturation, consumes VitC in the ER. This results in a
reduced nuclear availability of VitC, which becomes limiting
for the VitC/ aKG /Fe*?-dependent epigenetic enzymes, i.e.,
the JumonjiC-domain containing (JmjC) histone dioxygenases
and the Ten-eleven Translocation (Tet) DNA demethylases,
and determines a genome-wide increase of histones and DNA
methylation (57, 98) (Figure2). This functional interplay
between P4H and JmjC/Tet enzymes explains, at least in part,
the mechanism through which Proline induces the epigenetic
remodeling associated with reversible esMT/MesT (57, 98).
This previously unexplored functional interplay between Proline
metabolism/collagen hydroxylation and epigenetic remodeling
is not unique of ESCs but similarly occurs in cancer cells
and contribute to breast cancer cell plasticity and metastatic
progression (57) (Figure 2).

These findings lead us to hypothesize the existence of
a Proline metabolism-dependent cycle of collagen synthesis
and degradation in the same cell (Figure2). Concomitant
to continuous synthesis and maturation of collagen inside
the cells, which promotes cancer cell invasiveness, collagen
is degraded in the tumor microenvironment through the
activity of the metalloproteinases (MMPs) and collagenases. This
serves as reservoir of free extracellular Proline that in turn is
taken up by the cell and used for protein synthesis/collagen
biosynthesis, potentiating the cycle itself, and causing the
epigenetic remodeling (Figure 2). Interestingly, genes encoding
for MMP9, 1 and 13 and PREP, involved in proteins/collagen
degradation are overexpressed in many different tumor types
(26) (Table 1). Additional crucial enzymes required for collagen
degradation and uptake may also contribute to the regeneration
of this cycle, including prolidases (100), which hydrolyzes di- or
tri-peptides with C-terminal Proline or hydroxyproline residues,
and other collagenases.

In this context, interesting findings have been recently
reported in pancreatic ductal adenocarcinoma (PDAC), which
is characterized by cells organized in gland-like structures
embedded in a dense collagen meshwork, which limits the
delivery of nutrients and oxygen (101). Under nutrients
starvation, PDAC cells can survive by using collagen-derived
Proline as a source of energy. In fact, PDAC cells express Proline
metabolic enzymes and are able to uptake collagen both through
macropinocytosis (102) and uPARAP/Endo180 collagen receptor
(101). Tracer experiments showed that upon collagen uptake, free
Proline primarily contributes to biomass through incorporation
into proteins, while only at small ratio in non-protein metabolic
compartments. Genetic and pharmacological inhibition of
PRODH, whose expression is increased in PDAC, significantly
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FIGURE 2 | Impact of Proline/Epigenetic axis on tumor progression. Extracellular Proline released from collagen degradation influences cell identity/behavior at
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reduces PDAC cells clonogenicity in vitro, which is rescued
by exogenous Proline, and strongly reduces pancreatic tumor
growth in vivo (101). The authors suggest that collagen-derived
Proline may promote cancer cell survival and proliferation
through TCA cycle metabolism and cellular respiration; however,
it would be interesting to investigate the fate of collagen-derived
free Proline to protein synthesis as an additional/alternative
mechanism of PDAC cells survival and invasiveness.

POTENTIAL THERAPEUTIC STRATEGIES
TARGETING PROLINE METABOLISM IN
CANCER

The critical role of Proline on cancer cell identity and
behavior prompted researchers to develop novel therapeutic anti-
cancer strategies targeting different levels of Proline metabolism
(Figure 3). Among them, halofuginone (HF) holds great
promise. HF is a derivative of febrifugine, a fundamental herb
of traditional Chinese medicine, used to treat malaria for almost
2,000 years. HF binds the glutamyl-prolyl-tRNA synthetase

(EPRS) and inhibits prolyl-tRNA formation (tRNA loading) (85,
86). This inhibition leads to the activation of the aminoacid stress
response (AAR) pathway, which senses amino acid restriction
through the accumulation of uncharged tRNAs, phosphorylation
of Gen2-elF2a, and ATF4 expression (80). Increased levels of
ATF4 activates the transcription of a set of genes that are crucial
for the adaptation of cells to a stress environment (103). HF-
dependent inhibition is reversed by exogenous supplementation
of Proline.

HF has gained increasing interest for its potential application
in the treatment of fibrosis and cancer since many studies have
demonstrated its efficacy in inhibiting growth and progression
of many types of tumors, mainly reducing collagen, and stroma
accumulation, metalloproteinases, angiogenesis, and immune
responses. In glioma tumors HF reduces collagen accumulation
(104), in leiomyoma HF reduces cell proliferation in vitro (105)
and in vivo (106); in bladder carcinoma HF inhibits angiogenesis,
tumor stroma and growth (107). HF disrupts the stromal barriers
also in PDAC, and modulates the immune response, leading
to reduced tumor volume (108), and reduced subcutaneous
pancreatic tumor development in a xenograft model (109). HF
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efficacy has been reported on prostate cancer growth in vivo
(110) and on pheochromocytoma with vasculature reduction
(111). Independent studies indicate that HF inhibits breast cancer
growth by different mechanisms, including the induction of
ROS production, which in turn activate apoptosis, and the
inhibition of cell migration by down regulation of the matrix
metalloproteinase 9 (MMP9) (112), or through activation of
autophagy (113). HF reduces breast and prostate bone metastasis,
by inhibiting TGFB- and BMP- signaling (114). Recently, HF has
been found to block breast cancer cells growth by controlling
the exosome production of miRNAs involved in cell cycle and
growth control (115). HF blocks colorectal cancer growth in vitro
and in vivo through inhibition of AKT/mTORCI pathway (116)
and induction of autophagy under nutrient-rich conditions, and
inhibition of autophagy under nutrient- poor conditions (117).
HF suppresses HCC growth and progression (118, 119), lung
metastasis by decreasing MMP activity (120). HF suppresses
acute promyelocytic leukemia cell proliferation and promotes
apoptosis (121), resulting in hematological remission in vivo

(122); and inhibits multiple myeloma cell proliferation (123).
HF augmented the sensitivity of different cancer cell lines to
radiotherapy (124) and enhances the chemo-sensitivity of cancer
cells (125), HF potentiates the radiotherapy effects of Lewis lung
cancer cell in vitro and in vivo (126), reverting radiotherapy-
dependent induction of TGFf and EMT (127). HF is effective
for the treatment of metastatic brain tumors (128), reduces
melanoma bone metastasis, (129). Hence some pre- clinic models
(130), and phase I and II clinical trials have been developed (131),
showing the great potential of this molecule for cancer treatment.

The elongation factor P (EF-P, also known as eIF5A) is
implicated in the translation of mRNAs coding for Proline- rich
stretches/motifs (132, 133). Of note, eIF5A was associated to
development of human cancers, and considered as an oncogene
(47), and a potential therapeutic target (Table 1).

Macrolide antibiotics have been proposed as potential
therapeutic targets relevant for inhibition of Proline-rich protein
synthesis. Accordingly, it has been recently reported that
macrolides can induce ribosome stalling, blocking the elongation
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of Proline- rich polypeptides (134). Interestingly, the macrolide
Spiramycin is a potent inhibitor of Proline- induced esMT (57),
suggesting that it may exert anti metastatic activities although it
has not been yet tested in the cancer cell models.

Based on the well-known role of TGFf in inducing collagens
gene expression, other potential therapeutic targets that must
be included in this section, as an extension of Proline
metabolism targets for cancer treatment, are TGFp inhibitors,
which are the focus of many research projects and clinical
trials (135).

The findings that collagen hydroxylation enzymes play
a key role in cancer progression, and that their expression
positively ~correlates with patient mortality, encouraged
development of chemical inhibitors of P4H enzymes. These
include metal ions and chelators, mimetics of the co-substrate
a-KG, and collagen mimetic peptides. However, so far the
majority of them have shown low clinical relevance, mainly
because of high toxicity and/or low efficacy in vivo (136),
suggesting that although promising, this field still needs
further investigations.

In a very recent study, Budesonide, which is a drug
commonly used to treat asthma and reduce collagen in
pathological fibrotic conditions, has been identified as a
candidate for the treatment of metastatic cancer (57). Indeed,
Budesonide has been identified in a high-through-put phenotypic
screening of 1200 FDA-approved drugs searching for esMT
inhibitors. Budesonide not only antagonizes Proline-dependent
esMT but also impairs the acquisition of mesenchymal
and motile/invasive features in human lung and breast
cancer cell lines, reducing collagen synthesis/accumulation in
vitro. Furthermore, Budesonide impairs ECM and collagen
accumulation in an orthotopic model of human breast cancer
development in vivo and reduces metastasis formation (57).
Although the mechanism of action of Budesonide is still far
from fully elucidated, it may act as a glucocorticoid receptor
(GR) antagonist. Interestingly, asthmatic patients under long-
term treatment with Budesonide show reduced risk to develop
pancreatic ductal adenocarcinoma (137). Moreover, Budesonide
has been recently identified, using a combined connectivity
mapping and pharmacoepidemiology approach, as a potential
treatment for preventing breast cancer (138). Finally, by blocking
collagen synthesis and hydroxylation in the ER, Budesonide
increases VitC availability in the nucleus, resulting in epigenetic
remodeling, ie., a global reduction of DNA and histone
methylation levels (57), thus showing its potential for targeting
cancer cell plasticity and identity.

Finally, PYCRI is considered a potential therapeutic target in
HCC (27) and in BC (31) but so far, specific inhibitors of PYCR1
are not available.

CONCLUSIONS AND PERSPECTIVES

Proline is abundantly incorporated into collagen and provides
the structural strength in higher animals. Besides this well-know

function of Proline/collagen, increasing attention has been drawn
to the impact of Proline and collagen metabolism, i.e., collagen
synthesis/hydroxylation and degradation, on cell identity and
behavior (14, 57). In this context, our recent findings that
VitC-dependent collagen hydroxylation influences the epigenetic
landscape and contributes to cellular plasticity (57) open new and
important perspectives.

It has been proposed that oncogenic mutations may perturb
the function of metabolic enzymes, which may in turn act as
oncogenes. We suggest that such mutations, along with cancer
cell metabolic reprogramming, may alter the availability of
specific metabolites/cofactors required by epigenetic enzymes,
e.g., Vitamin C, and alter the epigenetic signature of cancer cells
causing, at least in part, tumor heterogeneity.

Following our proposed model, a functional interplay between
Proline metabolism/collagen biosynthesis and epigenetic
remodeling may generate a cycle based on the concomitant
collagen synthesis and degradation, which sustains the cycle itself
and controls cancer cell plasticity and behavior. Development of
therapeutic strategies targeting this metabolic axis may provide
novel options to target cancer cell heterogeneity.

A critical aspect is that proliferating cancer cells develop
significant metabolic heterogeneity in order to survive to
changing microenvironment (5). This heterogeneity is of
particular relevance when envisioning therapeutic strategies
and represents the main roadblock to attempts to control cell
proliferation. The combination of cocktails of drugs that target
metabolic pathways at different levels may represent a successful
strategy to ultimately eradicate metastasizing cancer cells. In this
context, several therapeutic strategies have been proposed that
target Proline metabolism at different levels, including inhibitors
at the level of prolyl-tRNA synthetase/collagen synthesis and
collagen prolyl-hydroxylation. Although these options hold great
promise, further investigations and clinical applications are
needed to validate potential efficacy.
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Here, we describe the chemical synthesis and biological activity of a new Doxycycline
derivative, designed specifically to more effectively target cancer stem cells (CSCs).
In this analog, a myristic acid (14 carbon) moiety is covalently attached to the free
amino group of 9-amino-Doxycycline. First, we determined the 1C5q of Doxy-Myr using
the 3D-mammaosphere assay, to assess its ability to inhibit the anchorage-independent
growth of breast CSCs, using MCF7 cells as a model system. Our results indicate that
Doxy-Myr is >5-fold more potent than Doxycycline, as it appears to be better retained
in cells, within a peri-nuclear membranous compartment. Moreover, Doxy-Myr did not
affect the viability of the total MCF7 cancer cell population or normal fibroblasts grown
as 2D-monolayers, showing remarkable selectivity for CSCs. Using both gram-negative
and gram-positive bacterial strains, we also demonstrated that Doxy-Myr did not show
antibiotic activity, against Escherichia coli and Staphylococcus aureus. Interestingly,
other complementary Doxycycline amide derivatives, with longer (16 carbon; palmitic
acid) or shorter (12 carbon; lauric acid) fatty acid chain lengths, were both less potent
than Doxy-Myr for the targeting of CSCs. Finally, using MDA-MB-231 cells, we also
demonstrate that Doxy-Myr has no appreciable effect on tumor growth, but potently
inhibits tumor cell metastasis in vivo, with little or no toxicity. In summary, by using
9-amino-Doxycycline as a scaffold, here we have designed new chemical entities
for their further development as anti-cancer agents. These compounds selectively
target CSCs, e.g., Doxy-Myr, while effectively minimizing the risk of driving antibiotic
resistance. Taken together, our current studies provide proof-of-principle, that existing
FDA-approved drugs can be further modified and optimized, to successfully target the
anchorage-independent growth of CSCs and to prevent the process of spontaneous
tumor cell metastasis.

Keywords: cancer stem-like cells (CSCs), Doxycycline, myristic acid, fatty acylation, cancer cell metastasis,
prophylaxis of metastasis, 9-amino-Doxycycline, antimitoscins
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INTRODUCTION

Cancer stem cells (CSCs) are thought to be the root cause of
recurrence, metastasis, and drug-resistance, in a host of cancer
types (1-5). As a consequence, there is an unmet need to
develop new therapeutics to target and selectively kill CSCs,
while avoiding side effects, especially severe chemo-toxicity.
Metastasis is believed to be driven by this unique sub-population
of cancer-initiating cells (1-3). CSCs have the ability to generate
de novo tumors in immuno-deficient host organisms. Moreover,
they have the capacity to engage in anchorage-independent
growth, which facilitates their invasive spread throughout the
various tissues and organ systems, resulting in local, and distant
disseminated lesions (4, 5). Remarkably, these metastatic lesions
are resistant to both chemo-therapy and radiation treatments.
Unfortunately, the Achilles’ heel of these pro-metastatic CSCs
remains largely unknown. As a consequence, currently there are
no anti-cancer drugs that are FDA-approved for the prevention
of metastasis.

Over the last 5 years, we identified that mitochondria in CSCs
may be a novel tractable therapeutic target, for inhibiting their
anchorage-independent growth (5). More specifically, increased
mitochondrial biogenesis may facilitate efficient high energy
production, resulting in the rapid propagation of CSCs (6-10).
In addition, within metastatic lymph nodes isolated from breast
cancer patients, disseminated cancer cells show elevated levels
of mitochondrial activity, especially Complex IV activation, as
revealed by functional activity assays (11).

Interestingly, mitochondrial biogenesis is critically linked
to the activity of mitochondrial ribosomal proteins, that
functionally translate key mitochondrial proteins, which are
genetically encoded by mitochondrial DNA (mt-DNA); this
includes 13 proteins that are necessary to functionally maintain
OXPHOS and mitochondrial ATP synthesis (6-13).

The reason that mitochondria have their own DNA and
specific machinery for protein translation is that they originally
evolved from engulfed aerobic bacteria, over the last 1.4
billion years, after invading eukaryotic cells. This evolutionary
symbiotic relationship has certain functional consequences
that could be safely exploited to achieve anti-mitochondrial
therapy, specifically targeting CSCs. For example, because of
the similarities between bacteria and mitochondria, a sub-
set of bacteriostatic antibiotics block mitochondrial protein
translation, as a manageable side effect (6, 10, 13). In this
context, Doxycycline inhibits the activity of the small mito-
ribosome, while Azithromycin blocks the large mito-ribosome,
both as off-target side effects (6, 10, 13). Similarly, Doxycycline
and Azithromycin both inhibit the propagation of CSCs, in an
anchorage-independent fashion, in numerous breast cancer cell
lines, as well as in cell lines derived from many other solid tumor
types (6, 10, 13). As such, we have suggested that these side-effects
could be re-purposed to clinically target and therapeutically
eradicate CSCs.

In direct support of this notion, a Phase II clinical trial
has documented that brief treatment with Doxycycline, in
early breast cancer patients, is indeed sufficient to significantly
decrease the content of CSCs in the tumor mass, by employing
CD44-staining as an established marker of CSCs in ER(+)

patients (14). Overall, the response rate approached 90%,
resulting in reductions of up to nearly 67% in CSC tumor burden
(14). Quantitatively similar results were obtained in HER2(+)
patients, using ALDH1 as a CSC marker. As such, blocking
mitochondrial protein synthesis may be a viable approach for
targeting and removing CSCs in vivo, prior to surgical excision,
possibly preventing the development of metastases.

Consistent with the above observations, other groups have
shown that Doxycycline treatment effectively reduces the
expression of a panel of CSC markers, in breast cancer cell
lines, such as CD44, ALDH, Oct4, Sox2, and Nanog (9, 12).
Moreover, Doxycycline treatment functionally inhibits multiple
CSC signaling pathways, including Wnt, Notch, Hedgehog, and
STAT1/3-signaling (10).

Here, we describe a medicinal chemistry approach to design
novel therapeutics to more selectively target CSCs. More
specifically, we show that several new potent Doxycycline analogs
can be generated by attaching a fatty acid onto 9-amino-
Doxycycline, which is a relatively straightforward chemical
modification. Importantly, these analogs, such as Doxy-Myr, lack
antibiotic activity, but more potently target CSCs and effectively
prevent metastasis, in an in vivo pre-clinical model. Therefore,
Doxy-Myr could be used to eradicate CSCs, without exerting the
selective pressures required for the development of antimicrobial
resistance and without significant toxicity.

To better describe this general class of novel compounds
which are lipid-modified FDA-approved antibiotics, we propose
the term Antimitoscins, to specifically reflect their intrinsic anti-
mitochondrial activity.

MATERIALS AND METHODS

Materials
MCF7 and MDA-MB-231 cells were obtained from the American
Type Culture Collection (ATCC). hTERT-BJ1 fibroblasts were
as we previously described (13). Cells were cultured in DMEM,
supplemented with 10% fetal calf serum (FCS), Glutamine
and Pen/Strep.

Chemical Synthesis

Custom-chemical syntheses were performed by Eurofins
Integrated Discovery UK Ltd., (Essex, UK). Conventional
peptide synthesis methods were used to covalently attach each
free fatty acid to 9-amino-Doxycycline. The desired reaction
products were identified, chromatographically purified and the
chemical structures were validated, by using a combination
of NMR and mass spectrometry. The IUPAC names for the
chemical compounds are as follows.

Doxycycline
(4S,5S,6R,12aS)-4-(dimethylamino)-3,5,10,12,12a-
pentahydroxy-6-methyl-1,11-dioxo-4a,5,5a,6-tetrahydro-
4H-tetracene-2-carboxamide.

Doxycycline-Myr
(4S,5S,6R,12aS)-4-(dimethylamino)-3,5,10,12,12a-
pentahydroxy-6-methyl-1,11-dioxo-9-(tetradecanoylamino)-
4a,5,5a,6-tetrahydro-4H-tetracene-2-carboxamide.
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Doxycycline-Laur
(4S,55,6R,12aS)-4-(dimethylamino)-9-(dodecanoylamino)-
3,5,10,12,12a-pentahydroxy-6-methyl-1,11-dioxo-4a,5,5a,6-
tetrahydro-4H-tetracene-2-carboxamide.

Doxycycline-Pal
(4S,58,6R,12a8)-4-(dimethylamino)-9-(hexadecanoylamino)-
3,5,10,12,12a-pentahydroxy-6-methyl-1,11-dioxo-4a,5,5a,6-
tetrahydro-4H-tetracene-2-carboxamide.

Doxycycline-TPP
[6-[[(5R,6S,7S,10aS)-9-carbamoyl-7-(dimethylamino)-
1,6,8,10a,11-pentahydroxy-5-methyl-10,12-dioxo-5a,6,6a,7-
tetrahydro-5H-tetracen-2-ylJamino]-6-oxo-hexyl]-triphenyl-
phosphonium oxalate.

9-Amino-Doxycycline
(4S,5S,6R,12aS)-9-amino-4-(dimethylamino)-3,5,10,12,12a-
pentahydroxy-6-methyl-1,11-dioxo-4a,5,5a,6-tetrahydro-4H-
tetracene-2-carboxamide.

9-Amino-Doxycycline was synthesized, essentially as
previously described (15).
See Supplemental Materials and Methods, and

Supplemental Figure 1, for further details on the chemical
synthesis of these Doxycycline derivatives.

3D-Mammosphere Assay

The mammosphere assay is considered as the gold-standard
for functionally measuring “stemness” and CSC propagation in
breast cancer cells. Single cells are first plated at low density
on low-attachment plates and >90% of “bulk” cancer cells die
under these conditions, in a process of programmed cell death,
termed anoikis. Only stem-like cells survive and propagate in
suspension. Each 3D mammosphere is formed from a single
CSC. Test compounds are added at the moment of single
cell plating and then the number of 3D mammospheres are
counted 5 days after plating. More specifically, a single cell
suspension of MCF7 cells was prepared using enzymatic (1x
Trypsin-EDTA, Sigma Aldrich) and manual disaggregation (25-
gauge needle) (16-19). Cells were then plated at a density of
500 cells/cm? in mammosphere medium (DMEM-F12/B27/ EGF
(20-ng/ml)/PenStrep) in non-adherent conditions, in culture
dishes coated with (2-hydroxyethylmethacrylate) (poly-HEMA,
Sigma). Cells were then grown for 5 days and maintained in a
humidified incubator at 37°C at an atmospheric pressure in 5%
(v/v) carbon dioxide/air. After 5 days in culture, spheres >50 um
were counted using an eye-piece graticule, and the percentage of
cells plated which formed spheres was calculated and is referred
to as percent mammosphere formation, normalized to vehicle-
alone treated controls. Mammosphere assays were performed in
triplicate and repeated three times independently.

Fluorescence Imaging

Fluorescent images were taken after 72 h of incubation of MCF7
cells treated with either Doxycycline or Doxy-Myr (both at
10 wM), or vehicle control. Cell cultures were imaged with the
EVOS Cell Imaging System (Thermo Fisher Scientific, Inc.),
using the GFP channel. No fluorescent dye was used before

imaging, therefore, any changes in signal were exclusively due to
the auto-fluorescent nature of the Doxycycline compounds.

Cell Viability Assay

The Sulphorhodamine (SRB) assay is based on the measurement
of cellular protein content (16-19). After treatment for 72h
in 96-well plates (8,000 cells/well), cells were fixed with 10%
trichloroacetic acid (TCA) for 1h in the cold room, and were
dried overnight at room temperature. Then, cells were incubated
with SRB for 15 min, washed twice with 1% acetic acid, and air
dried for at least 1 h. Finally, the protein-bound dye was dissolved
in a 10 mM Tris, pH 8.8, solution and read using the plate reader
at 540-nm.

Cell Proliferation

Briefly, MCF7 cells were seeded in each well (10,000 cells/well)
and employed to assess the efficacy of Doxycycline and Doxy-
Myr, using RTCA (real-time cell analysis), via the measurement
of cell-induced electrical impedance plate (Acea Biosciences Inc.)
(18). This approach allows the quantification of the onset and
kinetics of the cellular response. Experiments were repeated
several times independently, using quadruplicate samples for
each condition.

Cell Cycle Analysis

We performed cell-cycle analysis on MCEF7 cells treated
with Doxycycline, Doxy-Myr, or vehicle-alone. Briefly, after
trypsinization, the re-suspended cells were incubated with
10ng/ml of Hoechst solution (Thermo Fisher Scientific)
for 40min at 37°C under dark conditions. Following a
40min period, the cells were washed and re-suspended
in PBS Ca/Mg for acquisition on the Attune NxT flow
cytometer (Thermo Scientific). We analyzed 10,000 events
per condition. Gated cells were manually-categorized into
cell-cycle stages (19).

Bacterial Growth Assays

Briefly, antibiotic activity was assessed using standard assay
systems (20-22). The antibiotic activity of Doxycycline analogs
was determined experimentally, using Resazurin (R7017; Sigma-
Aldrich, Inc.) as an indicator of bacterial metabolism/vitality, in
a 96-well plate format, using Escherichia coli and Staphylococcus
aureus. The minimum inhibitory concentration (MIC) for
the studied compounds was determined using the broth
microdilution method, the reference susceptibility test for rapidly
growing aerobic or facultative microorganism(s). The assays
were performed according to the Clinical and Laboratory
Standards Institute (CLSI) guidelines. The test compounds
and positive control (doxycycline, Sigma Aldrich #D1822)
stock solutions were prepared at 25mM in DMSO and
serially diluted (2-fold dilution from 200 to 1.56uM) in
cation adjusted Mueller Hinton Broth (MHB, Sigma Aldrich
#90922) in 96-well transparent plates (VWR #734-2781) into
a final volume of 50 wL/well. Staphylococcus aureus (ATCC
29213) and E. coli (ATCC 25922) cultures were maintained
on Mueller Hinton Agar (MHA, Sigma Aldrich #70191). A
single colony of each strain was then grown overnight at 37
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°C in MHB until ODgy9 ~ 0.6-0.8 and diluted into MHB to
a concentration of 106 colony forming units (CFU)/mL, which
was equivalent to an ODgpo ~ 0.01. Diluted inocula (50 L)
were transferred to the wells of the previously prepared 96-
well plates containing the test compounds, negative control
(1% DMSO in MHB) and positive control (Doxycycline).
Final wells volume was 100 L, final concentrations for
the testing compounds were between 100 and 0.78 uM and
final microorganism concentration was 5 x 10° CFU/mL.
Subsequently, 10 pL of one negative control well was plated
in a petri dish containing MHA to check CFU and the
purity of the cultures. The plates were incubated at 37°C for
24h after which 20 pL of resazurin solution (0.2 mg/mL)
was added to the wells followed by 1h 30min incubation at
37°C. The ODsyp and ODgyy were measured in a microplate
reader (BMG FLUOstar Omega). The ratio between ODsy
and ODggo was determined and the MIC represents the lowest
concentration of compound that inhibited bacterial growth
(OD570/ODgqo ratio inferior to the average ratio determined for
negative control wells). MIC values were determined by three
independent experiments.

Assays for Tumor Growth, Metastasis, and
Embryo Toxicity

These xenograft assays were carried out, essentially as previously
described, without any major modifications (23-27).

Preparation of Chicken Embryos

Fertilized White Leghorn eggs were incubated at 37.5°C with
50% relative humidity for 9 days. At that moment (E9), the
chorioallantoic membrane (CAM) was dropped down by drilling
a small hole through the eggshell into the air sac, and a 1 cm?
window was cut in the eggshell above the CAM.

Amplification and Grafting of Tumor Cells

The MDA-MB-231 tumor cell line was cultivated in
DMEM medium supplemented with 10% FBS and 1%
penicillin/streptomycin. On day E9, cells were detached
with trypsin, washed with complete medium and suspended in
graft medium. An inoculum of 1 x 10° cells was added onto
the CAM of each egg (E9) and then eggs were randomized
into groups.

Tumor Growth Assays

At day 18 (E18), the upper portion of the CAM was removed
from each egg, washed in PBS and then directly transferred to
paraformaldehyde (fixation for 48h) and weighed. For tumor
growth assays, at least 10 tumor samples were collected and
analyzed per group (n > 10).

Metastasis Assays

On day E18, a 1 cm? portion of the lower CAM was collected to
evaluate the number of metastatic cells in 8 samples per group (n
= 8). Genomic DNA was extracted from the CAM (commercial
kit) and analyzed by qPCR with specific primers for Human
Alu sequences. Calculation of Cq for each sample, mean Cq,
and relative amounts of metastases for each group are directly

managed by the Bio-Rad® CFX Maestro software. A one-way
ANOVA analysis with post-tests was performed on all the data.

Embryo Tolerability Assay
Before each administration, the treatment tolerability was
evaluated by scoring the number of dead embryos.

Statistical Analysis

Statistical significance was determined using the Student’s t-test,
values of <0.05 were considered significant. Data are shown as
the mean & SEM, unless stated otherwise. Also, ANOVA was
conducted, where appropriate.

RESULTS

Generating New Analogs of Doxycycline
for Targeting CSCs: Doxy-Myr and
Doxy-TPP

Doxycycline is known to function as an inhibitor of the
propagation of CSCs, through its ability to inhibit the small
mitochondrial ribosome, which is an off-target side-effect
(6, 10, 13). Normally, Doxycycline is used as a broad-
spectrum bacteriostatic antibiotic to treat a wide range
of infections caused by gram-negative and gram-positive
bacteria. Therefore, we sought to optimize the ability of
Doxycycline for the targeting of CSCs, while minimizing its
antibiotic activity, to derive a new chemical entity to selectively
target CSCs.

As a first step, we synthesized 9-amino-Doxycycline, to which
we covalently attached either a 14 carbon fatty acid moiety
(myristic acid) or a six carbon spacer arm containing tri-phenyl-
phosphonium (TPP). The chemical structures of these two
Doxycycline analogs, as well as the parent compound, are all
shown in Figure 1. We speculated that the TPP-moiety would
better target Doxy-TPP to mitochondria in CSCs. In contrast,
the addition of myristic acid could act as a membrane targeting
signal, possibly leading to the increased retention of Doxy-
Myr within membranous compartments, such as the plasma
membrane, the endoplasmic reticulum (ER), the Golgi apparatus,
and/or mitochondria.

To determine the functional activity of these Doxycycline
analogs, we used the 3D-mammosphere assay, to assess their
ability to inhibit the 3D anchorage-independent propagation of
MCEF7 CSCs. Interestingly, Doxy-TPP was not more potent that
Doxycycline itself, so further assays with Doxy-TPP were not
carried out (data not shown).

Figure 2 shows a direct comparison of Doxycycline with
Doxy-Myr. Remarkably, Doxy-Myr was >5-fold more potent
than Doxycycline, with an ICsp of 3.46 M. In contrast,
Doxycycline had an ICsp of 18.1 uM. Therefore, Doxy-Myr
is more potent for targeting the 3D anchorage-independent
propagation of CSCs.

To experimentally test the hypothesis that Doxy-Myr was
better retained within cells, we took advantage of the observation
that Doxycycline is fluorescent (Ex. 390-425 nm/Em. 520-
560 nm). Doxy-Myr was more easily detected and retained in
monolayer MCF7 cells, when compared to Doxycycline or cells
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FIGURE 1 | Chemical structures of two new Doxycycline derivatives: Doxy-Myr and Doxy-TPP. Note that Doxy-Myr contains a 14-carbon fatty acid (myristate)
covalently attached to 9-amino-Doxycycline and Doxy-TPP contains a TPP-moiety attached via a 6-carbon spacer to 9-amino-Doxycycline.
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FIGURE 2 | Doxy-Myr more potently inhibits the anchorage-independent propagation of CSCs. (A) MCF7 cells were plated under anchorage-independent growth
conditions and the number of 3D-mammospheres were counted after 5 days. Note that Doxycycline and Doxy-Myr both inhibited 3D-mammosphere formation, all
relative to vehicle-alone controls. However, Doxy-Myr was >5-fold more potent than Doxycycline (IC-50 of 3.46 vs. 18.1 uM). (B) Representative phase images of
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Control

Doxy-Myr

Doxy

FIGURE 3 | Doxy-Myr is better retained within cells and reveals a peri-nuclear staining pattern. MCF7 cells were cultured for 72 h as 2D-monolayers, in the presence
of Doxycycline or Doxy-Myr, at a concentration of 10 wM. Vehicle-alone controls were processed in parallel. Then, MCF7 cells were washed twice with PBS and
subjected to live cell imaging to capture the auto-fluorescent signal retained within cells. Note that Doxy-Myr showed the strongest intracellular retention, and was
concentrated within peri-nuclear intracellular compartments. No nuclear staining was observed. Quantitation of mean pixel intensity, using Image J software, revealed
that relative to Doxycycline, Doxy-Myr showed a near 3-fold increase in intracellular fluorescence.

treated with vehicle alone (Figure 3). Doxy-Myr fluorescence
showed a peri-nuclear staining pattern, consistent with its
partitioning and retention within intracellular membranous
compartments. This observation could mechanistically explain
its increased potency. No nuclear staining for Doxy-Myr was
observed, indicating that it was predominantly excluded from
the nucleus.

Doxy-Myr Is Non-toxic in 2D-Monolayers of

MCF7 Cells and Normal Human Fibroblasts
To further assess the effects of Doxy-Myr on 2D-cell growth, we
next used MCF7 cells and normal human fibroblasts (WTERT-
BJ1) treated over a period of 3 days. Figure4 shows that
both Doxycycline and Doxy-Myr had no appreciable effects
on cell viability, as determined over the concentration range
of 5-20 WM.

Potential 2D-effects on cell proliferation and the cell cycle
were also determined using MCF7 cell monolayers. Clearly,
Doxycycline and Doxy-Myr did not inhibit the proliferation
of MCEF?7 cells, as assessed using the xCELLigence (Figure 5).
Similarly, relative to the parent compound Doxycycline,

Doxy-Myr did not have any significant effects on reducing cell
cycle progression in 2D-monolayers of MCF7 cells (Figure 6).

Therefore, overall Doxy-Myr did not significantly reduce
the viability, proliferation or cell cycle progression of 2D-
monolayers of MCF7 cells, indicating that its effects were
specific for cell propagation under 3D anchorage-independent
growth conditions.

Doxy-Laur and Doxy-Pal Are Less Potent
Than Doxy-Myr in Targeting CSCs

We also synthesized two other new Doxycycline analogs to
study the influence of the fatty acid chain length on their
functional activity. These two analogs included Doxy-Laur
(harboring a 12 carbon fatty acid) and Doxy-Pal (harboring
a 16 carbon fatty acid) (Figure7). Therefore, we directly
compared the functional inhibitory activity of Doxy-Myr, Doxy-
Laur, and Doxy-Pal in the 3D-mammosphere assay, using
MCEF?7 cells. Interestingly, Figure 8 demonstrates that the rank
order potency is: Doxy-Myr > Doxy-Laur > Doxy-Pal >
Doxycycline, with no direct correlation observed between chain
length and activity. As such, the addition of myristic acid
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FIGURE 4 | Doxy-Myr does not affect the viability of MCF7 cells or normal fibroblasts, when grown as 2D-monolayers. To determine the effects of Doxy-Myr on cell
viability, we next treated MCF7 cells and normal human fibroblasts (nTERT-BJ1) over a period of 3 days. Note that Doxycycline and Doxy-Myr had no appreciable
effects on cell viability, in the concentration range of 5-20 WM. (A) MCF7 cells, (B) hTERT-BJ1 cells.
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FIGURE 5 | Doxy-Myr does not inhibit the proliferation of MCF7 cell 2D-monolayers. Potential effects of Doxycycline and Doxy-Myr on cell proliferation were
determined using MCF7 cell monolayers. Note that Doxycycline and Doxy-Myr did not inhibit the proliferation of MCF7 cells, as assessed using the xCELLigence, in
the concentration range of 5-20 uM. *p < 0.05.
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FIGURE 6 | Doxy-Myr does not induce cell cycle arrest, in MCF7 2D-monolayers. MCF7 cells were cultured for 72 h as 2D-monolayers, in the presence of
Doxycycline or Doxy-Myr, at a concentration of 10 uM. Vehicle-alone controls were processed in parallel. Note that relative to the parent compound Doxycycline,
Doxy-Myr did not have any significant effects on reducing cell cycle progression in 2D-monolayers of MCF7 cells. Representative FACS cell cycle profiles are shown.
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FIGURE 7 | Chemical structures of two other Doxycycline derivatives: Doxy-Laur and Doxy-Pal. We created two other new Doxycycline analogs by varying the chain
length of the fatty acid attached to 9-amino-Doxycycline. These two analogs included Doxy-Laur (harboring a 12 carbon fatty acid) and Doxy-Pal (harboring a 16

(a 14 carbon fatty acid) appears to be the optimal chain
length modification.

Doxy-Myr, Doxy-Laur, and Doxy-Pal Lack
Antibiotic Activity Against Common
Gram-Negative and Gram-Positive
Bacteria

Doxycycline is a well-established broad-spectrum antibiotic,
that is routinely used for therapeutically targeting both

gram-negative and gram-positive bacterial infections. As
a consequence, we also assessed the antibiotic activity
of the Doxycycline analogs, as compared to the parent
compound Doxycycline.

Figure 9 reveals that, as expected, Doxycycline potently and
effectively inhibits the growth of both gram-negative (E. coli) and
gram-positive (S. aureus) micro-organisms. Minimum inhibitory
concentrations were 3.125uM (1.3 mg/L) and 12.5pM (5.5
mg/L), respectively. However, in striking contrast, Doxy-Myr,
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FIGURE 8 | Rank order potency of the new Doxycycline derivatives. Note that Doxy-Myr is the most potent Doxycycline derivative for targeting CSC propagation, as
assayed using the 3D mammosphere assay to quantitatively measure anchorage-independent growth. The rank order potency is Doxy-Myr > Doxy-Laur > Doxy-Pal
> Doxycycline.
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FIGURE 9 | Doxy-Myr, Doxy-Laur and Doxy-Pal do not show any residual antibiotic activity. The novel Doxycycline analogs (Doxy-Myr, Doxy-Laur, and Doxy-Pal) were
screened against a gram-positive (S. aureus; ATCC 29213) and a gram-negative (E. coli; ATCC 25922) strain of bacteria to verify the maintenance of the antibiotic
activity, when compared to the parent compound. While Doxycycline presented MIC values of 3.125 uM against E. coli and 12.5 uM against S. aureus, none of the
Doxycycline analogs inhibited bacterial growth up to the concentration of 100 WM.

Doxy-Laur, and Doxy-Pal did not show any obvious antibiotic ~ mg/L). The clinical breakpoints for tetracyclines against E. coli
activity, in the same concentration range. Minimum inhibitory =~ and S. aureus are between 0.5-2.0 mg/L and 2.0-6.0 mg/L,
concentrations of the Doxycycline analogs were >100 WM (>65  respectively (28).
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Therefore, these simple chemical modifications of
Doxycycline have successfully removed its ability to act as
a functional antibiotic, while simultaneously increasing its
specificity for targeting CSCs.

Tumor Growth
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FIGURE 10 | Doxycycline and Doxy-Myr have no effect on tumor growth.
MDA-MB-231 cells and the well-established chorio-allantoic membrane (CAM)
assay in chicken eggs were used to quantitatively measure tumor growth. An
inoculum of 1 x 106 MDA-MB-231 cells was added onto the Upper CAM of
each egg (on Day E9) and then eggs were then randomized into groups. On
day E10, tumors were detectable and they were then treated daily for 8 days
with vehicle alone (1% DMSO in PBS), Doxycycline or Doxy-Myr. After 8 days
of drug administration, on day E18 all tumors were weighed. Note that
Doxycycline and Doxy-Myr did not have any significant effects on tumor
growth. Averages are shown + SEM. NS, not significant.

Doxy-Myr Potently Inhibits Cancer Cell
Metastasis in vivo, Without Significant
Toxicity

To experimentally evaluate the functional effects of Doxycycline
and Doxy-Myr in vivo, we next used MDA-MB-231 cells and
the well-established chorio-allantoic membrane (CAM) assay
in chicken eggs, to quantitatively measure tumor growth and
metastasis (16-19). MDA-MB-231 breast cancer cells were used
for our in vivo studies, as they are estrogen-independent,
intrinsically more aggressive, form larger tumors and are
significantly more migratory, invasive and metastatic. As such,
they are a better in vivo model, for simultaneously evaluating
both tumor growth and spontaneous metastasis. Moreover, we
have previously demonstrated that Doxycycline also effectively
inhibits the 3D anchorage-independent growth of MDA-MB-231
cells (13).

Briefly, an inoculum of 1 x 10° MDA-MB-231 cells was added
onto the Upper CAM of each egg (day E9) and then eggs were
randomized into groups. On day E10, tumors were detectable
and they were then treated daily for 8 days with vehicle alone
(1% DMSO in PBS), Doxycycline or Doxy-Myr. After 8 days
of drug administration, on day E18 all tumors were weighed,
and the Lower CAM was collected to evaluate the number of
metastatic cells, as analyzed by qPCR with specific primers for
Human Alu sequences.

Morphologically, the CAM is constructed of two opposing
sheets of epithelial cells, which are separated by a middle stromal
layer, containing blood vessels and lymphatics. One epithelial
layer is of ectodermal origin, while the other epithelial layer
is of mesodermal/endodermal origin. Importantly, movement
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FIGURE 11 | Doxycycline and Doxy-Myr selectively target and prevent cancer metastasis. MDA-MB-231 cells and the well-established chorio-allantoic membrane
(CAM) assay in chicken eggs were used to quantitatively measure spontaneous tumor metastasis. An inoculum of 1 x 108 MDA-MB-231 cells was added onto the
Upper CAM of each egg (on day E9) and then eggs were then randomized into groups. On day E10, tumors were detectable and they were then treated daily for 8
days with vehicle alone (1% DMSO in PBS), Doxycycline or Doxy-Myr. After 8 days of drug administration, the Lower CAM was collected to evaluate the number of
metastatic cells, as analyzed by gPCR with specific primers for Human Alu sequences. Note that Doxycycline and Doxy-Myr both showed significant effects on
MDA-MB-231 metastasis. However, Doxy-Myr was clearly more effective than Doxycycline in inhibiting metastasis. Averages are shown + SEM. ***p < 0.0001.
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TABLE 1 | Chick embryo toxicity of Doxycycline and Doxy-Myr.

Group. # Group description Total Alive Dead % Alive % Dead
1 Neg. Ctrl. 18 15 3 83.33 16.67
2 Doxy, 0.125 mM 13 " 2 84.62 15.38
3 Doxy, 0.2560 mM 13 10 3 76.92 23.08
4 Doxy-Myr, 0.125 mM 14 " 3 78.57 21.43
5 Doxy-Myr, 0.250 mM 13 12 1 92.31 7.69

of metastatic MDA-MB-231 cells from the Upper CAM to the
Lower CAM involves their migration away from the primary
tumor, cellular invasion, intravasation, extravasation, and the
formation of a new distant lesion, all of the normal steps
that are key features of spontaneous tumor cell metastasis (see
Supplemental Figure 2).

Figure 10 shows the effects of Doxycycline and Doxy-Myr on
MDA-MB-231 tumor growth. Note that that they both did not
show any significant effects on tumor growth, as a result of the
8-day period of drug administration.

However, both Doxycycline and Doxy-Myr showed significant
effects on MDA-MB-231 cancer cell metastasis. Figure 11
illustrates that Doxycycline inhibited metastasis (by 44-57.5%).
In contrast, Doxy-Myr inhibited metastasis (by 85-87%), at the
same concentrations tested. Interestingly, the effects of Doxy-
Myr on metastasis were significantly more pronounced.

Surprisingly, little or no embryo toxicity was observed for
Doxycycline and Doxy-Myr (Table 1). Therefore, we conclude
that Doxy-Myr can be further developed as an anti-metastatic
agent, selectively inhibiting tumor metastasis, without showing
significant toxicity or antibiotic activity.

DISCUSSION

Here, we report the chemical synthesis and biological activity
of several new Doxycycline analogs, modified to increase their
effectiveness in the targeting of CSCs. The most promising
compound was Doxy-Myr, a Doxycycline analog in which a
myristic acid (14 carbon) moiety is covalently attached to
the free amino group of 9-amino-Doxycycline. We analyzed
the potency of Doxy-Myr, using the 3D-mammosphere assay,
to assess its potential inhibitory effects on the anchorage-
independent propagation of breast CSCs. Overall, we observed
that Doxy-Myr is >5-fold more potent than Doxycycline,
the parent compound. Moreover, Doxy-Myr showed better
intracellular retention, and was specifically localized within a
peri-nuclear membranous compartment. In striking contrast,
when MCEF7 breast cancer cells or normal fibroblasts were
grown as 2D-monolayers, Doxy-Myr did not reveal any
effects on cell viability or proliferation, highlighting its unique
selectivity for targeting the 3D-propagation of CSCs. In addition,
we evaluated other Doxycycline analogs, with longer (16
carbon; palmitic acid) or shorter (12 carbon; lauric acid)
chain lengths (Figure 12). However, these two analogs were
less effective than Doxy-Myr for targeting of CSCs. Finally,

Doxycycline

d

9-Amino-Doxycycline

$

Fatty Acid Modification

Doxy-Myr (14C) a
Doxy-Laur (12C)

Increased Potency to
Target CSCs,
w/o Antibiotic
Activity

Doxy-Pal (16C)

FIGURE 12 | Schematic diagram highlighting our systematic approach to
generating Doxycycline derivatives, to target CSCs and prevent metastasis.
Lipid moieties were covalently conjugated to 9-amino-Doxycycline.
Importantly, these three Doxycycline derivatives lack anti-microbial activity.

using MDA-MB-231 cells, we demonstrated that Doxy-Myr
has no appreciable effects on tumor growth, but potently
inhibits tumor cell metastasis in vivo, with little or no chick
embryo toxicity.

Our results also showed that the lipophilic amide substituents
in Doxycycline on the C9 of the Tetracycline (TC) skeleton
led to the loss of its antibacterial activity. Previously published
structure-activity relationship (SAR) studies have shown that
chemical modification of the TC skeleton on C9 can be tolerated,
leading to diverse antibacterial activity, as is exemplified by
the antibiotic Tigecycline. The lipophilicity of the TCs seems
to play a key role in the biological potency of this family
of drugs. There is a trend of decreased antibiotic activity
with the increase of lipophilicity, specifically against gram-
negative species, with eventual loss of activity when high
lipophilicity is achieved, which could partially explain the loss
of activity, we observed after the addition of fatty acids to the
Doxycycline scaffold.

Importantly, our improvement in the biological properties of
these Doxycycline analogs for targeting CSCs and the associated
loss of the anti-microbial activity, make these new analogs
extremely promising, because tetracycline resistance among
gram-negative and gram-positive pathogens requires exposure to
inhibitory concentrations as a selective pressure (28-30). MICs
exceeding 65 mg/L also suggest that these analogs might be non-
inhibitory to members of the human microbiome, the complex
community of microorganisms which exerts wide-ranging effects
on human immunity and disease (29, 30).

Interestingly, a previous study successfully used the parent
compound, Doxycycline, to prevent bone metastasis in a mouse
model, by employing MDA-MD-231 cells (31). However, these
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Doxy-Myr: Assays & Assessment

In Vitro In Vivo

2D-Growth N.E. Tumor Growth N.E.

3D-Growth ‘ Metastasis l,

MCF7 MDA-MB-231

N.E., No Effect

FIGURE 13 | In vitro inhibition of 3D-growth predicts in vivo inhibition of metastasis. Here, we used two complementary breast cancer cell lines for our in vitro
screening (MCF7) and in vivo (MDA-MB-231) validation assays. More specifically, Doxy-Myr had no effect on 2D-growth in vitro and no effect on tumor growth in vivo.
Conversely, we showed that Doxy-Myr potently inhibited 3D-growth in vitro, which directly correlated with inhibition of metastasis in vivo. In support of this
observation, 3D anchorage-independent growth is thought to be a required step for metastasis in vivo. N.E., no effect.

Summary

Doxy-Myr .
/\/\/\/\/\/\/”\
H

Properties:

* Selectively Targets CSCs

* Prevents Metastasis
Little or No Toxicity - Cells & Embryos
Lacks Antibiotic Activity

FIGURE 14 | Summary: Properties of Doxy-Myr. Briefly, Doxy-Myr is a lipid modified Doxycycline derivative. Our results show that Doxy-Myr potently targets CSCs
and selectively prevents metastasis, without affecting tumor growth. Moreover, Doxy-Myr was non-toxic in the chick embryo assay and did not affect the viability of
normal cells, or MCF7 cells, grown as a 2D-monolayer. Importantly, Doxy-Myr lacked antibiotic activity, and did not affect the growth of gram-positive (E. coli) or
gram-negative (S. aureus) organisms.
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authors did not examine the effects of Doxycycline on tumor
growth, but only focused on bone metastasis. They attributed the
efficacy of Doxycycline to its tropism for bone and to its ability
to act as a protease inhibitor for lysosomal cysteine proteinases,
the cathepsins, and MMPs, because Doxycycline behaves as a
zinc chelator.

In contrast, herein, we have demonstrated that Doxycycline
and Doxy-Myr both act as inhibitors of metastasis, by targeting
the 3D anchorage-independent growth of CSCs, which is a
completely different molecular mechanism (Figures 13, 14).
However, as predicted, Doxy-Myr was significantly more effective
than Doxycycline, at the same concentrations examined. As such,
based on these functional observations, we propose that this
overall lipid modification strategy may be generally applicable,
to facilitate the development and discovery of other drugs,
for effectively preventing tumor progression, recurrence, and
distant metastasis.

Moreover, our current results are consistent with recent
studies showing that prophylaxis with other classes of
mitochondrial inhibitors is indeed sufficient to prevent
metastasis, using the same pre-clinical xenograft model, with
little or no effect on tumor growth and minimal toxicity (32).
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tumor cells was layered on top of the Upper CAM and was allowed to form a
primary tumor. Potential therapeutics were applied for a period of 8-days. Then,
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performing gPCR with specific primers for recognizing Human Alu sequences. In
order for the cells to metastasize, from the Upper CAM to the Lower CAM, it has
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Mitochondrial Fission Factor (MFF)
Inhibits Mitochondrial Metabolism

and Reduces Breast Cancer Stem
Cell (CSC) Activity

Rosa Sanchez-Alvarez'?, Ernestina Marianna De Francesco?3', Marco Fiorillo?,
Federica Sotgia®* and Michael P. Lisanti®*

" Division of Cancer Sciences, Faculty of Biology, Medicine and Health, School of Medical Sciences, University of
Manchester, Manchester, United Kingdom, 2 Translational Medicine, School of Science, Engineering and Environment (SEE),
Biomedical Research Centre (BRC), University of Salford, Greater Manchester, United Kingdom, ¢ Department of Clinical and
Experimental Medicine, University of Catania, and ARNAS Garibaldi, Catania, Italy

Elevated mitochondrial biogenesis and metabolism represent key features of breast
cancer stem cells (CSCs), whose propagation is conducive to disease onset and
progression. Therefore, interfering with mitochondria biology and function may be
regarded as a useful approach to eradicate CSCs. Here, we used the breast cancer
cell line MCF7 as a model system to interrogate how mitochondrial fission contributes
to the development of mitochondrial dysfunction toward the inhibition of metabolic flux
and stemness. We generated an isogenic MCF7 cell line transduced with Mitochondrial
Fission Factor (MCF7-MFF), which is primarily involved in mitochondrial fission. We
evaluated the biochemical, molecular and functional properties of MCF7-MFF cells, as
compared to control MCF7 cells transduced with the empty vector (MCF7-Control). We
observed that MFF over-expression reduces both mitochondrial mass and activity, as
evaluated using the mitochondrial probes MitroTracker Red and MitoTracker Orange,
respectively. The analysis of metabolic flux using the Seahorse XFe96 revealed the
inhibition of OXPHOS and glycolysis in MCF7-MFF cells, suggesting that increased
mitochondrial fission may impair the biochemical properties of these organelles. Notably,
CSCs activity, assessed by 3D-tumorsphere assays, was reduced in MCF7-MFF cells.
A similar trend was observed for the activity of ALDH, a well-established marker of
stemness. We conclude that enhanced mitochondrial fission may compromise CSCs
propagation, through the impairment of mitochondrial function, possibly leading to a
quiescent cell phenotype. Unbiased proteomic analysis revealed that proteins involved in
mitochondrial dysfunction, oxidative stress-response, fatty acid metabolism and hypoxia
signaling are among the most highly up-regulated in MCF7-MFF cells. Of note, integrated
analysis of top regulatory networks obtained from unbiased proteomics in MCF7-MFF
cells predicts that this cell phenotype activates signaling systems and effectors involved
in the inhibition of cell survival and adhesion, together with the activation of specific breast
cancer cell death programs. Overall, our study shows that unbalanced and abnormal
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MFF Reduces CSCs Activity

activation of mitochondrial fission may drive the impairment of mitochondrial metabolic
function, leading to inhibition of CSC propagation, and the activation of quiescence
programs. Exploiting the potential of mitochondria to control pivotal events in tumor
biology may, therefore, represent a useful tool to prevent disease progression.

Keywords: mitochondrial fission factor, CSCs, mitochondrial metabolism, breast cancer, mitochondrial dynamics,
oxidative metabolism, metabo-stemness, mitochondrial mass

INTRODUCTION

Mitochondrial function is essential for supplying energy to
fuel cancer cell growth and metastatic dissemination (1).
Furthermore, enhanced mitochondrial metabolism has emerged
as one of the novel features of cancer stem cells (CSCs), which
exhibit tumorigenic and self-renewal properties, carry metastatic
potential and provide resistance to anti-cancer therapies (2-4). In
this regard, cancer cells biologically recapitulate certain stemness
features, including anchorage-independent growth and higher
tumor-initiating capacity, as well as increased mitochondrial
mass, biogenesis and protein translation, across multiple tumor
types (5). These observations, which clearly suggest a key role
for mitochondria in CSC maintenance and propagation, are
corroborated by the evidence that mitochondrial metabolic
function and OXPHOS are augmented in cancer cells with
stemness features, as compared to the non-stem cancer cell
sub-population (6, 7). As a consequence of these findings, the
ability of several classes of mitochondria-interfering agents to
inhibit CSC dissemination has been explored, as reviewed in De
Francesco et al. (8). In this regard, several antibiotics that impair
mitochondrial protein translation, as a side effect, have been
shown to be effective in depleting the CSC population in vitro, as
well as in clinical studies (9-13). As such, a deeper understanding
of mitochondrial biology in cancer would pave the way toward
the identification of targeted therapeutics, aimed at selectively
halting and eradicating CSCs.

Adequate mitochondrial function also depends on the
intrinsic mechanical changes in the dynamic structure and
architecture of these organelles (14, 15). For instance, changes
in mitochondrial size and shape, as well as localization, are
critical for the homeostasis of the energetic machinery. The main
macro-mechanical events regulating mitochondrial architecture
are represented by cycles of mitochondrial fusion and fission
(fragmentation), that together constitute a mitochondrial
network (16, 17). Given their important role in maintaining
mitochondria homeostasis, fusion and fission are tightly
regulated processes, whose de-regulation is associated with
metabolic dysfunction, that may precede the establishment
of pathological phenotypes (14, 17). In cancer, the elevated
nutrient demands of proliferating cells are mainly fulfilled by
drastic changes in energetic metabolism, largely supported by
mitochondria, whose changes in function and shape are pivotal
to tumor growth (1). Indeed, several oncogenic signals have
been shown to influence the number of mitochondria, which
is dependent on fusion-fission dynamics (15, 16, 18). Likewise,
aberrant mitochondrial fission results in massive mitochondrial
fragmentation, resulting in inhibition of oxidative metabolism

and depletion of ATP (19). Mitochondrial Fission Factor (MFF)
is an integral membrane protein of the outer mitochondrial
membrane that serves as the main molecular mediator regulating
mitochondria fragmentation (20). During fission, the cytosolic
protein Drpl1 is recruited to the mitochondrial surface via MFF
and the proteins Fisl (mitochondrial fission protein 1), MiD49
and MiD51 (mitochondrial dynamics proteins of 49 and 51 kDa,
respectively) (21-23). Oligomeric Drpl complexes are, thereafter,
assembled into specific structures named puncta, which wrap
around mitochondrial tubules, forcing them toward the fission
reaction (24). Several studies have demonstrated that increased
MFF expression is required for successive mitochondrial fission
and is associated with disease states (25). Nevertheless, the role
of MFF in regulating mitochondrial dynamics in breast cancer
has not been thoroughly elucidated.

Herein, we provide evidence that aberrant MFF expression
in breast cancer cells drastically inhibits mitochondrial mass
and function, associated with a reduction of mitochondrial
oxidative metabolism and ATP depletion. Proteomic profiling
of MFF-overexpressing breast cancer cells reveals a phenotype
associated with the inhibition of mitochondrial metabolism
and a quiescent cell state. Biologically, MFF-overexpressing
breast cancer cells exhibit impaired 3D mammosphere formation
capacity, suggesting that the manipulation of mitochondrial
structure and dynamics may represent a useful tool to control
stemness traits in breast cancer.

MATERIALS AND METHODS
Cell Culture

MCF7 human breast cancer cells were purchased from ATCC.
Cells were cultured in Dulbecco’s modified Eagles medium
(DMEM), supplemented with 10% heat-inactivated fetal bovine
serum, 100 units/mL of penicillin, 100 pg/mL of streptomycin
and 2mM Glutamax (ThermoScientific), in a 37°C humidified
atmosphere containing 5% CO;, unless otherwise noted.

Lentiviral Gene Transduction

Lentiviral plasmids, packaging cells and reagents were from
Genecopoeia. Forty-eight hours after seeding, 293Ta packaging
cells were transfected with lentiviral vectors encoding the
mitochondrial fission factor (MFE, EX-Z4766-Lv-105), or empty
vector (EV, EX-NEG-Lv105), using the Lenti-PacTM HIV
Expression Packaging Kit, according to the manufacturer’s
instructions. Two days post-transfection, lentivirus-containing
culture medium was passed through a 0.45 pum filter and added to
the target cells (MCF7 cells) in the presence of 5 jLg/ml polybrene.
Transduced MCF?7 cells were selected with 2.5 pg/ml puromycin.
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FIGURE 1 | Mitochondrial fission factor (MFF) decreases mitochondrial activity and mass. (A) Evaluation of MFF overexpression. MCF7 cells, stably transduced with a
lentiviral vector encoding for mitochondrial fission factor (MCF-MFF) or the empty-vector (MCF-7 Control), were subjected to protein extraction and immunoblotted for
MFF. B-actin is shown as equal loading control. (B,C) MFF overexpression decreases mitochondrial activity and mass. Stably transduced MCF7 cells harboring MFF
(MCF-MFF) and the respective empty-vector (MCF-7 Control) were seeded for 24 h and then mitochondrial activity and mitochondrial mass were quantitated by FACS
analysis using the probes MitoTracker Orange (B) and MitoTracker Deep-Red (C). At least four replicates were performed in each experiment. Results are the average
of the mean of three independent experiments and are expressed as percentages normalized to the control £ SEM. **p < 0.001.

Western Blotting (ThermoFisher), whose accumulation in mitochondria is
Western blotting of stably transduced MCF7 cells was used to  dependent upon membrane potential. Mitochondrial mass was
evaluate the efficiency of transduction. Briefly, 70-80% confluent ~ determined using the fluorescent probe MitoTracker Deep-Red
stably-transduced MCF?7 cells (harboring MFF and the respective ~ (ThermoFisher), which localizes to mitochondria regardless of
Ex-Negative control) were harvested in lysis buffer (10mM  mitochondrial membrane potential. Stably transduced MCF7
Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, and 60 mM n-  cells (harboring MFF or the Ex-Negative Control) were seeded
octyl-glucoside), containing protease (Roche) and phosphatase  for 48 h. After 48h, the cells were incubated with pre-warmed
inhibitors (Sigma) and kept at 4°C for 40 min with rotation. =~ MitoTracker staining solution (diluted in DMEM without
Lysates were cleared by centrifugation for 10 min at 10, 000 x g  serum to a final concentration of 10nM) for 30 min at 37°C.
and supernatants were collected. Equal amounts of protein lysate, ~ All subsequent steps were performed in the dark. Cells were
as determined by using the BCA protein assay kit (Pierce), were =~ washed in PBS, harvested, and re-suspended in 300 pL of
diluted in SDS sample buffer and dry-boiled for 5min, prior to ~ PBS/Ca**Mg?T. Cells were then analyzed by flow cytometry
separation by SDS-PAGE using 4-20% acrylamide gels (Biorad).  using Fortessa (BD Bioscience). Data analysis was performed
Samples were then blotted onto nitrocellulose membranes  using FlowJo software. Results are the average of the mean of
(Biorad), blocked in 5% milk in TBS-Tween 20 (P9416, Sigma)  three independent experiments, were normalized to the control
for 1h and probed with antibodies directed against MFF  (Ex-Neg) and are expressed as percentages of mean fluorescence
(Abcam), or p-actin (Sigma), which was used as loading control.  intensity. At least 4 biological replicates were performed in
Bound antibodies were detected using a horseradish peroxidase-  each experiment.

conjugated secondary antibody (ab6789 and ab6721, Abcam) . .
and the signal was visualized using Supersignal West Pico Seahorse XFe96 Metabolic Flux Analysis

chemiluminescent substrate (ThermoScientific). Real time oxygen consumption rates (OCRs) and Extracellular
. . o acidification rates (ECARs) were determined for stably
Mitochondrial Staining transduced MCF7 cells using the Seahorse Extracellular

Mitochondrial activity was assessed using the fluorescent  Flux (XFe96) analyzer (Seahorse Bioscience, MA, USA). Briefly,
probe MitoTracker Orange (CM-H2TMRos-reduced form) 10,000 cells per well were seeded into XFe96 well cell culture
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FIGURE 2 | Mitochondrial fission factor (MFF) reduces mitochondrial respiration. The metabolic profile of stably transduced MCF7 cells harboring MFF (MCF-MFF)
and the respective empty-vector (MCF-7 Control) was examined using the Seahorse XFe96 analyzer. (A) Oxygen consumption rate (OCR) is significantly reduced in
cells transduced with MFF as compared to control cells. (B-F) Significant reductions in respiration (basal and maximal), proton leak, ATP levels and non-mitochondrial
derived OCR were observed in MCF7 cells transduced with MFF as compared to the control cells. At least six replicates were performed in each experiment. Results
are the average of the mean of three independent experiments and are expressed as percentages normalized to the control + SEM. *p < 0.05, **p < 0.01.

plates and incubated overnight with complete medium to allow
attachment. After 24 h of incubation, cells were washed in either
pre-warmed XF assay media containing 2 mM glutamine, pH 7.4
for ECAR measurements or in XF assay media supplemented
with 10mM glucose, 1 mM Pyruvate, 2mM L-glutamine and
adjusted at 7.4 pH for OCR measurements. Cells were then
maintained in 175 pL/well of XF assay media at 37°C, in a
non-CO; incubator for 1 h. During the incubation time, 25 pL of
80 mM glucose, 9 wM oligomycin, and 1M 2-deoxyglucose were
loaded for ECAR measurement or 10 uM oligomycin, 9 pM
FCCP, 10 uM rotenone, 10 uM antimycin A were loaded for
OCR measurements, in XF assay media into the injection ports
in the XFe96 sensor cartridge. Measurements were normalized
by protein content, determined by SRB. Data sets were analyzed
by employing XFe96 software and GraphPad Prism software,
using Student’s t-test calculations. Results are the average of

the mean of three independent experiments normalized to the
control and are expressed as percentages of mpH/min/SRB for
ECAR or pmol/min/SRB for OCR measurements. At least six
biological replicates were performed in each experiment.

3D Mammosphere Culture

A single cell suspension of stably transduced MCF7 cells was
prepared using enzymatic (1x Trypsin-EDTA, Sigma Aldrich),
and manual disaggregation (25 gauge needle) as previously
described (26). Cells were plated at a density of 500 cells/cm? in
DMEM-F12 phenol free supplemented with B27, 20,ng/ml EGF
and 1% Pen/Strep in non-adherent conditions, in culture dishes
coated with 2-hydroxyethylmethacrylate (poly-HEMA, Sigma-
Aldrich). Cells were grown for 5 days and maintained in a
humidified incubator at 37°C. After 5 days in culture, spheres
> 50 pum were counted using an eyepiece graticule. Results
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FIGURE 3 | Mitochondrial fission factor (MFF) reduces glycolysis. The metabolic profile of stably transduced MCF7 cells harboring MFF (MCF-MFF) and the respective
empty-vector (MCF-7 Control) was examined using the Seahorse XFe96 analyzer. (A) Extracellular acidification rate (ECAR) is significantly reduced in cells transduced
with MFF as compared to control cells. (B,C) Significant reduction in glycolysis and glycolytic capacity were observed in MCF7 cells transduced with MFF as
compared to control cells, without significant changes in glycolytic reserve (D), non-glycolytic acidification (E), and glycolytic reserve capacity (F). At least six
replicates were performed in each experiment. Results are the average of the mean of three independent experiments and are expressed as percentages normalized
to the control + SEM. *p < 0.05, ***p < 0.001.

are the average of the mean of three independent experiments
normalized to the control (Ex-Neg) and are expressed as
percentage of cells plated which formed spheres. Three biological

replicates were performed in each experiment.

Aldefluor Assay

ALDH activity was assessed in stably transduced MCF7 cells,
which were seeded in monolayer for 48h. The ALDEFLUOR

kit (StemCell Technologies) was used to isolate the

with high ALDH enzymatic activity by flow cytometry (Fortessa,
BD Bioscience). Briefly, cells were harvested and incubated in
1 ml of ALDEFLUOR assay buffer containing ALDH substrate
(5 wl/ml) for 40 min at 37°C. In each experiment, a sample
of cells was stained under identical conditions with 30 mM of

diethylaminobenzaldehyde (DEAB), a specific ALDH inhibitor,
as a negative control. The ALDH-positive population was
established, according to the manufacturer’s instructions and was
evaluated using 30,000 cells.

Proteomics and Ingenuity Pathway
Analysis (IPA)

Samples were submitted to the CRUK Proteomics Core Facility,
for label-free proteomic analysis. Proteomics and statistical
analyses were carried out on a fee-for-service basis by Smith
and his colleagues, at the Proteomics Core Facility at the Cancer
Research UK Manchester Institute, University of Manchester.
Briefly, stably transduced MCF?7 cells were cultured in complete

population
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FIGURE 4 | Mitochondrial fission factor (MFF) inhibits 3D-spheroid formation and ALDH activity. (A) Evaluation of mammosphere formation efficiency (MFE) in stably
transduced MCF7 cells harboring the mitochondrial fission factor (MCF7-MFF) and the respective empty-vector (MCF-7 Control), which were seeded on
low-attachment plates for 5 days. Under these conditions, MCF7-MFF cells show a reduction by 45% in the mammosphere forming capacity as compared to
MCF7-Control cells. (B) Evaluation of ALDEFLUOR activity, an independent marker of CSCs in MCF7 cells harboring MFF (MCF7-MFF) and the respective empty
vector control (MCF-Control). Each sample was normalized using diethylaminobenzaldehyde (DEAB), a specific ALDH inhibitor, as negative control. (C) The tracing of
representative samples is shown. Results are the average of the mean of three independent experiments performed in triplicate and are expressed as percentages
normalized to the control & SEM. **p < 0.01.

media at a density of 1.8 x 10° in 10cm dish. The day after  supernatants were collected and the samples were flash-frozen
plating, the media was changed to DMEM with 10% NuSerum,  using liquid nitrogen. Previously, a small aliquot was removed
Pen-Strep and Glutamax. After 24h, 70-75% of confluence  for protein quantification. Samples were kept at —80°C until
was reached. Then, cells were washed twice with PBS and  further analysis. Samples were subjected to proteomics following
RIPA lysis buffer was added without protease inhibitors to  a protocol previously described (27). Briefly, cell lysates were
detach the cells. The lysates were collected into pre-cooled  prepared for trypsin digestion by sequential reduction of disulfide
tubes and kept on ice for 10 min. After centrifugation, the  bonds with TCEP and alkylation with MMTS. Then, the
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TABLE 1 | Significant changes in protein levels associated with mitochondrial
biogenesis in MCF7 cells over-expressing mitochondrial fission factor (MFF).

Symbol Gene name Fold change

Mitochondrial biogenesis

MFN2 Mitofusin 2 -31.184

MTERF1 Mitochondrial transcription termination factor 1 -5.38

MTFR1 Mitochondrial fission regulator 1 -9.616

TFAM Transcription factor A, mitochondrial 1.519

TIMM50 Translocase of inner mitochondrial membrane 50 —83.102

TIMM10B  Translocase of inner mitochondrial membrane 10 —-157.576
homolog B (yeast)

TIMM23B  Translocase of inner mitochondrial membrane 23 1.56
homolog B

TIMM8B Translocase of inner mitochondrial membrane 8 —5.662
homolog B

TIMM13 Translocase of inner mitochondrial membrane 13 —2.266

TOMMB34  Translocase of outer mitochondrial membrane 34 -5.272

TSFM Ts translation elongation factor, mitochondrial 1.635

YY1 YY1 transcription factor Infinity

SIRT6 Sirtuin 6 —8.746

Fold change of proteins detected in MCF7-MFF vs. MCF7-Control cells. Red: Up-
requlated proteins; Green: down-regulated proteins. Proteomics was performed as
described in Materials and Methods. Statistical analyses were performed using ANOVA
and 1.5-fold-changes in proteins with a p < 0.05 were considered. Dataset containing
proteins with significant altered expression profile were imported into the Ingenuity
Pathway Analyses (IPA) software, which groups the differentially expressed proteins into
known functions and pathways.

peptides were extracted and prepared for LC-MS/MS. All LC-
MS/MS analyses were performed on an LTQ Orbitrap XL mass
spectrometer (ThermoScientific) coupled to an Ultimate 3000
RSLCnano system (ThermoScientific). Xcalibur raw data files
acquired on the LTQ-Orbitrap XL were directly imported into
Progenesis LCMS software (Waters Corp.) for peak detection
and alignment. Data were analyzed using the Mascot search
engine. Five replicates were analyzed for each sample type
(N = 5). Statistical analyses were performed using ANOVA
and a 1.5-fold-change in protein levels, with a p < 0.05 were
considered significant. The molecular function and biological
pathways of the differentially expressed proteins were performed
by the unbiased interrogation and analysis of proteomic data sets
using IPA (Ingenuity systems, http://www.ingenuity.com). IPA
assists with data interpretation, via the grouping of differentially
expressed genes or proteins into known functions and pathways.
Pathways with a z score of > 42 were considered as significantly
activated, while pathways with a z score of <-2 were considered
as significantly inhibited.

Statistical Analysis

Data is represented as the mean =+ standard error of the
mean (SEM), taken over >3 independent experiments, with
>3 technical replicates per experiment, unless stated otherwise.
Statistical significance was measured, using the Student ¢-test. A
P < 0.05 was considered statistically significant.

TABLE 2 | Significant changes in protein levels associated with oxidative
phosphorylation in MCF7 cells over-expressing the mitochondrial fission factor

(MFF).
Symbol Gene name Fold change
Oxidative phosphorylation
ATP5A1 ATP synthase, H+ transporting, mitochondrial F1 9.846
complex, alpha subunit 1, cardiac muscle
ATP5B ATP synthase, H+ transporting, mitochondrial F1 1781.432
complex, beta polypeptide
ATP5C1 ATP synthase, H+ transporting, mitochondrial F1 -2.919
complex, gamma polypeptide 1
ATP5F1 ATP synthase, H+ transporting, mitochondrial Fo 2.216
complex subunit B1
ATPSH ATP synthase, H+ transporting, mitochondrial Fo 1.623
complex subunit D
ATPS5I ATP synthase, H+ transporting, mitochondrial Fo 1.736
complex subunit E
ATP5J ATP synthase, H+ transporting, mitochondrial Fo 1.673
complex subunit F6
ATP5J2 ATP synthase, H+ transporting, mitochondrial Fo -2.37
complex subunit F2
ATP5L ATP synthase, H+ transporting, mitochondrial Fo —15.581
complex subunit G
ATP50 ATP synthase, H+ transporting, mitochondrial F1 —601.813
complex, O subunit
COX4l1 Cytochrome ¢ oxidase subunit 411 1.669
COX412 Cytochrome ¢ oxidase subunit 412 —137.623
COX5A Cytochrome ¢ oxidase subunit 5A 1.913
COX5B Cytochrome ¢ oxidase subunit 5B 2.364
COX6B1  Cytochrome ¢ oxidase subunit 6B1 1.87
COX6C Cytochrome ¢ oxidase subunit 6C 2.38
COX7A2  Cytochrome c oxidase subunit 7A2 —-12.37
COX7A2L  Cytochrome ¢ oxidase subunit 7A2 like 1.617
CYB5A Cytochrome b5 type A 1.802
CYC1 Cytochrome c1 16.811
CYCS Cytochrome ¢, somatic 1.821
MT-ATP6  ATP synthase FO subunit 6 —280.464
MT-CO2  Cytochrome c oxidase subunit Il 4.759
MT-ND1 NADH dehydrogenase, subunit 1 (complex I) 11.786
MT-ND2 Mitochondrially encoded NADH dehydrogenase 2 —7.366
MT-ND5 NADH dehydrogenase, subunit 5 (complex ) -8.753
NDUFA2  NADH:ubiquinone oxidoreductase subunit A2 1.51
NDUFA4 ~ NDUFA4, mitochondrial complex associated 2.201
NDUFA5  NADH:ubiquinone oxidoreductase subunit A5 1.527
NDUFA6 ~ NADH:ubiquinone oxidoreductase subunit A6 —-112.999
NDUFA8  NADH:ubiquinone oxidoreductase subunit A8 45.057
NDUFA9  NADH:ubiquinone oxidoreductase subunit A9 3.523
NDUFA10  NADH:ubiquinone oxidoreductase subunit A10 10.495
NDUFA12  NADH:ubiquinone oxidoreductase subunit A12 —60.713
NDUFA13  NADH:ubiquinone oxidoreductase subunit A13 1.767
NDUFAB1 NADH:ubiquinone oxidoreductase subunit AB1 -3.356
NDUFB3  NADH:ubiquinone oxidoreductase subunit B3 1.558
NDUFB4  NADH:ubiquinone oxidoreductase subunit B4 2.211
NDUFB5  NADH:ubiquinone oxidoreductase subunit B5 —338.956
NDUFB6  NADH:ubiquinone oxidoreductase subunit B6 2.247
(Continued)
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TABLE 2 | Continued

Symbol  Gene name Fold change
Oxidative phosphorylation
NDUFB7  NADH:ubiquinone oxidoreductase subunit B7 —20.943
NDUFB9  NADH:ubiquinone oxidoreductase subunit B9 2.454
NDUFB10 NADH:ubiquinone oxidoreductase subunit B10 1.609
NDUFS1 NADH:ubiquinone oxidoreductase core subunit S1 -77.83
NDUFS2  NADH:ubiquinone oxidoreductase core subunit S2 —22.623
NDUFS3  NADH:ubiquinone oxidoreductase core subunit S3 —21.085
NDUFS5  NADH:ubiquinone oxidoreductase subunit S5 1.686
NDUFS6  NADH:ubiquinone oxidoreductase subunit S6 1.977
NDUFS7  NADH:ubiquinone oxidoreductase core subunit S7 —69.072
NDUFS8  NADH:ubiquinone oxidoreductase core subunit S8 —45.818
NDUFV1 NADH:ubiquinone oxidoreductase core subunit V1 1.552
NDUFV2  NADH:ubiquinone oxidoreductase core subunit V2 -5.91
SDHA Succinate dehydrogenase complex flavoprotein 1.617
subunit A
SDHB Succinate dehydrogenase complex iron sulfur 2.018
subunit B
UQCR10  Ubiquinol-cytochrome ¢ reductase, complex Il 2.354
subunit X
UQCR11  Ubiquinol-cytochrome ¢ reductase, complex Il 1.501
subunit Xl
UQCRB Ubiquinol-cytochrome ¢ reductase binding protein 1.534
UQCRC1  Ubiguinol-cytochrome ¢ reductase core protein | —4.993
UQCRC2  Ubiquinol-cytochrome ¢ reductase core protein |l 373.541
UQCRH Ubiquinol-cytochrome ¢ reductase hinge protein —40.845
UQCRQ Ubiquinol-cytochrome ¢ reductase complex IIl 9.76

subunit VII

Fold change of proteins detected in MCF7-MFF vs. MCF7-Control cells. Red: Up-
requlated proteins; Green: Down-regulated proteins. Proteomics was performed as
described in Materials and Methods. Statistical analyses were performed using ANOVA
and 1.5-fold-changes in proteins with a p < 0.05 were considered. Dataset containing
proteins with significant altered expression profile were imported into the Ingenuity
Pathway Analyses (IPA) software, which groups the differentially expressed proteins into
known functions and pathways.

RESULTS

Cancer stem cells (CSCs) are characterized by elevated
mitochondrial biogenesis and metabolism (2). However,
mitochondrial function is also largely dependent on a
well-regulated balance between mitochondrial fusion and
fission dynamics (19, 23). In fact, aberrantly activated fission
results in mitochondrial fragmentation, which is associated to
mitochondrial dysfunction.

Here, we interrogated how unopposed mitochondrial fission
may promote alterations in mitochondrial biology and function,
leading to inhibition of CSCs propagation in breast cancer.

MFF Inhibits Mitochondrial Biogenesis

In order to investigate the role of MFF in the regulation of
mitochondrial activity in breast cancer cells, we generated an
isogenic MCF?7 cell line harboring MFF (MCF7-MFF), together
with a matched isogenic cell line harboring the empty vector,
which served as a control (MCF7-Control). After verifying

TABLE 3 | Significant changes in protein levels associated with the tricarboxylic
acid cycle in MCF7 cells over-expressing mitochondrial fission factor (MFF).

Symbol Gene name Fold change
TCA cycle
ACO1 Aconitase 1 —33.921
ACO2 Aconitase 2 —-14.648
CS Citrate synthase —-34.112
DHTKD1 Dehydrogenase E1 and transketolase domain -3.207
containing 1
DLD Dihydrolipoamide dehydrogenase 3.814
DLST Dihydrolipoamide S-succinyltransferase -3.202
FH Fumarate hydratase 14.079
IDH1 Isocitrate dehydrogenase [NADP(+)] 1, cytosolic 4.014
IDH2 Isocitrate dehydrogenase [NADP(+)] 2, —-176.206
mitochondrial
IDH3A Isocitrate dehydrogenase 3 [NAD(+)] alpha —17.146
IDH3B Isocitrate dehydrogenase 3 [NAD(+)] beta 1.752
IDH3G Isocitrate dehydrogenase 3 [NAD(+)] gamma 3.159
MDH1 Malate dehydrogenase 1 24.472
MDH2 Malate dehydrogenase 2 -211.122
OGDH Oxoglutarate dehydrogenase —-47.17
OGDHL Oxoglutarate dehydrogenase-like 4.76
SDHA Succinate dehydrogenase complex flavoprotein 1.617
subunit A
SDHB Succinate dehydrogenase complex iron sulfur 2.018
subunit B
SUCLA2 Succinate-CoA ligase ADP-forming beta subunit 3.127
SUCLGH1 Succinate-CoA ligase alpha subunit 6.425

Fold change of proteins detected in MCF7-MFF vs. MCF7-Control cells. Red: Up-
regulated proteins; Green: Down-regulated proteins. Proteomics was performed as
described in Materials and Methods. Statistical analyses were performed using ANOVA
and 1.5-fold-changes in proteins with a p < 0.05 were considered. Dataset containing
proteins with significant altered expression profile were imported into the Ingenuity
Pathway Analyses (IPA) software, which groups the differentially expressed proteins into
known functions and pathways.

MFF-overexpression by Western blotting (Figure 1A), the newly
generated cell lines were subjected to functional phenotypic
characterization. As a first step, cells were analyzed by FACS
analysis using MitoTracker Deep-Red-FM, as a probe to estimate
mitochondrial mass. As shown in Figure 1C, mitochondrial
content was reduced by 30% in MCF7-MFF cells. A similar
trend was observed for the evaluation of mitochondrial activity
by FACS analysis, using the probe Mito-Orange (Figure 1B),
suggesting an overall impairment in mitochondrial content and
function in the presence of MFF-overexpression.

MFF Inhibits Breast Cancer Cell

Metabolism

Data shown above immediately suggest that MFF may
interfere with mitochondrial oxidative metabolism. To test
this hypothesis, we directly evaluated metabolic flux using the
Seahorse XFe96 and we found that Oxygen Consumption Rates
(OCR) were significantly reduced in MCF7-MFF cells (Figure 2).
More specifically, basal respiration and maximal respiration
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TABLE 4 | Significant changes in protein levels associated with glycolysis in MCF7
cells over-expressing mitochondrial fission factor (MFF).

Symbol Gene name Fold change
Glycolysis

GLUTH Facilitated glucose transporter member 1 —-27.22
HXK1 Hexokinase 1 —-17.96
HXK2 Hexokinase 2 =Infinity
HXK3 Hexokinase 3 1.755
ALDOA Aldolase, fructose-bisphosphate A —63.01
ALDOC Aldolase, fructose-bisphosphate C 3.304
ENO1 Enolase 1 —353.572
ENO2 Enolase 2 —14.088
ENO3 Enolase 3 4.658
FBP1 Fructose-bisphosphatase 1 -5.137
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 37.238
GPI Glucose-6-phosphate isomerase 3.486
PFKM Phosphofructokinase, muscle —5.855
PFKP Phosphofructokinase, platelet =Infinity
PGAM1 Phosphoglycerate mutase 1 3.86
PGAM4 Phosphoglycerate mutase family member 4 1.668
PGK1 Phosphoglycerate kinase 1 250.959
PGK2 Phosphoglycerate kinase 2 —28.097
PKLR Pyruvate kinase, liver and RBC —11.843
PKM Pyruvate kinase, muscle —92.492
TP Triosephosphate isomerase 1 —44.171
LDHA Lactate dehydrogenase A 2.82
LDHAGLB  Lactate dehydrogenase A like 6B —58.176

Fold change of proteins detected in MCF7-MFF vs. MCF7-Control cells. Red: Up-
regulated proteins; Green: Down-regulated proteins. Proteomics was performed as
described in Materials and Methods. Statistical analyses were performed using ANOVA
and 1.5-fold-changes in proteins with a p < 0.05 were considered. Dataset containing
proteins with significant altered expression profile were imported into the Ingenuity
Pathway Analyses (IPA) software, which groups the differentially expressed proteins into
known functions and pathways.

were reduced by nearly 40% (Figures 2B,E); accordingly, ATP
levels were also depleted (Figure 2D). Notably, the analysis
of Extracellular Acidification Rates (ECR) demonstrated that
also the glycolytic pathway is inhibited in MCF7-MFF cells
(Figure 3). In particular, a nearly 40 % decrease in glycolysis and
glycolytic capacity (Figures 3B,C) were observed; an inhibitory,
though not significant, trend was also observed for glycolytic
reserve and non-glycolytic acidification (Figures 3D,E). Taken
together, these data indicate that MFF over-expression negatively
affects the metabolic cell machinery, by interfering with both
oxidative phosphorylation and glycolysis in breast cancer cells.

MFF Inhibits Breast CSC Activity

We previously established that within the heterogeneous
tumor mass, cancer cells exhibiting stemness features are also
characterized by an elevated level of mitochondrial function
(5, 6, 28). On the other hand, strategies aimed at targeting
mitochondria have proven to be beneficial in halting CSCs,
both in pre-clinical and clinical studies (9, 12, 29, 30).
Based on these observations, we investigated whether aberrant

TABLE 5 | Significant changes in protein levels associated with the pentose
phosphate pathway in MCF7 cells overexpressing mitochondrial fission factor
(MFF).

Symbol Gene name Fold change
Pentose phosphate pathway

G6PD Glucose-6-phosphate dehydrogenase —136.908
PGD Phosphogluconate dehydrogenase 4.903
PGLS 6-phosphogluconolactonase 1.776
RPE Ribulose-5-phosphate-3-epimerase 2.25
RPIA Ribose 5-phosphate isomerase A -11.28
TALDO1 Transaldolase 1 —-6.741
TKT Transketolase —82.993

Fold change of proteins detected in MCF7-MFF vs. MCF7-Control cells. Red: Up-
regulated proteins; Green: Down-regulated proteins. Proteomics was performed as
described in Materials and Methods. Statistical analyses were performed using ANOVA
and 1.5-fold-changes in proteins with a p < 0.05 were considered. Dataset containing
proteins with significant altered expression profile were imported into the Ingenuity
Pathway Analyses (IFA) software, which groups the differentially expressed proteins into
known functions and pathways.

mitochondrial fission may affect CSC propagation, together with
the impairment of mitochondrial function. For this purpose,
we used the 3D tumor-sphere formation assay as readout for
CSCs activity. Figure 4A shows that mammosphere formation
is inhibited by nearly 50% in MCF7-MFF cells. Likewise, ALDH
activity, a surrogate marker of stemness, was reduced by >60%
in MCF7-MFF cells (Figures 4B,C). These results clearly indicate
that MFF over-expression hampers breast CSCs propagation.

Proteomic Profiling Reveals the
MFF-Dependent Metabolic, Signaling, and

Biological Landscape

Dysfunctional mitochondria activate a retrograde signaling
network that shapes the nuclear transcriptomic program toward
the regulation of cell morphology and function, for cells to
response to disruption of energy metabolism (31). Adding to this,
several lines of evidence indicate that mitochondrial dynamics
might be involved in the regulation of stress signaling (14).
Hence, we sought to depict the metabolic and signaling network
landscape of MFF over-expressing breast cancer cells by using an
“omics” approach. More specifically, unbiased proteomic analysis
was performed in MCF7-MFF as well as in the matched MCF7-
Control counterpart. Thereafter, the software Ingenuity Pathway
was used to: (i) classify and group the proteins differentially
regulated in response to MFF overexpression; (ii) predict how
the upstream regulators may cause downstream phenotypic or
functional changes in response to MFF overexpression.

Metabolomic Signature

Results, shown in Tables 1-5, indicate that increased expression
of MFF fosters a transition toward a metabolically quiescent cell
phenotype. In particular, proteins involved in mitochondrial
biogenesis (Table 1), Oxidative Phosphorylation (Table 2) and
TCA cycle (Table 3) are the most strongly down-regulated in
MCEF7-MFE as compared to MCE-Control cells. Furthermore,
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FIGURE 5 | Precursors of metabolism list. Precursor of metabolism list enriched by the proteins significantly regulated in MCF7 harboring mitochondrial fission factor
(MFF) compared to MCF7 Control cells. The list has been generated by Ingenuity Pathway Analysis (IPA). The p-value for each pathway is represented by the height of
the bars and is expressed as —1 times the log of the p-value. The orange dotted line represents the threshold of p = 0.05 as calculated by Fischer’s test and denotes

inhibition of proteins involved in the glycolytic and the pentose
phosphate pathways is observed in MCF7-MFF cells (Tables 4,
5). Likewise, a higher accumulation of proteins involved in
the metabolism of metabolic precursors mainly for Oxidative
phosphorylation, TCA cycle and Glycolysis is detected in
MCF7-MFF cells, suggesting that the metabolic machinery
is inhibited in the presence of enhanced mitochondrial
fragmentation (Figure5). Also, it appears that MFF over-
expression triggers the up-regulation of a “toxicity network”
of proteins, mainly related to cell metabolism (Figure 6).
The most strongly up-regulated “toxicity” proteins are
classified as regulators of mitochondrial dysfunction, together
with oxidative stress response and fatty acid metabolism
(Figure 6). Also, a “toxicity network” of proteins involved in the
regulation of mitochondrial membrane potential and hypoxia
signaling are engaged as relevant effectors in MCF7-MFF cells
(Figure 6).

Signaling Pathways and Predicted

Biological Responses

To interrogate how MFF over-expression would trigger the
activation of specific intracellular signaling cascades, which are
predicted to control distinct biological responses, a dataset
containing proteins with significant altered expression profile
was imported into the IPA tool. As shown in Figure 7, the most

strongly differentially activated pathways in MCF7-MFF cells
are predicted to regulate EI2F signaling, as well as epithelial
adherens junctions and the cytoskeleton. Accordingly, down-
regulation of proteins involved in Epithelial Mesenchymal
Transition (EMT), Extracellular Matrix (ECM) and cytoskeleton
remodeling is detected in MCF-MFF cells (Table6). In
addition, proteins involved in metastasis formation (MTA1
and MTA2), oxidative stress signaling (CAT, SOD2, TXNRD1,
GLRX3, GSR, TXNLI, TXNRD2, TXNRD3), TGFf3 pathway
(TGFBI1, TGFBR3, TGFIF2IX, STAT1, STAT3) and TNF-alpha
(TNFRSF12A, TRAF2) were all dramatically down-regulated
in MCF7-MFF cells (Table 7). In order to further characterize
the signaling landscape of MCF7-MFF cells, we performed
a Regulator-Effects analysis, which integrates and merges
together Upstream Regulator Networks with Downstream Effect
Networks, thereby deriving how predicted regulators might
impact biological processes. As shown in Figure 8, inhibition
of cell adhesion and survival (A), and activation of cell death
response (B) are the main biological events associated with MFF
over-expression. The identification of the signaling mediators
potentially linking upstream mediators with down-stream effects
is also shown. Taken together, these data suggest that aberrant
mitochondrial fragmentation may halt breast cancer cell survival
and activate cell death programs by regulating a number of
effectors also involved in ECM remodeling, the oxidative stress
response, and mitochondrial metabolic function.
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FIGURE 6 | Toxicological Pathways and Functions significantly regulated in MCF7 cells overexpressing the mitochondrial fission factor (MFF). Toxicity list enriched by
the proteins significantly regulated in MCF7 harboring mitochondrial fission factor (MFF) has been generated by Ingenuity Pathway Analysis (IPA). The p-value for each
pathway is represented by the height of the bars and is expressed as —1 times the log of the p-value. The orange dotted line represents the threshold of p = 0.05 as

calculated by Fischer’s test and denotes the cut-off for significance.

DISCUSSION

Here, we have generated a mitochondrial fission factor (MFF)-
overexpressing breast cancer cell line in order to dissect the
role of aberrant mitochondrial fission in the maintenance
and dissemination of breast CSCs. We have found that
MFF overexpression inhibits mitochondrial biogenesis and
oxidative metabolism, depleting intracellular ATP levels.
Furthermore, MFF-overexpressing breast cancer cells exhibit
a reduction in stemness properties, as evidenced by the
inhibition of 3D mammosphere formation capacity and
decreases in the stem cell marker ALDH. Consistent with
these observations, proteomic analysis performed in MFF-
overexpressing breast cancer cells predicted a proteomic
signature associated with the inhibition of mitochondrial
function, and a metabolically quiescent cell phenotype, as well
as the inhibition of cancer cell survival and the increase of
cell death.

Mitochondria, which have classically been considered
as the cell's “power-house;” extract energy from oxidative
phosphorylation to efficiently support tumor growth (1).
Despite their unquestionable role in generating ATP from
multiple fuels, mitochondria are now considered as central

hubs which drive important tumor traits. For instance,
mitochondria have been implicated in metastasis formation
and spreading to distant sites, as well as drug resistance (18).
In addition, mitochondria have been shown to support the
survival of dormant tumor cells after oncogene ablation,
thus promoting disease relapse (32). Many of these actions
attributed to mitochondria have been correlated with the
impact that these organelles exert on the biology of CSCs (33).
Several lines of evidence have suggested that mitochondria
support stem cell traits, thus facilitating self-renewal and
resistance to differentiation (2). For instance, a strict reliance on
young, viable and competent mitochondria is required during
asymmetric cell division; in fact, older and aged mitochondria
are clustered within daughter cells committed to differentiation,
whereas “newly synthesized” and younger mitochondria are
apportioned within daughter cells that retain a stem-like
phenotype (34).

As the relationship between the mitochondrial-dependent
bioenergetic responses and the CSC metabolic profile has
been explored, it's not surprising that a mitochondria-
centric regulation of cancer energy pathways can drive
complex decision-making events, ultimately impacting
CSC fate toward tumor progression. As a consequence
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of these findings, synthetic as well as natural compounds
that impair mitochondrial function have been shown to
selectively hamper CSC propagation in diverse tumor types
(30, 35-38). Interestingly, as mitochondria evolutionary
derive from the engulfment of an a-proteobacterium in
eukaryotic host cells, classes of FDA-approved
antibiotics have been suggested in a repurposing effort for
the selective targeting of mitochondria (12, 39). The most
remarkable of these repurposing strategies is represented
by the antibiotic Doxycycline, a relatively manageable and
safe tetracycline analog, which inhibits CSC dissemination
in vitro, by targeting mitochondria biogenesis, as well as
mitochondrial-dependent bioenergetic metabolism (11). Of
note, a Phase II clinical trial performed in early breast cancer
patients, using the oral administration of Doxycycline, was
sufficient to selective reduce the stemness markers ALDH1 and
CD44 (9). These studies pave the way for further exploring
the role of mitochondria in cancer, and the investigation of
novel mitochondrial-based druggable targets to be exploited as
anti-cancer strategies.

several

Mitochondrial fission and fusion dynamics play an
integral role in the complex regulation of mitochondrial
function (25). Fragmentation and fusion are tightly
balanced processes which probably derive from the same
endowment mechanisms through which bacteria were
co-opted into host cells. As such, it's not surprising that
alterations in fusion/fission balance may play a key role
in the pathogenesis of several diseases, including cancer
(16, 25).

Our data show that in breast cancer enhanced mitochondrial
fragmentation reduces mitochondrial mass and membrane
potential, suggesting that aberrant fission may compromise
the efficiency of the energetic cell machinery. Mechanistically,
this model could be explained by the bi-directional link
existing between mitochondrial morphology and redox
homeostasis. In fact, pro-fission programs leading to
mitochondrial fragmentation have been shown to stimulate
ROS production (40); furthermore, the activation of
mitochondrial fission was required to generate ROS during
hyperglycemic conditions (41), thereby suggesting that
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TABLE 6 | Significant changes in protein levels associated with the

epithelial-mesenchymal transition (EMT), extracellular matrix and cytoskeleton in

MCF?7 cells over-expressing mitochondrial fission factor (MFF).

TABLE 6 | Continued

Symbol Gene name Fold change

Symbol

Gene name

Fold change

Epithelial-mesenchymal transition, ECM and cytoskeleton proteins

VIM Vimentin -122.836
ACTA2 Actin, alpha 2, smooth muscle, aorta -1.639
TNC Tenascin C —18.294
CNN2 Calponin 2 109.554
CALU Calumenin 9.943
CAND1 Cullin associated and neddylation dissociated 1 —50.592
CANX Calnexin 289.77
CFL1 Cofilin 1 —4.993
CTNNA1 Catenin alpha 1 15.851
CTNNA2 Catenin alpha 2 —46.852
CTNND1 Catenin delta 1 -50.914
GSN Gelsolin —9.378
KTN1 Kinectin 1 —27.16
VCL Vinculin 2.965
THBSH Thrombospondin 1 —26.041
TAGLN2 Transgelin 2 3.578
TAGLNS Transgelin 3 —18.464
CcuLt Cullin 1 -24.7
cuL2 Cullin 2 -3.6
CUL3 Cullin 3 —43.342
CuL7 Cullin 7 —24.685
CUL4A Cullin 4A —4.282
cuL4B Cullin 4B —30.196
DES Desmin -2.734
COL11A1  Collagen type Xl alpha 1 chain —156.421
COL28A1  Collagen type XXVIII alpha 1 chain —65.077
COL2A1 Collagen type Il alpha 1 chain —110.781
COL8A1 Collagen type VIl alpha 1 —7.542
ACTB Actin beta —378.155
ACTBL2 Actin, beta like 2 —100.94
ACTCA Actin, alpha, cardiac muscle 1 —-101.765
ACTG1 Actin gamma 1 4.483
ACTN1 Actinin alpha 1 —4.133
ACTN2 Actinin alpha 2 —2.295
ACT Actin-like protein (ACT) gene —20.682
ACTG1P4  Actin gamma 1 pseudogene 4 —-2.329
ACTN4 Actinin alpha 4 30.372
MYH9 Myosin, heavy chain 9, non-muscle 820.527
MYH10 Myosin, heavy chain 10, non-muscle 7.969
MYH11 Myosin heavy chain 11 —46.952
MYH7B Myosin heavy chain 7B —-13.017
MYL1 Myosin light chain 1 —-10.816
MYL6 Myosin light chain 6 1.94
MYL12A Myosin light chain 12A 2.173
MYL6EB Myosin light chain 6B =Infinity
MYO1B Myosin I1B 1.551
MYO1C Myosin IC —51.931
TUBA8 Tubulin alpha 8 —15.245
(Continued)

Epithelial-mesenchymal transition, ECM and cytoskeleton proteins

TUBA1A Tubulin alpha 1a 1.545
TUBA3E Tubulin alpha 3e 1.5
TUBA4A Tubulin alpha 4a —22.152
TUBAL3 Tubulin alpha like 3 -3.393
TUBB3 Tubulin beta 3 class Il —3.965
TUBB6 Tubulin beta 6 class V —18.369
TUBBS Tubulin beta 8 class VIlI 1.78
TUBB2A Tubulin beta 2A class lla —2.783
TUBB2B Tubulin beta 2B class llb 2.353
TUBB4A Tubulin beta 4A class IVa 2.216
TUBGCP2  Tubulin gamma complex associated protein 2 =Infinity
TUBGCP6  Tubulin gamma complex associated protein 6 —Infinity
TUBA1B Tubulin alpha 1b -5.529
TUBA1C Tubulin alpha 1c -11.125
TUBB Tubulin beta class | —90.993
TUBB4B Tubulin beta 4B class Vb —25.109
DNM1 Dynamin 1 —20.927
DNM2 Dynamin 2 —18.654
DNM3 Dynamin 3 -9.012
DNMBP Dynamin binding protein —4.552
LAMA3 Laminin subunit alpha 3 -58.838
LAMB2 Laminin subunit beta 2 -12.831
LAMB3 Laminin subunit beta 3 —77.639
LAMB4 Laminin subunit beta 4 -8.215

Fold change of proteins detected in MCF7-MFF vs. MCF7-Control cells. Red: Up-
regulated proteins; Green: Down-regulated proteins. Proteomics was performed as
described in Materials and Methods. Statistical analyses were performed using ANOVA
and 1.5-fold-changes in proteins with a p < 0.05 were considered. Dataset containing
proteins with significant altered expression profile were imported into the Ingenuity
Pathway Analyses (IPA) software, which groups the differentially expressed proteins into
known functions and pathways.

unopposed  mitochondrial ~fragmentation is associated
with enhanced ROS production and compromission of the
energetic machinery.

Indeed, analysis of metabolic flux showed that in MFF-
overexpressing breast cancer cells the capability to extract
ATP from energetic sources is compromised. These data are
in accordance with previous studies showing that natural or
synthetic compounds that block mitochondrial biogenesis
and thereby reduce mitochondrial mass, also interfere with
mitochondrial energetic function [reviewed in (8)]. Likewise,
the metabolic effects of abnormal mitochondrial fission
may parallel the biochemical responses observed in breast
cancer cells treated with mitochondrial-targeting agents.
Our data from proteomic analyses provide supporting
evidence that MFF over-expression mainly drives the
acquisition of a metabolically suppressed cell phenotype,
as demonstrated by the drastic reduction of proteins
involved in several energetic pathways in MCF7-MFF vs.
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TABLE 7 | Significant changes in other protein levels in MCF7 cells
over-expressing mitochondrial fission factor (MFF).

Symbol Gene name Fold change
Other proteins

MTA1 Metastasis associated 1 —41.671
MTA2 Metastasis associated 1 family member 2 —17.064
MTSS1L Metastasis suppressor 1 like 2.028
UCP3 Uncoupling protein 3 —62.533
TIGAR TP53 induced glycolysis regulatory phosphatase —39.761
TGFBI Transforming growth factor beta induced =Infinity
TGFBR3 Transforming growth factor beta receptor 3 -8.57
TGIF2LX TGFB induced factor homeobox 2 like, X-linked —-12.818
STAT1 Signal transducer and activator of transcription 1 -9.228
STAT3 Signal transducer and activator of transcription 3 —7.953
OXSR1 Oxidative stress responsive 1 6.331
PCNA Proliferating cell nuclear antigen 3.128
HSF1 Heat shock transcription factor 1 —28.884
TRAP1 TNF receptor associated protein 1 —10.989
CAT Catalase —-10.918
SOD2 Superoxide dismutase 2, mitochondrial —33.389
TXNRD1 Thioredoxin reductase 1 —21.824
GLRX3 Glutaredoxin 3 -1.845
GSR Glutathione-disulfide reductase —-1E+08
GSS Glutathione synthetase 2.547
GSTM3 Glutathione S-transferase mu 3 18.065
ROMO1 Reactive oxygen species modulator 1 1.966
SMAD9 SMAD family member 9 -1.975
TXNL1 Thioredoxin like 1 -9.869
TXNRD2 Thioredoxin reductase 2 -3.538
TXNRD3 Thioredoxin reductase 3 =Infinity
T™MX1 Thioredoxin related transmembrane protein 1 3.142
TMX4 Thioredoxin related transmembrane protein 4 1.518
TNFRSF12A  TNF receptor superfamily member 12A —Infinity
TNFSF13B Tumor necrosis factor superfamily member 13b 2.397
TRAF2 TNF receptor associated factor 2 —7.759

Fold change of proteins detected in MCF7-MFF vs. MCF7-Control cells. Red: Up-
regulated proteins; Green: Down-regulated proteins. Note down-regulation of relevant
proteins involved in the metastatic process and oxidative stress response. Proteomics was
performed as described in Materials and Methods. Statistical analyses were performed
using ANOVA and 1.5-fold-changes in proteins with a p < 0.05 were considered. Dataset
containing proteins with significant altered expression profile were imported into the
Ingenuity Pathway Analyses (IPA) software, which groups the differentially expressed
proteins into known functions and pathways.

MCEF7-Control cells. Therefore, unopposed mitochondrial
fragmentation induces mitochondrial dysfunction, leading to
the inability to extract ATP from fuels and an overall block in
cell metabolism.

As cancer cells are strictly dependent on active energetic
cellular machinery for their survival, any alteration in
mitochondrial integrity may compromise cancer cell
viability (42, 43). The proteomic analyses performed in
MFF-overexpressing breast cancer cells showed that enhanced
mitochondrial fission is associated not only with loss of

mitochondrial proteins, impaired ability to cope with
oxidative stress, and reduced metabolic function, but also
with a quiescent cell phenotype. More specifically, the
proteomic landscape of MFF over-expressing breast cancer
cells highlights a clear inhibition of proteins involved in
cell adhesion and cell junction, together with the inhibition
of the EMT program, and metastasis-related mediators.
Furthermore, our proteomic analysis predicts a substantial
inhibition of cell survival pathways and the activation of cell
death programs, consistent with a metabolically suppressed
cell phenotype.

These data are in accordance with previous studies
showing  that MFF-dependent  mitochondrial fission
activates signaling pathways involved in the inhibition of
cell viability and the activation of the apoptotic response
(44). In particular, MFF and other mediators involved in
mitochondrial fragmentation such as DRP1 play an integral
role in cancer cell death in response to diverse stimuli,
including several anticancer drugs (45, 46). At least some
of these effects could be attributed to the generation of
mitochondrial ROS, which would thereafter trigger apoptotic
cell death (47).

Mitochondrial proteins are overexpressed in CSCs, which
also exhibit increased mitochondrial metabolic function
(2, 5, 7). Indeed, tracking mitochondrial mass represents
an important metabolic tool to identify an enrichment of
CSCs (7). Due to these unusual features, CSCs are selectively
targeted by a number of mitochondria impairing agents, which
have been shown to compromise mitochondrial function
and thereafter halt CSC propagation (8). Likewise, in the
present study we have shown that mitochondrial-driven
impairment in metabolic function is associated with the
loss of stemness features in MFF over-expressing breast
cancer cells. These observations indicate that uncontrolled
mitochondrial fission may drive the acquisition of an
inactive metabolic phenotype associated with the starvation
of the CSCs population. Therefore, the pharmacological
manipulation of mitochondrial fission may serve as an
actionable tool to eradicate cancer cells, with tumor initiating
capabilities. Accordingly, it has been recently shown that
an MFF peptidomimetic strategy elicits anti-cancer activity
in patient-derived xenografts, primary breast and lung
adenocarcinoma 3D organoids, as well as glioblastoma
neurospheres (45).

Recently, drugs targeting mitochondrial dynamics are
beginning to emerge as novel strategies in cancer treatment.
It should be mentioned that their potential is still challenged
by several controversies and awaits further confirmation.
For instance, the inhibitor of mitochondrial fission named
mdiv-1, which acts as a Drpl GTPase activity inhibitor,
can cause a loss of the functional properties of CSCs (48).
However, this drug appears to also work as a reversible
inhibitor of mitochondrial complex I, leading to alterations
of mitochondrial ROS production (49). Additional layers
of complexity have to be considered when exploring the
contribution of mitochondrial shaping genes in tumor
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responses were identified in relation to certain proteins significantly altered in our dataset. Upstream regulators are shown at the top while functions and phenotypes
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biology. Indeed, tumor microevironmental conditions;
the presence of hormonal/growth factors; and intrinsic
features of the specific tumor cell types involved may affect
mitodynamics pathways.

In conclusion, the data presented herein validate the
use of a mitodynamic approach to target mitochondria
architecture and function toward the eradication of CSCs.
Further studies will be necessary to validate the use of this
therapeutic strategy, especially in combination with additional
metabolic inhibitors as novel tools to control stem traits
in cancer.
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Most human tumors possess a high heterogeneity resulting from both clonal evolution and
cell differentiation program. The process of cell differentiation is initiated from a population
of cancer stem cells (CSCs), which are enriched in tumor-regenerating and tumor-
propagating activities and responsible for tumor maintenance and regrowth after
treatment. Intrinsic resistance to conventional therapies, as well as a high degree of
phenotypic plasticity, makes CSCs hard-to-target tumor cell population. Reprogramming
of CSC metabolic pathways plays an essential role in tumor progression and metastatic
spread. Many of these pathways confer cell adaptation to the microenvironmental
stresses, including a shortage of nutrients and anti-cancer therapies. A better
understanding of CSC metabolic dependences as well as metabolic communication
between CSCs and the tumor microenvironment are of utmost importance for efficient
cancer treatment. In this mini-review, we discuss the general characteristics of CSC
metabolism and potential metabolic targeting of CSC populations as a potent strategy to
enhance the efficacy of conventional treatment approaches.

Keywords: cancer stem cells, therapy resistance, metabolic targeting, OXPHOS, glycolysis, glutamine metabolism,
fatty acid metabolism, tumor microenvironment

INTRODUCTION

According to the world health organization (WHO), cancer is responsible for one in six deaths
worldwide, and global cancer rates continue to grow (1, 2). Although the mono-therapy such as
surgery, chemotherapy and radiotherapy is a commonly accepted treatment modality for different
types of cancers, the combination of two or more types of treatment targeting the key cancer
mechanisms in synergistic or additive manners is currently a cornerstone of anticancer therapy
especially for advanced and aggressive cancers (3, 4). Recent innovations in treatment technologies
as well as in precision of radiation and drug delivery substantially increased efficiency and quality of
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treatment. However, treatment-related toxicities and tumor
therapy resistance still constitute a fundamental clinical and
scientific challenge (5-7).

The difficulty of cancer treatment has its roots in the nature of
this disease. Tumors are highly heterogeneous, consisting of
different types of cells. Intratumoral heterogeneity is evidenced
at the multiple levels, including genetic and epigenetic
landscapes, histological and molecular specificities as well as
functional differences between tumor cells including their
abilities to propagate tumor growth and give rise to other types
of cancer cells by the process of differentiation (8).

The process of cell differentiation is initiated from a
population of cancer stem cells (CSCs) that possess unique
properties such as the unlimited capacity of self-renewal and
asymmetric division, which leads to the production of different
cell types within tumors. These properties of CSCs make them
equipped with tumor-regenerating and tumor-propagating
activities and, therefore, responsible for the tumor maintenance
and regrowth after treatment. The density of CSCs substantially
varies between individual tumors, and its analysis is proven to
have prognostic significance for different types of cancers (9, 10).
Several CSC-specific markers have been described, among
them the expression of CD133, CD44, CDI117 (c-kit), Oct4,
high aldehyde dehydrogenase (ALDH) activity, etc. as
discussed elsewhere (11-13). However, some of these markers
can be found in normal stem cells, which make identification
and targeting of CSCs more challenging (14). A high plasticity
of CSC populations is an additional obstacle on the way of
clinical translation as tumor cells possess the ability of shifting
their state from the CSC- to non-CSC populations and vice
versa that is regulated by multiple genetic, epigenetic and
microenvironmental stimuli (15-18). Although tumor stemness
is described as a highly dynamic state, eradication of all CSC
populations during tumor treatment is of high clinical importance
as remaining CSCs might re-initiate local tumor growth and lead to
metastatic dissemination.

Many preclinical and clinical studies suggested that some
CSC populations can be equipped with intrinsic and extrinsic
mechanisms providing them with high radioresistance and
chemoresistance compared to the bulk of tumor cells. This
relatively high therapy resistance of CSCs is attributed to the
efficient DNA repair, low proliferative rate, protective tumor
microenvironment, maintenance of cellular redox homeostasis,
and immune escape. Altered metabolism of CSCs substantially
contributes to their treatment resistance. A deep understanding
of the CSC metabolic features and their molecular background
will help to develop novel therapeutic strategies that precisely
target CSCs and improve the efficiency of cancer control.

METABOLIC CHARACTERISTICS
OF CSCS

Reprogramming of cellular metabolism plays a crucial role in
tumor initiation, progression, resistance to conventional therapy,

and immunosuppression. Unique features of tumor metabolism
were noticed almost one hundred years ago. At the beginning of
the XX century, Otto Warburg and co-workers described aerobic
glycolysis, accompanied by excessive production of lactate, as
one of the distinct characteristics of tumor cells and tissue slices
(19). Since then, many other alterations of biochemical pathways
have been described for cancer cells (11, 20, 21). Studying the
metabolism of CSCs is a challenging task due to the small size
and high plasticity of these cell populations. Nevertheless,
current experimental data shows that the metabolic features of
CSCs are highly heterogeneous, and tumor type-dependent
(Table 1).

Glycolysis is one of the major and best-studied metabolic
characteristics of cancer cells. Fast-growing tissues, such as the
most malignant tumors, demand more energy. In differentiated
cells, energy in the form of adenosine triphosphate (ATP) is
produced via oxidative phosphorylation (OXPHOS) that occurs
in mitochondria. Complete oxidation of glucose molecule leads
to the production of about 30 molecules of ATP, whereas about
26 out of these 30 ATP molecules are generated by OXPHOS
(42). Fast-proliferating cancer cells switch from OXPHOS to
glycolysis that requires the consumption of a high amount of
glucose since only two molecules of ATP per one molecule of
consumed glucose can be produced via this pathway. Lactate, a
byproduct of aerobic glycolysis, is shuttled to the extracellular
space and was shown to support stemness by upregulation of the
expression of genes related to stem cell properties, such as
transcription factor SP1, sterol regulatory element-binding
protein 1 (SREBP1) which is a transcriptional activator
required for regulation of lipid homeostasis, etc., to increase
aggressiveness and invasive properties of cancer cells as well as to
promote immunosuppression (43-48). Glycolytic CSCs were
described for several tumor entities. Song et al. showed that
CD133+ liver carcinoma cells had enhanced glycolysis (22).
Osteosarcoma-initiating cells also showed a highly glycolytic
phenotype (49). Breast CSCs demonstrated the upregulated
glycolysis and simultaneously decreased OXPHOS (24).
Heterogeneous results were showed for glioblastoma stem cells:
Zhou et al. described highly glycolytic glioblastoma cells which
were enriched for CSC populations by cell growth conditions
(50) while Janiszewska et al. showed the importance of OXPHOS
for CD133+ glioblastoma CSCs (28). OXPHOS, as the primary
energy production pathway was also shown for leukemic (29),
pancreatic (51) and ovarian (32) CSCs.

Many cancer cells demonstrate altered amino acid metabolism.
For the majority of cancer cells, glutamine—usually a non-
essential amino acid—becomes critically essential as they
consume high amounts of it to cover their biosynthetic and
energetic needs (52). The rewiring of glutamine metabolism in
tumor cells is associated with specific genetic alterations including
mitochondrial DNA (mtDNA) mutations (53), oncogenic KRAS
(54, 55) and c-Myc overexpression (56). Glutamine enters cells
via specific transporters (most of them belong to the alanine/
serine/cysteine transporter (ASCT) family) and is used in various
biochemical pathways. Bi-directional transporters of amino acids
export glutamine in exchange for other amino acids (for example,
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TABLE 1 | Examples of the metabolic features of CSCs described for the different tumor models.

Metabolic feature Tumor entity Model Potential therapeutic targets  References
of CSCs
Glycolysis Hepatocellular PLC/PRF/5 human hepatocellular cancer cell line; CD133+ n/a (22)
carcinoma subpopulation was obtained by cell sorting
Osteosarcoma 0813 cell line established by authors; CSC population was obtained by  LIN28 (23)
limiting dilution assay in vitro
Breast cancer Tumor-initiating cells purified from MMTV-Wnt-1 murine breast tumors Decreased activity of pyruvate (24)
dehydrogenase (Pdh)
Breast cancer CD44%/CD24~ breast cancer stem cells Pyruvate dehydrogenase kinase (25)
(PDK1)
Glycolysis and Lung cancer CSC-like cells enriched under sphere forming conditions Glycolysis itself (inhibition with 2- (26)
OXPHOS deoxyglucose reduced CSC
features)
Esophageal cancer  CSC-like cells enriched under sphere forming conditions HSP27, HK2 27)
OXPHOS Glioblastoma CD133+ CSCs from glioma spheres IMP2 (28)
Acute myeloid Primary AML patient-derived cells; ROS-low CSC population was BCL-2 (29)
leukemia isolated by cell sorting
Lung cancer CSCs derived from A549 lung cancer cell line by using single-cell n/a (30)
cloning culture
Pancreatic cancer ~ CD133+ cells derived from patient samples Mitochondrial complex | (targeted (81)
with metformin)
Ovarian cancer CD44+ CD117+ cells from ascitic fluid of ovarian cancer patients Mitochondrial complex | (32)
Breast cancer MCF7 and MDA-MB-231 cells; CSC-like cells enriched under sphere Mitochondrial respiration (83)
forming conditions
De novo fatty acid ~ Glioma Patient-derived glioblastoma cell lines; CSC population was enriched by ~ FASN (fatty acid synthase) (34)
synthesis culturing cell lines in serum-free neurobasal medium
Breast cancer Epithelial CSCs derived from MCF10A cells; patients’ tissue samples; SREBP1 (targeted with resveratrol) (35)
CD24- CD44+ ESA+ CSC-like cells were isolated by magnetic-activated
cell sorting
Breast cancer ERBB2-positive breast cancer cells; CSC-like cells were sorted as side ~ PPARy pathway (36)
population (SP); CSC signature of ERBB2-positive cells was confirmed
by high ALDH activity
Pancreatic cancer ~ CSCs derived from Panc1 cell line and enriched under sphere-forming FASN (targeted with cerulenin); 37)
conditions mevalonate pathway (targeted with
atorvastatin)
Glutamine Pancreatic cancer PDAC cells CcD9 (38)
metabolism Non-small cell lung  Side population of cell lines: n/a (39
cancer A549
Pancreatic cancer  AsPC-1
Glioblastoma GSC11
GSC23
Neuroblastoma Cell lines BE(2)-C, SH-SY5Y and SK-N-AS MycN and c-Myc (40)
Hepatocellular Publicly available data from Cancer Genome Atlas; GLSH (41)
carcinoma Cell lines HCCLM3 and HC22;

Tumor tissue samples from HCC patients

cysteine). In the cytoplasm, glutamine is converted into glutamate
and, subsequently, o-ketoglutarate (0i-KG). Glutamate is a
building block of glutathione—one of the main scavenges of
reactive oxygen species (ROS), which protects the cells from
oxidative injury and lethal DNA damage (57, 58). In glutamine
metabolism, 0-KG is an essential intermediate fueling
tricarboxylic acid (TCA) cycle in mitochondria. Metabolites of
the TCA cycle are, in turn, used for various other pathways, for
example, nucleotide and fatty acid biosynthesis. Moreover,
0-KG is a co-factor of the ten-eleven translocation (TET) family
DNA demethylases and Jumonji-C (JMJ-C) family histone
demethylases—enzymes that play a role in epigenetic regulation
of gene transcription. Some pieces of evidence suggest that
elevated 0-KG to succinate ratio is a marker of stemness (59).

Another critical metabolic characteristic of cancer cells is
their lipid metabolism. De novo lipid biosynthesis, enhanced
lipid oxidation, and increased storage of lipids are unique
characteristics of many cancers. For some of them, such as
prostate cancer, lipid content was proposed as a potential
biomarker, since the accumulation of lipids in prostate tissue
of mice correlated with tumor stage (60). Increased lipid droplet
content was shown for colorectal CSCs (61).

De novo lipid biosynthesis and fatty acid oxidation are among
the most targetable features of CSCs (62, 63). CSCs from glioma
(34) and pancreatic cancer (37) demonstrated upregulated
lipogenesis; interesting that pancreatic CSCs fuelled their
lipogenesis via enhanced glycolysis. Fatty acid synthase (FASN)
is the critical enzyme in de novo lipid synthesis. Its expression is
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upregulated in many cancers, including lung, colon, breast, and
ovarian cancer (64-67). SREBP-2, a transcription factor
associated with de novo lipid synthesis, was shown to activate
transcription of c-Myc in prostate cancer, therefore contributing
to the increase of CSC properties (68). Increased fatty acid
oxidation is critical for maintaining the stemness of breast
cancer (69, 70) and leukemic cells (71).

THE METABOLIC INTERPLAY OF CSCS
AND TUMOR MICROENVIRONMENT

Interaction of tumor microenvironment with cancer stem cells
can support the survival and phenotype of CSCs. The tumor
microenvironment consists of cancer-associated fibroblasts,
endothelial cells, immune cells, extracellular matrix. Several
factors are critically important for the sustaining of CSC
metabolism, and hypoxia is one of them. Hypoxia is one of the
major hallmarks of tumor microenvironment playing a critical
role in CSC maintenance, quiescence, and therapy resistance
(72). Hypoxia can affect CSCs in different ways, including
activation of the hypoxia-inducible factor (HIF) mediated
signaling that controls the tumorigenicity of CSCs (73). HIF-
mediated signaling can interfere with the metabolism of cancer
cells by upregulation of many glycolysis-associated genes,
including glucose transporters from GLUT family (74).
Pharmacological inhibition of GLUT-1 was shown to decrease
the self-renewal properties of CSCs in vitro (75). Acidic
microenvironment associated with hypoxic tumor areas is

shown to promote CSC features by activation of the HIF-
dependent transcription program (76). Interesting that cervical
cancer cells located in hypoxic areas can produce lactate that is
scavenged by cancer cells of oxygenated regions, fueling their
proliferation (77). Cancer-associated fibroblasts (CAFs) can
support the metabolic needs of cancer cells by feeding them
via production of alanine (78), lactate, fatty acids or ketone
bodies (79). CSCs from certain cancers (e.g., hepatocellular
carcinoma and breast cancer) can promote angiogenesis and,
therefore, increase nutrient supply, by releasing pro-angiogenic
factors (such as VEGF) (80, 81). Tumor-associated immune cells
contribute to the cancer progression and survival of CSCs via
different mechanisms. Thus, cancer-associated macrophages can
secrete various cytokines (e.g., TGFp, IL-6) that induce the
conversion of cancer cells to cells with CSC phenotype and
contribute to chronic inflammation in tumor region (82, 83).
Lactate produced by cancer cells in the hypoxic environment is
known to induce conversion of tumor-associated macrophages
into their pro-tumorigenic phenotype (84, 85). To survive under
nutrient shortage conditions, CSCs may activate autophagy, the
process of recycling their own nutrients by degrading organelles
and large molecules. Enhanced autophagy as a pro-survival and
pro-tumorigenic mechanism was demonstrated for breast (86),
liver (87), osteosarcoma (88), and ovarian CSCs (89). Many of
the above-described metabolic pathways confer CSC adaptation
to the microenvironmental stresses, including a shortage of
nutrients and anti-cancer therapies. These pathways are
attractive targets for the eradication of CSC populations and
better treatment outcomes (Figure 1, Table 2).
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FIGURE 1 | Main metabolic pathways of CSCs and their potential targeting in clinical trials.
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TABLE 2 | Compounds for metabolic targeting of cancer stem cells.

Metabolic Compound Cancer type References
process
Glycolysis Metformin Hepatocellular (90)
carcinoma
Prostate cancer 91)
Colon cancer 92)
2-deoxy-D-glucose Triple-negative breast (93)
cancer
Colon cancer 92)
Epigallocathechine Pancreatic cancer (94)
gallate (EGCG)
Glutamine CB-839 Triple-negative breast (95)
metabolism cancer
Metastatic colorectal (96)
cancer
Lung cancer 97)
OXPHOS Fenofibrate Prostate cancer Reviewed in
Liver cancer 98)
Glioma
Breast cancer
Arsenic trioxide Acute promyelocytic (99)
leukemia
Atovaquone Hepatocellular (100)
carcinoma
Breast cancer (101)
Rosiglitazone Breast cancer (102)
Hepatocellular (103)
carcinoma
De novo lipid Cerulenin Glioblastoma (34
synthesis Colon cancer (104)
C75 Breast cancer (105)
Omeprazole Breast cancer (106)
Fatostatin Prostate cancer (107)
(108)

Breast cancer

TARGETING CSC METABOLISM
Targeting Glycolysis

The most straightforward approach to inhibit glycolysis is to
starve tumors for glucose. The effect on patients can be achieved
by subjecting them to a ketogenic diet, containing low amounts
of carbohydrates and balanced amounts of proteins and fat.
Ketogenic diet-mimicking treatment in vitro effectively reduced
CSC-signature in glioma cells (109). Experimental evidence
showing the benefit of a ketogenic diet for cancer patients,
especially those with glioblastoma and pancreatic cancer,
prompted to investigate the potency of this approach as
adjuvant therapy for these types of malignancy. However,
current clinical data demonstrates mixed results (110). Although
the ketogenic diet is usually well-tolerated, compliance with its
strict regimes is generally challenging for patients; therefore, it is
not considered as monotherapy, and even its usage as adjuvant
therapy is discussable (111).

Compound-mediated targeting of glycolysis demonstrated
better results in many preclinical studies. Metformin—an
antidiabetic drug—has drawn recent attention in cancer research
due to its ability to inhibit various molecular pathways leading
to the elimination of cancer cells (112). Metformin attenuates
glycolysis in a variety of tumor entities. Interesting that metformin

can either downregulate glycolytic flux in hepatocellular carcinoma
cells (90) or increase glycolysis in breast cancer cells (113).
Moreover, it can also inhibit mitochondrial complex I, therefore
impairing OXPHOS (114). Altering cancer cell respiration by
metformin treatment led to a significant improvement in
radiotherapy response in tumor xenograft models of prostate and
colon cancer (91). Epigallocatechin gallate (EGCG) was tested
as an inhibitor of glycolysis together with conventional
chemotherapeutic drugs, and shown as a potent enhancer of
chemotherapy (94). A synthetic analog of glucose, 2-deoxy-D-
glucose, was tested in vitro and showed the ability to inhibit
glycolysis and decrease the CSC phenotype of triple-negative
breast cancer cells (93). Experiments on colon cancer cells
demonstrated that a combination of 2-deoxyglucose with
biguanides (such as 3-bromopyruvate) substantially reduced their
proliferation (92). Deoxyglucose is now evaluated in clinical
trials as a treatment agent for different cancers, such as
lung, breast, and pancreatic cancer (clinicaltrials.gov numbers
NCT00096707, NCT00633087).

Targeting OXPHOS

OXPHOS is another promising metabolic target for CSCs. To
date, many compounds have been designed to precisely target
OXPHOS. Each compound targets a specific protein element of
the electron transport chain blocking the transport of electrons
and production of ATP. Most compounds that have shown their
efficacy in vitro, in vivo, and in clinical trials, are directed towards
mitochondrial complex I (115). The list of these compounds
includes, but is not limited to metformin, phenofibrate, pyrvinium,
rosiglitazone, pioglitazone, etc. Molecular mechanisms and
efficacy of many OXPHOS-targeting compounds are described
in reviews by Ashton and co-authors (115) and Sica et al.
(116). Such OXPHOS-targeting compounds as atovaquone
(clinicaltrials.gov No NCT02628080, NCT03568994),
phenformin (NCT03026517) and arsenic trioxide
(NCT00128596, NCT00036842, NCT00005069) are now under
clinical trials for various solid tumors and leukemias. A
combination of OXPHOS inhibition with other treatment
modalities (particularly, radiotherapy) shows promising results
in vitro and in vivo (117).

Targeting Glutamine Metabolism

As an essential amino acid for most cancer cells, glutamine
represents an attractive anticancer target: depriving cells for
glutamine seems to be an effective therapeutic option.
However, in reality, targeting glutamine metabolism is a
challenging task. Systemic approaches to direct glutamine
deprivation may be inefficient as glutamine can be synthesized
de novo by non-cancerous tissues, such as muscles (118). Other
amino acids, such as asparagine and arginine, may also
contribute to cancer cell survival under gluatamine deprivation
conditions (119, 120). Moreover, some components of tumor
microenvironment (e.g. cancer-associated fibroblasts) are able to
supplement cancer cells with de novo synthesized glutamine,
supporting their proliferation (121).
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Glutamine metabolism can be precisely targeted via blocking
critical steps of glutamine utilization. One of the most potent
targets is glutaminase 1 (GLS1)—the enzyme that converts
glutamine to glutamate. Numerous in vitro studies showed that
GLS1 was associated with cancer progression, metastasis and
CSCs for hepatocellular carcinoma (41), triple-negative breast
cancer (122) and pancreatic cancer (123). Inhibition of GLS1
disrupts redox balance in CSCs and can sensitize them to other
types of therapy (e.g., radiotherapy) (97, 123). Several inhibitors
of GLS1 have been developed, among them BPTES (124) and
CB-839. After showing high efficacy in vitro (125) and in vivo,
CB-839 entered clinical trials. Currently, CB-839 is tested in
Phase I and II clinical trials alone or in combination with other
chemotherapeutic drugs for such malignancies as leukemia, breast
cancer, colorectal cancer, and lung cancer (NCT02071862,
NCT02071888, NCT03875313).

Targeting Fatty Acid Metabolism
As discussed above, the metabolism of fatty acids is substantially
altered in many cancers. Cancer cells can be deprived of
exogenous fatty acids or precursors for de novo fatty acid
synthesis (such as glucose), which may be a promising strategy
to slow tumor growth. Indeed, de novo fatty acid synthesis, which
occurs in CSCs, but not healthy cells, seems to be one of the most
promising targetable processes to eliminate the CSC population.
Fatty acid synthase (FASN) is a target that received the most
attention among all enzymes involved in the lipid metabolism of
CSCs. Overexpression of FASN has been shown for a number of
cancers, such as lung, prostate, ovarian and colon (66, 67, 126,
127). Inhibitors of FASN have pleiotropic effects on tumor cells,
mostly because of the different pathways they can target.
Cerulenin, a classical inhibitor of FASN, demonstrated high
efficacy in reducing stem cell markers in glioblastoma and
colon cells in vitro (34, 104). Chemical modifications of
cerulenin, such as C75, were developed as the more stable
analog of this drug, and C75 showed good results in inhibiting
breast cancer cell proliferation (105). Such inhibitors of FASN as
omeprazole and TVB-2640 are now evaluated in clinical trials for
the treatment of breast cancer (NCT03179904, NCT02595372).
Not only FASN can be inhibited to target de novo lipid
synthesis in cancer cells. Sterol regulatory element-binding
proteins (SREBPs) are essential components of de novo lipid
synthesis. A few compounds have been synthesized to target
their functions. One of the most potent ones is fatostatin (128). It
had a remarkable anti-tumor activity for prostate cancer;
however, experiments with breast cancer cells showed mixed
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Most of the cancer related deaths are caused mainly by metastasis. Therefore, it is highly
important to unfold the major mechanisms governing metastasis process in cancer.
Throughout the metastatic cascade, cells need the ability to survive without attachment to
neighboring cells and the original Extra Cellular Matrix (ECM). Recent reports showed that
loss of ECM attachment shifts cancer cell metabolism towards glycolysis mostly through
hypoxia. However, AMPK, a master metabolic regulator was also found to be upregulated
under ECM detached conditions. Therefore, in this work we aimed to understand the
consequences of targeting AMPK and other metabolic kinases by a broad kinase inhibitor
namely Compound C in ECM detached cancer cells. Results showed that Compound C
impacts glycolysis as evident by increased levels of pyruvate, but reduces its conversion
to lactate thereby negatively regulating the Warburg effect. Simultaneously, Compound C
induces block at multiple levels in TCA cycle as evident from accumulation of various TCA
metabolites. Interestingly Compound C significantly reduces glutamine and reduced
glutathione levels, suggesting loss of antioxidant potential of ECM detached cancer
cells. Further, we found increased in metabolites associated with nucleotide synthesis,
one carbon metabolism and PPP pathway during Compound C treatment of ECM
detached cells. Finally, we also found induction in metabolites associated with DNA
damage in ECM detached cancer cells during Compound C treatment, suggesting DNA
damage regulatory role of metabolic kinases. Overall, our results showed that Compound
C represses pyruvate to lactate conversion, reduces antioxidant potential and invokes
DNA damage in ECM detached cancer cells. Our data provides a comprehensive
metabolic map of ECM detached cancer cells that can be targeted with a broad kinase
inhibitor, is Compound C. The data can be used for designing new combinational
therapies to eradicate ECM detached cancer cells.

Keywords: AMP-activated protein kinase, metabolomic analysis, extra cellular matrix detachment, compound C,
oxidative phosphorylation
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INTRODUCTION

Cancer is the deadliest disease worldwide; it cost nearly 9.6 million
lives in 2018. Most cancer deaths associated with the metastasis
stage occur during cellular detachment from the primary site of
cancer tumour and get attached to secondary metastatic site for
growth (1, 2). Cell adhesion to the ECM-extracellular matrix that
helps in cell survival and proliferation signal. In the absence of ECM
or cell to cell adhesion leads cells to undergo programmed cell death
(apoptosis), termed as anoikis (3). Metastatic ECM detached cells
develop resistance to anoikis for its survival and re-attach to the
distal secondary site to develop metastasis tumor. The signaling
pathway involved in regulating cells during anoikis resistance is little
known. PKB- The serine/threonine-protein kinase Akt regulates
several cellular processes in tumors, including proliferation and cell
metabolism (4). the AMP-activated protein kinase (AMPK) is
regulated under metabolic stress conditions to maintain cell
homeostasis by switching energy metabolism. AMPK inhibits
anabolic pathway to minimize ATP consumption, sterol and lipid
biosynthesis, glycogen synthesis, and cell cycle progression. AMPK
promotes a catabolic pathway to restore ATP and increase glucose
uptake, autophagy, lipid utilization, and mitochondrial biogenesis
(5-7). AMPK is regulated positively by activation of Try172 residue
phosphorylation by LKB1 and CaMKKP kinase. Recent studies
showed the AMPK pro-tumorigenic activity under glucose
deprivation and hypoxic condition (7-10).

Glucose deprivation reduces NADPH/GSH level and
increases H,O, due to impaired PPP. It increases the non-
metabolizable 2deoxyglucose(2DG) analogy of glucose, 2DG
inhibits glycolysis by mimic glucose starvation and induce cell
death (11). AMPK activation protects cancer cells from
chemotherapy-induced apoptosis and metabolic stress.
Dorsomorphin, also known as Compound C, has the property
of inhibiting AMPK that directly effect on blocking metabolic
action of AMPK. Dorsomorphin has been effectively anti-
apoptotic action of AMPK and causes programmed cell death
in many cancer cells type (12, 13).

In this study, we demonstrated the metabolic alteration of
dorsomorphin (Compound C) in ECM detached different cancer
cells. Interestingly we found dorsomorphin modulates metabolic
fingerprinting in cancer cells.

MATERIALS AND METHODS

Cell Culture

The human cancer cell line HCT116 and 22RV1 were kindly
gifted from Dr. Hani (Cancer and the epigenetic unit, King
Abdulaziz University, Saudi Arabia). Cells were grown at 37°C
with 5% CO,, in a Dulbecco’s Modified Eagle Medium (DMEM)
with 10% fetal bovine serum (Sigma).

Matrix Detachment Model

The matrix detachment was done in cell suspension culture. 1 x
10° cells were cultured in ultra-low attachment plate (14) for at
37°C for various time points, which results in formation of

spheroids. The spheroids were treated with either vehicle
control or with different concentration of compound-C
(sigma- P5499) for 5 days. The images were captured by using
Nikon (USA) inverted light microscope. Images were analyzed
for size measurement using image J software (https://imagej.net/
Invasion_assay).

Apoptosis Assay

The apoptosis was detected by using Annexin V-FITC labelled
and propidium iodide followed by a flow cytometer. The cells
were grown in an ultra-low attachment plate for 6 days with and
without treatment with Compound C. After treatment spheroids
are harvested and washed with PBS (ice cold) three times. The
spheroids were breakdown by multiple pipetting and
resuspended in 100 pl 1X binding buffer and 10 pl Annexin V-
FITC and 5 pl PL After incubation for 20 min in RT (dark
condition). The cells were analyzed by flow The Guava®
easyCyte 5 Flow Cytometer, and the percentage of cells went
apoptosis was calculated (15).

Metabolites Extraction

Metabolites were extracted from ECM attached and detached
cells and detached cells were treated with dorsomorphin
(Compound C, Sigma P5499).ECM detached spheroids were
collected and crushed immediately using tissue homogenizer
using a combination of ice-cold methanol: acetonitrile: water at a
ratio of (2:1:1 v/v) and vortexed for 30s and incubated for 60 min
at —20°C, and spin for 15 min at 13,000 rpm at 4°C.

The supernatant was collected, dried in a vacuum
concentrator, and reconstituted in 200 pl of acetonitrile in
0.1% formic acid, vortexed for 5 min and centrifuge for 10 min
at 13,000 rpm at 4°C. Finally, the samples were taken for LC-MS/
MS analysis (15-17).

Mass Spectrometry

Samples were analyzed in LC-MS/MS LTQ XL™ linear ion trap
instrument (ThermoFisher Scientific). MSn settings, full scan mode
scanning range from 100 to 1000 m/z. Helium was used as buffer
gas and Nitrogen was used as sheath gas for run 40 arbitrary units
were set as flow rate. The capillary temperature was set at 270°C and
voltage 4.0 V; spray voltage was set at —3.0 kV.

Data Analysis

The raw data file was processed using open accesses online
XCMS online database. Peaks were searched against human
metabolites in the Human Metabolome database. Pathway
analysis and statics were Metaboanalyst (15-17).

Real-Time qPCR Analysis for mRNA
Expression

Briefly, RNA was extracted from all the cell lines at the end of
different experimental conditions by using RNeasy kit (Qiagen),
and reverse transcribed a High capacity cDNA Reverse
Transcription kit (applied biosystems). cDNA (1-100 ng) was
amplified in triplicate using gene specific primers
(Supplementary Table 2). Threshold cycle (Cr) values
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obtained from the instrument’s software were used to calculate
the fold change of the respective mRNAs. ACr was calculated by
subtracting the Cr value of the housekeeping gene from that of
the mRNA of interest. AAC for each mRNA was then calculated
by subtracting the Cr value of the control from the experimental
value. Fold change was calculated by the formula 2747,

Protein Extraction and Western Blot
Analysis

Various cancer cells (HCT116 and 22RV1) were cultured in T
flask (1 x 10°/flask). After 24 h cells of cell plating in ultra-low
attachment plates cells were treated with Compound C for
indicated dose for consecutive 5 days. The fresh treatment was
added every 48 h, following completion of treatment, media was
aspirated and cells were washed with cold PBS (pH 7.4) and
pelleted in 15ml falcon tubes. Ice-cold lysis buffer (RIPA bufter)
was added to the pellet, with freshly added protease inhibitor
cocktail (Protease Inhibitor Cocktail Set ITI, Calbiochem, La Jolla,
CA). Then cells were passed through needle of the syringe to
break up the cell aggregates. The lysate was cleared by
centrifugation at 14000 g for 30 min at 4°C and the
supernatant was used or immediately stored at —80°C. For
western blotting 12% poly acrylamide gels were used to resolve
30ug of protein, transferred on to a nitrocellulose membrane,
Equal loading were confirmed with ponceau staining of the
membrane. Then probed with appropriate monoclonal primary
antibodies and detected by chemiluminescence scanner by LI-
COR after incubation with specific secondary antibodies (18).

The primary antibodies as follows as follows Phospho-AMPKo
(Thr172) (D4D6D), AMPKo. (D5A2), LDHA (CA4BS5)

RESULTS

Compound C Effectively Reduces
Proliferation of ECM Detached Cancer

Cells

AMPK is a key regulatory during energy deprivation and
activated during ECM detached cancer cells. We examined the
toxic effect of Compound C on ECM detached cancer cell
proliferation. Results showed that low doses of Compound C
ie. 10 uM in HCT116 and 15uM in 22RV1 Compound C
significantly reduced cell proliferation (Figure 1A). Prolong
treatment of Compound C significantly reduces the spheroid
formation and size (Figure 1B) and simultaneously induces
apoptosis in spheroids formed due to ECM detachment
(Figure 1C)

Metabolic Impact of Compound C in ECM
Detached Cancer Cells

To explore the metabolic profile of ECM detached cancer cells
treated with broad kinase inhibitor namely Compound C, we
performed untargeted metabolomics to comprehend the
difference in ECM attached cancer cells with ECM detached
cancer cells, and Compound C treated ECM detached cancer
cells. Metabolites were acquired using HPLC-MS/MS in DDA-
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FIGURE 1 | Compound C inhibition reduce cell proliferation and size reduction. (A) Cells are grown in ultra-low attachment 96-well plate and treated with different
concentration of Compound C and MTT assay were performed. (B) Cells are grown in ultra-low attachment plate and treated with Compound C, images were
acquired, and size were measured using image J software. (C) Cells are grown in ultra-low attachment plat and treated with Compound C; apoptosis assay were
performed using Annexin V. * is p-value < 0.05 ** is p-value < 0.01
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Data Dependent mode, and spectrum raw files were processed
using XCMS online database. The total 649 features were
identified using ESI positive mode and 546 metabolites (Figure
2A) with (p-value < 0.01) statistically significant. Principal
component analysis (PCA) models score plots of all samples
showed a significant difference in metabolomics between sample
groups (Figure 2B). The correlation coefficient of the
metabolomics data showed metabolites were self-correlations.
However, in the Heatmap for the metabolites showed variation
in metabolic expression between ECM attached, ECM detached,
and ECM detached cells treated with Compound C (Figure 2C).
The top highly significant metabolite in terms of PCA analysis
with expression index showed the variation in metabolite
accumulation in Compound C treated ECM detached cancer
cells (Figure 2D), Top 275 metabolite with expression value
shown in Table 1. and their raw table with p-value replicates
details given in the Supplementary Table 1. The pathway
enrichment analysis in ECM detached and Compound C
treated ECM detached cancer cells compared with ECM
attached cancer cells, pathway enrichment, and pathway
linkage analysis were obtained through MetaboAnalyst 4.0. A
total of 93 metabolic pathways were shown to be enriched
(Figure 2E), mainly involved in energy metabolisms like
Warburg Effect, Gluconeogenesis, Glycolysis, and TCA Cycle.
As well as some other metabolic pathways, such as Methyl
histidine Metabolism, Pentose Phosphate Pathway,
Mitochondrial Electron Transport Chain, urea cycle, and
Lactose Degradation, etc. (Figure 2F),

Compound C Reduces Lactate Formation

Lactate production in aerobic glycolysis is a prevalent energy
metabolism in cancer cells metabolic pathway. We evaluate
mRNA expression and metabolites involved in different steps of
glycolysis. Data showed that the mRNA expression of many
glycolytic gene namely GLUT1 and 3, Hexokinase 2 (HK2), PFKL
(6-phosphofructokinase), PFKFB1 (fructose-2,6-biphosphatase 1),
ENO2 (Enolase 2), PGAM1 (Phosphoglycerate Mutase 1),
PDK1 (Pyruvate Dehydrogenase Kinase 1), LDHA (Lactate
dehydrogenase A), PKM2 (pyruvate kinase M2) and their
associated metabolites were high in ECM detached conditions.
Compound C reduces both transcripts and associated metabolites

of the above-mentioned enzymes in ECM detached cancer cells
(Figures 3A, B). We further noticed that some enzyme transcript
levels ie. ALDOA (aldolase, fructose-bisphosphate A) GAPDH
(glyceraldehyde 3-phosphate dehydrogenase), and PGKI-
(Phosphoglycerate Kinase 1) failed to get induced in ECM
detached conditions (Figures 3A, B).

The reduction of LDHA transcript was well corroborated with
lower lactate dehydrogenase activity in Compound C treated cells
(Figure 3C). These findings suggest that the end product of
glycolysis i.e. pyruvate was preferred to enter oxidative
phosphorylation rather than lactate formation in ECM detached
cancer cells during Compound c treatment. We also observed
reduction in phosphorylated-AMPK levels well-known to be
targeted by Compound C in treated cells (Figure 3C).

Compound C Treatment Results in Malic

Acid Accumulation in ECM Detached Cells
ECM detached cancer cells need metabolic reprogramming to
survive and within the known metabolic kinases, AMP-activated
protein kinase (AMPK) is a primary regulator of metabolism
(19). We found that ECM detached cancer cells have
accumulation of various TCA intermediates such as malate
and fumarate, suggesting their potential role in ECM detached
cancer cell metabolism. Compound C treatment induces block at
multiple steps of TCA cycle as evident by accumulation of TCA
metabolites. We observed a further increase in both malate and
fumarate in both cell lines treated with Compound C (Figure 4).

Compound C Depletes Glutamine and
Alters Cellular Antioxidant Levels

Glutamine have multipurpose roles in cellular metabolism.
Glutamine feds TCA cycle along with nucleotide biosynthesis,
GSH production and production of nonessential amino acids. We
found a significant increase in glutamine and hydroxyglutarate
(2HG) in ECM detached cells. 2HG is an oncometabolite. 2HG is
known to be produced by mutant IDH % enzymes and can also be
generated from glutamine derived from oKG (20, 21). Compound
C significantly reduces the cellular glutamine levels of ECM
detached cancer cells. Since glutamine feeds for reduced
glutathione (GSH) production, we measured the GSH levels and

TABLE 1 | Top metabolite with their expression.

Forward Primer

Reverse

GLUT1 CATCCCATGGTTCATCGTGGCTGAACT
GLUTS3- TGCCTTTGGCACTCTCAACCAG

HK2 GCCATCCTGCAACACTTAGGGCTTGAG
PFKL GGAGAAGCTGCGCGAGGTTTAC
ALDOA AGGCCATGCTTGCACTCAGAAGT
GAPDH TTCCGTGTCCCCACTGCCAACGT
PGK1 ATGTCGCTTTCTAACAAGCTGA

PGAM1 GGAAACGTGTACTGATTGCAGCCC
ENO1 GACTTGGCTGGCAACTCTG

ENO2 TCATGGTGAGTCATCGCTCAGGAG
PKM2 GCCCGTGAGGCAGAGGCTGC

PDK1 CATGTCACGCTGGGTAATGAGG
PFKFBP1 CTACTGAGCCCTTTCCAAGAA

GAAGTAGGTGAAGATGAAGAACAGAAC
GCCATAGCTCTTCAGACCCAAG
GTGAGGATGTAGCTTGTAGAGGGTCCC
ATTGTGCCAGCATCTTCAGCATGAG
AGGGCCCAGGGCTTCAGCAGG
CAAAGGTGGAGGAGTGGGTGTCGC
GCGGAGGTTCTCCAGCA
TTCCATGGCTTTGCGCACCGTCT
GGTCATCGGGAGACTTGAA
ATGTCCGGCAAAGCGAGCTTCATC
TGGTGAGGACGATTATGGCCC
CTCAACACGAGGTCTTGGTGCA
GCAGAGTAGGAGAAGAGCAAA
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as expected ECM detachment showed increased GSH levels which
were significantly reduced by Compound C (Figure 5A). Next, we
measured activity of super oxide dismutase (SOD), reduces ROS,
and found that ECM detached cancer cells have high activity and
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FIGURE 2 | Metabolomic analysis of ECM detached cancer cells and Compound C treated in ECM detached cancer cells, (A) Metabolites were extracted and run
in LTQ-XL linear ion trap LC-MS and its total ion chromatogram with significate features. (B) PCA analysis of total metabolite of HCT 116 and 22RV1 with three
different condition. (C) Correlation heat map and expression heat map of differential metabolite expressed between ECM attached, ECM detached, and ECM
detached cells treated with Compound C. (D) VIP score based on PCA analysis of top metabolites. (E) Pathway network analysis. (F) Top pathway enriched in
metabolome analysis between ECM attached, ECM detached, and ECM detached cells treated with Compound C.
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Compound C reduces its activity (Figure 5B). Overall, these results
showed ECM detached cancer cells possess increase glutamine,
GSH and antioxidant capacity and Compound C reduces
glutamine, GSH and antioxidant capacity.
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Compound C Favors Ribosugar Synthesis

Hexose monophosphate shunt (HMP), also known as Pentose
phosphate pathway (PPP) or phosphogluconate pathway, starts
from the branch of glycolysis and the first step of glucose
metabolism. HMP activation is demonstrated in different types of
cancer and in their role in association with metastasis, invasion, and
angiogenesis (22, 23). Our studies showed the ECM detached cells
increased intermediate metabolite of HMP shunt in both cell lines.
Compound C treatment increases ribose, erythrose and xylose
levels. However, there were no significant changes observed in
nucleotide levels of adenosine and guanosine (Figure 6) (Table 2).

Compound C Modulates One Carbon
Metabolites

One-carbon (1C) metabolism, which sets a broader set of
transformation from folate metabolism. One-carbon

metabolism is regulatory in cellular physiology. One-carbon
metabolism is mostly derived from glycine and non-essential
amino acid serin. One- carbon metabolism generate output
metabolites that serve as essential building blocks for a redox
reaction, biosynthesis, and methylation (24). We sought to verify
the functional effect on one-carbon metabolism by Compound C
in detached cells; data showed increased one-carbon metabolite
intermediates in ECM detached cells such as SAM, L-
cystathionine, methyl-cysteine, homocysteine and cysteine
suggesting that ECM detached cancer cells might have more
methylation phenotype. Coherent with this observation,
Compound C treatment in ECM detached cells showed further
increase in S-adenosyl-methionine (SAM), homocysteine, and
cysteine in both cell lines, but other intermediate metabolites
showed different trends between two cell lines (Figure 7)
(Table 3).
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TABLE 2 | Fold change of metabolite involved in PPP- fold change was calculated with normalized value of ECM attached and up and down regulation was mention

with proposition to ECM detached and Compound C treated.

22RV1 HCT116 P value
ECM Attached ECM detached Compound C ECM Attached ECM detached Compound C

Xylulose 5 phosphate 1 221.4749 70.43583 down 1 45.16325 1387.211 up 0.002851
Sorbitol-6-phosphate 1 35.28718 24.27192 down 1 3.658933 11.68237 up 0.00201

Ribose-5-phosphate 1 0.180434 0.056273 down 1 0.558023 0.930893 up 0.00385
Mannitol 1-phosphate 1 11.58318 8.200933 down 1 0.223793 1.231869 up 0.004667
Guanosine 1 19.38104 15.46899 down 1 1.679476 2.855435 up 0.004705
Guanidinosuccinic acid 1 434.0069 82.62108 down 1 101.89 5994.094 up 0.002381
Erythrose 4-phosphate 1 3434.549 527160.1 up 1 1935.108 366.8125  down 0.019394
Erythrose 1 6.659711 276.3982 up 1 25.87366 18793.61 up 0.002141
D-Xylose 1 115.2781 937.4171 up 1 127.792 257.4589 up 0.003406
D-Ribose 1 8.750765 1606.917 up 1 40.64657 167.1691 up 0.002469
adenosine diphosphate 1 253.3069 138.6028 down 1 7.017809 48.89972 up 0.002551
adenosine 1 134.3279 101.9717 down 1 4.509506 9.377341 up 0.002368
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TABLE 3 | Fold change of metabolite involved in one carbon metabolism- fold change
regulation was mention with proposition to ECM detached and Compound C treated.
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was calculated with normalized value of ECM attached and up and down

22RV1 HCT116 P value
ECM Attached ECM detached Compound C ECM Attached ECM detached Compound C

Taurine 1 25.61044 62.29942  up 1 50.94784 95.3329 up 0.001673
Spermine 1 0.119093 0.074492  down 1 0.103608 0.672684  down  0.002103
Selenohomocysteine 1 46.36336 78.14272  up 1 100566.2 2692.212  down  0.002657
S-Adenosyl-I-homocysteine 1 0.398734 0.20135 down 1 0.601573 23.40819 up 0.002926
S-Adenosyl methionine 1 18.2159 20.10414  up 1 43.84777 582.1221 up 0.002815
L-Cystathionine 1 818.562 200.4249  down 1 15.45662 1.8346547  down  0.001929
Cytosine 1 106.4612 69.45275  down 1 0.930727 3.676395  up 0.002671
Methylcysteine 1 7.949229 13.74496  up 1 3412177 99.65528  up 0.003304
Methionine 1 0.999488 0.809505  down 1 11.69524 166.5561  up 0.020447
Homocysteine 1 43.40685 157.0146  up 1 199.278 713.961 up 0.003783
Cysteine 1 110.7534 724.504 up 1 2923.258 1121345  up 0.003325
Betaine 1 1.888104 0.45807 down 1 2.182797 205.0076  up 0.007133
Compound C Increase Levels of DISCUSSION

Metabolites Associated With DNA Damage
Genomic DNA damage is instigated by reactive oxygen species
(ROS)generated by aerobic metabolism. Both cytotoxic and
mutagenic DNA lesions are associated with oxidative DNA
damage (25-27). We noticed increased levels of metabolites
namely 8-Oxoguanine, 3’-O-Methylguanosine, 6-methyl
guanine and 3-Methylcytosine, associated with DNA damage
in ECM detached cancer cells. Compound C further increased
their levels suggesting a protective role of AMPK and other
metabolic kinases in DNA damage conditions [Figure 8,
(Table 4)].

Numerous studies have shown that the metabolic
reprogramming induced by ECM detachment contributes to
cell survival and promotes metastasis. AMPK is a nutrient
sensor activated in ECM detachment when ATP : ADP ratio is
low (27). In this study, we have shown that metabolic adaption
during ECM detachment and during the energy crisis. A
metabolic switch happened during Compound C treatment in
ECM detached cells. ECM detachment is a signature for
metastasis and tumorigenesis (28). Cell depend on glucose
metabolism for energy production and biosynthesis need for
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TABLE 4 | Fold change of metabolite involved in DNA lesion - fold change was calculated with normalized value of ECM attached and up and down regulation was

mention with proposition to ECM detached and Compound C treated.

22RV1 HCT116 P value
ECM Attached ECM detached Compound C ECM Attached ECM detached Compound C

Hypoxanthine 1 4718.953 3303.693 down 1 3206.921 49.92634 down 0.00306
Deoxyinosine 1 46.65531 32.8449 down 1 2295.48 137061.3 up 0.001631
Deoxycytidine 1 517.0447 81.81474 down 1 11740.75 84000.85 up 0.002183
8-Oxoguanine 1 1554.729 25277.78 up 1 2146.321 8091.626 up 0.002033
8-Hydroxyguanine 1 0.10706 0.042731 down 1 0.121629 0.731751 up 0.002844
5-Methylcytosine 1 2.945086 6.408358 up 1 9.156975 0.786644 up 0.003468
3’-0O-Methylguanosine 1 44.06217 17.30408 down 1 0.900212 1.214881 down 0.006619
3-Methylxanthine 1 0.25198 0.511269 up 1 5.691069 15.18474 up 0.006005
3-Methylthymine 1 0.013313 0.019806 up 1 0.010739 0.052247 up 0.245542
3-Methylcytosine 1 491678.7 149428.8 up 1 652.269 1197.571 up 0.018722
3-methyl guanine 1 608.754 365505.6 up 1 522.408 6618.538 up 0.002785

cell survival and proliferation (29). We showed ECM detachment
increase in glycolysis in detached cells. AMPKol, keeps the high
level of reduced glutathione to maintain reduction-oxidation
reaction (redox) homeostasis, AMPKo1 regulate the glutathione
reductase (GSR) phosphorylation possibly through residue
Thr507 which enhances its activity of enzyme (30). Our studies
have shown that glutamine levels in ECM detached cells
increased and supports metabolic switch reductive
carboxylation for energy requirements. Reductive carboxylation
is known for mitochondrial disfunction and supports cell
proliferation. Our results demonstrated an Compound C was
able to reduce glutamine, and other intermediate metabolites.
ECM detached activates reductive carboxylation and oxidation
glutamine with glycolysis, enabling biomass generation and ATP
production; and maintained redox homeostasis, AMPK
inhibition reduces glutamine and reduces biomass production
and energy deprivation.

ECM detached cancer cells that allow glycolytic intermediate
to accumulate and switch to alternate pathway HMP or PPP,
which can stimulate macromolecular synthesis and combat
oxidative stress (31, 32), our studies showed the ECM
detachment activates PPP, intermediate metabolite

accumulation was increased on ECM detached cells. The PPP
is composed of two functionally interrelated branches: the
oxidative and the non-oxidative metabolism. In the oxidative
arm of the HMP, three major irreversible reactions involved in
the reduction of glucose-6-phosphate to ribose-5-phosphate with
reduction of nicotinamide adenine dinucleotide phosphate
(NADPH) and ribulose-5-phosphate (Ru5P), In the synthesis
of nucleotide (33-35). The non-oxidative branch of the HMP
generates nucleotide synthesis from glyceraldehyde-3-phosphate
and fructose-6-phosphate. Our studies show the glyceraldehyde-
3-phosphate increase in 22RV1 and decrease in HCT116, in both
cell lines, AMPK inhibition shows an increase in ribose sugar and
erythrose involve in the salvage pathway. In this scenario, we
observed that the22RV1 might involve non-oxidative and
HCT116 oxidative PPP pathways during AMPK inhibition.
Several pathways are intermediate and generate one-carbon
metabolism is include serine and glycine metabolism. Cancer
cells show alter DNA, RNA, and histone methylation patterns.
Epigenetic modification in DNA, RNA, and histone regulates
various gene regulation and function. Post-translational
modification (PTM) in protein methylation alter protein-
protein interaction (36). Our observation showed, ECM
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detachment responsible for the activation of epigenetic
modulator metabolite involved in one-carbon metabolism. S-
adenosylmethionine (SAM) is a methyl donor; SAM transfer the
methyl group to DNA and RNA, it converted to S-
adenosylhomocysteine, which is converted to homocysteine
and recycled to methionine. Importantly, SAM and
homocysteine levels increased in ECM detached cancer cells.
This observation is showing that methylation might be high in
ECM detached cancer cells. The recent studies revealed that
cysteine regulates the mTORI activity, cysteine uptake inhibits
the mTOR activation and halts protein synthesis, and mTOR is
regulated by AMPK. Our studies have shown the cysteine level in
ECM detached and AMPK inhibited ECM detached cancer cells
are increased, it is showing Compound C induces the cysteine
level in ECM detached cells.

DNA lesion and DNA damage is ingested by effect of ROS
production by cellular level, 8-oxoguanine is from oxidative
DNA damage, effect of oxidative DNA damage results in
pathophysiological changes (37). 6-methyl guanine is example
for in what way DNA lesion leads to development of DNA
damage. DNA damage may responsible apoptotic effect and
mutagenesis properties, insertion of mutated 6-methyl guanine
pass through cell cycle and causes the secondary DNA lesions
and infer in DNA replication. 6-methyl guanine break the double
standard DNA and triggered apoptosis (37). The data reported
here reveal ECM detachment enhanced the expression of
antioxidant enzyme GSH and SOD levels and inhibition of
AMPK reduce antioxidant enzyme. Reduction in antioxidant
enzyme activity may be increase in ROS levels and causes the
DNA damage.

The significant consequence of data presented here
represent advance in our understanding of ECM detached
cancer cells switch the metabolic pathways., promotes cancer
cell survival during metastasis. Compound C reduces pyruvate
to lactate conversion, promotes OXPHOS, reduces glutamines
and reduced GSH levels, and increases metabolite levels
associated with DNA damage suggesting a broad metabolic
impact. Beside Compound C, some other AMPK inhibitors
are available like Doxorubicin, GSK6906893 and metformin.
Our data also provides a detailed metabolic map of ECM
detached cells, can be used to extrapolate and design future
studies to identify novel targets to eradicate ECM detached
cancer cells.
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Glioblastoma (GBM) remains one of the most lethal primary brain tumors in both adult and
pediatric patients. Targeting tumor metabolism has emerged as a promising-targeted
therapeutic strategy for GBM and characteristically resistant GBM stem-like cells (GSCs).
Neoplastic cells, especially those with high proliferative potential such as GSCs, have been
shown to upregulate UCP2 as a cytoprotective mechanism in response to chronic
increased reactive oxygen species (ROS) exposure. This upregulation plays a central
role in the induction of the highly glycolytic phenotype associated with many tumors. In
addition to shifting metabolism away from oxidative phosphorylation, UCP2 has also been
implicated in increased mitochondrial Ca®* sequestration, apoptotic evasion, dampened
immune response, and chemotherapeutic resistance. A query of the CGGA RNA-seq and
the TCGA GBMLGG database demonstrated that UCP2 expression increases with
increased WHO tumor-grade and is associated with much poorer prognosis across a
cohort of brain tumors. UCP2 expression could potentially serve as a biomarker to stratify
patients for adjunctive anti-tumor metabolic therapies, such as glycolytic inhibition
alongside current standard of care, particularly in adult and pediatric gliomas.
Additionally, because UCP2 correlates with tumor grade, monitoring serum protein
levels in the future may allow clinicians a relatively minimally invasive marker to correlate
with disease progression. Further investigation of UCP2’s role in metabolic
reprogramming is warranted to fully appreciate its clinical translatability and utility.

Keywords: uncoupling protein 2 (UCP2), cancer, glioma, biomarker, metabolism, Warburg effect, Glioblastoma,
precision-medicine

INTRODUCTION

In recent years, oncologic treatment plans have continued to emphasize the importance of highly
specific, personalized, and targeted therapeutic modalities to combat malignancies in the clinic.
Whereas some cancers have seen drastic improvements in prognostic outcomes, certain primary
brain tumors have proven to be particularly refractory to most drugs. Very little improvement has
been made in the management of patients with gliomas and Glioblastomas, specifically, with 5-year
survival in adults and children remaining dismally low (at 7.2% and 17.7%, respectively) (1-3).
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With very few efficacious drugs available to these patients, there
exists an obvious and desperate need for novel approaches and
new potential interventions to improve patients’ quality of life.
Challenges that have historically hindered glioblastoma drug
discovery and utility are impermeability of the blood brain
barrier, drastic intra-tumoral heterogeneity, being extremely
invasive in nature, and the presence of neurocritical structures
commonly surrounding the tumor. Isolating and targeting
populations of common progenitor cells, or glioma stem-like
cells (GSCs), within the tumor has recently emerged as a
potentially effective strategy to eliminate the cells responsible
for much of the rapid proliferation commonly observed in these
pathologies (4, 5).

Neoplastic cells exhibit a multitude of mitotic, biochemical,
and cellular aberrancies. Many solid tumors have been shown to
exhibit an increased dependency on glycolytic metabolism and
may even forgo oxidative phosphorylation in the presence of
oxygen. In fact, it is this often-overlooked increased glycolytic
flux on the part of cancer cells that enables clinicians to
effectively localize tumors and metastatic outgrowths via
fluorodeoxyglucose positron emission tomography (PET scan)
on a regular basis. This phenomenon, originally described by
Otto Warburg nearly a century ago, has been highlighted as one
of the central tenants of tumorigenesis and an “emerging
hallmark of cancer” (6-8). While this switch in metabolism has
been well documented in the literature for some time, the
underlying mechanism by which malignant cells undergo this
transition is still in question.

Existing hypotheses concerning the Warburg effect posit that
forgoing oxidative phosphorylation and generating energy
exclusively via glycolysis may be a more efficient way to generate
metabolic intermediates, nucleotides for further proliferation, and
drive angiogenesis to the hypoxic, acidic microenvironment.
Another theory is that increased competition for shared metabolic
resources in the tumor’s vicinity cause the neoplastic cells to seek the
path of less resistance and opt for the “evolutionarily less efficient
pathway” to generate energy (9). Additionally, this shift in
metabolism has been shown to increase cell proliferation as long
as the supply of glucose is not limiting. Recent literature suggests
that cells may be shutting off mitochondrial cellular respiration by
increasing the expression of mitochondrial uncoupling protein 2
(UCP2), in an effort to mitigate the effect of cytotoxic reactive
oxygen species (ROS), thereby inducing the Warburg effect via
UCP2 upregulation (10, 11). In non-cancerous cells, UCP2
upregulation may facilitate, rather than inhibit, continued fatty
acid metabolism by mitigating increased ROS generation and
actually result in decreased glycolytic flux (12, 13). However, in
neurons where basal ROS levels are consistently elevated, as is the
case in many cancerous cells, UCP2 upregulation has shown to
decrease the cell’s ability to sense glucose appropriately and results
in disruption of carbohydrate homeostasis (14, 15).

Rapidly dividing stem cells with high proliferative and anabolic
capabilities have been shown to overexpress UCP2, whereas
induction of neuronal differentiation causes a loss of UCP2
expression (16). Similarly, human pluripotent stem cells have
been shown to overexpress UCP2 and metabolize primarily via

glycolysis until differentiation, wherein they repress UCP2
expression and switch to primarily oxidative phosphorylation
(17). These data suggest that UCP2 may be upregulated in
situations where proliferative resources are limited, in situations
where cells need to generate metabolites quickly to aid in division,
and in states of developmental regression into a more anaplastic
phenotype as seen in oncogenesis. The central role of UCP2 in
driving the metabolic switch in aggressive neoplasms, and its
potential therapeutic implications have yet to be thoroughly
investigated. Here we sought to investigate the potential role
UCP2 could serve as a biomarker to stratify glioma patients for
adjunctive metabolic therapies as well as review the implications of
prolonged ROS elevation leading to UCP2 overexpression
in malignancy.

NORMAL FUNCTION OF UNCOUPLING
PROTEIN 2

Three homologous mitochondrial uncoupling protein domains
exist at locus 11q13.4. These three isoforms, UCP1, UCP2, and
UCP3 all pertain to a family of mitochondrial anion carrier
proteins. Although they are differentially expressed in different
tissue types, they all function to diminish the proton gradient
across the inner mitochondrial membrane in mammalian cells
by releasing energy in the form of heat rather than by ATP
anabolism. Whereas UCP1 is predominantly expressed in brown
adipose tissue and facilitates thermogenesis, UCP2 and UCP3
expression is greatest in skeletal muscle and is thought to be
more involved in protecting against the cytotoxic effects of ROS
(18, 19). UCP2 is located on the inner mitochondrial membrane
(IMM) and acts to uncouple the proton gradient across this
membrane, of which the primary function is to drive ATP
synthesis via ATP synthase. Under normal circumstances,
protons accumulate in the inner membrane space and ATP
synthase facilitates them to readily flow into the matrix,
generating ATP in the process. When UCP2 is upregulated,
the opposite occurs, in that the exit of anions and protons from
the matrix is facilitated. Although the mechanism by which
UCP2 facilitates this proton transport is not fully understood,
by allowing protons to leak across the IMM, the driving force
behind ATP production via the electron transport chain is
decreased, resulting in heat-energy release.

As is seen in many cancers, this metabolic shift away from
mitochondrial cellular respiration causes cells to increasingly
depend on glycolysis to meet their metabolic demands.
Additionally, recent studies have suggested that UCP2 may have a
role in global homeostatic glucose regulation due to its expression in
the arcuate nucleus and pro-opiomelanocortin neurons which
project into the hypothalamus (14, 20, 21). Consistent with its
potential homeostatic role in metabolic function, UCP2 over-
expression has been linked to both o and 3-cell dysfunction and
increased mRNA transcripts for UCP2 have been detected in the
pancreatic islets of several animal models with type 2 diabetes (22—
24). A common UCP2 promoter polymorphism -866G/A has been
shown to increase transcriptional activity by allowing for easier
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binding of the pancreatic transcription factor PAX6, increasing the
risk of glucose dysregulation and type II diabetes in several human
populations (25-29).

UNDERSTOOD ROLE OF UNCOUPLING
PROTEIN 2 IN GLIOMAS AND OTHER
MALIGNANCIES

Several cancers, including gliomas, have been observed to
upregulate UCP2 expression when compared with their non-
neoplastic cells of origin. Upregulation of this protein has been
shown to directly increase AKT pathway signaling and enhance
glycolysis by activating phosphofructokinase 2, a key regulatory
protein in the glycolytic pathway (30). Recent studies suggest
that UCP2 plays a critical role in protecting the cell from
metabolically generated reactive oxygen species (ROS), which
are known to become increasingly present as cells develop more
malignant phenotypes. Neoplastic cells are therefore engaged in a
cytotoxic positive feedback loop in which they increase
carbohydrate metabolism, dramatically increasing intracellular
ROS, leading to the upregulation of UCP2, which further
dysregulates glycolytic function allowing cells to continue
taking in glucose even in states of “satiety” (31, 32).

This phenomenon in which cells shunt metabolic away from
oxidative phosphorylation to protect themselves from free radical
damage induced by ROS illustrates one possible reason why cancers
exhibit high glycolytic dependence even when oxygen is available.
UCP2 has also been shown to facilitate mitochondrial Ca®*
sequestration from the endoplasmic reticulum specifically (33).
While the link between high intracellular Ca>* and apoptosis has
long been understood, recent work posits that multiple potentially
apoptogenic Ca®" influx pathways exist, due to entering from the
extracellular matrix or release from the endoplasmic reticulum (34-
37). Therefore, the dramatic increase in UCP2 expression seen
across multiple malignancies may also be, in part, due to aiding in
sequestering rising intracellular Ca®" in the mitochondria to protect
the cell against apoptosis.

By facilitating apoptotic evasion, overexpression of UCP2 may
similarly aide in chemotherapeutic resistance. Overexpression of
UCP2 in multiple human cancer cell lines has consistently shown to
favor a highly glycolytic phenotype, inhibits ROS accumulation, and
prevents apoptosis after exposure to chemotherapeutic agents (38-
40). Temozolomide is the chemotherapeutic drug of choice in
glioma management and has been shown to trigger dramatic
bursts of ROS leading to potential autophagy secondary to ERK
activation (41). Previously, our lab has shown that GSCs are
resistant to Temozolomide doses well above the peak therapeutic
doses reportedly achieved in patient brain tissue and cerebrospinal
fluid (42, 43). This resistance may be, in part, due to an increase of
UCP2 to protect against ROS accumulation. Taken together, these
findings suggest that the upregulation of UCP2 as a cytoprotective
mechanism may be largely responsible for inducing this metabolic
switch towards aerobic glycolysis, rather than being a consequence
of an upstream metabolic alteration (Figure 1A).

UNCOUPLING PROTEIN 2 AS A
POTENTIAL BIOMARKER IN GLIOMA

Rising levels of cytotoxic ROS have been shown to directly correlate
both with increased glioma grade and with UCP2 expression. We
sought to analyze if UCP2 expression alone would correlate with
tumor grade. Genomic data on GBM patients from TCGA were
analyzed using an open-access brain tumor database, GlioVis
(gliovis. bioinfo.cnio.es) (44). Consistent with previous findings,
UCP2 expression was shown to be significantly greater in GBM
tissue than non-tumor tissue in an analysis of the TCGA GBM
database containing 10 non-tumor samples and 528 Glioblastoma
samples (p<0.05, Figure 1B). UCP2 expression was shown to
positively correlate with tumor grade in both the CGGA RNA-seq
database containing 625 low-grade glioma samples and 388 high-
grade glioma samples and the TCGA GBMLGG database
containing 515 low grade and 152 high-grade glioma samples
(p<0.05, Figure 1C).

More notably, in an analysis of Kaplan-Meyer curves based on
gene expression the TCGA GBMLGG shows that, across low- and
high-grade gliomas, higher UCP2 expression is associated with
significantly shorter median survival when compared to low UCP2
expression (High=26.4, Low=87.5 months, Figure 1D).
Additionally, in a combined analysis of samples from
oligodendrogliomas, oligoastrocytomas, astrocytomas, anaplastic
oligodendrogliomas, anaplastic oligoastrocytomas, anaplastic
astrocytomas, and GBMs the CGGA shows a significant and
dramatically poorer median prognosis in tumors which have high
UCP2 expression (High=19.5, Low=80.1 months, Figure 1E). In
short, UCP2 expression increases with increased WHO tumor-
grade and is associated with much poorer prognosis across a cohort
of brain tumors.

Additionally, high UCP2 expression is known to favor a
highly glycolytic metabolic profile, therefore suggesting that
more aggressive gliomas may have an increased dependency on
glycolysis and may be more susceptible to anti-glycolytic
treatments. This finding has large implications for metabolic
management of high-grade gliomas. Liquid biopsy has recently
been proposed as a method of monitoring or diagnosing tumors
via non-invasive, low-cost methodology by detecting circulating
neoplastic cells, DNA, RNA, or proteins secreted by tumor cells
(45). The feasibility of measuring UCP2 levels in patient serum
has been previously demonstrated (46-48). Theoretically,
patients may be able to establish baseline UCP2 measurements
after surgical resection and monitor UCP2 trending upward,
indicating disease progression, or trending downward, indicating
efficacy of treatment due to either cell death or induction of
differentiation. Similarly, following UCP2 levels may aide in the
surveillance of low-grade gliomas progressing into more
aggressive phenotypes. While UCP2 protein levels have been
shown to decrease via western blot in response to cellular
differentiation, the level of mRNA transcripts were shown to
remain relatively stable (16). The consistent presence of mRNA
is due to an upstream open reading frame in exon 2 of the UCP2
gene coding for ORF1 which has been shown to strongly inhibit
the protein’s expression (49). By regulating this factor, cells are
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able to quickly increase UCP2 expression in response to
metabolic stress without having to generate entirely new
transcripts (50, 51). Because of this, UCP2 should be
investigated at the protein level should clinicians wish to
follow it as a tumor marker in the future. Importantly,
determining an individual’s intratumoral UCP2 expression
level can lead to targeted metabolic therapeutic interventions.
Multi-modality treatment plans incorporating metabolic
therapies such as glycolytic inhibition or exogenous ketone
body supplementation may be more seriously considered in
application to more advanced disease with more dramatic
glycolytic demands.
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consequences including worse prognosis. (B) TCGA_GBM database platform HG-U133A containing 10 non-tumor and 528 GBM tumor samples shows UCP2 is
upregulated in tumor vs. non-tumor (p= 1.3E-05). (C) UCP2 expression correlates with tumor grade as seen in query of CGGA database including 625 low-grade
and 388 high-grade gliomas (Grade Il vs. Grade lll p= 4.2E-02, Grade Il vs. Grade IV. p= 2.4E-13, Grade lll vs. Grade IV p= 6.3E-07). (D) Elevated UCP2 expression
is indicative of worse prognosis in survival data from the TCGA GBMLGG dataset containing 515 low-grade and 152 high-grade tumors. (E) Elevated UCP2
expression is indicative of worse prognosis in survival data from the CGGA dataset. (Expression data were analyzed via pairwise group comparison using p-value
with Bonferroni correction. Kaplan—Meyer data were analyzed via computation of Log-rank p-values).

THERAPEUTIC IMPLICATIONS OF
UNCOUPLING PROTEIN 2 EXPRESSION
LEVEL IN GLIOMAS

The role inflammation plays in glioma progression has yet to be
fully understood. While the link between glucose and
inflammation has been well documented in the scientific
literature, the effect on the tumor’s microenvironment of the
metabolic shift accompanying UCP2 upregulation also warrants
further investigation. Several studies have demonstrated that, in
UCP2 knockout mice, macrophages mount a higher immune
response to pathogens when compared with the UCP2 wild-type
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macrophage response, potentially due to the increased peroxide
and superoxide generation inside mitochondria (52-54).

This finding suggests that UCP2 upregulation may be due to
not only increased need for ROS mitigation, but also as a way to
dampen the immune response to the tumor, allowing evasion of
immune-system recognition. This potential effect of UCP2 on
the microenvironment is consistent with previous studies
showing that gliomas and GBMs are “immuno-cold”, and are
oftentimes not engaged or targeted by patients’ immune systems
in immunotherapy clinical trials. Conversely, by inducting this
metabolic shift which increases glucose availability in the tumor
microenvironment, UCP2 may also have a relationship to pro-
inflammatory cascades which favor tumorigenesis and
progression. Inflammatory tumor associated macrophages
(TAMs) in the microenvironment have been associated with
more aggressive malignancies with decreased patient survival
(55, 56).

Two strategies exist in the metabolic targeting of UCP2
over-expression (Figure 2). One strategy is to target tumors
with high levels of expression, exhibiting uncoupled oxidative
phosphorylation with extremely high levels of glycolytic
metabolism, with glycolytic inhibitors or glucose starvation as
is suggestive with ketogenic therapy (57). An in vitro study on
five different GBM cell lines by our lab found that UCP2 was

directly upregulated in response to exogenous acetoacetate
supplementation, and concurrent glycolytic inhibition
produced a dramatic synergistic loss of cell viability (58).
Treating UCP2-overexpressing HCT116 cells with 2-deoxy-D-
glucose was also shown to halt cell growth, further suggesting the
efficacy of glycolytic inhibitor therapy where levels of UCP2 are
increased (59). By increasing the glycolytic flux to the tumor,
clinicians can aim to lower the supply of glucose available to the
tumors while also utilizing anti-glycolytic drugs with minimal
toxicity to peripheral tissues.

Another strategy is to inhibit UCP2 directly or preventing
its transcription in an effort to slow rampant carbohydrate
uptake and restore a more normal metabolic phenotype. In
one study, lactate accumulation was diminished after siRNA
knockout of UCP2, albeit not to a statistically significantly extent.
However, the same study found that a 33% reduction of UCP2
expression resulted in a 22% protection from the proglycolytic-
loss of mitochondrial membrane potential, suggesting that
UCP2 knockout can restore normal metabolic phenotype via
enabling oxidative phosphorylation (60). Also, although purine
nucleotides are known to inhibit UCP2 expression under normal
physiological conditions, the compound genipin successfully
inhibited UCP2-mediated proton leak and reversed high-
glucose induced 8 cell dysfunction in both isolated kidney
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FIGURE 2 | Therapeutic implications of tumor UCP2 expression. UCP2 can be directly measured in tumor tissue and compared to baseline UCP2 expression levels.
Tumors with high expression likely to exhibit carbohydrate dysregulation may benefit from adjunctive metabolic treatments such as glycolytic inhibition. Basal levels of
UCP2 can be used to monitor tumor progression with potential serum measurements at follow-up. In tumors where UCP2 is inhibited or tumoral expression of UCP2
is very low, mitochondrial metabolism may remain intact suggesting an oxidative phosphorylation inhibitor may be warranted.
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mitochondria and pancreatic islets (61, 62). Lending to the idea
that UCP2 is expressed in highly proliferative, embryonic, stem-
like states, UCP2 knockout was shown to suppress murine skin
carcinogenesis of both benign papilloma and malignant
squamous cell carcinoma (63). Recently, a series of in-vitro
experiments demonstrated that UCP2 knockdown inhibited
migration, invasiveness, clonogenicity, proliferation, and
promoted via ROS-mediated cell apoptosis, in addition to
reducing tumorgenicity in nude mice by inhibiting the p38
MAPK pathway (64). As previously described, stem cells with
high proliferative potential have increased UCP2 expression
which is only downregulated upon differentiation. Therefore,
knocking out UCP2 may be a promising strategy to induce
differentiation and halt cell-division or conversely facilitate
apoptosis via ROS accumulation.

In regard to intratumoral heterogeneity, some subpopulations of
glioblastoma cells may actually exhibit decreased glycolysis,
underscoring the need for multi-modal treatment approaches and
regular monitoring of the tumor’s metabolic profile to adjust
therapy accordingly. One proposed escape mechanism by which
cancer cells may evade glycolytic therapy is via the p53-mediated
induction of SCO2, pushing for oxidative phosphorylation, and
TIGAR, which lowers the levels of glycolytic substrate fructose-2,6-
bisphosphate (65-67). The mitochondrial permeability transition
pore (mPTP) mitigates ROS accumulation via transient opening,
stabilizing the mitochondrial membrane potential (68). Shi et al.
recently demonstrated that glioblastoma and other cancers lack
properly functioning mPTP, and that treating these cells with a
metabolically stable analogue of Gboxin, an inhibitor of oxidative
phosphorylation, inhibits glioblastoma allograft and patient-derived
xenografts (69). Therefore, monitoring the expression of UCP2 can
help clinicians understand the metabolic profile associated with
each unique tumor and give insight as to whether certain metabolic
therapies may be effective. Highly glycolytic tumors expressing high
levels of UCP2 may benefit from glycolytic inhibition synergizing
with glucose deprivation, whereas tumors with low UCP2
expression or with UCP2 knockout metabolizing primarily via
oxidative phosphorylation may benefit from differentiation and
OXPHOS inhibition with Gboxin-like compounds. Patients are in
desperate need of novel approaches to combat these malignancies,
glioblastoma in particular. UCP2’s implications on tumor
metabolism warrants more investigation. Just as PET scans are
commonplace in oncologic medicine, further understanding of
glioma metabolism may allow full clinical exploitation of these
aberrant pathways by implementing targeted therapies into future
multi-modal treatment plans.
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Background: Cancer stem cells (CSCs) are widely thought to contribute to the dismal
prognosis of pancreatic ductal adenocarcinoma (PDAC). CSCs share biological features
with adult stem cells, such as longevity, self-renewal capacity, differentiation, drug
resistance, and the requirement for a niche; these features play a decisive role in
cancer progression. A prominent characteristic of PDAC is metabolic reprogramming,
which provides sufficient nutrients to support rapid tumor cell growth. However, whether
PDAC stemness is correlated with metabolic reprogramming remains unknown.

Method: RNA sequencing data of PDAC, including read counts and fragments per
kilobase of transcript per million mapped reads (FPKM), were collected from The Cancer
Genome Atlas-Pancreatic Adenocarcinoma (TCGA-PAAD) database. Single-sample gene
set enrichment analysis (GSEA) was used to calculate the relative activities of metabolic
pathways in each PDAC sample. Quantitative real-time PCR was performed to validate
the expression levels of genes of interest.

Results: The overall survival (OS) of patients with high mRNA expression-based
stemness index (MRNASsI) values was significantly worse than that of their counterparts
with low mRNAsi values (P = 0.003). This survival disadvantage was independent of
baseline clinical characteristics. Gene ontology (GO) analysis, Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis and GSEA showed that the differentially expressed
genes between patients with high and low mRNAsi values were mainly enriched in
oncogenic and metabolic pathways. Weighted gene coexpression network analysis
(WGCNA) revealed 8 independent gene modules that were significantly associated with
MRNAsi and 12 metabolic pathways. Unsupervised clustering based on the key genes in
each module identified two PDAC subgroups characterized by different mRNAsi values
and metabolic activities. Univariate Cox regression analysis identified 14 genes beneficial
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to OS from 95 key genes selected from the eight independent gene modules from
WGCNA. Among them, MAGEH1, MAP3K3, and PODN were downregulated in both
pancreatic tissues and cell lines.

Conclusion: The present study showed that PDAC samples with high mRNAsi values
exhibited aberrant activation of multiple metabolic pathways, and the patients from whom
these samples were obtained had a poor prognosis. Future studies are expected to
investigate the underlying mechanism based on the crosstalk between PDAC stemness

and metabolic rewiring.

Keywords: pancreatic cancer, stemness, metabolic rewiring, metabolism, transcriptome

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
lethal malignancies, with mortality rates almost equal to its
incidence (1). In recent decades, the incidence of pancreatic
cancer has increased annually, imposing heavy health and
economic burdens on many countries (2). Radical surgical
resection remains the most efficient treatment method for
PDAC (3). Due to the limited understanding of the evolution
of its genetic characteristics and the concealed anatomical
position of the pancreas, it is difficult to detect PDAC early,
which would prevent metastasis and avoid the need for radical
treatment (4-6). Many researchers believe that cancer stem cells
(CSCs) may contribute to the dismal prognosis of PDAC (7).
CSCs share biological features with adult stem cells, such as
longevity, capacity for self-renewal, differentiation, drug
resistance and the requirement for a niche, features that play a
decisive role in cancer progression (8). Malta et al. identified
stemness features associated with oncogenic dedifferentiation in
a pan-cancer profile using a machine learning algorithm (9).
They introduced stem cell indices to evaluate the stemness of
each tumor sample in The Cancer Genome Atlas (TCGA)
database and found that such indices could accurately predict
metastatic events and interpret intratumoral heterogeneity. In
particular, the mRNA expression-based stemness index
(mRNAsi) reflects cancer stemness by analyzing transcriptomic
data of cancer samples; signatures for cancer stemness are
derived from the pre-analysis of normal stem cells and their
progeny using one-class logistic regression.

A prominent characteristic of PDAC is metabolic rewiring,
which provides sufficient nutrients to support rapid tumor cell
growth (10, 11). Driven by oncogene-mediated cell-autonomous
pathways and the unique physiology of the tumor
microenvironment, PDAC cell metabolism is extensively
reprogrammed, including increased glycolysis and glutamine
metabolism. Our previous work revealed that different SMAD4
mutation statuses dictate various metabolic preferences in PDAC
(12). Hence, targeting tumor metabolism may be an efficient
weapon to curb tumor progression (13).

CSCs possess unique metabolic plasticity, allowing them to
rapidly respond and adapt to environmental disturbances (14).
The metabolism of CSCs is thought to be tumor type-specific:
some tumors (such as nasopharyngeal and liver cancers) rely on a

glycolytic program, whereas others (such as lung, glioma or colon
cancer) use oxidative phosphorylation, suggesting that metabolic
plasticity confers on CSCs the ability to adapt to challenges from
the environment and support self-renewal (15). Nonetheless, the
correlation between stemness and metabolic landscapes in PDAC
has yet to be systematically analyzed.

Here, we performed a bioinformatics analysis to systematically
investigate whether the stemness of PDAC affects patient
prognosis and intratumoral metabolic rewiring.

METHODS

Data Source and Selection

RNA sequencing (RNA-seq) data, including read counts and
fragments per kilobase of transcript per million mapped reads
(FPKM), were collected from The Cancer Genome Atlas-
Pancreatic Adenocarcinoma (TCGA-PAAD). According to the
annotation of TCGA-PAAD, we excluded nonductal-derived
tumors and normal adjacent samples. Only PDAC samples
remained for subsequent bioinformatics analysis. Clinical data,
such as overall survival (OS), were also downloaded from the
abovementioned data sets. Two GEO data sets, GSE11838 and
GSE32676, were included to validate the expression of key genes
between tumor and adjacent tissues. The stem cell indices based
on the transcriptome of each PDAC sample were acquired from a
previously reported study (9) and referred to as the mRNA
expression-based stemness index (mRNAsi) in the following
sections. Gene sets involved in arginine and proline metabolism;
glycine, serine, and threonine metabolism; branched chain amino
acid catabolism; glycolysis; glutamate and glutamine metabolism;
glutathione synthesis and recycling; phospholipid metabolism;
gluconeogenesis; oxidative phosphorylation; pentose phosphate
pathway; lipolysis in adipose tissue; and triglyceride biosynthesis
were downloaded from the Molecular Signatures Database
(MSigDB) (https://www.gsea-msigdb.org/gsea/msigdb/index jsp).
The genes involved in each pathway are presented in
Supplementary Table 1.

Mutation Analysis

Whole-exome sequencing data were downloaded from TCGA-
PAAD-VarScan. The gene mutation distribution and abundance
were visualized using the “maftools” R package.
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Gene Ontology (GO) and KOBAS-Kyoto
Encyclopedia of Genes and Genomes
(KEGG) Pathway Analyses

Differentially expressed genes (DEGs) between the mRNAsi_high
and mRNAsi_low groups were detected using the Wilcoxon test
with the “limma” R package (version 3.4). The cutoff values to
define the DEGs were log [fold change (FC)] > 2 and false
discovery rate (FDR) < 0.05. GO functional enrichment analysis
and KEGG pathway enrichment analysis of DEGs were performed
by the “clusterProfiler,” “org.Hs.eg.db,” “plot,” and “ggplot2” R
packages. Gene set enrichment analysis (GSEA) was also
performed to explore the functions of the DEGs using the
“clusterProfiler,” “org.Hs.eg.db,” “enrichplot,” and “limma”
R packages.

Single-Sample GSEA (ssGSEA)

Based on the transcriptomes of PDAC samples and metabolism-
related gene sets, we performed ssGSEA to calculate the activity
of each metabolic pathway in every PDAC sample. The
R packages “GSEABase” and “GSVA” were used to
conduct ssGSEA.

Weighted Gene Coexpression Network
Analysis (WGCNA)

WGCNA was performed using the WGCNA R package (16).
According to the WGCNA manual, the coexpression of genes in
the pan-gene landscape was analyzed instead of only DEGs.
Initially, RNA-seq data were filtered to exclude outliers. The
coexpression similarity matrix consisted of the absolute values of
the correlations between transcript expression levels. A Pearson
correlation matrix was constructed for paired genes. Then, we
constructed a weighted adjacency matrix using the power
function amn = |cmn|B, where cmn = the Pearson correlation
between gene m and gene n and amn = the adjacency between
gene m and gene n. The P value emphasizes strong correlations
between genes and penalizes weak correlations. Next, an
appropriate 3 value was taken to increase the similarity matrix
and achieve a scale-free coexpression network. The adjacency
matrix was then converted into a topological overlap matrix
(TOM), which reflects the network connectivity of genes defined
as the sum of adjacent genes generated by other networks.
Average linkage hierarchical clustering was further conducted
based on TOM-based dissimilarity measurements, and the
minimum size (genome) of the gene dendrogram was 30.
Through further analysis of modules, we calculated their
dissimilarity and constructed module dendrograms.

To evaluate the significance of each module, gene significance
(GS) was calculated to reflect the correlations between genes and
sample traits. Module eigengenes (MEs) were considered the
major components in the principal component analysis of each
gene module, and the expression patterns of all genes were
summarized as a single feature expression profile within a
given module. Next, GS was determined by the logl0
conversion of the P value in the linear regression of gene
expression and clinical data (GS = log;oP). Module significance
(MS) was the average GS within the module and was calculated

to measure the correlation between the module and sample traits.
Statistical significance was determined using the relevant P
values. To increase the capacity of the modules, we selected a
cutoft (<0.25) to merge some modules with similar heights. The
resulting gene models contained genes that were highly
correlated and might exert identical biological functions or
have associations with the same phenotypes.

To identify key genes in each module, we calculated GS and
module membership (MM, correlation between the module’s
own genes and gene expression profiles) for each key gene and
set their thresholds. The thresholds for screening key genes in the
module were defined as cor. gene MM > 0.8 and cor. gene
GS > 0.5.

Survival Analysis
PDAC patients were assigned to two groups based on the median
of each stem cell index. A Kaplan-Meier curve was depicted to
present the variation in the OS rate along with an increased
follow-up period. A log-rank test was conducted to evaluate the
difference between two groups in terms of survival expectancy.
Univariate Cox regression analysis was conducted to assess
whether the selected key genes were correlated with patient
survival. P < 0.05 was considered statistically significant.

Cell Culture and qRT-PCR

The human pancreatic cancer cell lines Capan-1, Panc-1, Mia-
paca2, CF-PAC1, and BxPC-3 were obtained from the American
Type Culture Collection. The human pancreatic ductal cell line
HPDE was also obtained from the American Type Culture
Collection. Capan-1 and CF-PAC1 cells were cultured in
Iscove’s modified Dulbecco’s medium (IMDM) with 10% fetal
bovine serum. Panc-1, BxPC-3, Mia-paca2, and HPDE cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum. CAFs were first separated and purified
from human pancreatic cancer tissues in our laboratory based on
the study by Walter et al. and then subjected to immortalization
treatment (17). Fresh pancreatic cancer tissue was minced into
1-3 mm? fragments and digested with 0.25% trypsin at 37°C for
30 min. The resulting fragments were centrifuged at 600g for 5
min and washed once with Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS). The tissue
fragments were then plated and allowed to adhere. After
incubation at 37°C for several days, fibroblast outgrowth from
the tissue fragments occurred. Fibroblasts were sub-cultured by
trypsinization for two to three passages until free of epithelial cell
contamination and maintained in DMEM supplemented with
10% FBS, 2% penicillin and streptomycin (Invitrogen). Cells
were grown at 37°C in a humidified atmosphere containing 5%
CO,. CAFs were cultured in DMEM with 10% fetal bovine
serum. Quantitative real-time PCR was performed as described
previously (12). All reactions were run in triplicate, and the
primer sequences are listed in Supplementary Table 2. RNA was
extracted from 43 pairs of resected pancreatic cancer tissues and
adjacent normal tissues preserved in RNAlater using the
SteadyPure Universal RNA Extraction Kit (AG21017). The
paired t test was performed to assess the statistical significance
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of the differential expression between tumor and adjacent
normal tissues.

RESULTS

Lower mRNAsi Predicts Prolonged OS in
Patients With Pancreatic Cancer

A total of 145 PDAC samples with complete follow-up data were
divided into two groups based on the median mRNAsi (Figure
1A). Then, we compared the baseline clinical data between the
two groups; the distribution of sex, age, race, liver metastasis,
history of chronic pancreatitis, residual tumor, number of lymph
nodes, location, T stage, N stage, and American Joint Committee
on Cancer (AJCC) grade were comparable between the two

groups (Table 1). Next, we depicted the survival curve for each
group and compared differences in OS using the log-rank test.
The OS of patients with high mRNAsi values was significantly
worse than that of their counterparts with low mRNAsi values
(P =0.003) (Figure 1B).

GO and KEGG Analyses of DEGs Between
Patients With High and Low

mRNAsi Values

A total of 2116 DEGs were identified with the criteria logFC>2 and
adjusted P value<0.05 (Figure 1C). GO analysis suggested that
these DEGs were highly enriched for functions associated with
cancer initiation and progression, such as focal adhesion, collagen-
containing extracellular matrix and substantially activated RNA
transcription and protein translation (Supplementary Figure 1).
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TABLE 1 | Basic characteristics of patients with different mRNAsi values.

mRNAsi_low mRNAsi_high Significance

n=72) (n=73)

Sex (male) 52.80% 56.20% P =0.682
Age (year) 63.64 66.45 P=0.121
Race (white) 88.90% 86.30% P =0.637
Liver metastasis (yes) 25.00% 17.81% P =0.291
History of chronic 8.33% 9.59% P =0.791
pancreatitis (yes)

Residual tumor (RO) 56.90% 54.80% P =0.794
Number of lymph nodes 2 2 P =0.780
(median)

Location(head) 81.94% 78.08% P =0.561
T stage (T3/4) 81.94% 87.67% P =0.337
N stage (N1) 79.17% 68.49% P=0.144
AJCC (>2b) 80.56% 68.49% P =0.096
Grade 45.83% 47.95% P =0.799

KEGG analysis showed that these DEGs were enriched in some
oncogenic mechanisms, such as focal adhesion and were also
enriched in many metabolic pathways, such as oxidative
phosphorylation, carbon metabolism, glutathione metabolism
and biosynthesis of amino acids (Figure 1D). GSEA was also
performed, and calcium signaling and focal adhesion were the two
most enriched signaling pathways (Figure 1E).

PDAC Samples With High and Low
mRNAsi Values Have Different Mutational
Landscapes and Match Different
Previously Reported Molecular Subtypes
We further compared the differences in mutation profiles
between patients with high and low mRNAsi values. The top
30 most frequently mutated genes in the two groups are shown in
Figures 2A, B. Notably, these genes were mutated in 91.04% of
PDAC samples with high mRNAsi values but only 68.25% of
samples with low mRNAsi values, suggesting that the frequencies
of these mutations increased with mRNAsi elevation. In
addition, as expected, KRAS was the most frequently mutated
gene in samples with high mRNAsi values; however, the most
mutated gene in the low- mRNAsi group was TP53. Another
important finding was that the cooccurrence of gene mutations
was more common in samples with high mRNAsi values than
in samples with low mRNAsi values (Figures 2C, D). The
mutation landscape profiles of the two groups are shown in
Supplementary Figure 2.

Next, we analyzed the proportions of patients with the three
previously reported molecular subtypes with high and low
mRNAsi values (Table 2). We found a significant inconsistency
between different subtypes of the Collisson and Bailey clusters in
PDAC samples with high and low mRNAsi values (P = 0.0145 and
P =0.0001, respectively). Specifically, the proportion of the classic
subtype in the Collisson cluster was larger among high-mRNAsi
samples than among low-mRNAsi samples; similarly, the
percentage of the progenitor subtype in the Bailey cluster was
also larger in high-mRNAsi samples (Figures 2E-G).

We also compared differences in the immune
microenvironment between the high and low mRNAsi groups.
Differences in the infiltration of a many types of immune were
observed between the high and low mRNAsi groups. Notably,
low-mRNAsi samples were enriched in fibroblasts and
M2-polarized macrophages, whereas high-mRNAsi samples
were enriched in activated CD4+ T cells (Supplementary
Figure 3).

Identification of Eight Independent Gene
Modules Associated With mRNAsi and
Metabolic Reprogramming in Pancreatic
Cancer by WGCNA

The RNA-seq data were first filtered to exclude outliers
(Supplementary Figure 4A). Then, we visualized the
associations between mRNAsi and metabolic activities in the
PDAC samples (Supplementary Figure 4B). Next, an
appropriate 3 value (0.9) was identified to increase the similarity
matrix and obtain a scale-free coexpression network (Figures 3A,
B). Average linkage hierarchical clustering was further conducted
based on topological overlap matrix (TOM)-based dissimilarity
measurements, and the minimum size (genome) of the gene
dendrogram was 30 (Supplementary Figures 4C, D). To reduce
the number of gene modules, dynamic tree cuts with high
similarities were merged based on a cutoff height of (0.25)
(Supplementary Figure 4E), and the distribution of genes in
every module was visualized as shown in Figure 3C. Finally, eight
independent gene modules were identified.

We presented the module-trait relationships by showing the
correlations among eight clustered gene modules, mRNAsi and
the activity of each metabolic pathway (Figure 4A). The eight gene
modules were further divided into two gene clusters: gene cluster 1
was inversely associated with mRNAsi and most metabolic
pathways except for lipolysis activity, while gene cluster 2 was
positively correlated with mRNAsi and lipolysis activity.

Then, we investigated the key genes that were highly
associated with mRNAsi in each module by setting the
threshold parameters as MM > 0.8 and GS > 0.5. A total of 95
genes in six modules met these criteria (Figure 4B). Among
them, ten genes belonged to the modules in gene cluster 2, while
the others belonged to the modules in gene cluster 1 (Figure 4C).

Unsupervised Clustering Based on the Key
Genes Identified in Each Module

Based on the expression levels of the 95 selected key genes, the
PDAC samples were clustered into two groups (referred to as
cluster 1 and cluster 2) (Figure 5A). Samples in cluster 2 were
characterized by significantly higher mRNAsi values (Figure
5B). We further investigated the activity of each metabolic
pathway between high and low mRNAsi samples. The activities
of arginine and proline metabolism, branched chain amino acid
catabolism, glutamate and glutamine metabolism, glycolysis,
oxidative phosphorylation, pentose phosphate pathway, and
triglyceride biosynthesis were significantly upregulated in
PDAC samples with high mRNAsi values compared with
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FIGURE 2 | The mutational landscape and molecular subtypes of samples with high and low mRNAsi values. (A, B) The top 30 most mutated genes in PDAC
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(E-G) Proportions of PDAC samples of different molecular subtypes (Moffitt cluster, Collison cluster and Bailey cluster) with high and low mRNAsi values.
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samples with low mRNAsi values, whereas lipolysis activity
decreased with increasing mRNAsi value (Figure 5C). In
addition, the activities of branched chain amino acid
catabolism; glutathione synthesis and recycling; glycine, serine

and threonine metabolism; and phospholipid metabolism were
increased in cluster 2 (Figure 5D). Hence, the activity of
branched chain amino acid catabolism was increased in both
cluster 2 and in samples with high mRNAsi values, suggesting
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TABLE 2 | The distribution of patients with previously reported molecular
subtypes between the different mRNAsi groups.

mRNAsi_low(n=72) mRNAsi_high(n=73)

Moffitt clusters

Basel 38 28

Classical 35 45 P =0.096
Collisson clusters

Classical 17 34

Exocrine 35 26
Quasi-mesenchymal 20 13 P =0.0145
Bailey Clusters

Squamous 16 15

Immunogenic 18 7

Progenitor 13 38

ADEX 25 13 P = 0.0001

that the key genes used to define cluster 2 could partially explain
the concurrently increased mRNAsi values and branched chain
amino acid catabolism.

In Vitro Validation of Differentially
Expressed Prognosis-Related Genes
USsing gRT-PCR in Pancreatic Cancer
Cell Lines, CAFs and HPDE Cells

Due to the heterogeneity of tumor tissue, differential gene
expression may occur only in some cell types and not
throughout the entire tumor. We used qRT-PCR to validate
the expression of the genes of interest (Figure 6A) in pancreatic
cancer cell lines and normal pancreatic ductal cells (HPDE). A
total of 14 of 95 key genes were found to be associated with the
OS of patients with PDAC. Interestingly, all 14 genes were
predicted to favor survival (Figure 6B) and were expected to
be downregulated in tumor tissues and cells. Therefore, if a
specific gene was downregulated in tumor tissues (GSE11838 or
GSE32676), we further validated the expression of this gene
using qRT-PCR in vitro. MAGEH1 and PODN were
downregulated in PDAC tissues in GSE32676, and MAGEH1
was downregulated in PDAC tissues in GSE11838. These in silico
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results were validated using 43 pairs of resected pancreatic cancer
samples, which also showed that the expression levels of
MAGEH1, MAP3K3 and PODN were downregulated in tumor
tissues. The relative mRNA expression levels of these genes were
also decreased in most pancreatic cancer cell lines compared with
HPDE cells (Figure 6C). In addition, the expression levels of
these genes were comparable between CAFs and HPDEs

(Supplementary Figure 5).

DISCUSSION

Tumor heterogeneity is an ongoing challenge for cancer therapy
(18). Many studies have demonstrated that tumors harbor
subclones that differ with respect to karyotype and
chemotherapy sensitivity (19, 20), and CSCs are thought to be
one of the determining factors of intratumor heterogeneity.
Recently, Wang et al. identified tetraspanin CD9 as a marker
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of PDAC tumor-initiating cells (21). Cells with high CD9
expression have increased organoid formation capability and
generate tumor grafts more easily in vivo. Tumors originating
from cells with high CD9 expression recapitulate the cellular
heterogeneity of primary PDAC, whereas cells with low CD9
expression produce only duct-like epithelial progeny.
Interestingly, this study also illustrated that CD9 promotes
plasma membrane localization of the glutamine transporter
ASCT2 and further increases uptake of glutamine, an essential
metabolite for cancer progression, in PDAC cells.

In fact, metabolic rewiring is a widely acknowledged
phenomenon in cancer development, and several metabolic
pathways are aberrantly activated intratumorally, such as
glycolysis and glutamine metabolism (13, 22). A recent study
uncovered the robust dependence of PDAC on cysteine
metabolism. Through upregulated uptake of cysteine from the
tumor microenvironment, PDAC cells can instantly clear lipid
peroxides and evade ferroptosis, a potent nonapoptotic cell death
mechanism (23). Similarly, another study reported that genetic
ablation of the cystine transporter in PDAC cells inhibits
mTORCI, proliferation and tumor formation via nutrient and
oxidative stresses (24).

In this context, systematically investigating the association and
crosstalk between PDAC stemness and metabolic reprogramming
is significant but experimentally challenging using traditional
methods. Advances in next-generation sequencing and RNA-seq
have provided useful tools to investigate the correlations between
different gene signatures (25, 26). The activity of a specific signaling
pathway can be estimated by related gene expression using the
algorithm “GSVA” (27). PDAC stemness can be estimated using
transcriptome data through one-class logistic regression as
innovated by Malta et al. (9). In the present study, we first
revealed that a higher mRNAsi predicts worse OS in PDAC
patients, suggesting that increased stemness is associated with a
dismal prognosis of PDAC. Then, we identified 8 independent gene
modules based on PDAC transcriptome data by WGCNA and
analyzed their associations with mRNAsi and various metabolic
pathways. Ninety-five key genes tightly associated with both gene
modules and stemness were selected, and their prognostic
implications in PDAC were also established. Finally, MAGEHI,
PODN, and MAP3K3 were identified as three mRNAsi-related
tumor suppressor genes that were downregulated in tumor tissues
and whose overexpression was associated with prolonged OS.
Several previous studies have reported roles of these genes in
other types of cancer. For example, Wang et al. suggested that
MAGEHI expression is downregulated in HCC tumor tissues (28).
MAGEH]I reduces HCC cell proliferation, migration and invasion
abilities. Low MAGEH]1 expression is significantly correlated with
poor prognosis in HCC patients (28). Few studies have reported the
role of PODN in cancer. Bai et al. recently reported that PODN is
hypermethylated and could be used to predict patient survival in
gastric cancer (29). MAP3K3 seems to play a dual role in cancer.
Some studies have shown that it acts as a tumor suppressor that
inhibits Hedgehog pathway-dependent medulloblastoma, and its
overexpression in tumor cells and tumor-infiltrating lymphocytes is
correlated with favorable lung cancer patient survival (30, 31). Some

other studies have implied that MAP3K3 is a protumor molecule
(32, 33).

This study has notable strengths. First, few previous studies have
systematically investigated the associations among stemness,
prognosis and metabolic rewiring in PDAC. Second, most of the
clinical characteristics were comparable between the two groups
with high and low mRNAsi values, and the sample size of our study
was relatively large, which ensured the reliability of our results.
However, this study also has some limitations. External validation
based on transcriptome, proteome and metabolome analyses using
fresh PDAC samples is needed to further confirm our conclusions.
Such studies are hindered by the difficulty of collecting PDAC
samples and the high cost of sequencing. In addition, we revealed
only the association between stemness and metabolic rewiring in
PDAC, and the causality between them was not elucidated.
Furthermore, a common weakness of GO and KEGG analyses is
that they do not reveal which differentially expressed pathways are
enriched in which group. Hence, we provide the differentially
expressed genes between the high- and low-mRNAsi groups as
Supplementary Table 3. More basic studies are warranted to
determine whether CSCs can induce intratumoral metabolic
rewiring or metabolite alteration in the tumor microenvironment
to promote PDAC stemness.

In conclusion, the present study showed that high mRNAsi
values were associated with a poor prognosis of PDAC patients
and the aberrant activation of multiple metabolic pathways in
PDAC samples. Future studies are expected to investigate the
underlying mechanism based on the crosstalk between PDAC
stemness and metabolic rewiring.
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MitoTracker Deep Red (MTDR)

Is a Metabolic Inhibitor for Targeting
Mitochondria and Eradicating Cancer
Stem Cells (CSCs), With Anti-Tumor
and Anti-Metastatic Activity /In Vivo

Camillo Sargiacomo, Sophie Stonehouse, Zahra Moftakhar, Federica Sotgia *
and Michael P. Lisanti*

Translational Medicine, School of Science, Engineering and Environment (SEE), University of Salford,
Greater Manchester, United Kingdom

MitoTracker Deep Red (MTDR) is a relatively non-toxic, carbocyanine-based, far-red,
fluorescent probe that is routinely used to chemically mark and visualize mitochondria in
living cells. Previously, we used MTDR at low nano-molar concentrations to stain and
metabolically fractionate breast cancer cells into Mito-high and Mito-low cell sub-
populations, by flow-cytometry. Functionally, the Mito-high cell population was
specifically enriched in cancer stem cell (CSC) activity, i) showing increased levels of
ESA cell surface expression and ALDH activity, ii) elevated 3D anchorage-independent
growth, iii) larger overall cell size (>12-um) and iv) Paclitaxel-resistance. The Mito-high cell
population also showed enhanced tumor-initiating activity, in an in vivo preclinical animal
model. Here, we explored the hypothesis that higher nano-molar concentrations of MTDR
could also be used to therapeutically target and eradicate CSCs. For this purpose, we
employed an ER(+) cell line (MCF7) and two triple negative cell lines (MDA-MB-231 and
MDA-MB-468), as model systems. Remarkably, MTDR inhibited 3D mammosphere
formation in MCF7 and MDA-MB-468 cells, with an IC-50 between 50 to 100 nM;
similar results were obtained in MDA-MB-231 cells. In addition, we now show that MTDR
exhibited near complete inhibition of mitochondrial oxygen consumption rates (OCR) and
ATP production, in all three breast cancer cell lines tested, at a level of 500 nM. However,
basal glycolytic rates in MCF7 and MDA-MB-468 cells remained unaffected at levels of
MTDR of up to 1 uM. We conclude that MTDR can be used to specifically target and
eradicate CSCs, by selectively interfering with mitochondrial metabolism, by employing
nano-molar concentrations of this chemical entity. In further support of this notion, MTDR
significantly inhibited tumor growth and prevented metastasis in vivo, in a xenograft model
employing MDA-MB-231 cells, with little or no toxicity observed. In contrast, Abemaciclib,
an FDA-approved CDK4/6 inhibitor, failed to inhibit metastasis. Therefore, in the future,
MTDR could be modified and optimized via medicinal chemistry, to further increase its
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potency and efficacy, for its ultimate clinical use in the metabolic targeting of CSCs for

their eradication.

Keywords: MitoTracker Deep Red (MTDR), near-infrared dyes (NIR), cancer stem-like cells (CSCs), mitochondria,
cancer therapy, anti-tumor activity, anti-metastatic activity

INTRODUCTION

Cancer stem-like cells (CSCs) are a relatively small sub-
population of tumor cells that share characteristic features with
normal adult stem cells and embryonic stem cells (1-4). As such,
CSCs are thought to be a ‘primary biological cause’ for i) tumor
regeneration and ii) systemic organismal spread, resulting in the
clinical features of tumor recurrence and distant metastasis,
ultimately driving treatment failure and premature death in
cancer patients undergoing chemo- and radio-therapy (1, 2, 4, 5).

Evidence indicates that CSCs also function in tumor
initiation, as isolated CSCs experimentally behave as tumor-
initiating cells (TICs) in pre-clinical animal models (1, 2). As
approximately 90% of all cancer patients die pre-maturely from
metastatic disease world-wide (4), there is a great urgency and
unmet clinical need, to develop novel therapies for effectively
targeting and eradicating CSCs. Most conventional therapies do
not target CSCs and often increase the frequency of CSCs, in the
primary tumor and at distant sites.

One new approach to the elimination of CSCs has been
through the exploitation of cellular metabolism (4). As CSCs
are amongst the most energetic cancer cells, new metabolic
inhibitors could be employed to induce ATP depletion to
“starve” CSCs to death (4-7). So far, we have identified
numerous FDA-approved drugs with off-target mitochondrial
side effects that have anti-CSC properties and induce ATP
depletion, including the antibiotic Doxycycline, which
functions as an inhibitor of mitochondrial protein translation
(5). Doxycycline, a long-acting Tetracycline analogue, is
currently used for treating diverse forms of infections, such as
acne, acne rosacea, and malaria prevention, amongst others. In a
recent Phase II clinical study, pre-operative oral Doxycycline
(200 mg/day for 14 days) reduced the CSC burden in early breast
cancer patients between 17.65% and 66.67%, with a near 90%
positive response rate (8).

Therefore, it is imperative that we identify other complementary
approaches with higher potency, to metabolically starve CSCs by
targeting mitochondria and driving ATP depletion. Previous
studies have shown that, in general, cyanine dyes accumulate in
cells derived from solid tumors, e.g., prostate (9), gastric (10),
kidney (11), hepatocytes (12, 13), lung (14) and glioblastoma (15),
but not in healthy cells in vitro (16-20). More specifically, they
observed that cyanine dyes preferentially target mitochondria in
cancer cells, by generating a selective chemically-induced
cytotoxicity, through redox-based mechanisms (21). In addition,
in vivo experiments have shown that NIR cyanine derivatives
(e.g. IR-780) in general are safe to use, with short-term
accumulation and a serum half-life of minutes to hours (22),
whereas, in tumors its fluorescent signal persists for days in
animals. In addition, they observed that the thiol reactive chloro-

methyl moiety (meso-chlorine-group) increased IR-780 tumor
localization in vivo. Therefore, these compounds have been used
mainly for theranostic approaches, as well as for photodynamic and
photothermal therapy (17, 23-25).

Here, we propose to repurpose the heptamethine cyanine dye
MitoTracker Deep Red (MTDR) as a potential therapeutic for
targeting mitochondrial metabolism in CSCs. MTDR is currently
used as a non-toxic fluorescent chemical probe with a thiol
reactive chloromethyl-moiety for visualizing, in the long term,
the distribution of mitochondria in living cells and, in the short
term, to quantitate mitochondrial potential by FACS or
fluorescent microscopy analysis. Recent evidence also indicates
that MTDR can also be used as a marker to purify drug-resistant
CSC activity by flow-cytometry (26, 27), which was validated by
other functional assays, including pre-clinical animal models that
documented higher tumor-initiating activity in vivo (26).

In the current work, we investigated the anti-cancer
properties of MTDR and other NIR dyes, namely HITC, DDI,
and IR-780. Interestingly, we found that MTDR, HITC and DDI
were all effective inhibitors of anchorage-independent CSC
propagation. However, IR-780 had no significant effect in the
nanomolar range. In addition, we tested seven Cyanine 5 (Cy5)
heptamethine analogs, with different reactive groups, for their
ability to inhibit CSC growth. Overall, we observed that Cy5-
Azide and Cy5-Alkyne are both effective inhibitors of CSCs, in
the nanomolar range.

MATERIALS AND METHODS

Compounds

MitoTracker "Deep Red FM

MTDR (1-{4-[(chloromethyl)phenyl]methyl}-3,3-dimethyl-2-
[5-(1,3,3-trimethyl-1,3-dihydro-2H indol-2-ylidene)penta-1,3-
dien-1-yl]-3H-indolium chloride 2-[5-(1-{[4-(chloromethyl)
phenyl]methyl}-3,3-dimethyl-1,3-dihydro-2H-indol-2 ylidene)
penta-1,3 dien-1-yl]-1,3,3-trimethyl-3H-indolium chloride) was
purchased from ThermoFisher (# M22426).

Near-Infrared Compounds

HITC iodine (B-1,1’,3,3,3’,3’-Hexamethylindotri-carbocyanine)
(# 252034, Merk), DDI iodine (1,1'Diethyl-2-2’-dicarbo-cyanine)
(# 392197, Merk) and IR780 iodine (2-[2-[2-Chloro-3-[(1,3-
dihydro-3,3-dimethyl-1-propyl-2H-indol 2ylidene)ethylidene]-
1-cyclohexen-1-1] ethenyl] -3,3-dimethyl-1 propylindolium
iodide) (# 425311, Merk). To prepare a 10 mM stock solution
all NIR compounds were first dissolved in PBS, DMEM with 10%
FBS, DMEM/F-12. DDI and HITC were dissolved best in water,
whereas IR780 in DMEM media (10% FBS). All compounds were
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left to dissolve for a few hours rolling at room temperature and
filtered using a 0.02 pm filter, prior to treating cells. Stock
solutions were kept at -20°C.

Cy5 Analogs

Cy5 analogs were purchased from Lumiprobe (Cyanine5 NHS
ester (#13020), Cyanine5 Maleimide (#13080), Cyanine5 Azide
(#A3030), Cyanine5 Alkyne (#A30B0), Cyanine5 Hydrazide
(#13070), Cyanine5 Amine (#130C0), Cyanine5 Carboxylic
Acid (#13090). All Cy5 compounds were dissolved at 10 mM
in DMSO and stored at -20°C.

Cell Lines

Human breast cancer cell lines (MCF7, MDA-MB-231 and
MDA-MB-468) were all obtained from the American Type
Culture Collection (ATCC).

3D-Mammosphere Formation

A single cell suspension was prepared using enzymatic (1x
Trypsin-EDTA, Sigma Aldrich, cat. #13924), and manual
disaggregation (25-gauge needle). Five thousand cells were
plated with in mammosphere medium (DMEM-F12/B27/20ng/ml
EGF/PenStrep), under non-adherent conditions, in six wells plates
coated with 2-hydroxyethylmethacrylate (poly-HEMA, Sigma, cat.
#P3932). Cells were grown for 5 days and maintained in a
humidified incubator at 37°C at an atmospheric pressure in 5%
(v/v) carbon dioxide/air. After 5 days, 3D mammospheres with a
diameter greater than 50-pm were counted using a microscope,
fitted with a graticule eye-piece, and the percentage of cells which
formed spheroids was calculated and normalized to one (1 = 100%
MFE; mammosphere forming efficiency). Mammosphere assays
were performed in triplicate and repeated three times independently.

Metabolic Flux Analysis on the Total

Cell Population

Extracellular acidification rates (ECAR) and oxygen consumption
rates (OCR) were analyzed using the Seahorse XFe96 analyzer
(Agilent/Seahorse Bioscience, USA). Cells were maintained in
DMEM supplemented with 10% FBS (fetal bovine serum), 2 mM
GlutaMAX, and 1% Pen- Strep. Twenty-thousand breast cancer cells
were seeded per well, into XFe96-well cell culture plates, and
incubated at 37°C in a 5% CO, humidified atmosphere. After 24-
48 hours, MCF?7 cells were washed in pre-warmed XF assay media, as
previously described. ECAR and OCR measurements were
normalized for cell protein content, by the SRB colorimetric assay.
Data sets were analyzed using XFe96 software and Excel software.

Measuring the Metabolic Effects of MTDR
in a CSC-Enriched MCF7 Cell Population

To quantitatively measure the mitochondrial-specific effects of
MTDR on a CSC-enriched cell population, we used the Seahorse
XFe96 Analyzer to perform the XF Cell Mito Stress Test. Briefly,
MCEF?7 cells were seeded for 3D-mammosphere formation and
were grown for 5-days using the standard protocol, but in the
absence or presence of MTDR at a low concentration (100 nM),
to avoid cell death. Then, the resulting 3D-mammospheres were
collected, dissociated into single cells by incubation with trypsin

(for 10 minutes at 37°C) and passage through a syringe. The
single cell suspension was then passed through a 40-um strainer,
to remove potentially aggregated material and then washed with
OCR media. Single cells were counted using Trypan blue to
assess their vitality, prior to metabolic analysis. Then, thirty-
thousand single cells were dispensed into each well of the 96-well
XF microplate pre-coated with Corning' " Cell-Tak Cell and
Tissue Adhesive (Catalog No. CB-40240), to ensure rapid
adhesion of the cells. Finally, the single cells were briefly
centrifuged (200 x g for 1 minute) to further ensure their
attachment to the bottom of the wells. Finally, OCR was
measured using the Seahorse Metabolic Flux Analyser (XFe96),
under standard conditions at 37°C.

Cell Viability Assays

The effects of MTDR on cell viability were measured by staining
cell monolayers with the nuclear fluorescent dye Hoechst 33342,
which labels DNA in living cells. Quantitation was performed
using a Varioskan LUX multimode microplate reader. The
treatment was conducted for 72 hours prior to microplate analysis.

Fluorescent Microscopy Analysis

Microscopy analysis was performed by analyzing samples in live
cell imaging with EVOS imaging platform (ThermoFisher) using
the Cy5 channel and bright field.

Tumor Growth, Metastasis and Embryo
Toxicity Assays

Xenograft studies were performed, essentially as previously
described (28). According to the French legislation, no ethical
approval is needed for scientific experimentation using oviparous
embryos (decree n® 2013-118, February 1, 2013; art. R-214-88).
Animal studies were performed under animal experimentation
permit N° 381029 and B3851610001 to Jean Viallet
(INOVOTION). Briefly, fertilized White Leghorn eggs were
incubated at 37.5°C with 50% relative humidity for 9 days. At
that moment (E9), the chorioallantoic membrane (CAM) was
dropped down by drilling a small hole through the eggshell into
the air sac, and a 1 cm” window was cut in the eggshell above the
CAM. For amplification and grafting of the tumor cells, the MDA-
MB-231 tumor cell line was cultivated in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin. On day E9, MDA-
MB-231 cells were trypsinized, washed with complete medium and
suspended in graft medium. More specifically, we applied Corning®
Matrigel® Matrix (Catalogue number: 354230) for tumor cell
xenografting. This was performed because it has been
demonstrated that the increased viscosity of the cell suspension
can prevent the diffusion of cells at the injection site. Briefly, tumor
cells are suspended in Matrigel diluted with complete media at 1:1
ratio and then grafted in 50 wl/egg. For the MDA-MB-231 tumor
model, an inoculum of 1 x 10° cells in 50uL (ie., 25 pl Matrigel +
25ul complete culture media) was added onto the CAM of each egg
at E9. On day E10, tumors were detectable, and they were then
treated daily for 8 days with vehicle alone (1% DMSO in PBS) or
with different dosages of MTDR. The therapeutic solution was
added dropwise onto the tumor. At day 18 (E18), the upper portion
of the CAM was removed from each egg, washed in PBS and then
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directly transferred to paraformaldehyde (fixation for 48 h) and
weighed. For tumor growth assays, at least 10 tumor samples were
collected and analyzed per group (n > 10). On day E18, a 1 cm®
portion of the lower CAM was collected to evaluate the number of
metastatic cells in 7 to 8 samples per group (n > 7). Genomic DNA
was extracted from the CAM (commercial kit) and analyzed by
qPCR with specific primers for Human Alu sequences. Calculation
of Cq for each sample, mean Cq and relative amounts of metastases
for each group were directly managed by the Bio-Rad® CFX
Maestro software. A one-way ANOVA analysis with post-tests
was performed on all the data. To measure embryo tolerability,
before each administration, the treatment toxicity was evaluated by
scoring the number of dead embryos.

Statistical Significance

The statistical tests used were the unpaired Student’s t-test and one-
way ANOVA. Bar graphs are shown as the average + SEM (standard
error of the mean). A p-value of less than 0.05 was considered
statistically significant and is indicated by asterisks: *p < 0.05, **p <
0.01, **p < 0.001 and ***p < 0.0001. ns, not significant.

Software
All statistical analysis was performed using GraphPad version 8. All
compounds chemical structures were drawn by using ChemDraw 18.
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RESULTS

Here, we directly assessed the suitability of using MitoTracker
Deep Red (MTDR), a well-known mitochondrial fluorescent
probe, for targeting mitochondria and effectively inhibiting the
propagation of breast CSCs. For this purpose, we employed three
model cell lines of breast cancer: MCF7, MDA-MB-231, MDA-
MB-468, as well as an hTERT-BJ1 skin fibroblasts cell line.

MCF7 is an ER (+) breast cancer cell line, while MDA-MB-
231 and MDA-MB-468 are both triple negative [ER (-), PR (-),
HER2 (-)] cell lines. In this context, we assessed the targeted
effects of MTDR on 3D CSC propagation and overall metabolic
rates in 2D monolayer cultures.

The structure of MTDR is shown in Figure 1A.

MTDR Inhibits the 3D Anchorage-

Independent Propagation of CSCs

In order to assess the effects of MTDR on CSC propagation, we
used the mammosphere assay as a functional readout of
“stemness” and 3D anchorage-independent growth. As CSCs
are highly-resistant to many types of cell stress, they can undergo
anchorage-independent propagation, under low-attachment
conditions. Ultimately, this results in the generation of >50 um
sized 3D spheroid-like structures. These “mammospheres” are
highly enriched in CSCs and progenitor-like cells, and
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FIGURE 1 | MTDR inhibits mammosphere formation in MCF7, MDA-MB-231 and MDA-MB-468 cells. (A) Structure of MitoTracker Deep Red FM (MTDR). MTDR is
a far-red fluorescent dye that stains active mitochondria. Note that MTDR is a lipophilic cation, which is a chemical characteristic that results its high-efficiency
targeting to mitochondria. (B) Effects of MTDR on 3D mammosphere formation in MCF7 cells. Note that MTDR inhibits 3D anchorage-independent growth in MCF7
cells, with an IC-50 of <100 nM. (C) Effects of MTDR on 3D mammosphere formation in MDA-MB-231 cells. Note that MTDR inhibits 3D anchorage-independent
growth in MDA-MB-231 cells, with an IC-50 between 100 and 500 nM. (D) Effects of MTDR on 3D mammosphere formation in MDA-MB-468 cells. Note that MTDR
inhibits 3D anchorage-independent growth in MDA-MB-468 cells, with an IC-50 between 50 and 100 nM. The statistical test used was a one-tail unpaired t-test.
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morphologically resemble the morula stage of embryonic
development, a solid “ball” of cells without a hollow lumen.
Under these culture conditions of non-attachment, the majority
of epithelioid cancer cells die, via an unusual form of apoptosis,
known as “anoikis” (29).

Remarkably, each single 3D mammosphere is constructed
from the anchorage-independent clonal propagation of an
individual CSC, and does not involve the process of self-
aggregation, under these limiting dilution conditions. As a
consequence, the growth of 3D spheroids provides functional
culture conditions to select for a population of epithelioid CSCs,
with EMT properties. As such this provides an ideal assay for
identifying small molecules that can target the anchorage-
independent growth of CSCs.

Figure 1B shows that MTDR potently inhibits 3D spheroid
formation in MCF7 cells, with an IC-50 of less than 100 nM.
Similarly, MTDR also inhibited the anchorage-independent
growth of MDA-MB-231 cells, in the range of 100 to 500 nM
(Figure 1C). Finally, MTDR inhibited 3D sphere formation in
MDA-MB-468 cells, with an IC-50 of approximately 50 nM
(Figure 1D). Therefore, MTDR is clearly effective in targeting
CSCs, in both ER (+) and triple-negative breast cancer-derived
cell lines, in the nano-molar range.

MTDR Specifically Inhibits

Mitochondrial Metabolism

To validate the idea that MTDR was specifically targeting
mitochondrial metabolism, we next subjected monolayer
cultures to metabolic flux analysis, using the Seahorse
XFe96 analyzer.

Figures 2, 3 and Supplemental Figure S1 show the effects of
MTDR on the mitochondrial oxygen consumption rate (OCR) in
MCF7, MDA-MB-231 and MDA-MB-468 monolayer cells,
respectively. In all three cell lines, MTDR treatment induced
near complete inhibition of mitochondrial basal and maximal
respiration and ATP production, starting at a concentration of
500 nM.

The extracellular acidification rate (ECAR), a measure of
glycolytic function, remained largely unchanged in MCF7 and
MDA-MB-468 cell monolayers, at levels of MTDR of up to 1 uM.
Similarly, in MDA-MB-231 cells, the levels of glycolysis remained
unchanged from 1 nM to 100 nM MTDR, but glycolysis was
decreased at levels of 500 to 1,000 nM, especially for glycolytic
reserve (Figures 4, 5 and Supplemental Figure S2). Therefore,
high nano-molar concentrations of MTDR, of 500 nM or greater,
preferentially affected mitochondrial metabolism in all three
breast cancer cell lines tested.
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FIGURE 2 | MTDR potently inhibits the mitochondrial oxygen consumption rate (OCR) in MCF7 cells. A representative Seahorse tracing is shown, with bar graphs
highlighting the quantitative, dose-dependent effects of MTDR on basal respiration, maximal respiration and ATP production. Note that MTDR treatment exhibits near
complete inhibition of OCR in MCF7 cells at 500 nM. The statistical test used was a one-tail unpaired t-test.
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FIGURE 3 | MTDR potently inhibits the mitochondrial OCR in MDA-MB-231 cells. A representative Seahorse tracing is shown, with bar graphs highlighting the
quantitative, dose-dependent effects of MTDR on basal respiration, maximal respiration and ATP production. Note that MTDR treatment exhibits near complete
inhibition of OCR in MDA-MB-231 cells at 500 nM. The statistical test used was a one-tail unpaired t-test.

Validating the Metabolic Effects of MTDR
in a CSC-Enriched MCF7 Cell Population
To further evaluate the metabolic effects of MTDR, we measured
the mitochondrial-specific effects of MTDR on a CSC-enriched
MCF?7 cell population, using the Seahorse XFe96 Analyzer to
perform the XF Cell Mito Stress Test.

Briefly, MCF7 cells were seeded for 3D-mammosphere
formation and were grown for 5-days using the standard
protocol, but in the absence or presence of MTDR at a lower
concentration (100 nM), to avoid cell death. Then, the resulting
3D-mammospheres were collected, dissociated into single cells
and subjected to OCR analysis.

Figure 6 shows that at a concentration as low as 100 nM,
MDTR significantly inhibited OCR in this CSC-enriched MCF7
cell population. Under these conditions, mitochondrial ATP
production was reduced by nearly 50%.

MTDR Preferentially and Selectively
Targets Cancer Cells

To examine the selectivity of MTDR for the preferential targeting
of cancer cells, we used a Hoechst-based viability assay. Briefly,
MCF7, MDA-MB-231 and MDA-MB-468 cell monolayers were
all treated with MTDR, at concentrations ranging from 1 nM to
1 uM, for a period of 72 hours and their viability was assessed
using Hoechst 33342, a nuclear dye that stains DNA in live cells.

The viability of normal human fibroblasts (hTERT-BJ1) treated
with MTDR was also assessed in parallel. Quantitation was
performed with a plate-reader.

Figure 7 shows that MTDR more effectively killed MCF7,
MDA-MB-231 and MDA-MB-468, but was less effective on
hTERT-BJ1 (a non-transformed fibroblast cell line). Therefore,
MTDR was more potent and selective for the targeting of breast
cancer cells, with little or no effect on normal fibroblast viability.

MCF7 Treatment With Other Near-Infrared
(NIR) Compounds

To evaluate the anti-cancer properties other carbocyanine dyes
with similar spectral emission as MTDR, we next selected three
compounds with a spectral emission in the NIR range (Figures 8
and 9) and performed the MCF7 3D-mammosphere assay to
assess their effect on CSC propagation. Namely, HITC, DDI and
IR-780 were all tested, using the same nanomolar concentration
range used for MTDR.

Figure 9 illustrates that both HITC and DDI significantly
inhibited CSC propagation, between 100 and 1,000 nM. In
contrast, IR-780, was not effective. In support of these findings,
Figure 8 shows that only HITC and DDI were efficiently
incorporated into 3D-mammospheres, while IR780 was not
taken up by MCF7 CSCs, at concentrations in the nano-
molar range.
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To examine the effects of HITC and DDI on mitochondrial
respiration and aerobic glycolysis, we treated adherent MCF7
and then measured their OCR and ECAR. Supplemental Figure S3
shows that basal and maximal OCR, as well as ATP production
levels, were both significantly inhibited, as compared to vehicle-
alone control cells. In contrast, ECAR levels were increased
significantly, at 500 and 1,000 nM (Supplemental Figure $4).
Surprisingly, DDI did not affect OCR and ECAR in MCF7 cells
(Supplemental Figures S5, S6).

In summary, our results indicate that HITC specifically
targets mitochondrial metabolism and inhibits 3D-
mammosphere formation. In contrast, DDI also inhibits 3D-
mammosphere formation, but by a mitochondrial-independent
mechanism. Finally, IR780 did not inhibit CSC propagation in
the nanomolar range.

MCF7 Treatment With Cyanine 5 (Cy5)
Analogs

To assess the possible anti-cancer properties of Cy5 lipophilic
fluorophores, we next tested the potential inhibitory activity of
seven commercially available Cy5 analogs (Figure 10).

We found that Cy5-Azide and Cy5-Alkyne analogs were the
only two compounds out of seven, to significantly inhibit MCF7
3D-mammosphere formation, between 500 nM to 1,000 nM
(Figure 11). However, all the Cy5 analogs were internalized by
mammospheres, at low nanomolar concentrations (50 nM),

independently from their anti-CSC effects, and suggesting that
Cy5 retention lasts for days in CSCs (Supplemental Figure S7).

Furthermore, we found that both carbocyanine compounds
(Cy5-Azide and Cy5-Alkyne) are mitochondrial OXPHOS
inhibitors that act, in the range of 500 nM and 1000 nM, and
they induce glycolysis to compensate for mitochondrial ATP
depletion (data not shown).

MTDR Potently Inhibits Cancer Cell Tumor
Growth and Metastasis In Vivo

To determine the potential therapeutic effects of MTDR in vivo,
we next used a human breast cancer cell line, namely MDA-MB-
231 cells, and the well-known chorio-allantoic membrane
(CAM) assay in chicken eggs, to evaluate the effects of MTDR
on tumor growth and metastasis (28, 30).

More specifically, an inoculum of 1 x 10° MDA-MB-231 cells
was added on top of the Upper CAM of each egg (day E9). On
day E10, tumors were detectable and they were then treated daily
for 8 days with vehicle alone (1% DMSO in PBS) or MTDR. After
8 days of MTDR administration, on day E18 all tumors were
weighed, and the Lower CAM was collected to evaluate the
number of metastatic cells, as analyzed by qPCR with specific
primers for Human Alu sequences.

Figure 12 shows the effects of MTDR on MDA-MB-231 tumor
growth. Note that MTDR showed a significant effect on tumor
growth, with inhibition of up to nearly 30%, as a result of the
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FIGURE 5 | MTDR has minor effects on glycolysis in MDA-MB-231 cells. A representative Seahorse tracing is shown, with bar graphs highlighting the quantitative,
dose-dependent effects of MTDR on glycolysis, glycolytic capacity and glycolytic reserve. Note that MTDR has no significant effect on glycolysis, at concentrations
up to 100 nM. Mild to moderate inhibition of glycolysis was only observed, starting at 500 nM. The statistical test used was a one-tail unpaired t-test.

8-day period of drug administration. In addition, MTDR showed Interestingly, treatment with Abemaciclib (in a similar
significant effects on MDA-MB-231 cancer cell metastasis.  concentration range as with MTDR) resulted in the significant
Figure 13 illustrates that MTDR inhibited metastasis (by >60%)  inhibition of tumor growth by up to 47%, at a 90 uM
at the same concentrations tested. Interestingly, the effects of  (Figure 15A). Importantly, little or no embryo toxicity was
MTDR on metastasis were significantly more pronounced. observed in this concentration range (Figure 15B). However,
Surprisingly, little or no embryo toxicity was observed for =~ Abemaciclib was completely ineffective for the prevention of
MTDR (Figure 14). Therefore, we conclude that MTDR can be metastasis (Figure 15C).
further developed as an anti-cancer agent, for inhibiting both Thus, as compared with the standard-of-care for advanced
tumor growth and metastasis, without showing significant toxicity. ~ breast cancer (Abemaciclib), MTDR was clearly more effective
for the prevention of metastatic dissemination, using MDA-MB-
Abemaciclib, a CDK4/6 Inhibitor, Does Not 231 cells (Figure 13).
Prevent Metastasis /n Vivo
For comparison purposes, in parallel, we also assessed the
functional activity of an FDA-approved CDK4/6 inhibitor, DISCUSSION
namely Abemaciclib, which was developed by Eli Lilly.
Abemaciclib was first approved in 2017, with breakthrough ~ MTDR is a carbocyanine-based fluorescent probe that
status, for the treatment of breast cancer patients with advanced ~ chemically behaves as a lipophilic cation. MTDR is
or metastatic disease. Results from the MONARCH 3 clinical trial ~ functionally localized to mitochondria and is normally used to
indicated that there was significant clinical benefit for progression- ~ measure mitochondrial mass in living cells, by fluorescence
free survival (28.18 versus 14.76 months; hazard ratio [95%  microscopy and/or FACS analysis. Here, we assessed whether
confidence interval], 0.540 [0.418-0.698]; p =.000002). As a MTDR could be used to target mitochondria in CSCs, to prevent
consequence, Abemaciclib is considered standard-of-care for  their anchorage-independent propagation. For this purpose,
patients with advanced or metastatic breast cancer (31). we used three independent breast cancer cell lines, namely
Therefore, here we evaluated the efficacy of Abemaciclib, MCF7, MDA-MB-231 and MDA-MB-468 cells, representing
using the CAM assay, to measure its effects on MDA-MB-231  both ER(+) and triple-negative breast cancer sub-types.
tumor growth, metastasis and embryo toxicity. Remarkably, we observed that MTDR potently inhibited the
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OCR analysis. Under these conditions, mitochondrial ATP production was reduced by nearly 50%. The statistical test used was a one-tail unpaired t-test.

3D propagation CSCs from all three cancer cell lines, using nano-
molar concentrations of the near-infrared fluorescent probe.
Furthermore, we directly validated that MTDR specifically
targeted mitochondrial metabolism and induced ATP
depletion, by using the Seahorse XFe96 metabolic flux
analyzer. However, we did not see a significant induction of
glycolysis by MTDR, in all three cell lines.

Originally, it was thought that MTDR could be used as a probe
to measure mitochondrial mass, independently of mitochondrial
activity or membrane potential. However, recent experiments
directly show that MTDR staining is prevented and/or reduced
by treatment with FCCP (carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone), a potent mitochondrial uncoupling agent (32).
Therefore, MTDR may preferentially accumulate in highly-active
mitochondria, potentially making it a better therapeutic drug for
targeting and inhibiting mitochondrial function.

In addition, we found that other NIR compounds such as
HITC and DDI, but not IR780, accumulate in MCF?7 cells and
inhibit CSC anchorage-independent growth. Our results
demonstrated that HITC effectively blocks CSCs growth in a
mitochondrial-dependent manner, and induces glycolysis
starting at 500 nM. In contrast, we showed that DDI, did not
produce any noticeable metabolic effects, but was able to inhibit
CSC growth in the nanomolar range in MCF7 cells.
Furthermore, we showed that IR-780 was not effective against
CSCs growth and was not internalized by tumor cells, at

nanomolar concentrations. Thereafter, we compared seven Cy5
carbocyanine analogs with different reactive groups for their
ability to inhibit MCF7 CSC growth. Our results showed that all
compounds tested were internalized after five days of treatment
(Supplemental Figure S7). However, only Cy5-Alkyne and Cy5-
Azide blocked 3D mammosphere growth and also targeted
energized mitochondria in cancer cells (data not shown)
within the nanomolar range, which is line with previous
studies (33).

We have previously shown that other lipophilic cations, such
as derivatives of triphenyl-phosphonium (TPP) (34), can be
effectively used to target mitochondria in CSCs, significantly
preventing 3D mammosphere formation. However, these TPP
derivatives were much less potent, inhibiting 3D spheroid
formation in MCF?7 cells, with an IC-50 between 500 nM to 5 uM.
Therefore, MTDR is clearly more potent than these TPP-
derivatives, such as 2,4-dichlorobenzyl-TPP, 1-naphthylmethyl-
TPP, 3-methylbenzyl-TPP, 2-chlorobenzyl-TPP, and 2-butene-
1,4-bis-TPP. As such, MTDR, HITC, Cy5-Alkyne and Cy5-Azide
are clearly more efficacious.

Interestingly, in our work, we identified four carbocyanines that
target mitochondria (MTDR, HITC, Cy5-Alkyne and Cy5-Azid)
and we found that DDI did not target mitochondria, but it showed
the same potency in inhibiting CSC growth. In contrast, IR-780 at
nanomolar concentrations, was not internalized and this is in line
with previous in vitro studies (23). The fact that IR-780 at
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FIGURE 7 | MTDR preferentially and selectively targets cancer cells. MCF7, MDA-MB-231 and MDA-MB-468 cell monolayers were all treated with MTDR for a
period of 72 hours and viability was assessed using Hoechst 33342, a nuclear dye that stains DNA in live cells. Effects of MTDR on the viability in normal human
fibroblasts ("TERT-BJ1) were assessed in parallel. Note that MTDR effectively killed MCF7, MDA-MB-231 and MDA-MB-468 cells, but had little or no effect on
normal cell viability ("TERT-BJ1), in the same concentration range. Therefore, MTDR was more potent and selective for the targeting of breast cancer cells, relative to

nanomolar concentrations does not have anti-tumor activity (23,
35), highlights that MTDR, HITC, Cy5-Alkyne and Cy5-Azide are
all more effective in eradicating CSCs than IR-780.

In principal, “energized” cancer cell mitochondria present a
higher membrane potential (about ~60 mV more negative than
in normal cells) (36). Therefore, mitochondria in cancer cells
produce more ATP and play a key role for CSC metastatic
growth. Indeed, our results are in line with the general theory
that CSC strictly depend on mitochondria. We report that in our
experiments that glycolysis alone was not sufficient to allow for
3D mammosphere formation, when OCR was targeted by
carbocyanines in breast cancer cells. We speculate, as
previously demonstrated elsewhere (21), that the lipophilic
carbocyanine mechanism of action is through chemical
alkylation between electrophilic carbocyanines and nucleophilic
atoms within cysteine residues found in mitochondrial proteins
(chemical intoxication). In addition, the low pH of the
mitochondrial matrix increases chemical alkylation reactions
that generate electrophile-protein adducts that are toxic to
tumor cells. Therefore, one can speculate that this “non-
selective”, chemical intoxication by carbocyanines would
presumably allow the avoidance of possible resistance to such
broad, but yet organelle-specific, intoxication of cancer
cell mitochondria.

Indeed, after observing the Cy5-Alkyne mitochondrial-
dependent inhibition of breast CSCs, the same analog was
found to show anti-tumor effect, both in in vitro and in vivo,
in the nanomolar range (33), further confirming our findings.
Interestingly, Cy5-NHS was found to successfully deliver nano-
particles and other compounds such as doxorubicin to
mitochondria, and to retain their mitochondrial targeting of
tumor cells. Furthermore, in other in vivo studies, they found
that carbocyanines have a strong safety profile, with low toxicity
and fast clearance as theranostic agents, and are considered non-
toxic agents for cell live imaging applications in vitro (17).
Furthermore, acute toxicity studies conducted on mice using
100 nM concentrations of IR-780 demonstrated no acute
toxicity, and low organ accumulation was observed (25).

Lipophilic carbocyanine uptake has been found to depend on
the Organic Anionic Transporter Protein (OATP) family of
transporters (37). OATP transporters function as non-selective
sodium-independent co-transporter proteins that regulate the
flux of ions and small molecules across the plasma membrane of
the cell (e.g., bile salts, bilirubin, steroids and thyroid hormones)
(38). OATP transporters influx of small molecules is coupled to
the passive efflux of intracellular bicarbonate, glutathione and
glutathione adducts. Interestingly, the OATP1B3 isoform was
previously described to selectively transport Cy5.5, IR-780 as well
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FIGURE 8 | Structure and uptake of NIR compounds in MCF7 cells. (Left). Near-infrared (NIR) compounds. Chemical structures of HITC (B-1,1',3,3,3",3'-
Hexamethylindotricarbocyanine iodide), DDI (1,1’Diethyl-2-2’-dicarboccyanine iodide) and IR780 (2-[2-[2-Chloro-3-{(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-
ylidene)ethylidene]-1-cyclohexen-1-llethenyl]-3,3-dimethyl-1-propylindolium iodide). NIR compounds present a characteristic peak fluorescent emission in the NIR
light spectrum. (Middle and Right). MCF7 mammaosphere cellular uptake. Treatment of mammospheres using 50 nM and 1000 nM concentrations of HITC, DDI and
IR780 for five days. Note that HITC and DDl is localized within the cell and was observed with the Cy5 channel (near infrared signal), whereas IR780 cellular uptake
was not detectable, even at higher concentrations.
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as Cy5-Alkyne heptamethine carbocyanines both in vitro and
in vivo (37, 39-42). Furthermore, OATPs expression in cells was
found to be induced by hypoxia, i.e., lowering oxygen conditions
or inducing pseudo-hypoxia via DMOG (dimethyloalyglycine)
treatment. OATP expression is positively regulated by the
transcription factor of hypoxia induction factor 1 (HIFla).
Therefore, cellular hypoxia increases carbocyanine uptake in
tumor cells via OATP (33, 42), suggesting that hypoxic cancer
cells would be more susceptible to carbocyanines, as compared to
normoxic cells, and can be preferentially eliminated by using
mitochondrially-targeted carbocyanine dyes.

The de novo expression of OATP1B3 and 1B1, in general, is
considered specific for the liver, but it was found to increase in
several tumors. In breast cancer tissue, as well as other cells lines,
OATPI1B3 transporters are upregulated (38). However, in
normal breast tissue, it is absent. Hence, we believe that
carbocyanine absorption could depend on OATP functional

expression also for breast CSCs. Therefore, in addition to
carbocyanine’s chemical electrophilic properties previously
discussed, we must consider the key role of OATP in
carbocyanines uptake by CSCs. As far as we are aware, OATP
expression has not been examined in CSCs and should be
further investigated.

Thiol reactive groups are present in both MTDR and IR-780
carbocyanine structures and are thought to react with cysteine
residues through meso-chlorine motility inside their chemical
structure. Nevertheless, we observed that MTDR, compared to
IR-780, was more potent in mitochondrial inhibition. A possible
explanation is that IR-780 is a Cy7, whereas MTDR is Cy5
member, indicating specific chemical differences between
carbocyanine families regarding their potential anti-tumor
properties. Nevertheless, Cy7 compounds, such as HITC, goes
against such a hypothesis as it blocked mitochondrial respiration
in the nanomolar range, and it is a heptamethine without meso-
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FIGURE 11 | Effects of Cyanine 5 on 3D mammosphere formation in MCF7 cells. MCF7 mammospheres cells were treated with different concentrations of each
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as fold increase Vs control. Statistical analysis was conducted using one-way ANOVA.
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FIGURE 12 | MTDR significantly inhibits tumor growth. MDA-MB-231 cells
and the well-established chorio-allantoic membrane (CAM) assay in chicken
eggs were used to quantitatively measure tumor growth. See Materials &
Methods for specific details. After 8 days of MTDR administration, on day E18
all tumors were weighed. Note that MTDR significantly inhibited tumor growth,
by up to nearly 30%, at a concentration of 75 uM (n > 15). Averages are
shown + SEM. *p < 0.01; *p < 0.05. Statistical analysis was conducted
using ANOVA.
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FIGURE 13 | MTDR preferentially targets and prevent cancer cell metastasis.
MDA-MB-231 cells and the well-established chorio-allantoic membrane
(CAM) assay in chicken eggs were used to quantitatively measure
spontaneous tumor cell metastasis. See Materials & Methods for specific
details. After 8 days of drug administration, the Lower CAM was collected to
evaluate the number of metastatic cells, as analyzed by gPCR with specific
primers for Human Alu sequences. Note that MTDR showed significant
effects on MDA-MB-231 metastasis, with an inhibition of >60%, at a
concentration of 75 uM (n = 7). Averages are shown + SEM. *p < 0.01.
Statistical analysis was conducted using ANOVA.
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FIGURE 14 | Chick embryo toxicity of MTDR. Note that MTDR was non-
toxic, as compared to the vehicle alone control (n > 17), over a dose range of
25, 50, and 75 uM.

chlorin motility. As such, the differences observed between IR-
780 and MTDR anti-CSC efficacy may account for other
chemical properties. In addition, an FDA-approved
carbocyanine Indocyanines green (ICG), which is very similar
to IR-780, and is used as an optical marker routinely in the clinic,
is not taken up by tumor cells. One possible explanation that was
advanced is that ICG is missing a thiol reactive group, which is
responsible for IR-780 adduct formation in tumors (22).

In a recent study, human serum albumin (HSA) was found to
bind to IR-780 carbocyanines, via reactive thiol group to albumin
cysteine residues (22), which explains its rapid decrease in the
blood (approximately 30 minutes in the serum for IR-780-like
dies). They found that IR-780 generated a higher fluorescent
signal in the serum compared to ICG (that does not bind to
albumin), and they speculate that IR-780-albumin adducts
increase the half-life and the tumor uptake capacity of
carbocyanines. Interestingly, Usama et al. also reported that
IR-780 albumin-adduct uptake by glioblastoma cells was not
inhibited by BSP, or increased by DMOG (hypoxia inducer).
However, it was abolished only by applying low temperatures
(4°C), which strongly suggests an OATP-independent
mechanism of uptake for IR-780-albumin adducts.

Overall, in this work, we have shown how the energetic state
of malignant cancer cells can be targeted via “tumor-seeking”
drugs, by taking advantage of the chemical properties of
carbocyanine dyes. Hence, we believe that based on our
findings, both in vitro and in vivo, that carbocyanine-induced
mitochondrial cytotoxicity should be generally applicable for
preventing CSC-driven metastatic growth, and could be used as a
preventive treatment against breast cancer relapse, either shortly
after or concurrently with chemo- or radiation therapy.

CONCLUSIONS

In conclusion, here we show that MTDR can be used effectively as a
metabolic inhibitor to target mitochondrial function and halt CSC
propagation, in the nano-molar range. The metabolic effects of
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FIGURE 15 | Abemaciclib significantly inhibits tumor growth, without preventing
cancer cell metastasis. (A) MDA-MB-231 cells and the well-established chorio-
allantoic membrane (CAM) assay in chicken eggs were used to quantitatively
measure tumor growth. See Materials & Methods for specific detalils. After 8
days of Abemaciclib administration, on day E18 all tumors were weighed. Note
that Abemaciclib significantly inhibited tumor growth, by nearly 50%, at a
concentration of 90 uM (n > 11). Averages are shown + SEM. **p < 0.001.
Statistical analysis was conducted using ANOVA. (B) Note that Abemaciclio was
non-toxic, as compared to the vehicle alone control (n > 15), up to 90 uM.

(C) MDA-MB-231 cells and the well-established chorio-allantoic membrane
(CAM) assay in chicken eggs were used to quantitatively measure spontaneous
tumor cell metastasis. See Materials & Methods for specific details. After 8 days
of drug administration, the Lower CAM was collected to evaluate the number of
metastatic cells, as analyzed by gPCR with specific primers for Human Alu
sequences. Note that Abemaciclib did not show any significant effects on MDA-
MB-231 metastasis, at concentrations up to 90 uM (n = 8). Averages are shown
+ SEM. ns, not significant. Statistical analysis was conducted using ANOVA.

MTDR on mitochondrial OCR and ATP production were directly
validated, using the Searhorse XFe96 flux analyzer. Therefore, we
propose that MTDR, and other related compounds, could be

Frontiers in Oncology | www.frontiersin.org

July 2021 | Volume 11 | Article 678343


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Sargiacomo et al.

MTDR Eradicates Cancer Stem Cells

repurposed, as potent and selective anti-cancer agents, to target the
CSC population, in a variety of cancer types.
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The cancer metabolic alteration is considered a hallmark and fast becoming a road for
therapeutic intervention. Mitochondria have been regarded as essential cell elements that
fuel the metabolic needs of most cancer cell types. Leukemia stem cells (LSCs) are a
heterogeneous, highly self-renewing, and pluripotent cell population within leukemic cells.
The most important source of ATP and metabolites to fulfill the bicenergetics and
biosynthetic needs of most cancer stem cells is the mitochondria. In addition,
mitochondria have a core role in autophagy and cell death and are the main source of
reactive oxygen species (ROS) generation. Overall, growing evidence now shows that
mitochondrial activities and pathways have changed to adapt with different types of
leukemia, thus mitochondrial metabolism could be targeted for blood malignancy therapy.
This review focuses on the function of mitochondria in LSC of the different leukemia types.

Keywords: leukemia, leukemia stem cell, metabolism, mitochondria, mitophagy

INTRODUCTION

Leukemia is described as an excessive division of blood-forming cells, resulting from failure of
hematopoietic stem cell (HSC) death and abrogation of its differentiation (1, 2). Although these
events occur in white blood cells, different blood cells are implicated in leukemia. Commonly, this
kind of cancer is divided into two subtypes such as acute (speedy developing) or chronic (slow
developing) leukemia (3). Hematologic disorders are still the most common cancer worldwide (4).
Leukemia is one of the important causes of mortality in both developed and developing countries; as
a result, it burdens high expenses to health scope (5). It has been predicted that deaths of about 50%
younger patients and 90% older patients are because of acute myeloid leukemia (AML) or acute
lymphoid leukemia (ALL), respectively (6, 7).

Leukemic stem cells (LSCs) are a biologically and functionally defined entity. They are not always
named because they arise from an ordinary stem cell but because they fulfill the standards used to
define ordinary stem cells. LSCs are multipotent, incredibly proliferative, and self-renewing (8).
Cancer stem cell (CSC) is called LSC when it exists in leukemia. It shares many characteristics with
normal HSCs, including being CD38" CD34™ stem cells (9). However, LSCs often upregulate the
expression of other membrane markers such as CD123, TIM3, CD25, CD32, and CD96 that are
absent from HSCs and vary among patients. Moreover, like HSCs and unlike leukemia myeloblasts,
LSCs divide slowly (10). During normal progression from stem cell to progenitor cell to mature cell,
mutations may probably arise at any stage, giving upward thrust to malignancy. Self-renewing HSCs
that carry out genetic and epigenetic modifications can downregulate cell death and boost their self-
renewal capability. A mutation in a normal stem cell can lead to the formation of a unit that could be
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considered an LSC. However, there may be experimental
evidence suggesting that mutations in progenitor cells that do
not have the complete characters of a stem cell can also lead to
initiation and maintenance of the leukemic disease (11). A
mutation of some genes (SRSF2, DNMT3A) in normal stem
cells can lead to the formation of pre-leukemic stem cell (pre-
LSC), while such pre-LSCs are capable of giving rise to healthy
blood and immune cells. Additional mutations in CCAAT-
enhancer-binding protein alpha (CEBPA) and nucleophosmin
(NPM1) can cause a complete block in differentiation and
thereby result in malignant expansion of aberrant progenitor
cells that could be considered LSCs (Figure 1) (12). However,
there may be experimental evidence suggesting that mutations in
progenitor cells that do not have the complete characteristics of a
stem cell can also lead to initiation and maintenance of the
leukemic disease. The mutations of genes encoding
mitochondrial enzymes, FMS-like tyrosine kinase-3 internal
tandem duplication (FLT3-ITD) and isocitrate dehydrogenase
(IDH), play a vital role in leukemia cell survival and
chemoresistance. Recently, the IDH mutations offer the
evidence for the relation between metabolism and
leukemogenesis. These mutations play a pivotal role in the
reprogramming of energetic metabolism in leukemic cells and
in deregulation of ROS production. IDH mutations also enhance

generation of 2-hydroxyglutarate (2-HG) instead of
o-ketoglutarate (0.-KG) (13). LSCs are often resistant to
conventional chemotherapy, and their maintenance after
therapy is a common reason for relapse. Therefore, it is vital to
recognize the biological mechanisms that contribute to leukemia
(14, 15). LSCs are characterized by a low rate of metabolism with
a decreased basal reactive oxygen species (ROS) manufacturing
as compared to bulk leukemic cells (16). These ROS-low LSCs
are also unable to upregulate glycolysis after inhibiting oxidative
phosphorylation (OXPHOS), which is in line with other reports
showing that LSCs have unprecedented mitochondrial
characteristics and an expanded sensitivity to strategies that
block oxidative phosphorylation (17). Mitochondria play an
essential role in metabolism, hypoxia, iron-sulfur clusters, cell
differentiation, innate immunity, metabolism of amino acids,
calcium, and heme biosynthesis (18). Furthermore, the redox
balance of cells and the proapoptotic factor expression are
managed by mitochondria to regulate cell death. Thus, there
are critical functions of mitochondria inside the neoplastic
phenotype, which include resistance to apoptosis, out of
control proliferation, and metabolic reprogramming (15, 19).
CSCs ought to adapt their metabolism, especially by elevating
nutrient uptake, to keep their uninhibited proliferation (20).
Actually, CSC metabolism is not only an indirect by-product of
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proliferation but also an immediate reprogramming orchestrated
through the use of oncogenic signals (21, 22). Studying the
metabolic phenotype of LSCs would potentially clarify their
mechanism of survival, persistence, and progression through
the development of the disease. Understanding how they differ
metabolically from HSCs can help better characterize any type of
leukemia stem cell.

METABOLIC FLEXIBILITY OF LEUKEMIC
STEM CELLS

There are multiple levels of tumorigenesis process and
mitochondrial biology interactions: tumorigenesis may start by
direct signals from mitochondria (may be by mutations in
mitochondrial DNA) or the alteration of mitochondrial
functions of metabolism and bioenergetics by oncogenic
signaling pathways. So, understanding the mechanisms of
cancer-initiating cell metabolism will effectively aid to develop
novel anticancer drugs targeting these aspects. Table 1
summarizes the metabolic steps potentially implicated in the
survival and therapy resistance of LSCs.

BIOENERGETICS OF LEUKEMIC STEM
CELLS

LSCs are flexible and able to take advantage of more than one
metabolic pathway to continue and survive. LSCs can use fatty
acids and amino acids in addition to glucose to provide
precursors to the tricarboxylic acid (TCA) cycle and to
maintain mitochondrial metabolism (22). Most CSCs are
dependent on and upregulate OXPHOS; hence, CSCs can be a
target to mitochondrial inhibition. A study carried out in
primary lymphocytes and CD34" progenitors of patients with
ALL suggests that, being an inhibitor of mitochondrial
translation, tigecycline is capable of sensitizing them to
multiplied apoptosis and would improve the levels of oxidative
metabolism (29). Moreover, cytarabine-resistant AML cells are
shown to be enriched in dormant LSCs and have higher
functional mitochondrial mass, which is translated as
increasing in OXPHOS levels with subsequent peak in ROS.

Interestingly, although cytarabine was not effective, residual cells
showed an increase in OXPHOS gene expression. In the study by
Kuntz et al. (30), enriched and differentiated CD34 cells were
derived from patients with CML for metabolic analyses on each
CD34"CD38" stem cell, it has been proven that most primitive
LSCs have higher mitochondrial efficacy than differentiated LSCs
and normal CD34+CD38- cells. These studies show that
primitive CML cells are reliant on oxidative metabolism for
their survival (30). We will explain here the central carbon
metabolism in LSC to fulfill their energy desires.

GLUCOSE METABOLISM IN LEUKEMIC
STEM CELLS

The glycolytic pathway is the primary process in the metabolism of
HSCs. Ordinarily, HSCs are energetically dormant with active
glycolysis. In glycolysis, glucose is converted to pyruvate. In
presence of oxygen, pyruvate can be metabolized to acetyl-CoA
that is oxidized in the TCA cycle to drive OXPHOS and generation
of ATP. LSCs often lack the ability to enhance glycolysis and
therefore switch from anaerobic glycolysis to mitochondria-
mediated OXPHOS as their major pathway to generate energy.
LSCs rely upon OXPHOS for ATP generation instead of glycolysis
and lactic acid fermentation, which gives a chance for ROS
production, which can force cells out of quiescence and trigger
programmed cell death pathways. Most ROS are generated in
mitochondria via electron transport. As a result, LSCs respond to
this action by upregulating autophagy, which is critical for the
maintenance of stemness and the eradication of damaged
mitochondria and production of ROS. This also upregulates the
expression of the hypoxic response transcription factor [hypoxia-
inducible factor 1-alpha (HIF-1-0, even in normoxia (23).

On the other hand, Song et al. (24) showed that bone marrow
(BM) cells separated from AML patients without remission produce
higher levels of HIF-1ow and glucose transporter 1 (GLUT1), as well
as hexokinase 2 (HK2) and lactate dehydrogenase (LDH), which are
considered the main controlling stages of glycolytic flux, than those
from patients with full or partial remission and healthy donors (31).
By using metabolomics analysis in the study conducted by Bhanot
etal. (31), UDP-P-glucose, a glycogen precursor to glucose, has been
reported to be upregulated in AML independently of low glycogen
levels. Additionally, adjustments in glucose metabolism have been

TABLE 1 | Summary of the metabolic steps implicated in the survival and therapy resistance of LSCs.

Condition Role Ref.
Glucose metabolism ATP production (23)
ROS production
Cell stemness
Glutamine Metabolism ATP production (19, 24)

Regulate leukemia stem cell programing

Fatty acid metabolism ATP production (25)
Responsible for leukemia stem cell resistance to chemotherapy

Hypoxia Maintaining leukemia stem cell stemness and drug resistance (26, 27)

Mitophagy Leukemia stem cell maintenance (28)

LSC, leukemic stem cell; ROS, reactive oxygen species.
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linked to end-stage medical outcomes and drug resistance. Kreitz
et al. (32) showed that there is excessive glycolytic level in blast AML
reluctant to treatment. Also, it was suggested that myeloblast
glycolytic rate may be an effective and effortless approach to
decide the pretreatment prognosis of AML (25). Unfortunately,
current studies are not sufficient to outline the LSC glycolytic
phenotype, and extra studies are needed.

GLUTAMINE METABOLISM IN LEUKEMIC
STEM CELLS

Metabolism of glutamine (glutaminolysis) is an alternative
source of energy. Glutamine is the most considerable amino
acid in circulation and can be supplied with the aid of adipose
tissue as one of its fundamental sources to the LSCs (33). The
mechanism by which tumor cells adjust the balance between
glycolysis and oxidative metabolism to meet their energy needs is
not fully understood.

It is known that the Warburg shift is an exquisite mark of the
extra-proliferating cancer cells, which have an intact TCA cycle
and gradually more dependent on glutamine metabolism
compared to normal cells for ATP synthesis. Knoechel and Aster
confirmed that a signal from the phosphoinositide 3-kinase
(PI3K)-AKT pathway shifts NOTCH-dependent T-ALL cells
from glutamine metabolism to aerobic glycolysis. Using murine
models and the primary human T-ALL xenograft transplantation
model, they showed that T-ALL cells with activating NOTCH1
mutations use glutamine as the main substrate for anaplerotic
reactions that fuel the TCA cycle (34). In another study, MYC
transcription factor and its “super enhancer” sequence have a
critical function in hematopoietic malignancies by regulating the
LSC programming (33). MYC promotes the uptake of essential
amino acids (i.e., glutamine) through SLC7A5/SLC43Al in
lymphoma cells, which in turn stimulate the MYC translation
and tumorigenesis (35, 36). Likewise, mutated IDH in AML-LSCs
gains increased enzymatic feature to generate R-2-
hydroxyglutarate (R2HG) from o-KG, rather than unmutated
IDH, which catalyzes the conversion of isocitrate to 0-KG. The
subsequent accumulation of the oncometabolite RZHG inhibits the
0-KG-dependent ten-eleven translocation (TET) protein family,
which leads to DNA demethylation and consequently to
tumorigenesis (36). The results of previous studies strongly
recommend the glutamine metabolism key steps as a target for
therapeutic strategies against LSCs.

FATTY ACID METABOLISM IN LEUKEMIC
STEM CELLS

The adipocytes have a central role in offering fatty acids to fulfill
the high energy needs of the LSCs. Adipocytes can preserve
energy as triglycerides, which at some point of lipolysis, it can be
catabolized into glycerol and free fatty acids (FFAs). Therefore,
adipocytes can also deliver FFA to cancer cells to meet their
needs for lipid synthesis and energy.

Woolthuis et al. (37) showed that adipocytes ofter FFAs as a
source of energy to leukemia cells by a mouse model of blast-
crisis CML. Surprisingly, they found a niche of LSCs in gonadal
adipose tissue (GAT), and by using limiting-dilution
transplantation techniques, it was found that GAT resident
LSCs elevated in leukemia are similar to that derived from
bone marrow. Likewise, the GAT-associated LSCs have
elevated expression of the fatty acid transporter CD36. Gene
expression analysis suggested that LSCs have a pro-inflammatory
phenotype that will increase lipolysis to provide energy to LSCs
with high levels of fatty acid oxidation (FAO) compared to highly
differentiated progeny or normal HSCs. These characteristics
control LSC quiescence and resistance to chemotherapy.
A preceding study on primary human samples of AML
recorded a subpopulation expressing CD36 in the CD34"
LSCs. This CD36" phenotype was used as a poor prognosis
indicator (38). In these cases, the CD36" LSCs also showed an
increase in FFAs and their subsequent oxidation, assuming that
CD36 can adapt the LSC metabolism in at least one subgroup of
human myeloid leukemia. Moreover, cytarabine-resistant AML
cells located in quiescent LSCs have elevated levels of
mitochondrial mass, which is translated into elevation of
OXPHOS levels with high level in ROS. Surprisingly, although
treatment with cytarabine was ineffective, residual cells exhibited
high expression of OXPHOS genes collectively with increased
FAO and upregulation of CD36 that can predict response to
treatment in patients with AML (39). Tucci et al. (40) clarified
that ALL cells accelerate adipocyte lipolysis and use the produced
FFA to complement lipogenesis and de novo proliferation. In
another study, Chronic Lymphocytic Leukemia (CLL) cells, in
comparison with normal B lymphocytes, are able to catabolize
lipids that allows usage of FFAs for oxidative respiration (41).
FFAs also can interact with the nuclear receptor peroxisome
proliferator-activated receptor oo (PPAR0). The interaction
between FFAs and PPARa leads to generation of a complex
that, much like a transcription factor, turns on the transcription
of enzymes necessary for OXPHOS (42). Adipose tissue can also
be protective for LSCs throughout stressful conditions, which
includes drug treatment. Orgel et al. (43) showed that glutamine
secreted by adipocytes protects leukemia cells from treatment
with L-asparaginase. This is especially true, considering that
L-asparaginase is used in the treatment of ALL, because
leukemic lymphoblasts are quite sensitive to exogenous
asparagine and glutamine depletion (41, 43).

This can show how LSCs can make the use of the surrounding
microenvironment differential through several routes of
metabolisms in different leukemia types. Furthermore, this
suggests that targeting combined aspects of metabolism can be
a complementary and powerful therapeutic strategy.

HYPOXIA AND HYPOXIA-INDUCIBLE
FACTORS IN LEUKEMIC STEM CELLS

Cells have a balanced antioxidant system to neutralize the extra
ROS consisting of enzymatic antioxidants such as superoxide
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dismutase (SOD), glutathione peroxidases (GPxs), thioredoxin
(Trx), and catalase (CAT) and non-enzymatic antioxidants to
reduce the oxidative stress state (44). Human SOD can be
classified into cytosolic CuZn-SOD, mitochondrial Mn-SOD,
and extracellular SOD. The SOD seems to be the first line of
defense against oxygen-derived free radicals as it can be rapidly
induced in some conditions when exposed to oxidative stress as it
catalyzes superoxide into oxygen and hydrogen peroxide (26).
CAT can neutralize hydrogen peroxide through decomposing it
into molecular oxygen and water. It is now well established that
the mitochondria are the major producers of ROS and also the
main targets of ROS. Immense accumulation of ROS and free
radicals in mitochondria leads to elevated expression of Mn-SOD
to inhibit oxidative damage in mitochondria. The accumulation
of ROS will lead to mitochondrial permeability transition and
disrupt the mitochondrial membrane stability (27). Disruption of
mitochondrial outer membrane leads to cytochrome c release
and other proapoptotic factors, such as serine protease OMI/
HtrA2, Smac/Diablo, endonuclease G, and apoptosis-inducing
factor (AIF), and consequently caspase activation and cell death
(45). GPx family has antioxidative function at different cellular
components: GPx1 is present ubiquitously in the cytosol and
mitochondria, GPx2 is in the cytosol and nucleus, GPx3 is in the
plasma, and GPx4 is membrane-associated and appears to
protect membranes from oxidative challenge (46).

The Trx antioxidant system, composed of nicotinamide
adenine dinucleotide phosphate (NADPH), thioredoxin
reductase (TrxR), and Trx, is very important against oxidative
stress as an endogenous antioxidant system. Trx antioxidants have
a function in DNA and protein repair by reducing ribonucleotide
reductase and methionine sulfoxide reductases. In addition, Trx
systems have a significant role in the immune response (47).
Homodimeric TrxR is a member of the pyridine nucleotide-
disulfide oxidoreductase family, which includes TrxR,
glutathione reductase (GR), TryR, alkyl hydroperoxide
reductase, lipoamide dehydrogenase, and mercuric reductase.
Trx and TrxR are the dimeric FAD-containing enzyme that
catalyzes the NADPH-dependent reduction of the active-site
disulfide in oxidized Trx (Trx-S2) to give a dithiol in reduced
Trx [Trx-(SH)2] (48). Trx-(SH)2 is a hydrogen donor for
ribonucleotide reductase and a disulfide reductase regulating
thiol redox. Trx systems in cells can use the thiol and selenol
groups to maintain redox level. Trx and its binding proteins
[Apoptosis signal-regulating kinase 1 (ASK1) and TATA-box-
binding protein 2 (TBP2)] appear to control apoptosis or
metabolic states such as carbohydrate and lipid metabolism
(49). Both GSH system and Trx system can defend against
oxidative stress via the efficient removal of various ROS.
Cytosolic Trx1 and mitochondrial Trx2 are the major disulfide
reductases that affect cell proliferation and viability. The reduced/
dithiol form of Trxs binds to ASK1 and inhibits its activity to
induce apoptosis. When Trx is oxidized, it dissociates from ASK1
and apoptosis is induced (50). Non-enzymatic antioxidants like
vitamin A or retinol, vitamin E, and vitamin C (51).

The role of hypoxia within the generation of LSCs remains
debatable perhaps because of addressing hypoxia as a stemness

factor in conflicting studies and the difference in duration and
degree of hypoxia (52, 53). In any case, further investigations are
required so as to clarify its impact on LSC maintenance and
survival. Hypoxia by means of HIFs may drive powerful support
and advancement through different pathways, for example,
energy metabolism, cell cycle, and immune response. These
physiological procedures can be upregulated or downregulated
in malignancy. In AML, the presence of different oxygen levels in
the BM permits upkeep of essential AML cells (28). The
downregulation of HIF-20. or HIF-1a. to a lesser degree was
recorded by Rouault-Pierre et al. (54). Hypoxia promotes
apoptosis and inhibits leukemic engraftment in human AML
transplantation cells into mice. There are ongoing studies
proving that keeping on the redox stability is fundamental for
maintaining the stemness and drug resistance characteristics in
most cancer cells (55, 56). The function of the PI3K/Akt/
mammalian target of rapamycin (mTOR) signaling pathway in
developing CSC traits of low apoptotic potential is reported to be
partially through enhancement of the ROS elimination via CAT
production downstream of nuclear localization of FoxOs and
stimulation of the HIF-1a (57). In addition, Osellame et al. (58)
validated that loss of mitochondrial outer membrane
permeability is an indication for intrinsic apoptosis. These
observations propose that HIF-20. or HIF-1o is important for
development of LSCs and may possibly work as therapeutic
targets for AML. Furthermore, the research by Velasco-
Hernandez et al. (59) showed that the HIF-1ot deletion does
not influence the maintenance of AML in mice, which presents
the inconsistencies in the role of HIF in AML. In any case, these
variations may depend on the specific hereditary change that
initiates the malignancy, again revealing the enormous
heterogeneity of this disease. In addition, Vukovic et al. (60)
developed a genetic model to investigate the effects of the
deficiency in HIF-1o. and HIF-20 during leukemogenesis. The
model indicated that while HIF-2a had no effect on AML cell
expansion in a murine model, it is significant in obstructing the
development of LSC in malignancy. HIF-20. deletion enhances
LSC differentiation, yet does not influence LSC maintenance of
AML (60). In CML, Zhang et al. (61) recorded that deletion of
HIF-1o prevents CML progression by inhibiting cell cycle and
inducing LSC apoptosis. breakpoint cluster region-Abelson
fusion gene (BCR-ABL) oncogene in CML-LSCs regulates HIF-
1o to induce cell expansion. Regardless of whether HIF-1ot has a
function in the LSC survival in CLL is as yet obscure. In CLL,
HIF-1o. is regulated even under normoxia via downregulation of
von Hippel-Lindau (VHL) protein, whose articulation is
controlled by microRNAs (62). This system enables the
formation of a complex (HIF-10/p300/p-STAT3), which is
responsible for the expression of the vascular endothelial
growth factor (VEGF) (62). It was shown that upregulation
of VEGF by HIF-1o assumes a significant role in the
microenvironment controlling leukemic cell progression.
In T-ALL, HIF-1o control promotes Wnt pathway through
enhancing translation of B-catenin (63). Loss of HIF-1o
diminishes the LSC recurrence without influencing the
development and viability of leukemic cell mass.
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MITOPHAGY IN LEUKEMIC STEM CELLS

Autophagy is defined as a self-digestion of the cell, wherein
cytoplasmic materials, proteins (macroautophagy), damaged
organelles like mitochondria (mitophagy), and lipids are
segregated into vesicles, termed autophagosomes, for
degradation and reusing. The quality and integrity of the
mitochondria are basic to the typical elements of the
mitochondria. Damaged mitochondria can be eliminated by
mitophagy, which acts as a basic factor in the maintenance of
stem cells. Various studies showed that stem cell self-renewal
depends on mitophagy (64), illustrated in Figure 1. Decreasing
Fisl (mitochondrial division 1) in human LSCs weakens
mitophagy, prompts cell cycle arrest, and disables self-renewal.
It has been indicated that adenosine monophosphate-activated
protein kinase (AMPK) enhances Fisl-dependent mitophagy,
and AMPK inactivation mimics the mitophagy defect as a result
of lack of Fisl (14, 15). Mitochondrial dynamics likewise has a
significant role in controlling mitophagy (65). LSCs indicated a
constitutive activation of AMPK, a key player of controlling
energy and mitochondrial homeostasis that arranges the
initiation of autophagy and mitophagy through ULK1
activation (66). AMPK is a heterotrimeric serine/threonine
kinase that phosphorylates plenty of cell substrates involved in
various metabolic pathways through quick versatile reactions
to various metabolites (66). AMPK mediates the crosstalk
between various key cell signaling pathways regulating energy
status, cell expansion, and autophagy through its negative
control of the PI3K/AKT/mTOR pathway and its stimulatory
impact on phosphorylation of ULK1 (67, 68). In addition, AMPK
is a fundamental controller and sensor of cell energy status in
mammalian cells. This kinase coordinates changes in the AMP/
ATP and ADP/ATP ratios, adjusting the balance between ATP
utilization and synthesis (69, 70)and acts to raise the catabolic
processes and to diminish the anabolic processes to support
intracellular energy homeostasis (71). It is stimulated by many
conditions, such as nutrient deprivation (72), cell stresses (73),
fasting or caloric limitation (74, 75), and nucleoside analogs like
5-aminoimidazole-4-carboxamide-1-f-D-ribofuranoside
(AICAR) (76). In clinical trials, AMPK has been assessed for
metabolic illness treatment and malignancies, including both
hematopoietic cancers and solid tumors (77, 78), which showed
that AMPK has a significant role in tumor regression.
Notwithstanding, AMPK has a central role in controlling
energy homeostasis and broadly associated with autophagy
initiation (64, 79), life span, and tumor suppression (80, 81).

MITOCHONDRIA AND LEUKEMIC STEM
CELL MICROENVIRONMENT

The connection between tumor cells and the tumor
microenvironment (TME) impacts the phenotype of tumor
cells (82). The TME involved different cell types including
fibroblasts; immune, endothelial, and perivascular cells; and
extracellular matrix (ECM) compartments, such as cytokines,

growth factors, and extracellular vesicles. CSCs are thought to be
inside or surrounded by the tumor environment maintaining the
CSC “niche” and controlling its properties (83). CSC niche is
thought to promote the formation of CSCs, keep the CSCs in
stem-like state, shield them to resist the immune system, and
induce the epithelial-to-mesenchymal transition (EMT), which
improves tumor metastasis. Although the CSC niche has a major
role in cancer growth, survival, and recurrence, it is still an
obscure point needing more studies to solve its unique role in
cancer dilemma.

BONE MARROW MICROENVIRONMENT
CROSSTALK WITH LEUKEMIC STEM
CELLS

In light of the mentioned behavior of the LSC, the BM metabolic
microenvironment supports the development of the leukemia
cell stemness and pre-metastatic niche. Interestingly, Marlein
et al. (15) showed that NADPH oxidase 2 (NOX2) generates
superoxide, which causes BM stromal cells to move
mitochondria through AML-derived tunnel nanotubes to AML
blasts. Indeed, the quiescent CLL cells cultured in the presence of
three distinctive stromal cell lines exhibit higher OXPHOS when
compared to CLL cells cultured alone. A group of 28 CLL
patient-derived cells cocultured with BM could stimulate
natural killer (NK) cells, M2-10B4 fibroblasts, or HS-5 stromal
cells to feature the significance of considering cell-cell
communications (84). Cai et al. (85) revealed that culturing the
T-ALL cells with mesenchymal stem cells (MSCs) decreases their
mitochondrial ROS levels and initiate a Warburg-like shift that is
portrayed by an expansion in glucose uptake and generation of
lactate with decrease in ATP synthesis and mitochondrial
membrane potential. Moreover, T-ALL cells cocultured with
MSCs have adjusted mitochondrial morphology because of the
extracellular signals involved in the phosphorylation of the
factor, the protein related to dynamin 1 (Drpl) at residue
S616. Consistently, phosphorylated Drpl expression in S616
retained mitochondrial ROS levels, mitochondrial dynamics,
metabolic exchange, and chemoresistance in T-ALL cells
cocultured with MSCs (85). In addition, the BM mesenchymal
stromal cells increase the metabolism and proliferation of their
CML cell neighbors by secreting placental growth factor (86, 87).
Moreover, the BM stroma uses multiple metabolic regulatory
strategies to enhance the stemness traits of the leukemic cells,
such as the induction of resistance of ALL cells to asparaginase
treatment by secreting high concentrations of asparagine from
MSCs (88). Conversion of cystine to cysteine by the BM stroma
also protects CLL cells from the oxidative damage (89). The
activated p53 pathway and secretion of inflammatory mediators
from BM stromal cells activate the initiation of leukemia via
activation of TLR4, which induces the mitochondria
hyperpolarization, ROS production, and DNA double-strand
breaks in hematopoietic stem and progenitor cells (HSPCs)
(90). On the other hand, the BM stromal cells protect the LSCs
from chemotherapy by upregulation of mitochondrial proteins
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[ie., B-cell lymphoma 2 (BCL2) and Uncoupling Protein 2
(UCP2)] to uncouple the leukemic mitochondria and support
the glycolytic pathways (91, 92). Another regulator for the
metabolic niche of the LSC is the microRNA; LIN28B has been
proven to enhance the stemness of the LSC by repression of Let-
7, which regulates the insulin-like growth factor 2 mRNA-
binding protein 1 (IGF2BP1) (93). Leukemia cells need
metabolic adaptation not only for its survival and growth but
also to educate the BM milieu to support the LSC
reprogramming. Leukemic cells induce a state of insulin
resistance in the surrounding cells by increasing the IGFBP1
production from the adipose tissue to save sufficient glucose level
for LSC usage (94). After depletion of glucose in the BM
microenvironment, the AML cells are encouraged to consume
fructose as a source of energy by upregulation of GLUT5 on
leukemic cells (95). Moreover, leukemic cells in contact with
adipocytes enhance lipolysis by increasing the Fatty Acid-
Binding Protein 4 (FABP4) to provide the fatty acids, which
are essential for LSC survival (96).

IMMUNOMETABOLIC REGULATION IN
LEUKEMIC STEM CELLS

CSCs exhibit metabolic flexibility not only to promote the
biosynthetic and bioenergetic needs of tumor malignancy but
also to evade the antitumor immunity. The increased
consumption of nutrients for the high metabolic competitive
CSC deteriorates the metabolic resources of the immune cells in
the TME (97, 98). The tumor infiltrated immune cells can act as
protumor or antitumor, but both mechanisms are influenced by
the metabolic activities of leukemic cells of AML (99). In support
of that, the high consumption of glucose and amino acids in
cancer cells downregulates the cytotoxic T and NK cell energy
metabolism and subsequently their activation and effector
functions (100). Also, lactate production suppresses monocyte
activation (101) while increasing the tumor-promoting cytokine
expression [i.e., interleukin (IL) -23] (102). Also, oxidative stress
metabolic products can alter the functions of regulatory T cells (T
regs) and myeloid dendritic cells (103, 104). In line with the
mentioned immune-metabolic adaptation and to feed the
gluttonous needs of the CSCs, leukemia cells secrete several
inflammatory mediators such as IL-6, IL-1f, tumor necrosis
factor (TNF)o, and granulocyte colony-stimulating factor (G-
CSF), along with the endothelial granulocyte-macrophage
colony-stimulating factor (GM-CSF), to enhance vasculogenesis
for supplying the AML LSC with the essential metabolites for its
growth and proliferation (85). Also, the AML blasts suppress T-
cell proliferation and enhance the polarization into the M2
suppressive monocyte by secreting high levels of arginase II (88).

Although ROS is a direct effector for killing pathogens via
innate immune cells, ROS has a crucial role as an
immunosuppressive agent helping CSCs/LSCs to evade the
immune system and to enhance cancer stemness and
anti-leukemic lymphocyte resistance (105, 106). One suggested
mechanism for its role in immune evasion, ROS released from

these malignant cells is able to induce apoptosis and to reduce the
cytokine production of the anti-leukemic lymphocytes. The
CSCs maintain their redox balance to keep their stemness
traits, survival, and immune evasion. Hence, AML cells with
low ROS level represent more CSC and quiescent characteristics
(56, 57). Therefore, antioxidants are considered double-edged
weapons. They can act as tumor suppressors by decreasing the
ROS apoptotic effect on NK and T cells against leukemic cells.
On the other hand, antioxidants act as cancer stemness inducers
through targeting of ROS-mediated signaling. For example, the
GSH precursor N-acetylcysteine can reduce the effect of ROS in
Acute myeloid leukemia stem cells (AMLSCs), which resists the
niclosamide antineoplastic and apoptotic effect through
inhibition of TNFo-induced nuclear factor (NF)-kB activation
and increase of the intracellular ROS levels (107).

Signal transducer and activator of transcription (STAT3) can
modulate the immune TME to maintain CSC characteristics and
renewal. This can be by promoting the functions of MDSC via
increased ROS and NOX2 expression. Some anticancer candidates
such as fluorinated B-amino-ketone and AZD9159, antisense
oligonucleotides, are used to inhibit the T regs, MDSC, and
tumor growth via suppression of STAT3 expression and
cascade. One other way is by increasing the expression of HIF-
1o, as STAT3 is an upstream transcription factor for HIF-1a, in
cancer cells and myeloid cells in the TME, which is critical for
immunosuppression and tumor immune evasion (107). HIF-1a,
STAT3, and CBP/p300 are known as transcriptional complex
components that regulate the response to hypoxia in cancer. HIF-
1o/p300/p-STAT3 axis enhances the immune evasion
mechanisms of CSC by inhibition of T-cell proliferation,
activation, and induction of T regs via VEGF upregulation
(108). In line with this, HIF-10/p300/p-STAT3 axis is
considered a therapeutic target to eradicate cancer progression.
Triptolidenol-1 (LB-1) was used to inhibit the HIF-1a activity,
increase its degradation, and suppress the connection between
HIF-1a, p-STAT3, and p300. Also, TELO3 is used as a
phosphorylation inhibitor for STAT3, which suppresses HIF-1o.
expression (109). On the other hand, HIF-1o regulates the
expression of natural killer group 2 member D (NKG2D)
ligands to enhance tumor immunosurveillance by NK and v T
cells. HIF-1ow downregulation increases the shedding of soluble
NKG2D ligands (sNKG2D) such as soluble Major
Histocompatibility class I polypeptide-related sequence A
(sMICA) to enhance the tumor immune evasion (110).
Furthermore, it was reported that STAT3 can work as a tumor
suppressor by inhibiting aerobic glycolysis of tumor cells, which
decreases glucose consumption, lactate production, and
expression of HIF-1o target genes in the tumor cells. In such a
way, STAT3 and HIF-loo can mediate tumor immunity and
immune evasion (111). So, finding the balance between the pros
and cons of targeting HIF-1o. and STAT3 can be a direction to
solve the problems associated with tumor therapy through
modulating the immune response.

The hematopoietic stem cell transplantation (HSCT) therapy
of leukemia has been greatly improved due to the accurate typing
and selection of the donors. However, there is a high level of
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relapse and low rates of survival. This challenge is supported by
BM microenvironment, which can be reprogrammed by LSC to
enhance the stemness characteristics of both HSCs and LSCs and
promote leukemia initiation (112). Although the metabolic
immunoregulation of LSCs is not completely and
directly addressed so far, Du et al. (113) have investigated
the metabolic axis of the hematopoietic progenitor
microenvironment to suppress the anti-leukemic immunity.
They connected inflammation, metabolism, and cancer
immunity through cyclooxygenase (COX)2/prostaglandin
(PG)/The nuclear orphan receptor 4A (NR4A)/Wingless/intl
(WNT) immunometabolism-regulatory axis. The role of
pro-inflammatory (COX2) upregulation and its products, PGs,
has been reported in hematological malignancies (114). The
elevated COX2 and PGs in AML-MSCs in the BM niche
increased the expression of NR4A transcription factors and the
WNT signaling pathways, which has been known to be
associated with many CSC traits (115). Inhibition of this axis
could ameliorate anti-leukemic reactive T effector cells (113). All
the previous links suggest the possibility of immunotherapeutic
targeting through metabolic routes.

CONCLUSION AND FUTURE
PROSPECTIVE

LSC is a mutated stem cell with normal stemness characteristics
and also can differentiate to give rise to a cancerous
hematopoietic lineage that accumulates the immature blast
cells. Mitochondria not only is a main player in the LSC
survival and malignancy development but also change the
TME to keep the LSC alive. It regulates the redox status,
bioenergetics, nutritional dependence, and metabolic products
according to the available substrates, as well as modifies the
surrounding immune milieu of the tumor. In this review, we
highlighted the role of mitochondria in the adaptation of the
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High ATP Production Fuels Cancer
Drug Resistance and Metastasis:
Implications for Mitochondrial ATP
Depletion Therapy

Marco Fiorillo "2, Béla Ozsvari’, Federica Sotgia®* and Michael P. Lisanti™*

T Translational Medicine, School of Science, Engineering and Environment (SEE), University of Salford, Greater Manchester,
United Kingdom, 2 The Department of Pharmacy, Health and Nutritional Sciences, The University of Calabria, Cosenza, Italy

Recently, we presented evidence that high mitochondrial ATP production is a new
therapeutic target for cancer treatment. Using ATP as a biomarker, we isolated the
“metabolically fittest” cancer cells from the total cell population. Importantly, ATP-high
cancer cells were phenotypically the most aggressive, with enhanced stem-like
properties, showing multi-drug resistance and an increased capacity for cell migration,
invasion and spontaneous metastasis. In support of these observations, ATP-high cells
demonstrated the up-regulation of both mitochondrial proteins and other protein
biomarkers, specifically associated with stemness and metastasis. Therefore, we
propose that the “energetically fittest” cancer cells would be better able to resist the
selection pressure provided by i) a hostile micro-environment and/or i) conventional
chemotherapy, allowing them to be naturally-selected for survival, based on their high ATP
content, ultimately driving tumor recurrence and distant metastasis. In accordance with
this energetic hypothesis, ATP-high MDA-MB-231 breast cancer cells showed a dramatic
increase in their ability to metastasize in a pre-clinical model in vivo. Conversely,
metastasis was largely prevented by treatment with an FDA-approved drug
(Bedaquiline), which binds to and inhibits the mitochondrial ATP-synthase, leading to
ATP depletion. Clinically, these new therapeutic approaches could have important
implications for preventing treatment failure and avoiding cancer cell dormancy, by
employing ATP-depletion therapy, to target even the fittest cancer cells.

Keywords: anti-oxidant capacity, ATP, bedaquiline, cancer stem cells (CSCs), dormancy, mitochondria, metastasis,
multi-drug resistance

ATP, THE ENERGETIC CURRENCY OF LIFE: HISTORY,
CHEMISTRY AND BIOLOGY

ATP is the vital energetic “currency” of all living things, including micro-organisms (1-11). Viruses
also energetically require sufficient ATP levels, for replication in host cells.

Historically, ATP was initially discovered in 1929, by Karl Lohmann, a German chemist (Figure 1).
Then, in 1937, Herman Kalckar, from Denmark, showed that ATP synthesis is driven by cell
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FIGURE 1 | A brief history of the discovery of ATP and its energetic function. This timeline highlights the key scientists and the events that contributed to our deeper
understanding the structure, function and molecular machinery responsible for the synthesis of ATP, especially within mitochondrial organelles.

respiration. From 1939 to 1941, Fritz Lipmann, a German-born
scientist, was the first to demonstrate that ATP is used as the
universal chemical energy in cells. However, it wasn’t until 1961,
that an American biochemist, namely Efraim Racker, first isolated
the catalytic F1-subunit of the mitochondrial ATP-synthase. Then,
in 1978, Peter D. Mitchell proposed that the asymmetric
distribution of protons across a topologically enclosed
membrane, plays an important role in mitochondrial ATP
generation. In 1997, the Nobel Prize in Chemistry was jointly
awarded to Paul D. Boyer and John E. Walker, for discovering the
enzymatic mechanism(s), underpinning mitochondrial ATP
synthesis (4-7, 12-16). The mitochondrial ATP-synthase
(Complex V) is an excellent example of a rotary molecular
motor, with an architecture of nanoscale dimensions (4-7).
Chemically, at the molecular level, ATP is a nucleoside
triphosphate, which contains adenine, a ribose sugar, and three
phosphate groups (i.e., adenosine-5’-triphosphate) (1-3).
Enzymatic cleavage of ATP at its terminal phosphate group,
produces two main reaction products, ADP and inorganic
phosphate (Pi), thereby releasing high levels of stored chemical
energy (-30.5 kJ/mole) (1-3). Importantly, free energy released
by the hydrolysis of ATP is also due to the higher stability of the
reaction products, because the reaction is kept away from
equilibrium in living cells. As a consequence, the free energy
released by the hydrolysis of ATP into ADP and Pj, is actually
higher than under standard biochemical conditions.
Biologically, ATP is a required co-factor for a plethora of
biochemical reactions, involved in cellular catabolism, as well as in
anabolic metabolism (8-11). During passive diffusion, small
molecules randomly move via Brownian motion, down the
concentration gradient. Therefore, in living cells, in order to
maintain normal physiology and organismal homeostasis, active
transport is necessary to move molecules directionally and
vectorially, against the concentration gradient, from an area of low
concentration to an area of high concentration. This process of active
transport also involves energy expenditures, in the form of ATP.
Kinases employ ATP for auto- and trans-phosphorylation
reactions, to rapidly transmit information via cellular signaling

cascades, from the plasma membrane to the cytoplasm, intracellular
organelles and, ultimately, to the nucleus. The enzyme adenylate
cyclase (a family of ten human genes; ADCY1-10) uses ATP as a
precursor, for the generation of the second messenger, cyclic AMP
(3°,5”-cyclic adenosine monophosphate).

ATP is involved in various aspects of protein synthesis. For
example, tRNA-ligases employ ATP hydrolysis for coupling the
20 amino acids to their appropriate tRNAs, for their use by
cellular and mitochondrial ribosomes, during protein synthesis.
During protein translation, molecular chaperones (e.g., HSP70
and HSP90 family members) facilitate proper protein folding, by
acting as enzymatically active ATPases, consuming large
amounts of ATP.

In summary, ATP energetically “fuels” most cellular processes,
including metabolism, active transport, intracellular signaling, as
well as DNA, RNA and protein synthesis. Therefore, it is perhaps
surprising that nutrient fasting and/or caloric restriction (17, 18)
are believed to be one of the best strategies for extending both
healthspan and lifespan, as evidenced by studies using model
organisms (C. elegans, Drosophila and mice), as well as preventing
cancer (19, 20). For example, Resveratrol, a natural anti-aging
phytochemical and caloric restriction mimetic, is a known
inhibitor of the mitochondrial ATP-synthase (21). Moreover,
Resveratrol is also thought to exert its powerful anti-aging
effects, via its sirtuin-dependent mechanisms of action.

More specifically, calorie restriction activates pro-longevity
signaling pathways in model organisms, such as AMPK and the
mitochondrial unfolded protein response (UPRmt), and inhibits
mTOR and insulin/IGF1 signaling (22, 23). These effects may
mechanistically reduce or restrict different processes that
contribute to aging, such as inflammation, loss of proteostasis
and senescence.

Energy for the mitochondrial synthesis of ATP is derived
from the oxidation of NADH and FADH, by Complexes I-IV of
the mitochondrial electron transport chain (ETC). NADH and
FADH, are generated mainly from the TCA cycle, but some
NADH is also donated by glycolysis and from the conversion of
pyruvate into acetyl-CoA. However, cytosolic NADH (obtained
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through glycolysis) does not directly feed into the mitochondrial
electron transport chain, but it gives electron equivalents via the
malate-aspartate and/or glycerol shuttles. In contrast, NADPH,
generated by the pentose-phosphate pathway (PPP), is used to
maintain glutathione in a reduced state, providing anti-oxidant
buffering capacity against ROS and oxidative stress.

Because of the central importance of ATP as a “barometer” of
cell metabolism, many luminescent and fluorescent probes have
been developed, to measure and track ATP levels, in response to
various cellular stimuli (24-28). For example, BioTracker ATP-Red
1 is a vital dye that is only fluorescent when bound to ATP, but
does not recognize ADP or other nutrients (29). Morphologically,
BioTracker ATP-Red 1 specifically localizes to mitochondria, as
seen by fluorescence microscopy, and co-localizes with the
mitochondrial probe MitoTracker-Green (29). Therefore,
BioTracker ATP-Red 1 allows for the dynamic detection and
visualization of mitochondrial ATP in living cells and tissues.

As mitochondrial activity is specifically increased in human
tumor cells and metastatic cancer cells in vivo, as measured by
specific functional activity assays, high ATP production may be a
key driving force in promoting tumor progression, therapy-
resistance and, ultimately, in metastatic dissemination (30, 31).
However, more mechanistic studies are needed to experimentally
support this hypothesis.

USING ATP AS A BIOMARKER TO
METABOLICALLY FRACTIONATE THE
CANCER CELL POPULATION:
IMPLICATIONS FOR ATP-DEPLETION
THERAPY

In our recent studies, we took advantage of a vital fluorescent dye
that allows one to measure ATP levels in living cells, namely
BioTracker ATP-Red 1 (32, 33). More specifically, we coupled
BioTracker ATP-Red 1 staining with a bioenergetic fractionation
scheme, in which the total cell population was subjected to flow
cytometry, to isolate the ATP-high and ATP-low sub-
populations of MCF7 cells, an ER(+) human breast cancer cell
line. This metabolic fractionation approach allowed us to isolate
the most “energetic” cancer cells within the total cell population.
One possibility is that increased mitochondrial metabolism and/
or ROS production may contribute to this phenotype, via
mitochondrial retrograde signalling (34, 35). Therefore, we
proposed that the ATP-high cancer cell population should be
targeted for eradication via ATP-depletion therapy (36-40).
ATP-depletion therapy would be expected to result in rapid
energy-depletion, especially in highly aggressive cancer cells,
thereby halting their propagation, by inducing autophagy,
apoptosis and/or necrosis.

In a parallel line of research, we have previously identified
>20 mitochondrially-targeted therapeutics that could be used
to effectively achieve ATP-depletion therapy (Figure 2).
These potential therapeutics include: FDA-approved drugs
(Doxycycline, Tigecycline, Azithromycin, Pyrvinium pamoate,
Atovaquone, Bedaquiline, Niclosamide, Irinotecan); natural

products/nutraceuticals (Actinonin, CAPE, Berberine, Brutieridin,
Melitidin); and experimental compounds [Oligomycin, AR-C155858,
Mitoriboscins, Mitoketoscins, Mitoflavoscins, TPP derivatives
(including Dodecyl-TPP and 2-Butene-1,4-bis-TPP)] (41-47).
A triple-combination of two antibiotics together with Vitamin C
(Doxycycline, Azithromycin and Ascorbic acid) was found to
be particularly potent for targeting mitochondria, inducing
ATP-depletion and inhibiting CSC propagation (48), at sub-
antimicrobial levels.

As many of these are repurposed FDA-approved antibiotics,
with excellent safety profiles, Phase II clinical trials are
warranted. For example, a Phase II clinical pilot study of
Doxycycline (49) has already shown that this >50-year-old
antibiotic is indeed effective in metabolically targeting the CSC
population in early breast cancer patients, as demonstrated using
CD44 and ALDHI as specific CSC markers (49). Mitochondrial
ATP-depletion therapy is expected to functionally mimic fasting
and/or caloric restriction, thereby more effectively starving CSCs
to death. This has important implications for cancer prevention
(50-52) and for potentially extending human lifespan during
aging (53).

Recently, we also demonstrated that treatment with a panel of
mitochondrially-targeted therapeutics, which potently inhibit
mitochondrial protein translation or OXPHOS, could block
tumor cell metastasis, using an in vivo pre-clinical model (54-
56). These results indicated that ATP levels are functionally
critical for the processes fueling aggressive tumor cell behaviors
and spontaneous metastasis.

In further support of our hypothesis, other mitochondrial
inhibitors are known to have promising anti-cancer effects,
including TACS-010759, Gboxin, B1-blockers, Nebivolol, and
Benzethonium (57-60).

SURVIVAL OF THE “FITTEST”: ATP-HIGH
CANCER CELLS SHOW A MULTI-DRUG
RESISTANT PHENOTYPE, WITH
ENHANCED ANTI-OXIDANT CAPACITY

Previous studies have shown that high anti-oxidant capacity, due
to increased levels of reduced glutathione, elevated NADPH, and
activated NRF2 signaling, significantly contributes to the onset of
multi-drug resistance (61-67). Consistent with this hypothesis,
recently we directly showed that ATP-high MCF7 cells have an
increased anti-oxidant capacity, with elevated levels of reduced
glutathione, and are intrinsically resistant to four different classes
of drugs (Tamoxifen, Palbociclib, Doxycycline and DPI) (33).
Therefore, the existence of the ATP-high CSC phenotype may
help to mechanistically explain the pathogenesis of multi-drug
resistance, during cancer therapy (Figure 3). In this context,
current cancer therapy may allow only the metabolically “fittest”
cancer cells to survive.

More specifically, as we have shown that the ATP-high
phenotype is indeed transient, consistent with a “stemness”
phenotype, external selection pressure created by a hostile
environment, such as chemo-therapy, may further stabilize this
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metabolic state. As such, this high energy phenotype may be
required for the survival of only the “fittest” cancer cells, allowing
their propagation, under these harsh conditions.

Our recent findings with ATP-high MCF7 cells are also
consistent with several other studies that establish a direct
causal relationship between mitochondrial “power” and
Tamoxifen-resistance. For example, MCF7-TAMR cells that
were generated via chronic exposure to increasing concentrations
of Tamoxifen, resulting in Tamoxifen-resistance, showed elevated

levels of mitochondrial OXPHOS and ATP production (66).
In MCF7-TAMR cells, acquired Tamoxifen-resistance was due to
the over-expression of two key anti-oxidant proteins (NQO1 and
GCLC) and their positive metabolic effects on mitochondrial
metabolism, as revealed by unbiased proteomics analysis (66). In
addition, recombinant over-expression of either NQO1 or GCLC
in MCF7 cells autonomously conferred an ~2-fold increase in
mitochondrial ATP-production and Tamoxifen-resistance (66).
Moreover, recombinant over-expression of a somatic mutation
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FIGURE 3 | High ATP levels are a major driver of aggressive cancer cell phenotypes. ATP-high cancer cells show increases in many aggressive properties or
behaviors, including cell proliferation, stemness, anchorage-independence, migration, invasion, metastasis, anti-oxidant capacity and drug-resistance. In contrast,
more “dormant” CSCs show low ATP levels. High mitochondrial ATP production may be related to increases in mitochondrial mass in ATP-high cancer cells.

(Y537S) in the estrogen receptor (ER-alpha; ESR1), clinically
associated with acquired Tamoxifen-resistance in breast cancer
patients, genetically conferred elevated mitochondrial biogenesis,
OXPHOS and high ATP production (68). The proteomic profiles
of MCF7-TAMR cells and MCF7-ESR1(Y537S) cells also showed
considerable overlap in the biological processes that were
functionally activated (68). Finally, 60 gene products
functionally-associated with mitochondrial ATP production,
were predictive of Tamoxifen-resistance in ER(+)/Luminal A
breast cancer patients (69). These predictive biomarkers included
18 different mitochondrial ribosomal proteins (MRPs) and
>20 distinct components of the mitochondrial OXPHOS
complexes. Therefore, our recent results showing that “naive”
ATP-high MCF7 cells are intrinsically Tamoxifen-resistant,
without any prior exposure to the drug, have important clinical
implications for optimizing the effectiveness of hormonal breast
cancer therapy.

Interestingly, it has been previously reported that treatment
with conventional chemotherapeutic regimens, actually increases
the number of CSCs, while selectively killing “bulk” cancer cells
(70), but no metabolic hypotheses have been proposed to explain

this phenomenon. In accordance with our “ATP-based
hypothesis”, Chan and colleagues (from Genentech, Inc.)
examined the effects of gemcitabine and etoposide on the total
cancer cell population (71). Remarkably, they observed that after
treatment with gemcitabine and etoposide, the population of
surviving cells showed an increase in ATP content, elevated
mitochondrial mass, with more mitochondrial respiration (71).
However, they did not propose a mechanistic explanation for
these observations, nor did they consider the CSC population.
Instead, they simply concluded that measuring ATP is not a good
read-out to assess the effectiveness of chemo-therapeutic agents.
Given our current findings with ATP-high cells, an alternate
interpretation of their results is that gemcitabine and etoposide
selectively killed the ATP-low sub-population of cancer cells,
thereby enriching for the “energetic” ATP-high sub-population,
which are more stem-like and drug-resistant. Therefore, new
drug discovery should be initiated to help eradicate the ATP-
high sub-population of cancer cells.

Higher intracellular ATP levels have also been suggested to
account for acquired drug-resistance to oxaliplatin and cisplatin,
in a variety of chronically-treated colon and ovarian cancer cell
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lines (HT29, HCT116, A2780), although a diverse number of
mechanisms have been proposed, including increased glycolysis
and/or mitochondrial metabolism (72, 73). However, in these
previous studies, ATP levels were measured only after
chronically selecting for the drug resistant cell population.
Therefore, a direct cause-effect relationship between ATP
production and drug resistance could not be established.

Taken together, these findings are internally consistent with
the idea that the high selection pressure afforded by these
conventional chemotherapeutic agents ultimately drives the
natural-selection and survival of only the “energetically fittest”
cancer cells, namely the ATP-high sub-population. Therefore, in
the future, new drug therapies must be implemented, to target
and eradicate the ATP-high population of cancer cells, to prevent
the accumulation of an aggressive, metastatic sub-population of
tumor cells.

TUMOR DORMANCY AND
MULTI-DRUG RESISTANCE: ARE THEY
INTER-RELATED?

According to the conventional view of tumor dormancy,
dormant cancer cells undergo slower rates of cell proliferation
and/or cell cycle arrest (quiescence), to avoid therapy-induced
cell death, leading to multi-drug resistance (67, 74). Surprisingly,
recently we observed just the opposite phenomenon. ATP-low
MCEF?7 cells were less proliferative, with >87% of the cells in the
GO/GI1 phase of the cell cycle, but were actually more sensitive to
4 different classes of drugs, using the 3D-mammosphere assay as
a readout (33). Conversely, ATP-high MCF7 cells were
significantly more proliferative, with >38% of the cells in either
S-phase or G2/M, showing a clear multi-drug resistance
phenotype. Therefore, high levels of mitochondrial ATP appear
to be a key driver of both elevated cell proliferation and drug-
resistance, as they represent the energetically “fittest” population
of cancer cells (Figure 3).

DEFINING A METASTASIS GENE
SIGNATURE, USING BIOINFORMATICS:
VALIDATING THE IMPORTANCE OF
ATP5F1C, USING SEVERAL
INDEPENDENT DATA SETS AND
MDA-MB-231 CELLS

To interrogate the possible role of mitochondrial ATP production
in the process of metastasis, we also used a bioinformatics approach
(33). Briefly, we intersected a series of publicly-available GEO breast
cancer DataSets and defined a metastasis-associated gene-signature
consisting of five ATP-related genes, namely ATP5F1C, UQCRB,
COX20, NDUFA2, and ABCA?2 (Figure 4). Notably, two members
of the signature, ATP5F1C and UQCRB, are both known markers
of maximal oxygen uptake (V0,,,,x) in mitochondrial-rich human
skeletal muscle fibers (75).

Interestingly, ATP5F1C appeared to be the most relevant
member of this metastasis signature, as it is directly connected to
ATP-synthesis (76). ATP5FIC is the gamma subunit of the
mitochondrial ATP synthase (Complex V) and is directly
involved in converting physical energy (torque) into chemical
energy (ATP) (33, 76).

To further validate and confirm the relevance of ATP5F1C,
we next used a third completely independent database, namely
the “The Metastatic Breast Cancer Project”, which includes
mRNA expression profiling data (RNA Seq V2 RSEM) from
the RNA-sequencing of metastatic breast cancer samples, derived
from N=146 patients (Figure 4). In this context, the mRNA
expression of ATP5F1C was positively correlated with the co-
expression of numerous breast CSC markers, circulating tumor
cell (CTC) markers, metastasis markers, cell cycle regulatory
proteins, and other mitochondrial-related genes, as well as three
other members of the metastasis gene signature (UQCRB,
COX20, NDUFA2). Independently, using Kaplan-Meier (K-M)
analysis, high levels of ATP5F1C mRNA transcripts specifically
predicted poor clinical outcomes in breast, ovarian and lung
cancer patients (33).

To provide functional validation, we next used MDA-MB-231
cells as a metastatic model for triple-negative breast cancer.
Interestingly, ATP-high MDA-MB-231 cells over-expressed
ATP5F1C, as well as other members of mitochondrial complexes I-
V and CTC markers (Ep-CAMI1 and VCAML), all relative to ATP-
low MDA-MB-231 cells. ATP-high MDA-MB-231 cells also showed
notable increases in ATP-production, proliferation, anchorage-
independent growth, cell migration, invasion and spontaneous
metastasis (Figure 3). Conversely, inducible knock-down of
ATP5F1C in MDA-MB-231 cells was indeed sufficient to inhibit
ATP-production, anchorage-independent growth and cell migration.

Moreover, ATP-high sub-populations of MDA-MB-231 and
MCEF7 cells both showed features of multi-drug resistance,
consistent with a more aggressive cancer cell phenotype.

Therefore, ATP5F1C may be an attractive target for new drug
development and metastasis prevention.

REPURPOSING BEDAQUILINE TO
PREVENT ATP PRODUCTION, CANCER
CELL MOTILITY, AND SPONTANEOUS
METASTASIS IN VIVO: TARGETED DOWN-
REGULATION OF ATP5F1C

Are there any existing FDA-approved inhibitors of the
mitochondrial ATP-synthase that could be repurposed to target
and prevent cancer metastasis? This would certainly accelerate
future clinical trials, as FDA-approved drugs can re-enter Phase II
trials, for another clinical indication, completely skipping Phase I,
which is specifically focused on safety and toxicity.

Bedaquiline is a clinically-approved drug, that is usually used for
anti-tuberculosis therapy, especially in the context of drug-resistant
TB strains. More specifically, Bedaquiline was originally designed to
target and block the activity of the ATP-synthase in mycobacteria.
Perhaps surprisingly, recent studies have also demonstrated that
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FIGURE 4 | Using several independent data sets to identify ATP5F1C as a key biomarker and therapeutic target for metastasis prevention. In order to define an
ATP-related metastasis gene signature we first intersected two GEO DataSets focused on breast cancer metastasis (namely, GSE2034 and GSE59000),
resulting in 5 common genes. The positive co-expression of ATP5F1C, with 3 other members of this gene signature (UQCRB, COX20, NDUFA2), was indeed
confirmed by analyzing data from The Metastatic Breast Cancer Project (Provisional, February 2020; DataSet 3; https://mbcproject.org). Finally, 2 of these 4
gene transcripts (ATP5F1C and UQCRB) were independently found to be specifically-associated with i) maximal oxygen uptake (VOomax) and ii) a higher
percentage of mitochondrial-rich (type 1) fibers, in human skeletal muscle (DataSets 4/5), especially during exercise training. Therefore, ATP5F1C and UQCRB
are likely to be key biomarkers of high OXPHOS and high mitochondrial ATP production in cancer cells. Modified from Reference 33 and reproduced with

Bedaquiline significantly inhibits the human and the yeast
mitochondrial ATP-synthase, as an off-target side effect (77). In
addition, using cryo-EM as a tool for structural studies, investigators
have localized the binding site of Bedaquiline to the integral
membrane subunit (Fy), using the yeast mitochondrial ATP-
synthase. Since the soluble F, subunit is physically tethered to the
membrane-bound F, subunit via the gamma-subunit (ATP5F1C)
(76), we hypothesized that ATP5F1C might be mis-folded and
degraded in the presence of Bedaquiline. This would effectively
disrupt ATP synthesis, as ATP5F1C functions as the rotating
central stalk that helps convert torque into chemical energy, in
the form of ATP (Figure 5).

Interestingly, we observed that ATP5F1C was effectively down-
regulated after Bedaquiline treatment in MDA-MB-231 cells,
resulting in significant reductions in ATP production, stemness,
anchorage-independent growth and cell migration (33).

Bedaquiline-induced cell death in MDA-MB-231 cells was
related to the onset of autophagy and necrosis, but apoptosis was
not observed. Remarkably, the expression of ATP5F1C and ATP-
production, as well as cell growth, remained unaffected after
Bedaquiline treatment in MCF-10A cells, a non-tumor-producing

human breast epithelial cell line. Therefore, the effects of
Bedaquiline appeared to be restricted to cancer cells. Similarly,
Bedagquiline inhibited ATP-production in MCF7 breast cancer cells,
but notin hTERT-BJ1 cells, a normal human fibroblast cell line (44).

As a result of these findings, we tested the efficacy of
Bedaquiline in a pre-clinical xenograft model, namely the
CAM assay, which uses chicken eggs as the host for measuring
tumor growth, spontaneous metastasis and drug toxicity (33).
Our results demonstrated that Bedaquiline had no effect on
MDA-MB-231 tumor growth, but effectively prevented
spontaneous metastasis, by nearly 85%, at a concentration that
did not show any significant chicken embryo toxicity (Figure 5).

As a consequence, we suggest that Bedaquiline could be re-
purposed to prevent spontaneous metastasis, by driving ATP-
depletion via its targeting of the ATP5F1C subunit, within the
mitochondrial ATP-synthase multi-subunit complex. As such,
clinical trials may be warranted.

We speculate that Bedaquiline, by mechanistically targeting
the gamma-subunit of the ATP synthase, may promote
dissociation of the Fl-domain of the enzyme and thereby
promote the opening of the transition pore (78-80). Recent
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ATP
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Y = ATP5F1C
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FIGURE 5 | Targeting the human mitochondrial ATP synthase with Bedaquiline, an FDA-approved drug, prevents spontaneous metastasis. Mitochondrial ATP-
synthase is a nano-scale rotary molecular motor that uses the transport of hydrogen ions to generate physical energy in the form of torque that is then converted into
chemical energy in the form of ATP. Rotation of the gamma-subunit (ATP5F1C) helps to convert physical energy into chemical energy. Note that Bedaquiline
treatment induces the degradation or down-regulation of the gamma-subunit (ATP5F1C), resulting in ATP-depletion and the prevention of metastasis.

findings strongly support the idea that the ATP synthase forms
the permeability transition pore (PTP) (78, 79). Prolonged
opening of the PTP permeabilizes the inner mitochondrial
membrane to small solutes and constitutes the point of no
return in the execution of cell death.

Finally, the mitochondrial ATP-synthase is indeed subjected to
numerous post-translational modifications (such as phosphorylation,
as well as acetylation and succinylation on key lysine residues). Of
course, this can potentially affect its level of enzymatic activity,
and could perhaps explain the phenotypic differences between
ATP-high and ATP-low cancer cells. Regarding Bedaquiline, this
FDA-approved drug is known to bind directly to the ATP-
synthase, but it is not known if Bedaquiline affects the status of
these post-translational modifications.

CONCLUSIONS

In conclusion, we recently employed bioenergetic cell
“stratification” using an ATP-based biomarker to isolate the
metabolically “fittest” cancer cells. Using this novel approach, we

obtained the first evidence that high levels of mitochondrial ATP
are a primary determinant of aggressive cancer cell behavior(s),
including spontaneous metastasis. These findings have
important therapeutic implications for preventing treatment
failure in cancer patients, which remains an urgent unmet
clinical need.

For example, energetic cell profiling, using ATP as a
biomarker, can provide a reliable source of ATP-high CSCs 1)
for establishing “living” tumor bio-banks and ii) for conducting
small-molecule library screening, targeting drug resistance. This
new conceptual framework will allow novel strategies to be
developed to therapeutically target and eradicate even the
energetically “fittest” CSCs, to ultimately abrogate drug
resistance and metastasis.

In direct support of these observations, Kalluri and colleagues
(81) observed that shRNA-mediated down-regulation of the key
mitochondrial transcription factor, namely PGC-1a, significantly
inhibited lung metastasis, in several independent cell lines
(MDA-MB-231, 4T1 and B16F10 melanoma cells), but had
little or no effect on tumor growth. These observations are
consistent with the idea that targeted down-regulation of

Frontiers in Oncology | www.frontiersin.org

147

October 2021 | Volume 11 | Article 740720


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Fiorillo et al.

High ATP Production Fuels Metastasis

PGC-1a inhibited the propagation of the “fittest” CSC sub-
population (31, 32, 82), although the authors did not directly
address the issue of the CSC phenotype.

Similarly, high expression levels of the ATP synthase inhibitory
factor 1 (IF1), which inhibits the activity of the mitochondrial ATP
synthase, predicts a better outcome for breast cancer patients,
especially in the case of triple-negative breast cancer (83, 84).
Moreover, IF1 over-expression reduces the production of ATP in
mitochondria and decreases the proliferation and invasiveness of
triple-negative breast cancer cells (84).

Finally, mitochondrial DNA-encoded (mt-DNA) cytochrome ¢
oxidase IT (MT-CO2) is an essential component of mitochondrial
complex IV of the respiratory chain; without MT-CO2, electron
transport and mitochondrial ATP production cannot proceed.
Recently, Lebok and colleagues (85) showed that high levels of
MT-CO2 protein expression in a cohort of approximately 2,000
breast cancer patients, from Germany and Switzerland, were
clinically associated with advanced tumor stage, higher tumor
grade, lymph nodal metastasis and shorter overall survival (P <
0.0001 each). Moreover, at the molecular level, high MT-CO2
protein expression was associated with elevated Ki67 (a marker of
cell proliferation), the genetic amplification of several oncogenes
(HER2, MYC, CCND1 and MDM2), the deletion of PTEN (a
known tumor suppressor) and the down-regulation of estrogen
receptor (ER-alpha) expression (85). As MT-CO2 is a well-
established surrogate marker of mitochondrial DNA content and
mitochondrial protein translation, these results clinically establish
that high mitochondrial content (85) is a functional biomarker of
aggressive tumor progression and metastasis, as well as poor
prognosis and reduced overall survival. In further support of
these clinical observations, MT-CO2 is over-expressed by >20-
fold in an hTERT-enriched sub-population of breast cancer stem
cells (86). Pharmacologically, MT-CO2 is effectively targeted by the
FDA-approved antibiotic Doxycycline (87), which behaves as an
inhibitor of mitochondrial protein translation and prevents ATP

REFERENCES

1. Langen P, Hucho F. Karl Lohmann and the Discovery of ATP. Angew Chem
Int Ed Engl (2008) 47(10):1824-7. doi: 10.1002/anie.200702929

2. Khakh BS, Burnstock G. The Double Life of ATP. Sci Am (2009) 301(6):84—
90, 92. doi: 10.1038/scientificamerican1209-84

3. Bonora M, Patergnani S, Rimessi A, De Marchi E, Suski JM, Bononi A, et al.
ATP Synthesis and Storage. Purinergic Signal (2012) 8(3):343-57.
doi: 10.1007/s11302-012-9305-8

4. Noji H, Yasuda R, Yoshida M, Kinosita KJr. Direct Observation of the
Rotation of F1-ATPase. Nature (1997) 386(6622):299-302. doi: 10.1038/
386299a0

5. Shampo MA, Kyle RA, Steensma DP, Paul D. Boyer-Nobel Prize for Work on
ATP Synthase. Mayo Clin Proc (2011) 86(11):e51. doi: 10.4065/mcp.2011.0615

6. Senior AE, Weber J. Happy Motoring With ATP Synthase. Nat Struct Mol
Biol (2004) 11(2):110-2. doi: 10.1038/nsmb0204-110

7. Ahmad Z, Cox JL. ATP Synthase: The Right Size Base Model for Nanomotors
in Nanomedicine. Sci World ] (2014) 2014:567398. doi: 10.1155/2014/567398

8. Hargreaves M, Spriet LL. Exercise Metabolism: Fuels for the Fire. Cold Spring
Harb Perspect Med (2018) 8(8):a029744. doi: 10.1101/cshperspect.a029744

9. Neufer PD. The Bioenergetics of Exercise. Cold Spring Harb Perspect Med

(2018) 8(5):a029678. doi: 10.1101/cshperspect.a029678

Wilson DF. Oxidative Phosphorylation: Regulation and Role in Cellular and

Tissue Metabolism. ] Physiol (2017) 595(23):7023-38. doi: 10.1113/JP273839

10.

production (87), ultimately blocking metastasis in preclinical
models (54). Therefore, Doxycycline may also provide a
therapeutic solution for inhibiting MT-CO2 in breast cancer
patients, to help prevent disease progression.

Taken together, these multiple lines of experimental evidence
are all consistent with the idea that mitochondrial ATP-depletion
therapy should be pursued as a viable means to provide
metastasis prophylaxis in cancer patients.

AUTHOR CONTRIBUTIONS

ML wrote the first draft of this review article, which was then
further edited by MF, BO, and FS. MF prepared the figures,
which were edited by BO, ML, and FS. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by research grant funding, provided by
Lunella Biotech, Inc. (to FS and ML). The funder was not involved
in the study design, collection, analysis, interpretation of data, the
writing of this article or the decision to submit it for publication.

ACKNOWLEDGMENTS

We would like to thank the Foxpoint Foundation and the
Healthy Life Foundation for their philanthropic donations
toward new equipment and infrastructure, in the Translational
Medicine Laboratory, at the University of Salford. We are
grateful to Rumana Rafiq, for her kind and dedicated
assistance, in keeping the Translational Medicine Laboratory at
Salford running very smoothly.

11. Morelli AM, Ravera S, Calzia D, Panfoli I. An Update of the Chemiosmotic
Theory as Suggested by Possible Proton Currents Inside the Coupling
Membrane. Open Biol (2019) 9(4):180221. doi: 10.1098/rs0b.180221

Stock D, Leslie AG, Walker JE. Molecular Architecture of the Rotary Motor in ATP
Synthase. Science (1999) 286(5445):1700-5. doi: 10.1126/science.286.5445.1700
Spikes TE, Montgomery MG, Walker JE. Structure of the Dimeric ATP
Synthase From Bovine Mitochondria. Proc Natl Acad Sci USA (2020) 117
(38):23519-26. doi: 10.1073/pnas.2013998117

He J, Ford HC, Carroll ], Douglas C, Gonzales E, Ding S, et al. Assembly of the
Membrane Domain of ATP Synthase in Human Mitochondria. Proc Natl
Acad Sci USA (2018) 115(12):2988-93. doi: 10.1073/pnas.1722086115
Hayashi S, Ueno H, Shaikh AR, Umemura M, Kamiya M, Ito Y, et al.
Molecular Mechanism of ATP Hydrolysis in F1-ATPase Revealed by
Molecular Simulations and Single-Molecule Observations. ] Am Chem Soc
(2012) 134(20):8447-54. doi: 10.1021/ja211027m

Abrahams JP, Leslie AG, Lutter R, Walker JE. Structure at 2.8 A Resolution of F1-
ATPase From Bovine Heart Mitochondria. Nature (1994) 370(6491):621-8.
doi: 10.1038/370621a0

McCay CM, Crowell MF, Maynard LA. The Effect of Retarded Growth Upon
the Length of Life Span and Upon the Ultimate Body Size: One Figure. ] Nutr
(1935) 10(1):63-79. doi: 10.1093/jn/10.1.63

Muller I, Zimmermann M, Becker D, Flomer M. Calendar Life Span Versus
Budding Life Span of Saccharomyces Cerevisiae. Mech Ageing Dev (1980) 12
(1):47-52. doi: 10.1016/0047-6374(80)90028-7

12.

13.

14.

15.

16.

17.

18.

Frontiers in Oncology | www.frontiersin.org

148

October 2021 | Volume 11 | Article 740720


https://doi.org/10.1002/anie.200702929
https://doi.org/10.1038/scientificamerican1209-84
https://doi.org/10.1007/s11302-012-9305-8
https://doi.org/10.1038/386299a0
https://doi.org/10.1038/386299a0
https://doi.org/10.4065/mcp.2011.0615
https://doi.org/10.1038/nsmb0204-110
https://doi.org/10.1155/2014/567398
https://doi.org/10.1101/cshperspect.a029744
https://doi.org/10.1101/cshperspect.a029678
https://doi.org/10.1113/JP273839
https://doi.org/10.1098/rsob.180221
https://doi.org/10.1126/science.286.5445.1700
https://doi.org/10.1073/pnas.2013998117
https://doi.org/10.1073/pnas.1722086115
https://doi.org/10.1021/ja211027m
https://doi.org/10.1038/370621a0
https://doi.org/10.1093/jn/10.1.63
https://doi.org/10.1016/0047-6374(80)90028-7
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Fiorillo et al.

High ATP Production Fuels Metastasis

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Palliyaguru DL, Moats JM, Di Germanio C, Bernier M, de Cabo R. Frailty Index as
a Biomarker of Lifespan and Healthspan: Focus on Pharmacological Interventions.
Mech Ageing Dev (2019) 180:42-8. doi: 10.1016/.mad.2019.03.005

Madeo F, Carmona-Gutierrez D, Hofer SJ, Kroemer G. Caloric Restriction
Mimetics Against Age-Associated Disease: Targets, Mechanisms, and
Therapeutic Potential. Cell Metab (2019) 29(3):592-610. doi: 10.1016/
j.cmet.2019.01.018

Zheng J, Ramirez VD. Inhibition of Mitochondrial Proton FOF1-ATPase/ATP
Synthase by Polyphenolic Phytochemicals. Br J Pharmacol (2000) 130
(5):1115-23. doi: 10.1038/sj.bjp.0703397

Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The Hallmarks
of Aging. Cell (2013) 153(6):1194-217. doi: 10.1016/j.cell.2013.05.039
Esparza-Molto PB, Nuevo-Tapioles C, Cuezva JM. Regulation of the H
(+)-ATP Synthase by IF1: A Role in Mitohormesis. Cell Mol Life Sci (2017)
74(12):2151-66. doi: 10.1007/s00018-017-2462-8

Rajendran M, Dane E, Conley J, Tantama M. Imaging Adenosine
Triphosphate (ATP). Biol Bull (2016) 231(1):73-84. doi: 10.1086/689592
Tannetti EF, Prigione A, Smeitink JAM, Koopman WJH, Beyrath J, Renkema H.
Live-Imaging Readouts and Cell Models for Phenotypic Profiling of Mitochondrial
Function. Front Genet (2019) 10:131. doi: 10.3389/fgene.2019.00131

Depaoli MR, Hay JC, Graier WF, Malli R. The Enigmatic ATP Supply of the
Endoplasmic Reticulum. Biol Rev Camb Philos Soc (2019) 94(2):610-28.
doi: 10.1111/brv.12469

Arai HC, Yukawa A, Iwatate RJ, Kamiya M, Watanabe R, Urano Y, et al.
Torque Generation Mechanism of F1-ATPase Upon NTP Binding. Biophys |
(2014) 107(1):156-64. doi: 10.1016/j.bpj.2014.05.016

Farnie G, Sotgia F, Lisanti MP. High Mitochondrial Mass Identifies a Sub-
Population of Stem-Like Cancer Cells That Are Chemo-Resistant. Oncotarget
(2015) 6(31):30472-86. doi: 10.18632/oncotarget.5401

Wang L, Yuan L, Zeng X, Peng J, Ni Y, Er JC, et al. A Multisite-Binding
Switchable Fluorescent Probe for Monitoring Mitochondrial ATP Level
Fluctuation in Live Cells. Angew Chem Int Ed Engl (2016) 55(5):1773-6.
doi: 10.1002/anie.201510003

Whitaker-Menezes D, Martinez-Outschoorn UE, Flomenberg N, Birbe RC,
Witkiewicz AK, Howell A, et al. Hyperactivation of Oxidative Mitochondrial
Metabolism in Epithelial Cancer Cells in Situ: Visualizing the Therapeutic
Effects of Metformin in Tumor Tissue. Cell Cycle (2011) 10(23):4047-64.
doi: 10.4161/cc.10.23.18151

Sotgia F, Whitaker-Menezes D, Martinez-Outschoorn UE, Flomenberg N,
Birbe RC, Witkiewicz AK, et al. Mitochondrial Metabolism in Cancer
Metastasis: Visualizing Tumor Cell Mitochondria and the "Reverse
Warburg Effect” in Positive Lymph Node Tissue. Cell Cycle (2012) 11
(7):1445-54. doi: 10.4161/cc.19841

Fiorillo M, Sotgia F, Lisanti MP. "Energetic" Cancer Stem Cells (E-CSCs): A New
Hyper-Metabolic and Proliferative Tumor Cell Phenotype, Driven by
Mitochondrial Energy. Front Oncol (2018) 8:677. doi: 10.3389/fonc.2018.00677
Fiorillo M, Scatena C, Naccarato AG, Sotgia F, Lisanti MP. Bedaquiline, an
FDA-Approved Drug, Inhibits Mitochondrial ATP Production and Metastasis
In Vivo, by Targeting the Gamma Subunit (ATP5F1C) of the ATP Synthase.
Cell Death Differ (2021) 28(9):2797-817. doi: 10.1038/s41418-021-00788-x
Weinberg F, Hamanaka R, Wheaton WW, Weinberg S, Joseph J, Lopez M,
et al. Mitochondrial Metabolism and ROS Generation Are Essential for Kras-
Mediated Tumorigenicity. Proc Natl Acad Sci USA (2010) 107(19):8788-93.
doi: 10.1073/pnas.1003428107

Formentini L, Sanchez-Arago M, Sanchez-Cenizo L, Cuezva JM. The
Mitochondrial ATPase Inhibitory Factor 1 Triggers a ROS-Mediated
Retrograde Prosurvival and Proliferative Response. Mol Cell (2012) 45
(6):731-42. doi: 10.1016/j.molcel.2012.01.008

Martinez-Outschoorn UE, Peiris-Pages M, Pestell RG, Sotgia F, Lisanti MP.
Cancer Metabolism: A Therapeutic Perspective. Nat Rev Clin Oncol (2017) 14
(1):11-31. doi: 10.1038/nrclinonc.2016.60

Martinez-Outschoorn UE, Sotgia F, Lisanti MP. Power Surge: Supporting
Cells "Fuel" Cancer Cell Mitochondria. Cell Metab (2012) 15(1):4-5.
doi: 10.1016/j.cmet.2011.12.011

Sotgia F, Ozsvari B, Fiorillo M, De Francesco EM, Bonuccelli G, Lisanti MP. A
Mitochondrial Based Oncology Platform for Targeting Cancer Stem Cells
(CSCs): MITO-ONC-RX. Cell Cycle (2018) 17(17):2091-100. doi: 10.1080/
15384101.2018.1515551

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

De Francesco EM, Sotgia F, Lisanti MP. Cancer Stem Cells (CSCs): Metabolic
Strategies for Their Identification and Eradication. Biochem ] (2018) 475
(9):1611-34. doi: 10.1042/BCJ20170164

Peiris-Pages M, Martinez-Outschoorn UE, Pestell RG, Sotgia F, Lisanti MP.
Cancer Stem Cell Metabolism. Breast Cancer Res (2016) 18(1):55.
doi: 10.1186/s13058-016-0712-6

Lamb R, Ozsvari B, Lisanti CL, Tanowitz HB, Howell A, Martinez-Outschoorn
UE, et al. Antibiotics That Target Mitochondria Effectively Eradicate Cancer Stem
Cells, Across Multiple Tumor Types: Treating Cancer Like an Infectious Disease.
Oncotarget (2015) 6(7):4569-84. doi: 10.18632/oncotarget.3174

Fiorillo M, Peiris-Pages M, Sanchez-Alvarez R, Bartella L, Di Donna L,
Dolce V, et al. Bergamot Natural Products Eradicate Cancer Stem Cells
(CSCs) by Targeting Mevalonate, Rho-GDI-Signalling and Mitochondrial
Metabolism. Biochim Biophys Acta Bioenerg (2018) 1859(9):984-96.
doi: 10.1016/j.bbabio.2018.03.018

Ozsvari B, Sotgia F, Lisanti MP. Exploiting Mitochondrial Targeting Signal(s),
TPP and Bis-TPP, for Eradicating Cancer Stem Cells (CSCs). Aging (Albany
NY) (2018) 10(2):229-40. doi: 10.18632/aging.101384

Fiorillo M, Lamb R, Tanowitz HB, Cappello AR, Martinez-Outschoorn UE,
Sotgia F, et al. Bedaquiline, an FDA-Approved Antibiotic, Inhibits
Mitochondrial Function and Potently Blocks the Proliferative Expansion of
Stem-Like Cancer Cells (CSCs). Aging (Albany NY) (2016) 8(8):1593-607.
doi: 10.18632/aging.100983

Fiorillo M, Lamb R, Tanowitz HB, Mutti L, Krstic-Demonacos M, Cappello
AR, et al. Repurposing Atovaquone: Targeting Mitochondrial Complex III
and OXPHOS to Eradicate Cancer Stem Cells. Oncotarget (2016) 7
(23):34084-99. doi: 10.18632/oncotarget.9122

Ozsvari B, Bonuccelli G, Sanchez-Alvarez R, Foster R, Sotgia F, Lisanti MP.
Targeting Flavin-Containing Enzymes Eliminates Cancer Stem Cells (CSCs), by
Inhibiting Mitochondrial Respiration: Vitamin B2 (Riboflavin) in Cancer
Therapy. Aging (Albany NY) (2017) 9(12):2610-28. doi: 10.18632/aging.101351
Ozsvari B, Sotgia F, Simmons K, Trowbridge R, Foster R, Lisanti MP.
Mitoketoscins: Novel Mitochondrial Inhibitors for Targeting Ketone
Metabolism in Cancer Stem Cells (CSCs). Oncotarget (2017) 8(45):78340-
50. doi: 10.18632/oncotarget.21259

Fiorillo M, Toth F, Sotgia F, Lisanti MP. Doxycycline, Azithromycin and
Vitamin C (DAV): A Potent Combination Therapy for Targeting
Mitochondria and Eradicating Cancer Stem Cells (CSCs). Aging (Albany
NY) (2019) 11(8):2202-16. doi: 10.18632/aging. 101905

Scatena C, Roncella M, Di Paolo A, Aretini P, Menicagli M, Fanelli G, et al.
Doxycycline, an Inhibitor of Mitochondrial Biogenesis, Effectively Reduces
Cancer Stem Cells (CSCs) in Early Breast Cancer Patients: A Clinical Pilot
Study. Front Oncol (2018) 8:452. doi: 10.3389/fonc.2018.00452

Lamb R, Harrison H, Smith DL, Townsend PA, Jackson T, Ozsvari B, et al.
Targeting Tumor-Initiating Cells: Eliminating Anabolic Cancer Stem Cells
With Inhibitors of Protein Synthesis or by Mimicking Caloric Restriction.
Oncotarget (2015) 6(7):4585-601. doi: 10.18632/oncotarget.3278

Saleh AD, Simone BA, Palazzo ], Savage JE, Sano Y, Dan T, et al. Caloric
Restriction Augments Radiation Efficacy in Breast Cancer. Cell Cycle (2013)
12(12):1955-63. doi: 10.4161/cc.25016

Champ CE, Baserga R, Mishra MV, Jin L, Sotgia F, Lisanti MP, et al. Nutrient
Restriction and Radiation Therapy for Cancer Treatment: When Less is More.
Oncologist (2013) 18(1):97-103. doi: 10.1634/theoncologist.2012-0164
Vermeij WP, Dolle ME, Reiling E, Jaarsma D, Payan-Gomez C, Bombardieri CR,
et al. Restricted Diet Delays Accelerated Ageing and Genomic Stress in DNA-
Repair-Deficient Mice. Nature (2016) 537(7620):427-31. doi: 10.1038/nature19329
Ozsvari B, Magalhaes LG, Latimer J, Kangasmetsa J, Sotgia F, Lisanti MP. A
Myristoyl Amide Derivative of Doxycycline Potently Targets Cancer Stem
Cells (CSCs) and Prevents Spontaneous Metastasis, Without Retaining
Antibiotic Activity. Front Oncol (2020) 10:1528. doi: 10.3389/fonc.2020.01528
Ozsvari B, Sotgia F, Lisanti MP. First-In-Class Candidate Therapeutics That
Target Mitochondria and Effectively Prevent Cancer Cell Metastasis:
Mitoriboscins and TPP Compounds. Aging (Albany NY) (2020) 12
(11):10162-79. doi: 10.18632/aging.103336

Sargiacomo C, Stonehouse S, Moftakhar Z, Sotgia F, Lisanti MP. MitoTracker
Deep Red (MTDR) Is a Metabolic Inhibitor for Targeting Mitochondria and
Eradicating Cancer Stem Cells (CSCs), With Anti-Tumor and Anti-Metastatic
Activity In Vivo. Front Oncol (2021) 11:678343. doi: 10.3389/fonc.2021.678343

Frontiers in Oncology | www.frontiersin.org

October 2021 | Volume 11 | Article 740720


https://doi.org/10.1016/j.mad.2019.03.005
https://doi.org/10.1016/j.cmet.2019.01.018
https://doi.org/10.1016/j.cmet.2019.01.018
https://doi.org/10.1038/sj.bjp.0703397
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1007/s00018-017-2462-8
https://doi.org/10.1086/689592
https://doi.org/10.3389/fgene.2019.00131
https://doi.org/10.1111/brv.12469
https://doi.org/10.1016/j.bpj.2014.05.016
https://doi.org/10.18632/oncotarget.5401
https://doi.org/10.1002/anie.201510003
https://doi.org/10.4161/cc.10.23.18151
https://doi.org/10.4161/cc.19841
https://doi.org/10.3389/fonc.2018.00677
https://doi.org/10.1038/s41418-021-00788-x
https://doi.org/10.1073/pnas.1003428107
https://doi.org/10.1016/j.molcel.2012.01.008
https://doi.org/10.1038/nrclinonc.2016.60
https://doi.org/10.1016/j.cmet.2011.12.011
https://doi.org/10.1080/15384101.2018.1515551
https://doi.org/10.1080/15384101.2018.1515551
https://doi.org/10.1042/BCJ20170164
https://doi.org/10.1186/s13058-016-0712-6
https://doi.org/10.18632/oncotarget.3174
https://doi.org/10.1016/j.bbabio.2018.03.018
https://doi.org/10.18632/aging.101384
https://doi.org/10.18632/aging.100983
https://doi.org/10.18632/oncotarget.9122
https://doi.org/10.18632/aging.101351
https://doi.org/10.18632/oncotarget.21259
https://doi.org/10.18632/aging.101905
https://doi.org/10.3389/fonc.2018.00452
https://doi.org/10.18632/oncotarget.3278
https://doi.org/10.4161/cc.25016
https://doi.org/10.1634/theoncologist.2012-0164
https://doi.org/10.1038/nature19329
https://doi.org/10.3389/fonc.2020.01528
https://doi.org/10.18632/aging.103336
https://doi.org/10.3389/fonc.2021.678343
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Fiorillo et al.

High ATP Production Fuels Metastasis

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Molina JR, Sun Y, Protopopova M, Gera S, Bandi M, Bristow C, et al. An
Inhibitor of Oxidative Phosphorylation Exploits Cancer Vulnerability. Nat
Med (2018) 24(7):1036-46. doi: 10.1038/s41591-018-0052-4

Shi Y, Lim SK, Liang Q, Iyer SV, Wang HY, Wang Z, et al. Gboxin is an
Oxidative Phosphorylation Inhibitor That Targets Glioblastoma. Nature
(2019) 567(7748):341-6. doi: 10.1038/s41586-019-0993-x

Nuevo-Tapioles C, Santacatterina F, Stamatakis K, Nunez de Arenas C,
Gomez de Cedron M, Formentini L, et al. Coordinate Beta-Adrenergic
Inhibition of Mitochondrial Activity and Angiogenesis Arrest Tumor
Growth. Nat Commun (2020) 11(1):3606. doi: 10.1038/s41467-020-17384-1
De Mario A, Tosatto A, Hill JM, Kriston-Vizi J, Ketteler R, Vecellio Reane D,
et al. Identification and Functional Validation of FDA-Approved Positive and
Negative Modulators of the Mitochondrial Calcium Uniporter. Cell Rep
(2021) 35(12):109275. doi: 10.1016/j.celrep.2021.109275

Cort A, Ozben T, Saso L, De Luca C, Korkina L. Redox Control of Multidrug
Resistance and Its Possible Modulation by Antioxidants. Oxid Med Cell
Longev (2016) 2016:4251912. doi: 10.1155/2016/4251912

Greenwood HE, McCormick PN, Gendron T, Glaser M, Pereira R, Maddocks
ODK, et al. Measurement of Tumor Antioxidant Capacity and Prediction of
Chemotherapy Resistance in Preclinical Models of Ovarian Cancer by
Positron Emission Tomography. Clin Cancer Res (2019) 25(8):2471-82.
doi: 10.1158/1078-0432.CCR-18-3423

Hatem E, El Banna N, Huang ME. Multifaceted Roles of Glutathione and
Glutathione-Based Systems in Carcinogenesis and Anticancer Drug Resistance.
Antioxid Redox Signal (2017) 27(15):1217-34. doi: 10.1089/ars.2017.7134
Peiris-Pages M, Martinez-Outschoorn UE, Sotgia F, Lisanti MP. Metastasis
and Oxidative Stress: Are Antioxidants a Metabolic Driver of Progression?
Cell Metab (2015) 22(6):956-8. doi: 10.1016/j.cmet.2015.11.008

Kahroba H, Shirmohamadi M, Hejazi MS, Samadi N. The Role of Nrf2 Signaling
in Cancer Stem Cells: From Stemness and Self-Renewal to Tumorigenesis and
Chemoresistance. Life Sci (2019) 239:116986. doi: 10.1016/j.1fs.2019.116986
Fiorillo M, Sotgia F, Sisci D, Cappello AR, Lisanti MP. Mitochondrial "Power"
Drives Tamoxifen Resistance: NQO1 and GCLC Are New Therapeutic
Targets in Breast Cancer. Oncotarget (2017) 8(12):20309-27. doi: 10.18632/
oncotarget.15852

Liu S, Cong Y, Wang D, Sun Y, Deng L, Liu Y, et al. Breast Cancer Stem Cells
Transition Between Epithelial and Mesenchymal States Reflective of Their
Normal Counterparts. Stem Cell Rep (2014) 2(1):78-91. doi: 10.1016/
j.stemcr.2013.11.009

Fiorillo M, Sanchez-Alvarez R, Sotgia F, Lisanti MP. The ER-Alpha Mutation
Y537S Confers Tamoxifen-Resistance via Enhanced Mitochondrial
Metabolism, Glycolysis and Rho-GDI/PTEN Signaling: Implicating TIGAR
in Somatic Resistance to Endocrine Therapy. Aging (Albany NY) (2018) 10
(12):4000-23. doi: 10.18632/aging.101690

Sotgia F, Fiorillo M, Lisanti MP. Mitochondrial Markers Predict Recurrence,
Metastasis and Tamoxifen-Resistance in Breast Cancer Patients: Early
Detection of Treatment Failure With Companion Diagnostics. Oncotarget
(2017) 8(40):68730-45. doi: 10.18632/oncotarget.19612

Chiodi I, Belgiovine C, Dona F, Scovassi Al, Mondello C. Drug Treatment of
Cancer Cell Lines: A Way to Select for Cancer Stem Cells? Cancers (Basel)
(2011) 3(1):1111-28. doi: 10.3390/cancers3011111

Chan GK, Kleinheinz TL, Peterson D, Moffat JG. A Simple High-Content Cell
Cycle Assay Reveals Frequent Discrepancies Between Cell Number and ATP
and MTS Proliferation Assays. PLoS One (2013) 8(5):¢63583. doi: 10.1371/
journal.pone.0063583

Zhou Y, Tozzi F, Chen J, Fan F, Xia L, Wang J, et al. Intracellular ATP Levels
Are a Pivotal Determinant of Chemoresistance in Colon Cancer Cells. Cancer
Res (2012) 72(1):304-14. doi: 10.1158/0008-5472.CAN-11-1674

Schneider V, Krieger ML, Bendas G, Jaehde U, Kalayda GV. Contribution of
Intracellular ATP to Cisplatin Resistance of Tumor Cells. ] Biol Inorg Chem
(2013) 18(2):165-74. doi: 10.1007/s00775-012-0960-6

Recasens A, Munoz L. Targeting Cancer Cell Dormancy. Trends Pharmacol
Sci (2019) 40(2):128-41. doi: 10.1016/j.tips.2018.12.004

Parikh H, Nilsson E, Ling C, Poulsen P, Almgren P, Nittby H, et al.
Molecular Correlates for Maximal Oxygen Uptake and Type 1 Fibers. Am J
Physiol Endocrinol Metab (2008) 294(6):E1152-9. doi: 10.1152/ajpendo.
90255.2008

76. Walker JE. The ATP Synthase: The Understood, the Uncertain and the
Unknown. Biochem Soc Trans (2013) 41(1):1-16. doi: 10.1042/BST20110773

77. Luo M, Zhou W, Patel H, Srivastava AP, Symersky J, Bonar MM, et al.
Bedaquiline Inhibits the Yeast and Human Mitochondrial ATP Synthases.
Commun Biol (2020) 3(1):452. doi: 10.1038/s42003-020-01173-z

78. Urbani A, Giorgio V, Carrer A, Franchin C, Arrigoni G, Jiko C, et al. Purified
F-ATP Synthase Forms a Ca(2+)-Dependent High-Conductance Channel
Matching the Mitochondrial Permeability Transition Pore. Nat Commun
(2019) 10(1):4341. doi: 10.1038/s41467-019-12331-1

79. Mnatsakanyan N, Llaguno MC, Yang Y, Yan Y, Weber J, Sigworth FJ, et al. A
Mitochondrial Megachannel Resides in Monomeric F1IFO ATP Synthase. Nat
Commun (2019) 10(1):5823. doi: 10.1038/s41467-019-13766-2

80. Mnatsakanyan N, Jonas EA. ATP Synthase C-Subunit Ring as the Channel of
Mitochondrial Permeability Transition: Regulator of Metabolism in
Development and Degeneration. ] Mol Cell Cardiol (2020) 144:109-18.
doi: 10.1016/j.yjmcc.2020.05.013

81. LeBleu VS, O'Connell JT, Gonzalez Herrera KN, Wikman H, Pantel K, Haigis
MG, et al. PGC-lalpha Mediates Mitochondrial Biogenesis and Oxidative
Phosphorylation in Cancer Cells to Promote Metastasis. Nat Cell Biol (2014)
16(10):992-1003, 1-15. doi: 10.1038/ncb3039

82. De Luca A, Fiorillo M, Peiris-Pages M, Ozsvari B, Smith DL, Sanchez-Alvarez
R, et al. Mitochondrial Biogenesis is Required for the Anchorage-Independent
Survival and Propagation of Stem-Like Cancer Cells. Oncotarget (2015) 6
(17):14777-95. doi: 10.18632/oncotarget.4401

83. Sanchez-Arago M, Formentini L, Martinez-Reyes I, Garcia-Bermudez J,
Santacatterina F, Sanchez-Cenizo L, et al. Expression, Regulation and
Clinical Relevance of the ATPase Inhibitory Factor 1 in Human Cancers.
Oncogenesis (2013) 2:e46. doi: 10.1038/oncsis.2013.9

84. Garcia-Ledo L, Nuevo-Tapioles C, Cuevas-Martin C, Martinez-Reyes I,
Soldevilla B, Gonzalez-Llorente L, et al. Overexpression of the ATPase
Inhibitory Factor 1 Favors a Non-Metastatic Phenotype in Breast Cancer.
Front Oncol (2017) 7:69. doi: 10.3389/fonc.2017.00069

85. Lebok P, Schiitt K, Kluth M, Witzel I, Wolber L, Paluchowski P, et al. High
Mitochondrial Content Is Associated With Breast Cancer Aggressiveness. Mol
Clin Oncol (2021) 15(4):203. doi: 10.3892/mc0.2021.2365

86. Lamb R, Ozsvari B, Bonuccelli G, Smith DL, Pestell RG, Martinez-Outschoorn
UE, et al. Dissecting Tumor Metabolic Heterogeneity: Telomerase and Large
Cell Size Metabolically Define a Sub-Population of Stem-Like, Mitochondrial-
Rich, Cancer Cells. Oncotarget (2015) 6(26):21892-905. doi: 10.18632/
oncotarget.5260

87. De Francesco EM, Bonuccelli G, Maggiolini M, Sotgia F, Lisanti MP. Vitamin
C and Doxycycline: A Synthetic Lethal Combination Therapy Targeting
Metabolic Flexibility in Cancer Stem Cells (CSCs). Oncotarget (2017) 8
(40):67269-86. doi: 10.18632/oncotarget.18428

Conflict of Interest: ML and FS hold a minority interest in Lunella Biotech, Inc.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

The reviewer, SF, declared a past co-authorship with one of the authors, ML, to the
handling editor.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Fiorillo, Ozsviri, Sotgia and Lisanti. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

October 2021 | Volume 11 | Article 740720


https://doi.org/10.1038/s41591-018-0052-4
https://doi.org/10.1038/s41586-019-0993-x
https://doi.org/10.1038/s41467-020-17384-1
https://doi.org/10.1016/j.celrep.2021.109275
https://doi.org/10.1155/2016/4251912
https://doi.org/10.1158/1078-0432.CCR-18-3423
https://doi.org/10.1089/ars.2017.7134
https://doi.org/10.1016/j.cmet.2015.11.008
https://doi.org/10.1016/j.lfs.2019.116986
https://doi.org/10.18632/oncotarget.15852
https://doi.org/10.18632/oncotarget.15852
https://doi.org/10.1016/j.stemcr.2013.11.009
https://doi.org/10.1016/j.stemcr.2013.11.009
https://doi.org/10.18632/aging.101690
https://doi.org/10.18632/oncotarget.19612
https://doi.org/10.3390/cancers3011111
https://doi.org/10.1371/journal.pone.0063583
https://doi.org/10.1371/journal.pone.0063583
https://doi.org/10.1158/0008-5472.CAN-11-1674
https://doi.org/10.1007/s00775-012-0960-6
https://doi.org/10.1016/j.tips.2018.12.004
https://doi.org/10.1152/ajpendo.90255.2008
https://doi.org/10.1152/ajpendo.90255.2008
https://doi.org/10.1042/BST20110773
https://doi.org/10.1038/s42003-020-01173-z
https://doi.org/10.1038/s41467-019-12331-1
https://doi.org/10.1038/s41467-019-13766-2
https://doi.org/10.1016/j.yjmcc.2020.05.013
https://doi.org/10.1038/ncb3039
https://doi.org/10.18632/oncotarget.4401
https://doi.org/10.1038/oncsis.2013.9
https://doi.org/10.3389/fonc.2017.00069
https://doi.org/10.3892/mco.2021.2365
https://doi.org/10.18632/oncotarget.5260
https://doi.org/10.18632/oncotarget.5260
https://doi.org/10.18632/oncotarget.18428
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

:\' frontiers
in Oncology

MINI REVIEW
published: 05 November 2021
doi: 10.3389/fonc.2021.756888

OPEN ACCESS

Edited by:

Michael P. Lisanti,

University of Salford Manchester,
United Kingdom

Reviewed by:

Pritam Sadhukhan,

Johns Hopkins University,
United States

Herbert Levine,

Rice University, United States

*Correspondence:
Shalmoli Bhattacharyya
shalmoli2007@yahoo.co.in;
shalmolib@gmail.com

Specialty section:

This article was submitted to
Cancer Metabolism,

a section of the journal
Frontiers in Oncology

Received: 11 August 2021
Accepted: 18 October 2021
Published: 05 November 2021

Citation:

Kaur J and Bhattacharyya S (2021)
Cancer Stem Cells: Metabolic
Characterization for Targeted
Cancer Therapy.

Front. Oncol. 11:756888.

doi: 10.3389/fonc.2021.756888

Check for
updates

Cancer Stem Cells: Metabolic
Characterization for Targeted
Cancer Therapy

Jasmeet Kaur and Shalmoli Bhattacharyya™

Department of Biophysics, Postgraduate Institute of Medical Education and Research (PGIMER), Chandigarh, India

The subpopulation of cancer stem cells (CSCs) within tumor bulk are known for tumor
recurrence and metastasis. CSCs show intrinsic resistance to conventional therapies and
phenotypic plasticity within the tumor, which make these a difficult target for conventional
therapies. CSCs have different metabolic phenotypes based on their needs as compared
to the bulk cancer cells. CSCs show metabolic plasticity and constantly alter their
metabolic state between glycolysis and oxidative metabolism (OXPHOS) to adapt to
scarcity of nutrients and therapeutic stress. The metabolic characteristics of CSCs are
distinct compared to non-CSCs and thus provide an opportunity to devise more effective
strategies to target CSCs. Mechanism for metabolic switch in CSCs is still unravelled,
however existing evidence suggests that tumor microenvironment affects the metabolic
phenotype of cancer cells. Understanding CSCs metabolism may help in discovering new
and effective clinical targets to prevent cancer relapse and metastasis. This review
summarises the current knowledge of CSCs metabolism and highlights the potential
targeted treatment strategies.

Keywords: metabolism, cancer stem cell, glucose, glutamine, OxPhos

INTRODUCTION

Cancer causes significant deaths worldwide, despite major innovations in treatment therapy
strategies, radiation- and chemo-therapy and drug delivery technologies. A major contributor to
the cancer treatment-associated toxicities and resistance (1-3), is their inability to eradicate subset
of cancer stem cells (CSCs) which drive tumour growth and heterogeneity. CSCs presence makes
tumors resistant to conventional therapies (4). Density of CSCs is a proven prognostic marker in
various cancers (5, 6), thus targeting CSCs is an effective way for treating cancer.

CSCs self-renewal and asymmetric division capacity help tumors to regenerate and propagate post-
treatment. CSCs populations provide high radio- and chemo-resistance due to efficient DNA repair
and cellular redox homeostasis, protective tumor microenvironment, escape from immune response
and unique metabolic phenotype (7-10). CSCs use metabolic reprogramming to escape immune
system (11) and grant them plasticity (12). Metabolic reprogramming induce M2 phenotype in
tumor-associated macrophages (TAMs) (13, 14) and glycolysis induce IL-6 secretion in M2
macrophages (15). Secreted IL-6 promotes CSC phenotype in cancer cells (16) via activation of
STAT3/NFkB signaling pathways (17). CSCs in turn induce M2 phenotype in TAMs to confer drug
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resistance and tumorigenicity in CSCs by blocking the anti-tumor
CD8" response during chemotherapy (18).

Till date the origin of CSCs remains elusive. Two models are
postulated to explain the genetic and functional heterogeneity of
cancer in a single patient: the clonal evolution model and the
cancer stem cell (CSC) hypothesis (19). The clonal evolution
model suggests that multiple stepwise oncogenic mutations in
somatic cells leads to tumor formation and natural selection
favors the tumor cells with aggressive phenotype (20, 21). The
CSC hypothesis suggests that metabolic events occurring in
cancer epithelial cells may generate CSCs (Figure 1). Altered
metabolic events in cancer cells may affect chromatin
organization and activate epigenetic program (22) which may
further fuel metabolic-reprogramming of CSCs. Two proposed
models explain how metabolic alterations could affect epigenetics
(22). In the first model, metabolism reprogramming facilitates
differentiation of one cell type to another by altering chromatin
modifications without affecting the epigenomic landscape. The
second model proposes that altered metabolism induces new
potential cell types via creation of novel stable epigenetic states,
thus reshaping the entire epigenomic landscape. In this model,
altered metabolism remodels chromatin by either inducing gene
expression or affecting availability of substrates and cofactors for
chromatin-modifying enzymes. In either case, the end-result is a
novel cell state that is irreversible as epigenomic landscape
has changed.

Metabolic characterization of CSCs has been a challenging
task, as CSCs lack a common metabolic phenotype across cancer
types. CSCs metabolic pattern differ from adult stem cells (SCs)
and use either glycolysis or OXPHOS (Figure 1) triggering
cellular plasticity in CSCs (23). Thus, an understanding of
CSCs metabolic features will help target CSCs specifically and
prevent cancer progression. Current review summarizes the
various metabolic features of CSCs along with therapeutic
interventions that can be adopted to target key energy
processes in CSCs. Targeting the metabolic flexibility in CSCs
can emerge as an effective strategy for preventing or minimizing
disease progression and recurrence.

METABOLIC FEATURES OF CSCs

Growth factors, nutrients and oxygen in the tumor
microenvironment provide necessary energy sources and
growth signals for CSCs generation and proliferation. Recently,
metabolism has been identified as a major component in CSCs
biology, as oncogenic alterations has been observed to cause
metabolite-driven dissemination of CSCs (19). Multipotent SCs
use glycolysis (24, 25), have fewer mitochondria and produce less
reactive oxygen species (ROS) (26, 27). Higher ROS levels cause
SCs dysfunction (28-30) and shift to OXPHOS with increased
ROS production leads to differentiated SCs progeny.
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FIGURE 1 | Metabolic features and plasticity of CSCs. Cancer is a heterogeneous disease with multiple sub-populations of cells and CSCs form the self-renewing
and tumorigenic core in a tumor. Cancer cells have a predominant glycolytic phenotype and use aerobic glycolysis for tumor growth. This altered metabolism in cancer
cells may trigger EMT, hypoxia, cell de-differentiation, mutagenesis and clonal evolution for acquisition of CSCs phenotype. The metabolic alterations in CSCs promote
cell-renewal, immune system escape and invasive and metastatic potential. CSCs unlike cancer cells can use glycolysis, OXPHOS or both, depending on their
oncogenic background and bio-energetic needs. This freedom of metabolic choice makes CSCs metabolically plastic and they easily shuffle between metabolic
phenotypes, based on their state i.e. proliferative or quiescent. EMT, epithelial to mesenchymal transition; FAO, fatty acid oxidation; PPP, Pentose phosphate pathway.
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Glycolysis

CSCs were hypothesized to be glycolytic (31), as SCs rely
primarily on glycolysis to generate energy (32). However,
CSCs are more glycolytic than SCs in various cancers (33—
35). Upregulation of glycolytic genes precede pluripotency
markers expression, thus switching from OXPHOS to
glycolysis promotes stemness in CSCs and is not an outcome
of attaining pluripotency (36). CSCs’ glucose uptake and hence
lactate and ATP production is higher (37) and glycolysis
inhibition or glucose starvation cause CSCs’ death (19, 38).
Glycolytic CSCs are shown in CD133" liver carcinoma cells
(39), osteosarcoma-initiating cells (40), breast cells (41) and
glioblastoma cells (35).

Glycolysis is preferred in breast CD44*CD24"°YEPCAM"
CSCs, sphere-forming radio-resistant nasopharyngeal carcinoma
cells (42) and CD133"CD49f" tumor initiating cells (TICs) in
hepatocellular carcinoma (43). Elevated expression of oncogenic
MYC drove stemness in these cancer types (44) and MYC-driven
glycolytic program determined tumorigenic potential (45), thus
making MYC a likely candidate linking glycolysis and stemness.

Lactate supports stemness by upregulation of transcription
factor SP1 and increases aggressiveness, invasiveness and
immune-suppression through sterol regulatory element-
binding protein 1 (SREBP1) (46-51). Hypoxia-inducible
factor-1 (HIF-1) promotes glycolysis in CSCs and declines
OXPHOS and TCA cycle (52). HIF-1 reduces ROS production
and upregulates glucose transporters (GLUT) and hexokinase
(HK2) expression, pyruvate kinase (PK) activity and LDHA
levels and downregulates pyruvate dehydrogenase (PDH) levels
(52). HIF-1 promotes self-renewal and pluripotency in various
cancers making them treatment resistant (19, 53, 54).

NANOG-expressing hepatocellular CSCs have higher
glycolysis and fatty acid oxidation (FAO) rates, and lower
OXPHOS and ROS generation (43). CSCs secretome have
enriched levels of glycolytic and antioxidant pathways proteins
and secreted high levels of ALDH than differentiated cells from
colorectal tumors (24). ALDH detoxifies anticancer drugs such
as maphosphamide and CSCs secreting ALDH promoted self-
preservation and protected nearby differentiated mature cancer
cells, leading to therapy resistance (24). Ovarian CSCs with
glycolysis enrichment, de novo fatty acid synthesis, and
decreased mitochondrial respiration and anaplerotic flux, led
to aggressive tumors with therapy resistance to cisplatin in
comparison to mature cancer cells (34).

Mitochondrial Respiration

As an energy source, OXPHOS is more efficient than glycolysis,
but has a slower rate to produce energy. Quiescent or slow-cycling
tumor-initiating CSCs prefer OXPHOS metabolism over
glycolysis (Figure 1), consume less glucose, have lower lactate
and higher ATP levels (55-57). OXPHOS-dependent CSCs with
low glycolytic reserves are shown in acute myeloid leukemia,
CD133" glioblastoma, melanoma, pancreatic and ovarian cancer
(58-63). In breast CSCs, elevated OXPHOS levels trigger
chemotherapeutic resistance through synergistic action of MYC
and MCL1 (64).

CSCs using OXPHOS have higher mitochondrial mass with
increase in membrane potential and rates of oxygen
consumption (62, 65, 66). Mitochondrial mass is a vital
metabolic biomarker of CSCs (65, 67). Tumor cells without
mitochondrial DNA (mtDNA) grew slowly and acquisition of
mtDNA from host cells led to tumor-initiation and drug
resistance in these tumor cells (68), suggesting mitochondrial
function as a target for CSCs treatment. Master mitochondrial
biogenesis regulator, peroxisome proliferator-activator 1 alpha
(PGClo) maintained stemness characteristics (69) in breast
cancer (70) and pancreatic CD133" CSCs (66) and increased
chemoresistance in CSCs (64, 71-73). NANOG is a pluripotency
gene that supports tumorigenesis through OXPHOS and fatty
acid metabolism (43). Some breast CSCs show elevated glucose
consumption and ATP production, higher mitochondrial
activity but lower lactate levels, suggesting that OXPHOS and
glycolysis may not be mutually exclusive to CSCs (62).

Glutamine Metabolism

Glycolysis and OXPHOS may not completely support CSCs
metabolism, thus glutamine compensates for glucose shortage
(74, 75). Although a non-essential amino acid, glutamine
becomes essential for cancer cells (76) and CSCs from lung,
pancreatic and ovarian cancer have shown glutamine
dependence (77, 78). CSCs rely on glutamine for carbon and
amino-nitrogen for protein, nucleotide and lipids biosynthesis
(79). Glutamine metabolism is rewired by mutations in
mitochondrial DNA (mtDNA) (80) and oncogenic alterations
in KRAS (81, 82) and c-Myc (83) in tumor cells. Glutamine
metabolism in c-Myc-over-expressing cells suggests a
pluripotency gene profile dependence on glutamine (84). In
pancreatic CSCs, glutamine unavailability reduced stemness
characteristics and increased radiation therapy sensitivity (77).
L-DON (a glutamine analog) inhibited glucose metabolism and
prevented systemic metastasis to liver, lung and kidney in
mice (85).

Lipid Metabolism

Cells use an anabolic process of fatty acid synthesis (FAS) to
derive energy from fatty acid metabolism for cell growth and
proliferation, and a catabolic process of fatty acid oxidation
(FAO) for NADH and ATP production (86). CSCs are
extremely reliant on de novo lipid biosynthesis, lipid oxidation
and lipid metabolizing enzymes (87, 88).

Lipid accumulation correlates with tumor stage in mice with
prostate cancer (89). De novo lipid synthesis associated
transcription factor, SREBP-2 activated c-Myc transcription in
prostate cancer, enhancing CSCs properties (90). Increased lipid
droplet content in colorectal CSCs (91), upregulated lipogenesis
in glioma (92) and pancreatic cancer CSCs (93), and increased
fatty acid oxidation (FAO) in breast cancer (94) and leukemic
cells (95) maintained stemness. High levels of unsaturated lipids
in ovarian CSCs promotes cancer stemness and tumor initiation
capacity (96).

CSCs use mitochondrial FAO for ATP and NADPH
generation to survive loss of matrix attachment (97, 98).
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Pluripotency factor NANOG-induced FAO genes expression
promoted chemoresistance in TICs in hepatocellular
carcinoma (43). Hematopoietic stem cells (HSCs) and
leukemia-initiating cells depend on FAO for self-renewal (95,
99) and thus FAO inhibition is a potential pharmacological
opportunity to target CSCs (98). Lipid metabolism enzymes,
ACSVL3 (acyl-CoA synthetase very-long-chain 3) and ALOX5
(arachidonic acid 5-lipoxygenase) promoted glioblastoma CSCs
self-renewal and tumorigenicity (100, 101).

Other Metabolic Features

Mutations in isocitrate dehydrogenase (IDH1 and 2) promote
stem-ness in leukemia by aberrant conversion of o-ketoglutarate
(aKG) to an analogue named 2-hydroxyglutarate (2-HG).
Intracellular accumulation of 2-HG promoted a pro-leukemic
phenotype by inhibiting tet methylcytosine dioxygenase 2
(TET2) function, increased self-renewal and impaired
differentiation of hematopoietic SCs (102-104).

Elevated purine synthesis promoted stemness in brain tumor
initiating cells (BTICs) and correlated with significantly poorer
overall survival in glioblastoma patients (105). MYC regulates
purine synthesis enzymes and its liaison with de novo purine
synthesis mediated selective dependence of BTICs on glucose-
sustained anabolic metabolism. Inhibition of purine synthesis
prevented BTICs growth by inhibiting their self-renewal
capacity, but differentiated glioma cells remained unaffected
(105). Thus frailty of purine synthesis in CSCs makes it a
potential therapeutic target,

Lysine catabolism promoted self-renewal of CD110"
colorectal cancer tumor-initiating cells (TICs) by generating
acetyl-CoA. Acetyl-CoA triggered LDL receptor-related protein
6 (LRP6) acetylation and phosphorylation, and finally activation
of WNT signaling (106). Lysine catabolism promoted drug-
resistance and metastasis to liver in CD110* TICs by glutamate
and glutathione synthesis, which modulated the redox status
(106). Collectively, CSCs use an array of metabolism alterations
to fuel their self-renewal, thus making these metabolic
dependencies open to targeted therapies.

CLINICAL IMPLICATIONS

CSCs have both distinct and flexible metabolic phenotypes
between glycolysis and OXPHOS-dependent. Despite limited
clinical evidence, targeting CSCs through selective metabolic
modulation is an effective and promising avenue for cancer
treatment. In our view, synergistic treatments using a standard
cytotoxic agent and a metabolic-based therapy will improve
eradication of CSCs. Table 1 lists the available metabolic
targeting agents undergoing clinical trials in various cancers.

Targeting Glycolysis

Glycolytic CSCs can be targeted for glycolytic enzymes
(hexokinase (HK), phosphoglycerate kinase, pyruvate kinase)
and glucose transporters (GLUT1-4). Direct inhibition of
GLUTs results in a total disruption of glucose uptake and
hence energy metabolism, and GLUT inhibitors such as

phloretin, fasentin and WZB117 have shown anticancer effects
in preclinical models (107-110). However, ubiquitous expression
of GLUTs even in normal cells challenges the explicit inhibition
of CSCs glucose uptake and leads to side-effects.

HK enzymes catalyze the first step of glycolysis and their
inhibition via 2-deoxy-D-glucose (2-DG), benserazide,
lonidamine (LN) and genistein-27 (GEN-27) are being used for
cancer treatment (111-114). 2-DG is a synthetic analog of
glucose that competitively inhibits glucose transport (115) and
can be used in combination with cisplatin/docetaxel as an anti-
cancer agent (116, 117). 2-DG inhibited glycolysis and CSCs
phenotype in triple-negative breast cancer cells (118) and 2-DG
with biguanides (such as 3-bromopyruvate, 3-BP) prevented
colon cancer cell proliferation (119).

Pyruvate is converted into mitochondrial acetyl-CoA in the
cytosol and is negatively regulated by pyruvate dehydrogenase
kinase (PDK) enzyme. This shifts cellular metabolism from
OXPHOS to glycolysis and thus targeting PDK can inhibit
cellular proliferation of CSCs. Dichloroacetate (DCA) activates
mitochondrial pyruvate dehydrogenase (PDH) by inhibiting
PDK (120), is fairly well-tolerated with fewer side effects and is
being tested in several anticancer clinical trials (121, 122).

CSCs can oscillate between metabolic phenotypes during oxygen
deprivation and glucose starvation, and thus targeting mechanisms
underlying these metabolic adaptations can effectively eliminate
CSCs. Hypoxia-inducible factors (HIFs) promote tumor
progression in response to localized hypoxia by switching to
glycolysis from OXPHOS, activating Notch pathway and
expression of Oct4 transcription factor (123, 124). This suggests
HIF-10’s role in self-renewal and multipotency and targeting HIFs
can be a prospective treatment for CSCs. Metformin, although an
antidiabetic drug, attenuated glycolysis flux in hepatocellular
carcinoma cells (125) and improved radiotherapy response in
prostate and colon cancer tumor xenograft models (126).
Epigallocatechin gallate (EGCG) is an inhibitor of glycolysis and
its co-treatment with gemcitabine enhanced pancreatic cancer cell
death both in vitro and in xenografts (127).

Targeting Mitochondrial Respiration
Several OXPHOS-targeting pharmacological agents are being
explored in clinical trials for cancer treatment (Table 1) and
have potential to target CSCs. OXPHOS inhibition overcame
drug resistance in slow-cycling melanoma cells and
mitochondria-targeted antibiotics prevented sphere formation
and tumorigenesis in CSCs (61, 128). Metformin inhibited
mitochondrial electron transport chain complex I and
diminished OXPHOS (129). Metformin caused energy
emergency and hence apoptosis in OXPHOS-dependent
pancreatic cancer stem cells (CSCs), but spared their glycolytic
differentiated progenies (66). Diabetic patients receiving
metformin have a lower mortality rate from cancer and hence
a better prognosis (130, 131). Phenformin, a biguanide formerly
used in diabetes and a mitochondrial inhibitor induced non-
small cell lung cancer (NSCLC) cells apoptosis (132).

CSCs mitochondrial mass and metabolism can be targeted
using approved antibiotics like tetracyclines, salinomycin and
erythromycins. Antibiotic salinomycin inhibits OXPHOS (133)
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TABLE 1 | Clinical trial status of drugs targeting metabolic pathways.

METABOLIC TARGET MOLECULE DRUG CANCER TYPE CLINICAL RECRUITMENT  CLINICAL
PATHWAYS TRIAL STATUS TRIAL
PHASE NUMBER
Amino acid Glutaminase Phenylacetate Brain tumor Phase-Il Completed NCT00003241
metabolism CB-839 Renal Cell Carcinoma Phase-Il Active NCT03428217
Hematological tumor Phase-| Completed NCT02071888
Leukemia Phase-| Completed NCT02071927
Asparagine Asparaginase Acute myloid leukemia Phase-lll Active NCT00369317
Phase-lll Recruiting NCT02521493
Pegylated L- Epithelial Ovarian Cancer, Phase II Completed NCT01313078
Asparaginase Fallopian Tube Cancer, and/or
Primary Peritoneal Cancer
Arginine Arginine deiminase Soft Tissue Sarcoma, Phase-Il Active NCT03449901
Osteosarcoma, Ewing’s
Sarcoma, and Small Cell Lung
Cancer
Fatty acid FASN TVB-2640 Colon Cancer Phase-| Recruiting NCT02980029
synthesis Solid Malignant Tumor Phase- Completed NCT02223247
Breast Cancer Phase-Il Recruiting NCT03179904
Non-Small Cell Lung Phase-ll Recruiting NCT03808558
Carcinomas
Astrocytoma Phase-Il Active, not NCT03032484
recruiting
Cholesterol HMGCR Statins Breast Cancer Phase-lll Recruiting NCT03971019
synthesis Prostate Cancer NA Completed NCT01428869
Gastric Cancer NA Completed NCT01813994
Breast Cancer Phase-Il Completed NCT00816244
Lipid- Prostaglandin-endoperoxide Celecoxib Breast Cancer Phase-lll Completed NCT02429427
Mediated synthase 2 Pancreatic Cancer Phase-Il Completed NCT00068432
Signaling Lung Cancer Phase-Il Completed NCT00030407
EP4 receptor (prostaglandin PGE1 Prostate Cancer Phase-Il Completed NCT00080808
receptor) Penile Cancer NA Completed NCT00955929
Omega-3 Skin Cancer NA Completed NCT01032343
polyunsaturated fatty Bladder Cancer NA Recruiting NCT04664816
acids (-3 PUFAs) Breast Cancer NA Active, not NCT02295059
recruiting
Tricarboxylic  Pyruvate dehydrogenase kinase Dichloroacetate (DCA) Head and neck cancer Phase-| Completed NCT01163487
acid cycle (PDK1) Glioblastoma and Other Phase-| Completed NCT01111097
(TCA) Cycle Recurrent Brain Tumors
Brain cancer Phase-Il Completed NCT00540176
Metastatic solid tumor Phase-| Completed NCT00566410
Glycolysis GLUT4 Ritonavir HER2-expressing Advanced Phase-| Active NCT03383692
Solid Malignant Tumors
Hexokinase 2-deoxy-D-glucose (2- Lung cancer Phase-ll Active NCT01394679
DG) Prostate cancer NA Active NCT00002981
Pyruvate kinase (PK) TLN-232 Renal Cell Carcinoma Phase-Il Completed NCT00422786
OXPHOS Cytochrome b Atovaquone Acute myloid leukemia Phase-| Active NCT03568994
Lung cancer Phase-| Recruiting NCT04648033
Respiratory complex |, Metformin Breast cancer Phase-Il Active NCT02028221
mitochondrial glycerol-3- Prostate cancer Phase-Il Active NCT02945813
phosphate dehydrogenase Endometrial cancer Phase-Il Active NCT02755844
(MGPDH) Lung cancer Phase-Il Active NCT03048500
Pentose Glucose-6-phosphate Resveratrol Colon cancer Phase-| Completed NCT00256334
phosphate dehydrogenase (GEPDH) Gastrointestinal Tumors NA Completed NCT01476592
pathway (PPP) Colorectal Cancer Phase-| Completed NCT00433576
Colorectal Cancer Phase-| Completed NCT00920803
G6PDH and ribose-5-phosphate  Dehydroepiandrosterone Vaginal Atrophy In Breast Phase-IV Recruiting NCT04705883
(R-5P) (DHEA) Cancer Survivors
Multiple myeloma Phase-Il Completed NCT00006219
G6PDH, 6PGDH and Arginine and ascorbic Head and Neck Cancer NA Completed NCT03531190
Transaldolase TA acid combination
Nucleotide DNA & RNA synthesis 5-Fluorouracil (5-FU) Pancreatic cancer Phase-Il Active NCT02352337
biosynthesis Colon cancer Phase-| Active NCT02724202
Biliary tract cancer Phase-Il Active NCT03524508
(Continued)

Frontiers in Oncology | www.frontiersin.org

155

November 2021 | Volume 11 | Article 756888


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Kaur and Bhattacharyya

Metabolism in CSCs

TABLE 1 | Continued

METABOLIC TARGET MOLECULE DRUG CANCER TYPE CLINICAL RECRUITMENT  CLINICAL
PATHWAYS TRIAL STATUS TRIAL
PHASE NUMBER
Bladder cancer Phase-Il Active NCTO0777491
Cytarabine Multiple myeloma Phase-Il Active NCT02416206
Methotrexate Head and Neck Cancers Phase-Il Active NCT03193931
Breast Cancer NA Completed NCT00615901
Head and Neck Cancer Phase-ll Active NCT01884623
Brain Tumors Phase-| Completed NCT02458339
DNA synthesis Folate Colorectal Cancer Phase-| Completed NCT00096330
Non-Small Cell Lung Cancer Phase-Il Completed NCT00609518
Head and Neck Squamous Cell Phase-Il Completed NCT01183065
Cancer
Methyltransferases Genistein Breast cancer Phase-Il Completed NCT00244933
Prostate cancer Phase-Il Completed NCT00584532
Colorectal cancer Phase-| Completed NCT01985763
Pancreatic cancer Phase-Il Completed NCT00376948
Epigallocatechin Gallate = Colorectal Cancer Phase-| Recruiting NCT02891538
(EGCG) Lung Cancer Phase-Il Enrolling by NCT02577393
invitation
Histone deacetylases (HDAC) Butyrate Rectal cancer Phase-Il Completed NCT04795180
Sulforaphane Prostate cancer Phase-Il Completed NCT01228084
3,3 Diindolylmethane Prostate Cancer Phase-Il Completed NCT00888654
Histone acetyltransferase Curcumin Colon cancer Phase-| Active NCT02724202
Breast cancer Phase-Il Completed NCT01042938
Prostate cancer Phase-Il Active NCT02724618
Colon cancer Phase-| Active NCT02724202
Gastric cancer Phase-Il Active NCT02782949
Acetylation of non-histone Butyrate Epstein Barr virus-induced Phase- Completed NCT00006340
proteins malignancies
Combination mTOR (mammalian target of Everolimus Pancreatic cancer Phase-Il Active, not NCT02294006
treatments rapamycin) recruiting
Respiratory complex |, mGPDH Metformin
Cyclooxygenase (COX) Aspirin Colorectal Cancer Phase-Il Unknown NCT03047837
Respiratory complex |, mGPDH Metformin
HMG-CoA reductase Atorvastatin Triple Negative Breast Cancer Phase-Il Recruiting NCT03358017
Farnesyl pyrophosphate (FPP) Zoledronate
synthase
Arginase INCB001158 Advanced/Metastatic Solid Phase-I Active, not NCT02903914
Programmed cell death protein 1 Pembrolizumab Tumors Phase-Il recruiting
(PD-1)
Glutaminase CB-839 Solid Tumors Phase-| Terminated NCT03875313
Poly ADP ribose polymerase Talazoparib Phase-Il  (Slow Enroliment)
(PARP)
Respiratory complex |, mGPDH Metformin Prostate Cancer Phase-Il Completed NCT01796028
Microtubules Taxotere
Respiratory complex |, mGPDH Metformin Cancer Phase-lll  Not yet recruiting NCT02201381
HMG-CoA reductase Atorvastatin
30S ribosomal subunit Doxycycline
Tubulin Mebendazole
Coenzyme A Coenzyme A Castration-resistant Prostate Phase-| Recruiting NCT04839055
CYP17A1 (17 alpha-hydroxylase/  Abiraterone Cancer Phase-Il
C17,20 lyase)
Respiratory complex |, mGPDH Metformin Endometrial Cancer Phase-Il Active, not NCT02755844
PARP Olaparib Phase-| recruiting
Phosphoramide mustard Metronomic
cyclophosphamide
Respiratory complex |, mGPDH Metformin Colorectal Cancer Phase-Il Completed NCT01941953
DNA & RNA synthesis Fluorouracil Pancreatic Cancer Phase-Il Completed NCT01666730
Respiratory complex |, mGPDH Metformin Breast Cancer Phase-Il Completed NCT01310231
Athracyclines, platinum, taxanes Standard chemotherapy
or capecitabine; first or second
line
Respiratory complex |, mGPDH Metformin Hydrochloride Endometrial Cancer Phase-Il NCT02065687
(Continued)
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TABLE 1 | Continued

METABOLIC TARGET MOLECULE DRUG
PATHWAYS
DNA Carboplatin
Respiratory complex |, mGPDH Metformin
Prostaglandin-endoperoxide Celecoxib

synthase 2

and salinomycin treatment reduced breast CSCs gene expression.
Antibiotic tigecycline inhibited mitochondrial translation in
mitochondrial associated ribosomes in OXPHOS-dependent
leukemia cells (134).

CSCs using OXPHOS have a higher mitochondrial membrane
potential (Aym) and thus Aym can be explored for selective
accumulation of cytotoxic drugs. Triphenylphosphonium (TPP)
accumulates in the mitochondrial matrix (135) and conjugation of
TPP to doxorubicin prevented drug efflux by enhancing drug
selectivity in cancer cells (136). Dual inhibition of glycolysis and
OXPHOS in sarcoma cells, using 2-DG and oligomycin/
metformin co-treatment (137), suggests that simultaneous
inhibition of glycolytic and mitochondrial respiration is more
effective to eradicate CSCs (138, 139).

Targeting Glutamine Metabolism

Although a non-essential amino acid, glutamine becomes
essential as a favored respiratory fuel for cancer cells and thus
depriving glutamine is a potential anti-cancer strategy.
Glutamine metabolism can be blocked by inhibiting
glutaminase 1 (GLS1), an enzyme that converts glutamine to
glutamate. GLS1 inhibition disrupted redox balance in CSCs and
sensitized lung and pancreatic cancers to radiotherapy (77, 140).
GLS1 inhibitors, BPTES (141) and CB-839 reduce intracellular
glutamate and 2-hydroxyglutarate (an oncometabolite) levels.
Lower glutamate levels inhibited cell growth, induced apoptosis
and differentiation in Acute Myeloid Leukemia (AML) cells
(142). CB-839 is under clinical trials for various cancers
including renal cell carcinoma, hematologic cancer and
leukemia (Table 1).

Targeting Lipid Metabolism

Cancer cells predominately use glycolysis for ATP production
instead of oxidizing energy-rich substrates. However, unlike
non-cancerous cells dependence on dietary lipids, cancer cells
use de novo lipogenesis. Thus targeting fatty acid synthase
(FASN), a central enzyme to lipogenesis, is a promising
strategy to eliminate CSCs. FASN inhibitor cerulenin reduced
de novo lipogenesis and in turn proliferation, migration and
stemness of glioma stem cells (GSCs), induced apoptosis in colon
cancer cell lines (92, 143) and blocked proliferation of pancreatic
spheres (93). C75 decreased HER2+ breast cancer cells self-
renewal capacity at non-cytotoxic concentrations (144).
However, due to toxicity issues in in-vivo studies owing to high
selectivity of FASN inhibitors, only one FASN inhibitor (TVB-
2640) is under clinical trials to date (Table 1).

CANCER TYPE CLINICAL RECRUITMENT  CLINICAL
TRIAL STATUS TRIAL
PHASE NUMBER
Active, not
recruiting
Liver Cancer Phase-lll Unknown NCT03184493
Prostate Cancer Phase-Il & Recruiting NCT00268476

Studies show that increased fatty acid production in cancer
cells raises their dependence on desaturases (enzymes that add
double bonds into acyl-CoA chains). Thus targeting desaturase
enzyme activity may provide a novel approach to selectively
interfere lipid metabolism in CSCs. Several stearoyl-CoA
desaturase-1 (SCD-1) inhibitors have effectively targeted
stemness in pre-clinical models of cancer. Inhibitors like
CAY10556 and SC-26196 reduced stem-ness markers and
inhibited in-vitro sphere formation and in-vivo tumorigenicity,
by down-regulating Hedgehog and Notch expression in aldehyde
dehydrogenase (ALDH)- and CD133-enriched ovarian cells and
had no effect on differentiated cells (96). Similarly, SCD-1
inhibitors (SSI-4 or A939572) promoted differentiation in
chemo-resistant hepatospheres with little toxicity in vivo (145).
MF-438 reduced expression of self-renewal and pluripotency
markers in lung ALDHI" cells (146).

Along with de novo lipogenesis, cancer cells also take lipids
from the extracellular milieu (147) using LDL receptor (LDLR)
(148), CD36 fatty acid translocase, fatty acid transport proteins
(FATPs) (149) or fatty acid-binding proteins (FABPs) (150).
Inhibition of CD36 transporter with 2-methylthio-1,4-
naphtoquinone reduced self-renewal and promoted apoptosis
in CD133" glioblastoma (151) and sulfosuccinimidyl oleate
reduced chemo-resistant leukemic stem cells (152). CD36-
neutralizing antibodies inhibited progression and metastasis of
oral squamous cell carcinoma and had no reported toxicity
in-vivo (153).

Highly proliferating cells also have a higher demand for
components of cell membrane like cholesterol. Cholesterol is
either taken up from exogenous sources or synthesized using
FASN or mevalonate pathway (154). Statins inhibit cholesterol
synthesis through the mevalonate pathway and their target
enzyme is 3-hydroxy-3-methyl-glutharyl-coenzyme A
reductase (HMGCR). Statins treatment decreased CSCs self-
renewal capacity and number in breast (155), nasopharyngeal
(156) carcinomas and CD133" brain TICs (157). MYC controls
over-expression of mevalonate pathway genes and thus anti-
CSCs effects of statins could be due to MYC inhibition (157).

Synthesized or accumulated fatty acids are also converted to
signaling lipids and energy via FAO, in addition to membrane
incorporation or being stored. FAO is an essential energy source in
non-glycolytic tumors (158, 159), as CSCs show higher FAO in
nutrient-deprived conditions (63, 86, 160, 161). FAO promotes
pluripotency and chemoresistance (94) by reducing ROS
production (162, 163) and promoted metastatic capacity in
sphere-derived cells (164). Etomoxir, an inhibitor of FAO,
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inhibited mammosphere formation in hypoxic breast CSCs (165)
and eradicated half of quiescent leukemia SCs (99), suggesting that
FAO inhibitors hinder CSCs survival. In hepatocellular carcinoma,
etomoxir sensitized CSCs to sorafenib treatment (43). Soraphen A,
cerulenin and resveratrol inhibited FAO and lowered stemness
markers and spheroid formation in CSCs (92, 166, 167).

Lipids also support CSCs functionality by being second
messengers in signal transduction pathways. Sphingolipids,
eicosanoids (prostaglandin E2) and glycerophospholipids
(Iysophosphatidic acid (LPA)) boost CSCs number by
activation of Notch, AKT and NF-kB pathways in breast,
bladder, colorectal (CRC) and ovarian cancer (168-171). Lipid-
mediated signaling in CSCs thus can be targeted using inhibitors
and dietary supplements. Inhibition of autotoxin (ATX) (a
lysophosphatidic acid (LPA)-producing enzyme) with $32826
or PF8380 reduced tumorigenicity and chemoresistance in-vivo
(171). Inhibition of LPA production in cancer cells modulated
the immune system by inducing monocytes differentiation to
macrophages and launching cancer-associated fibroblasts
(CAFs) phenotype (172, 173). Prostaglandins are major lipid
mediator in CSCs and celecoxib treatment of Apc™™/p mice
reduced number of CD1337CD44" cells and tumor burden (170).
Celecoxib reduced patient-derived CSCs content and liver
metastatic tumors number in NOD scid gamma (NSG) mice
and weakened chemoresistance in bladder carcinomas,
indicating its potential as an adjuvant therapy (169). In
contrast, reduction of CD34" cells in chronic myelogenous
leukemia (CML) xenograft model by EP4 receptor
(prostaglandin receptor) agonist misoprostol or PGE1 (FDA-
approved), suggests a context-dependent role of prostaglandins
in stem-ness (174). Further, dietary omega-3 polyunsaturated
fatty acids (-3 PUFA) decreased CRC risk and reduced CD133"
content in CRC cell lines (175, 176). Eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) supplementation
decreased breast tumorspheres proliferation (177) and EPA
with chemotherapy suppressed tumor growth in mice (178),
suggesting an anti-CSCs properties of -3 PUFAs.

Combination Treatments

CSCs can also attain a combined metabolic phenotype where both
glycolysis and OXPHOS are utilized (Figure 1). This phenotype
can be attained by direct association of AMP-activated protein
kinase (AMPK, master regulator of OXPHOS) and HIF-1 (master
regulator of glycolysis) activities (179). High AMPK/HIF-1
activities leads to higher glycolysis and OXPHOS, and provide
enhanced proliferation and clonogenicity compared to only
glycolytic or OXPHOS phenotype (179). In addition, CSCs
metabolize glutamine along with glucose for carbon and amino-
nitrogen to synthesize amino acids, nucleotides and lipids (79).
Additionally, CSCs also use de novo lipogenesis to increase their
bioenergetic requirements and are linked in tumor metastasis (88).
Also preclinical and clinical setting has shown that targeting a
single metabolic pathway like glycolysis has low success rates and
enhanced side effects as GLUT transporters are ubiquitous. Also,
inhibition of hexokinase II with ionidamine showed no significant
improvement in overall survival but led to elevated toxicity (114,
180-182). Thus combination treatments targeting two or more

metabolic pathways will majorly erase CSCs, prevent tumor
relapse and prevent side-effects of a single treatment.

Further, combining a standard cytotoxic therapy with a
metabolic inhibitor will probably enhance CSCs eradication.
Combinations of metformin and JQ-1 (bromodomain and
extraterminal motif (BET) inhibitor) in pancreatic cancer (66)
or PI3K inhibitor in ovarian cancer (183) blocked both OXPHOS
and glycolysis. Apart from direct metabolic inhibition, targeting
oncogenes regulating cellular metabolism will also eradicate
CSCs effectively. KRAS mutation occurs in about 90% of
pancreatic cancer cases (184) and KRAS drives glycolysis and
nucleic acids synthesis (185, 186). ¢-MYC is essential for
glycolysis in cancer (187, 188) and MYC suppression prevents
mitochondrial inhibitors resistance (66, 75). Thus combination
approaches can be extended to target CSCs as an anti-cancer
strategy. Table 1 lists the clinical trials using combination
treatments for various cancers.

FUTURE CHALLENGES

Figure 1 summarizes the known CSCs’ metabolic phenotypes
and how these phenotypes switch with metabolic stressors like
nutrient deprivation and hypoxia. However, melanoma cells
attain a drug-tolerant “idling state” after enduring MAPK
inhibition (MAPKi) and this state has a metabolically Low/
Low (L/L) phenotype, where both AMPK/HIF-1 activity and
OXPHOS/glycolysis are minimal (189). L/L phenotype does not
favor tumorigenicity but supports cell division. These idle L/L
drug-tolerant cells accumulate mutations to promote relapse
post MAPKi melanoma treatment (189).

Further adding to the complexity of CSCs metabolism, Luo
et al. (190) showed that breast cancer stem cells (BCSCs) have
two states: quiescent mesenchymal-like (M) and proliferative
epithelial-like (E). Proliferative E-BCSCs showed higher
mitochondrial OXPHOS, whereas M-BCSCs have enrichment
of glycolysis and gluconeogenesis pathways and hypoxia
promotes M to E transition in BCSCs (190). Thus CSCs’
multiple metabolic phenotypes (glycolytic, OXPHOS,
combined and L/L) explain the futility of current efforts to
eradicate CSCs and a deeper understanding of CSCs metabolic
plasticity would translate to better therapeutic strategies.

CONCLUDING REMARKS

CSCs provide treatment resistance and promote metastasis
during tumor growth and targeting metabolism holds potential
in overcoming cancer recurrence and metastasis by CSCs.
Deciphering metabolic reprogramming in cancer showed
differences between metabolic phenotypes of CSCs and their
differentiated counterparts. CSCs metabolism shuffles between
glycolysis and OXPHOS primarily, however the mechanisms of
CSCs metabolic heterogeneity are still unknown. Current
knowledge suggests that carefully designed metabolic therapies
have potential to be more effective against CSCs. Further,

Frontiers in Oncology | www.frontiersin.org

158

November 2021 | Volume 11 | Article 756888


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Kaur and Bhattacharyya

Metabolism in CSCs

co-targeting CSCs using metabolic drugs and traditional anticancer
treatments could be more efficient. The ongoing clinical trials
targeting CSCs show a promising future for cancer therapy and are
worth exploring further. More preclinical and clinical studies are
thus required to uncover novel metabolic targets in CSCs.
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