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1 Department of Physiology and Medical Physics, Royal College of Surgeons in Ireland, Dublin, Ireland, 2 Centre for Systems
Medicine, Royal College of Surgeons in Ireland, Dublin, Ireland

Breast cancer cells have different requirements on metabolic pathways in order to
sustain their growth. Triple negative breast cancer (TNBC), an aggressive breast cancer
subtype relies mainly on glycolysis, while estrogen receptor positive (ER+) breast
cancer cells possess higher mitochondrial oxidative phosphorylation (OXPHOS) levels.
However, breast cancer cells generally employ both pathways to sustain their metabolic
needs and to compete with the surrounding environment. In this study, we demonstrate
that the mitochondrial fission inhibitor MDIVI-1 alters mitochondrial bioenergetics, at
concentrations that do not affect mitochondrial morphology. We show that this effect
is accompanied by an increase in glycolysis consumption. Dual targeting of glycolysis
with 2-deoxy-D-glucose (2DG) and mitochondrial bioenergetics with MDIVI-1 reduced
cellular bioenergetics, increased cell death and decreased clonogenic activity of MCF7
and HDQ-P1 breast cancer cells. In conclusion, we have explored a novel and effective
combinatorial regimen for the treatment of breast cancer.

Keywords: Warburg effect, breast Cancer, MDIVI-1, cell death, bioenergetics, OXPHOS

INTRODUCTION

Metabolic rewiring in breast cancer cells critically contributes to disease progression (Long
et al., 2016). In general, this malignancy displays a highly lipogenic phenotype with glucose and
glutamine playing a central role in sustaining cell growth (Mishra and Ambs, 2015). Breast cancer
cells possess a highly versatile metabolism and can use different energy sources and metabolic
pathways for their energetic and anabolic requirements. Metabolic rewiring also allows breast
cancer cells to adapt to different nutrient available in the surrounding environment and to switch
metabolic pathways to adapt to limiting growth conditions (Vander Heiden and DeBerardinis,
2017). It is widely accepted that glucose plays an important role in cancer progression. In 1920,
the German scientist Otto Warburg, observed that tumors take up increased amount of glucose,
compared to the surrounding cells, with the subsequent fermentation to lactate (Warburg et al.,
1927). Of note, breast cancer is a heterogeneous disease that can be divided into several molecular
subtypes, each of them characterized by the presence of distinct metabolic alterations. In line with

Abbreviations: 2DG, 2-deoxy-D-glucose; ER, estrogen receptor; FRET, foerster resonance energy transfer; KB, krebs buffer;
OXPHOS, mitochondrial oxidative phosphorylation; TMRM, tetramethylrhodamine methyl ester; TNBC, triple negative
breast cancer.
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the Warburg effect, it has been shown that triple negative breast
cancer (TNBC) and HER2 positive breast cancer possess higher
levels of glycolytic activity than estrogen receptor positive (ER+)
breast cancer cells (Choi et al., 2013; Pelicano et al., 2014; Lanning
et al., 2017). In TNBC, it was reported that EGF signaling
is responsible for the activation of the first step in glycolysis
(Lim et al., 2016), and that c-Myc regulate this metabolic
feature by suppressing the expression of thioredoxin-interacting
protein (Shen et al., 2015). Glutamine is also an important
mediator of breast cancer metabolism. Indeed, both TNBC and
HER2+ subtypes possess increased glutamine consumption and
glutaminolysis levels (Kung et al., 2011; Kim et al., 2013; Lampa
et al., 2017). In contrast, ER+ breast cancer cells have been
found to be more dependent on OXPHOS, even when glycolysis
is functioning (Rodriguez-Enriquez et al., 2010; Lanning et al.,
2017).

In a recent study, we have recently shown that breast cancer
bioenergetics are also controlled by members of the BCL-2
protein family, a family of proteins originally shown to be
primarily involved in apoptosis regulation (Czabotar et al.,
2014). However, it is now becoming increasingly evident, that
BCL-2 family proteins also regulate mitochondrial fusion and
fission dynamics and may regulate mitochondrial respiratory
chain activity (Chen and Pervaiz, 2007; Alavian et al., 2011;
Hardwick and Soane, 2013; Gross, 2016; Williams et al.,
2016). BCL2 and BCL(X)L selective inhibitors (Venetoclax and
WEHI-539, respectively) were able to decrease mitochondrial
bioenergetics and ATP production (Lucantoni et al., 2018).
Of note, this metabolic inhibition observed was independent
of apoptosis induction. Additionally, we have also shown that
these inhibitors were able to decrease mitochondrial morphology
and fusion/fission dynamics (Lucantoni et al., 2018). We then
highlighted that dual targeting of glycolysis, with 2-deoxy-D-
glucose, and mitochondrial metabolism, using BCL2 inhibitors
can be used as a potential strategy to stop the progression of both
ER+ and TN breast cancer (Lucantoni et al., 2018).

In the present study, we wanted to explore the effect of
mitochondrial dynamics interference on bioenergetics and cell
survival. Mitochondria are tightly regulated organelles that
provides for different cellular functions, apart from their role
of producing high amount of energy (Friedman and Nunnari,
2014). The complex mitochondrial structure is deeply linked
to the bioenergetics function performed by this organelle at
the physiological level (Galloway et al., 2012). The highly
mitochondrial plasticity is regulated by enzymatic processes
(Westermann, 2010). Mitochondrial fusion and fission are
important in maintaining a healthy pool of mitochondria, since
structural abnormalities lead to bioenergetics defects (Chen
et al., 2005), compromised autophagy control systems (Twig and
Shirihai, 2011) and accumulation of mitochondrial DNA damage
(Chen et al., 2010). These membrane remodeling activities are
mediated by dynamin-related proteins 1 (Drp1), mitofusin (Mfn)
1 and 2 and Opa1. Drp1 is the key regulator of mitochondrial
fission, the splitting of one mitochondrion in two or more smaller
mitochondria. When recruited on the outer mitochondrial
membrane by human fission protein 1 (Fis1), Drp1, together with
other structural bending proteins, forms oligomeric rings around

the membrane to fragment it (Detmer and Chan, 2007; McBride
and Soubannier, 2010). Due to the importance of mitochondrial
dynamics, an effort has been made to develop chemical tools
to alter these processes. In fact, a selective Drp1 inhibitor,
MDIVI-1, has been discovered through a screening of a chemical
library (Cassidy-Stone et al., 2008). Nonetheless, a recent work,
shed light on MDIVI-1 selectivity and mechanism of action, as
this compound was reported to inhibit reversibly mitochondrial
complex I-dependent O2 consumption (Bordt et al., 2017).

Here, we show, by employing population and single cell
time-lapse imaging approaches, how the dual targeting of
mitochondrial bioenergetics, with the fission and complex I
inhibitor MDIVI-1, and glycolysis inhibition, can be used as a
potential strategy for the treatment of breast cancer.

MATERIALS AND METHODS

Materials and Reagents
Fetal bovine serum, RPMI 1640 medium, Thiazolyl Blue
Tetrazolium Bromide (MTT), dimethyl sulfoxide (DMSO),
sodium pyruvate, D-glucose, 2-deoxy-D-glucose and
MDIVI-1 came from Sigma-Aldrich (Dublin, Ireland).
Tetramethylrhodamine methyl ester (TMRM) was from
Invitrogen (Biosciences, Ireland).

Cell Lines
MCF7 and HDQ-P1 cells were cultured in RPMI-1640
supplemented with 10% FBS, 1% L-Glutamine and 1%
Penicilin/Streptomycin. All cell lines were incubated at
37◦C in humidified atmosphere with 5% of CO2. Cell lines
were authenticated by STR typing from Source Bioscience
(Nottingham, United Kindom).

MTT Assay
The MTT assay was used to determine mitochondrial activity
following combination treatment of MDIVI-1 and 2DG. MCF7
cells and HDQ-P1 cells were seeded at a density of 1.5× 104 cells
for well on 96-well plates, kept at 5% CO2 and 37◦C and treated
with increasing concentration of MDIVI-1 (from 0.1 to 10 µM)
in combination with 2DG (from 0.3 to 30 mM). After 72 h, 20 µL
of 5 mg/mL MTT in 1X PBS was added to each well and the plate
incubated at 37◦C for 4 h. Consequently medium was removed
and crystals were suspended in 100 µL DMSO. Absorbance at
570 nm was recorded on a Clariostar reader (BMG Labtech,
Ireland). Experiments were repeated three times on cultures from
different platings; each treatment was performed in triplicate
during every experiment.

Live Cell Time-Lapse Imaging of
Mitochondrial and Cytosolic ATeam
FRET Probe, TMRM Dye, and Glucose
FRET Probe
Cells were seeded at a concentration of 2 × 103 in sterile Willco
dishes and let to adhere over-night. Then, the plasmid with the
mitochondrial targeted Ateam construct (Imamura et al., 2009)
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was transfected into MCF7 cells with lipofectamine 2000 for 4 h.
On the day of the experiment, adherent cells were washed twice
with krebs-hepes buffer (KB, 140 mM NaCl, 5.9 mM KCl, 1.2 mM
MgCl2, 15 mM HEPES) and the medium replaced with 1 mL
of KB containing 30 nM TMRM, 2 mM sodium pyruvate and
2.5 mM CaCl2. Mineral oil was added on top of the KB to prevent
evaporation and the dishes transferred to a heated stage above
a 63×/1.4 NA Plan-Apochromat oil immersion objective lens
on an inverted confocal laser-scanning microscopes (LSM 710,
Zeiss). Mitochondrial ATP kinetics measurements were carried
out using a lasers of 405, 488, and 561 nm for excitation of
FRET/CFP, YFP and TMRM respectively with a pixel dwell time
of 2.55 µs and images taken every minute. Detection ranges were
set to 445–513 nm and 513–562 nm for CFP and FRET/YFP,
while 562–710 nm was used for TMRM with pinholes set to 2 µm
optical sectioning (FWHM). Cells were treated with 0.1, 1, and
10 µM MDIVI-1, with a time window of 20 min before each
addition.

The FLII12Pglu-700µδ6 “glucose-FRET” probe (plasmid
#17866, Addgene) was used to detect intracellular glucose
concentration with a linear response range between 0.05 and
9.6 mM. Glucose binds to the glucose–galactose-binding protein
with the subsequent probe conformational change and increase
in FRET signal. This plasmid has been optimized to reduce pH
sensitivity [enhanced yellow fluorescent protein (YFP) replaced
with citrine protein] and other potential artifacts (Fehr et al.,
2003; Takanaga et al., 2008). Again, cells were seeded in sterile
Willco dishes and transfected as described above. On the day of
the experiment KB with 5 mM glucose was added on top of the
cells, with mineral oil to prevent evaporation. The dishes were
transferred to a heated stage above a 40×/1.3 Numerical Aperture
(NA) Plan-Neofluar oil immersion objective lenses on a inverted
epifluorescence microscope (Axiovert 200M, Zeiss), used with
selected polychroic mirror and filter wheel settings. Experiments
were carried out using 0.09% of a HBO 100 mercury short-
arc lamp for excitation with a band pass of 438/24 nm (center
wavelength and band width) for FRET/CFP (cyan fluorescent
protein) and a band pass filter with 500/24 nm YFP (yellow
fluorescent protein) with exposure time of 20 ms, and 531/40 nm
for TMRM with an exposure time of 10 ms. Baseline levels
were measured for 20 min, then 1 µM MDIVI-1 was added
for 30 min. Subsequently we added 5 mM 2DG for 30 min
and 20 mM glucose for the last 20 min. Same setup and
settings were used for cytosolic ATP reporter imaging using
ATeam1.03-nD/nA/pcDNA3 (plasmid #51958, Addgene). For
this experiment, we measured 20 min baseline followed by 5 mM
2DG treatment for 30 min. Then we added 3 µM MDIVI-1 or
vehicle for 2 h, and 20 mM glucose for the final 30 min.

Images were processed using ImageJ2 (National Institutes
of Health, Bethesda, MD, United States) and Metamorph 7.5
(Universal Imaging Co., Westchester, PA, United States). Time-
lapse sequences were imported into ImageJ and background was
first subtracted from each image. After creating combined images
of the three fields of views for each channel sequence, a median
filter with a radius of one pixel was applied. The combined images
were then processed using Metamorph. Mitochondria, cytosolic
glucose and ATP signals within cells were segmented from

background using the YFP time lapse images. The segmented
mitochondrial or cytosolic areas were converted into a mask
used to remove background values from any further analysis
of the FRET/CFP stack. To this end the FRET image stack
was first multiplied by the YFP-mask and divided by CFP
image stack, and regions of interest were then selected for
analysis. A custom made Metamorph journal was used to obtain
the average intensity signal from all regions, and an excel
macro was then applied to sort the values and to converted
them to percentage normalized to the baseline. All experiments
were performed at least three times independently of each
other.

Live Cell Time-Lapse Imaging of
Caspase DEVD FRET Probe
MCF7-DEVD cells (Rehm et al., 2002) where plated on
glass bottom dishes (Willco Wells, Netherlands). Time lapse
experiments where performed on LSM 710 or a home build
epifluorescence live cell imaging setup both equipped with stage
incubator set to 37◦C and 5% CO2. Drugs were added as
described in the figures (10 mM 2DG after 30 min and 3 µM
MDIVI-1 after 60 min) and cells were imaged in intervals of
2–5 min for 48 h. On the LSM 710 and the epifluorescence
settings were used as described above in order to image the
CFP and YFP intensities to determine a disruption of FRET
monitoring caspase-3 activation. Single cell CFP/FRET kinetics
were analyzed after background subtraction in all YFP positive
areas using ImageJ (1.51 k, by Wayne Rasband, NIH) and plotted
in MS-Excel. An increase in the CFP/FRET ratio is indicative
of DEVD substrate cleavage. Treatment and control experiments
were performed three times each.

Synergy Calculations
MTT was employed to measure mitochondrial activity, while
phenol red absorbance was used to obtain pH values of the
nutrient medium covering the live cells. After 72 h treatment
MTT protocol was utilized as previously described. An excel
template was used to calculate the mitochondrial activity after
normalization to vehicle treated cells and Combination index,
using Webb’s fractional product method (Webb, 1963). An
excel template was used to calculate the fraction affected
from MTT data and the results were analyzed with the web
version of Chalice Analyzer (Horizon Discovery) to calculate
isobologram. pH was recorded before the addition of MTT
through the measurement of phenol red absorbance spectra.
The wavelength range was 350–650 nm with a step width
of 5 nm and a bidirectional mode was employed for the
reading. The path length correction, considering the volume
(200 µL) and the thickness of the plate was taken into
account, using appropriate options on the ClarioStar reader.
An excel template was utilized to calculate the 560/440 nm

ratio and the formula log
[

560 nm
440 nm
0.0002

]
/1.18 was employed to

obtain pH values. Each treatment was performed in duplicate;
experiments were repeated three times on cultures from different
platings.
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Clonogenic Assay
A 1000 cells were seeded in a 6-well plate. After 72 h treatment
with 3 µM of MDIVI-1 alone and in combination with 10 mM
2DG, fresh medium was added in each well and colonies
were growth for 7 days. Cells were then fixed in 4% PFA for
10 min at room temperature and stained with crystal violet
(0.5% in 1× PBS). Plates were scanned on a CanoScan LiDE 80
(Canon) at a resolution of 1200 dpi. Images were then cropped
with ImageJ and analyzed with OpenCFU software (Geissmann,
2013). Experiments were repeated three times on cultures from
different platings; each treatment was performed in triplicate
during every experiment.

Flow Cytometry
Cells were seeded on a 24 well plate at a density of 6∗104 cells for
well and treated with vehicle, 10 mM 2DG, 3 µM MDIVI-1, and
combination treatments. After incubation time (72 h) cells were
collected by tripsinization and stained with Annexin V-FITC and
PI (Biovision) for 20 min at room temperature in dark condition
and analyzed using a CyFlow ML (Partec) flow cytometer and
FloMax software. A minimum of 10,000 events were recorded
for each sample. Each treatment was performed in triplicate;
experiments were repeated three independent times.

Statistical Analysis
Data are given as means± SD (standard deviation). Correlations
were assessed using Spearman’s rank correlation analysis. For
statistical comparison, two-way analysis of variance (ANOVA)
or one-way analysis followed by Tukey’s post hoc test were
employed. P < 0.05 were considered to be statistically significant.

RESULTS

Mitochondrial Fission and Complex I
Inhibitor MDIVI-1 Decrease
Mitochondrial ATP Production and
Bioenergetics
MCF7 cells were transfected with a mitochondrial ATeam
expression vector, a FRET based sensor that enables the
measurement of ATP production/consumption kinetics in living
cells (Imamura et al., 2009). Cells were placed in Krebs buffer
(KB) in the presence of 2 mM pyruvate to supply mitochondrial
respiration. Following measurement of baseline kinetics for
mitochondrial ATP and membrane potential, MDIVI-1 was
titrated by adding increasing concentrations of this inhibitor,
every 20 min (0.1, 1, and 10 µM). As highlighted in Figures 1A,B
sequential additions of MDIVI-1 decreased mitochondrial ATP
levels over the time-course, with 1 and 10 µM showing the
highest effect. We analyzed the FRET/CFP ratio and found
a significant decrease in the mitochondrial ATP production
at all concentration used (Figure 1B). Interestingly, we also
observed an increase in mitochondrial membrane potential when
0.1 and 1 µM of MDIVI-1 was used (Figures 1A–C). This is
in line with a previous work that highlighted mitochondrial
hyperpolarization following complex I inhibition with rotenone

(Forkink et al., 2014). However, we recorded a high heterogeneity
of changes in the membrane potential when 10 µM of the
inhibitor was added, implying disruption of mitochondrial
activity at different levels (Figures 1A,B,D).

MDIVI-1 Treatment Decrease
Intracellular Glucose Concentration
In order to have a better understanding of the bioenergetics
status of the cell, we also studied the kinetics of glucose
consumption, using a glucose sensitive FRET probe (Takanaga
et al., 2008). In this case, cells where placed in 5 mM glucose in
order to mimic a more physiological tumor environment. After
measurement of baseline kinetics, we added 1 µM of MDIVI-
1 and followed the intracellular glucose levels. As shown in
Figures 2A–C addition of 1 µM MDIVI-1 significantly decreased
cytosolic glucose kinetics. In order to confirm that the effects
observed were dependent on glycolysis, we used the glycolytic
inhibitor 2DG. We found that the addition of 5 mM 2DG
increased cellular glucose concentration (Figure 2B). The further
addition of 20 mM glucose caused an increment in the signal
(Figure 2C). Again, we observed an increase in TMRM signal
after 1 µM MDIVI-1 treatment that was maintained following
2DG addition. Intriguingly, addition of 20 mM glucose decreased
membrane potential level to normal (Figures 2A,B,D). These
findings suggested that upon induced mitochondrial dysfunction,
in the presence of oxygen, the Warburg effect sustains cancer cells
and also reveals a fast response and adaptability of breast cancer
cells to changes in the surrounding environment.

The Dual Inhibition of Glycolysis and
OXPHOS as a Potential Treatment
Strategy for Breast Cancer
Targeting the Warburg effect with 2DG has been proposed
as a promising treatment strategy for a variety of cancer
types (Aft et al., 2002; Zhang et al., 2006, 2014). 2DG is a
glucose analog in which an atom of hydrogen replaced the 2-
hydroxyl group. Upon cellular uptake, 2DG is phosphorylated
by HKII with the formation of 2DG-P, which is not further
converted in fructose-6-phosphate by phosphohexose isomerase.
This ultimately leads to raised 2DG-P levels, hexokinase II
inhibition and decreased cytosolic ATP (Maher et al., 2004).
Due to observed decrease in mitochondrial ATP production and
increase in glucose consumption following MDIVI-1, we further
explored the idea of combining this treatment with glycolysis
inhibition through 2DG.

When breast cancer cells were treated with combination of
2DG and MDIVI-1, we recorded altered bioenergetics responses
(Figure 3). We performed a 6 × 6 dose matrix format to test
for any synergistic activity between MDIVI-1 and 2DG in either
ER+MCF7 or TNBC HDQ-P1 cancer cells. After 72 h treatment
with increasing concentrations of 2DG in combination with
increasing concentrations of MDIVI-1, mitochondrial activity
was evaluated and data analyzed using Webb fractional product
method (Webb, 1963) and isobologram analysis for evaluation of
drug interactions. Additionally, we also measured the medium
pH through phenol red absorbance as a read-out of lactate
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FIGURE 1 | MDIVI-1 treatment decrease mitochondrial ATP production. (A) Representative images of the FRET/CFP ratio in MCF7 cells transfected with the mito
ATeam FRET probe in MDIVI-1 titration experiments. TMRM was used to measure mitochondrial membrane potential changes. (B) Mitochondrial ATP and
membrane potential kinetics in MCF7 during MDIVI-1 titration. FRET/CFP ratio and TMRM fluorescence kinetics were recorded simultaneously. Baseline was
recorded for 20 min, after which 0.1, 1, and 10 µM of MDIVI-1 was added to the medium with intervals of 20 min. All data represent mean ± SD from n = 3
independent experiments and both signals are normalized to the baseline levels. (C) The absolute FRET/CFP ratio was analyzed by taking the minimal value reached
by the probe in each cell after each MDIVI-1 addition into account. Values were evaluated by one-way ANOVA with Tukey post-test for multiple comparison
(∗ indicates a p-value < 0.05, ∗∗ indicates a p-value < 0.01, and ∗∗∗ indicates a p-value < 0.001). (D) TMRM intensity values, normalized to the baseline levels, were
analyzed by taking the maximal value reached during MDIVI treatments into account and statistical analysis was performed as described in (C).

production during glycolysis. Higher concentrations of 2DG
(10 and 30 mM) in combination with 0.3–10 µM MDIVI-1
induced a significant decrease in MTT absorbance in MCF7 cells
(Figure 3A). Similar results were obtained for HDQ-P1 cells
(Figure 3B), starting at lower concentrations (3–30 mM 2DG
in combination with 0.3–10 µM MDIVI-1). We then analyzed
the synergistic interactions between the treatments, and found
that 10 and 30 mM 2DG highlighted synergistic combination
index values (CI, Figures 3A,B, black boxes) in combination
with 1–10 µM (MCF7 cells) and 0.3–10 µM MDIVI-1 (HDQ-
P1). CI is an indicator of synergy (CI < 1), additivity (CI = 1)
or antagonism (CI > 1). When using the isolobogram analysis,
we were able to validate synergy between the two compounds
in MCF7 and HDQ-P1 cells (Figure 3E). Moreover, the synergy
interaction was more efficient in HDQ-P1 cells when compared
to MCF7 (Figure 3F), as CI values were significantly lower.

As shown in Figures 3C,D, higher concentrations of 2DG
(10 and 30 mM) increased the medium pH to 7 in both

MCF7 and HDQ-P1 cells, respectively. Treatment with 10 and
30 mM 2DG in combination with MDIVI-1 (0.1–10 µM)
also increased the pH at 7, indicating that cells started to
take up lactate from the medium. Lower concentrations of
2DG (0.3–1 mM) in combination with MDIVI-1 (0.1–10 µM)
did not change the pH compared to control conditions
(Figures 3C,D).

Furthermore, we also took advantage of the cytosolic version
of the ATP FRET reporter to study the bioenergetics response of
MCF7 cell treated with the combination of 2DG and MDIVI-1.
Cells were placed in 5 mM glucose and treated with 5 mM 2DG
for 30 min after recording baseline values. As expected, addition
of 2DG decreased the cytosolic ATP production (Figures 4A–D).
When 3 µM MDIVI-1 was added to the medium, a further
reduction of cytosolic ATP was observed when compared to
vehicle treated cells (Figure 4E). The final addition of 20 mM
glucose partially recovered ATP production; interestingly, this
recovery was less pronounced in the combination treatment
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FIGURE 2 | MDIVI-1 treatment decrease glucose consumption. (A) Representative images of the FRET/CFP ratio of MCF7 cells transfected with the glucose FRET
probe. (B) Cytosolic glucose and membrane potential kinetics in MCF7 during MDIVI-1 treatment. FRET/CFP ratio kinetics and TMRM fluorescence were recorded
simultaneously in MCF7 cells. Baseline was recorded for 20 min, after which 1 µM of MDIVI-1 was added to the medium. After 30 min 5 mM 2DG was added for a
further 30 min, followed by the addition of 20 mM glucose for 20 min. All data represent mean ± SD from n = 3 independent experiments and both signals are
normalized to the baseline levels. (C) The absolute FRET/CFP ratio was analyzed by taking the minimal value reached by the probe in each cell after each MDIVI-1
addition and the maximal value after 2DG and glucose treatment into account. Values were evaluated by one-way ANOVA with Tukey post-test for multiple
comparison (∗ indicates a p-value < 0.05, ∗∗ indicates a p-value < 0.01 and ∗∗∗ indicates a p-value < 0.001). (D) TMRM intensity values, normalized to the baseline
levels, were analyzed by taking the maximal value reached during MDIVI-1 treatments into account and statistical analysis was performed as described in (C).

when compared to vehicle (Figure 4E). We also analyzed the
slope of ATP consumption and found that MDIVI-1 treated
cells showed faster ATP consumption kinetics when compared
to vehicle treated cells (Figure 4G). Moreover 2DG increased
the TMRM signal, while MDIVI-1 addition slightly decreased
TMRM fluorescence when compared to vehicle (Figure 4F).
Similar results were obtained when 20 mM glucose was added to
cells under combination treatment (Figure 4F).

This suggested that combination treatments of 2DG and
MDIVI-1 induced metabolic stress with an associated inhibition
of glycolytic activity and mitochondrial respiration.

2DG in Combination With MDIVI-1
Decrease Clonogenic Potential and
Increase Cell Death in Breast Cancer
Cells
We next asked whether combination treatment would affect
clonogenic potential and cell death levels of breast cancer cells.
One of the optimal synergistic concentrations (10 mM 2DG in
combination with 3 µM MDIVI-1) was subsequently selected
to perform the experiments. Treatment of MCF7 cells with
10 mM 2DG induced a 30% decrease in colony formation,

when compared to vehicle treated cells (Figures 4A,B). On
the other hand, treatment with MDIVI-1 alone did not induce
any change in colony formation (Figures 4A,B). Interestingly,
2DG/MDIVI-1 combination, showed a pronounced inhibition
of colony formation, with a decrease to 7% of colonies when
compared to vehicle or 2DG alone (Figures 4A,B). Similar results
were observed in the TNBC cell lines where 2DG decreased
the number of colonies to 70% and combination treatments to
5–10% when compared to either vehicle or 2DG treated cells
(Figures 4A,B).

Furthermore, we employed flow cytometry to assess the
levels of Annexin V/PI levels after treatments. Following 72 h,
addition of 10 mM 2DG slightly decreased surviving cells
to 80% and increased apoptotic cell levels to 10–15%, while
3 µM MDIVI-1 treatment did not have any effect (Figure 4C).
Interestingly, combination treatment decreased surviving cell
levels to around 50–60% and increased apoptotic cells to 50–
60% in both MCF7 and HDQ-P1 (Figure 4C). Finally, we took
advantage of MCF7 cells overexpressing a caspase activity FRET
reporter constituted by the cleavage sequence DEVD (Rehm et al.,
2002). Cells were treated with vehicle or combination treatment
of 10 mM 2DG and 3 µMDIVI-1. We found that during
combination treatment, caspase activity increased following
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FIGURE 3 | Combination treatment of 2DG with MDIVI-1 synergistically alters mitochondrial activity and pH levels in breast cancer cell lines. A 6 × 6 dose matrix
assay was performed treating MCF7 and HDQ-P1 cells with increasing concentration of 2DG in combination with increasing concentration of MDIVI-1 for 72 h.
Mitochondrial activity was measured by MTT assay, while the extracellular pH was measured by phenol red absorbance. Data are represented as a heatmap.
(A,B) Mitochondrial activity values for 2DG in combination with MDIVI-1 in MCF7 and HDQ-P1 cells, respectively. (C,D) pH data for 2DG in combination with MDIVI-1
in MCF7 and HDQ-P1 cells, respectively. All values represent mean from n = 3 independent experiments. Each experimental treatment was performed in duplicate.
(E) Isobologram analysis for fraction affected in % calculated from MTT, results for MCF7 and HDQ-P1 cells. (F) CI values were calculated using Webb’s fractional
product method and analyzed with one-way ANOVA with Tukey post-test to test significance in MCF7 and HDQ-P1 cells, respectively (∗∗ indicates a
p-value < 0.05). A CI value lower than 1 means synergy while a CI lower than 0.3 is classified as strong synergy; CI values > 1 are considered as antagonistic.
Results represent means ± SD.

different kinetics (Figures 5E,F) when compared to control
experiment (Figures 5D,F).

DISCUSSION

In this work, we demonstrated that the mitochondrial complex
I and fission inhibitor MDIVI-1 inhibits mitochondrial ATP
production, and increases glucose consumption in cancer cells.
Furthermore, we highlighted that this inhibitor is synthetically
lethal in breast cancer cells when combined with the glycolysis
inhibitor 2DG.

We first determined the activity of MDIVI-1 on mitochondrial
ATP production in breast cancer cells, by using a single-cell
time lapse imaging approach. As previously stated, MDIVI-1 was
found to inhibit OXPHOS complex I (Bordt et al., 2017). Thus, in
line with these results, we found that titration of this inhibitor
profoundly affected mitochondrial bioenergetics. Importantly,
this effect occurred at much lower concentrations compared to
the ones used to inhibit mitochondrial fission and complex I (25–
100 µM) (Bordt et al., 2017). In conjunction with mitochondrial
ATP experiments we also looked into the effect of this inhibitor
on glucose consumption. Our data suggest that the decrease
in mitochondrial ATP level and bioenergetics are accompanied
by an activation of glycolysis as a compensatory mechanism to
provide for the energetics need of breast cancer cells. Indeed, it
has been previously shown that upon complex I inhibition with
rotenone, breast cancer cells increase their glucose uptake and
switch to a more glycolytic phenotype (Xu et al., 2015). Similar

results were obtained with the gene-silencing of a mitochondrial
complex I subunit (Suhane et al., 2013). Another independent
study has shown that upon complex I inhibition with Metformin,
glycolysis activates and promote cellular growth (Menendez et al.,
2012).

Our study also demonstrates the importance of glycolysis
inhibition as a strategy for the treatment of breast cancer.
Glycolysis is an important metabolic route; in addition to
function as a rapid source of ATP, it has been shown to
be involved in other important metabolic pathways, such
as pentose phosphate, hexosamine and glycogen synthesis
(Hay, 2016). Cancer cells increase their glucose uptake by
modulating the expression of hexokinase II (HKII), which, in
turn, phosphorylates glucose and blocks its transport to the
extracellular compartment mediated by specific transporters
(Mathupala et al., 2001; Patra et al., 2013). HKII is associated
with the mitochondrial outer membrane through the interaction
with voltage-dependent anion-selective channel (VDAC). VDAC
transfers the ATP produced by the mitochondria to HKII
to catalyze the glucose phosphorylation reaction (Mathupala
et al., 2006). A second regulation step is the conversion
of phosphoenolpyruvate into pyruvate mediated by pyruvate
kinases. In order to reroute metabolites to different pathways
and support cell growth, low affinity pyruvate kinase M2 isoform
is exploited by cancers to decrease this reaction (Israelsen and
Vander Heiden, 2015). In conjunction, pyruvate is converted
to lactate to maintain NAD+ levels. It has also been observed
that acidification of tumor microenvironment by extracellular
lactate may improve tumor invasion (Gatenby et al., 2006).
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FIGURE 4 | Combination treatment of 2DG with MDIVI-1 decrease ATP bioenergetics. (A,B) Representative images for FRET/CFP ratio from cytosolic ATP FRET
probe and TMRM for vehicle and MDIVI-1 in combination with 2DG, respectively. (C,D) Cytosolic ATP and membrane potential traces in MCF7 during vehicle and
MDIVI-1 treatment in combination with 2DG, respectively. FRET/CFP ratio kinetics and TMRM fluorescence were recorded simultaneously in MCF7 cells. Cells were
placed in KB with 5 mM glucose and baseline was recorded for 20 min, after which 5 mM 2DG was added to the medium. After 30 min vehicle or 3 µM MDIVI-1
was added. After recording of the signal for 2 h 20 mM glucose was added for 30 min. All data represent mean ± SD from n = 3 independent experiments and both
signals are normalized to the baseline levels. (E) The absolute FRET/CFP ratio was analyzed by taking the minimal value reached by the probe in each cell after 2DG
and MDIVI-1 addition and the maximal value after 20 mM glucose treatment into account. Values were evaluated by one-way ANOVA with Tukey post-test for
multiple comparison (∗ indicates a p-value < 0.05, ∗∗ indicates a p-value < 0.01 and ∗∗∗ indicates a p-value < 0.001). (F) TMRM intensity values, normalized to the
baseline levels, were analyzed by taking the max and min values after each treatment into account and statistical analysis was performed as described in (E).
(G) Slope values were assessed by dividing the minimal FRET/CFP ratio to the 1time (time offset – time onset). Values were analyzed using Mann-Whitney test to
show significance (∗∗∗ indicates a p-value < 0.001).

Additionally, it has been highlighted that the microenvironment
acidification and the competition for the available glucose
by tumors, restricts the activity of the immune system

(Chang et al., 2015; Ho et al., 2015). As previously stated, cancer
cells have the ability to reroute metabolic pathways, hence this
might contribute to attenuate the outcome of 2DG-based therapy.
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FIGURE 5 | Combination treatment of 2DG with MDIVI-1 decrease clonogenic potential and surviving cell levels in MCF7 and HDQ-P1 cells. (A,B) Clonogenic assay
of cells treated with vehicle, 10 mM 2DG, 3 µM of MDIVI-1 and combination treatment of 10 mM 2DG with 3 µM of MDIVI-1 in MCF7 and HDQ-P1 cells,
respectively. After 72 h treatment medium was changed and clonogenic capability assayed after 7 days in culture. Images were cropped using ImageJ and colonies
were counted automatically with Open CFU software and the change in colony growth was normalized to vehicle-treated cells. Bars represent means ± SD from
three independent experiments. One-way ANOVA with Tukey post-test was used to assess significance comparison (∗ indicates a p-value < 0.05, ∗∗ indicates a
p-value < 0.01, and ∗∗∗ indicates a p-value < 0.001). (C) Percentages of surviving (AnnV-/PI-) and apoptotic (Ann V+/PI− plus AnnV+/PI+ fraction) after vehicle,
10 mM 2DG or 3 µM MDIVI-1 alone and in combination in MCF7 and HDQ-P1 cells, respectively. Significance was assayed with a two-way ANOVA and Tukey
post-test comparison (∗ indicates a p-value < 0.05, ∗∗ indicates a p-value < 0.01, and ∗∗∗ indicates a p-value < 0.001). Each column represents mean ± SD for
n = 3 experiments. In all experiments, asterisk was used to indicate significance between treated conditions and vehicle control, while hash was used for significance
between MDIVI-1 and 2DG. (D,E) Kinetics of caspase cleavage following treatment of MCF7-DEVD cells with vehicle or 10 mM 2DG in combination with 3 µM
MDIVI-1. Cells were imaged for 48 h and treatment were added after the first 30 min (10 mM 2DG) and 60 min (3 µM MDIVI-1) of the experiment. An increase in the
CFP/FRET ratio is indicative of caspase cleavage. (F) Representative images of caspase cleavage in MCF7-DEVD cells following vehicle or combination treatments.
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During glucose starvation or energetic stress, in order to survive,
cancer cells switch to different sources of energy and carbon,
through activation of AMPK signaling (Faubert et al., 2015).
Furthermore, cancer cells might engage OXPHOS to compensate
for decreased glycolysis or use alternative carbon sources. It has
been shown that fatty acid oxidation increases upon glucose
withdrawal to sustain ATP generation (Wolfe, 1998; Jelluma et al.,
2006). Additionally, when glucose is removed and substituted
by pyruvate, an increase in TCA cycle metabolites, alanine, and
aspartate was observed (Oppermann et al., 2016). An alternative
energy provider for cancer cells is glutamine, which is used
to fuel TCA cycle or support nucleotide, protein, and lipid
synthesis (De Vitto et al., 2016). Glucose starvation/deprivation
might also activate glutaminolysis. Glutamine is initially
deaminated by glutaminase with the production of ammonia and
glutamate. Glutamate dehydrogenase converts this last one in
α-ketoglutarate, to enter TCA cycle and produce ATP. In this
context, it has been observed that glucose starvation increased
activity of glutamate dehydrogenase (Jin et al., 2016). Hence
the combined treatment of 2DG with an agent that inhibits
mitochondrial respiration, as performed in this study, represents
an attractive treatment approach.

2DG also activates autophagy, a conserved mechanism that
recycles intracellular components, such as misfolded proteins
or damaged organelles, and that has been proven to sustain
cancer growth (Giammarioli et al., 2012; White, 2015). It has
been proposed that autophagy activation upon 2DG treatment,
involved ER stress and elicited a protective mechanism (Xi et al.,
2011).

It has been also highlighted that 2DG-P accumulation in the
cells increases the carbon flow into citrate production, impairing
ADP phosphorylation, with a decrease in glycolysis (Pietzke et al.,
2014). 2DG also acts on protein glycosylation and induces ER
stress (Kang and Hwang, 2006; Kurtoglu et al., 2007). Hence other
mechanisms beyond bioenergetics inhibition may contribute to
the synergistic activity of 2DG and MDIVI-1 observed in this
study. It has been demonstrated that 2DG sensitizes cancer
cells to both chemotherapy and radiation therapy, showing
that patients could benefit from this combination treatment (El
Mjiyad et al., 2011). This glycolytic inhibitor has been tested
in a variety of clinical trials, alone or in combination with
chemotherapy (Raez et al., 2005; Goldberg et al., 2012; Sborov
et al., 2015). It has been shown that 2DG is well tolerated up to
a concentration of 200 mg/kg followed by whole brain irradiation
(Mohanti et al., 1996). Hence combination treatments with 2DG
represent a viable and promising strategy.

Indeed 2DG, as a single agent, has not yet been successfully
translated to the clinic, due to poor efficiency recorded in clinical
trials (Bost et al., 2016). As an example it has been shown
that 2DG alone was not able to effectively remove cancer cells
in an in vivo model of human osteosarcoma and non-small
cell lung cancers (Maschek et al., 2004). In line with previous
literature, we also found that only a small population of breast
cancer cells treated with 2DG underwent cell death (Figure 4C).
As pointed out in a review by Zhang et al. 2DG may have
a cyto-protective effect, as ATP is crucial for the development
of both intrinsic and extrinsic apoptosis (Zhang et al., 2014).

When cells were treated with MDIVI-1 alone, cell death was
also absent in ER+ (MCF7) and TN (HDQ-P1) breast cancer
cells (Figure 4C), and only the combination was effective.
Previous studies have also suggested that combining 2DG
with agents that target OXPHOS represents a viable treatment
strategy. Metformin inhibits complex I activity and increases
glycolysis and lactate production (Chaube et al., 2015). Thus
blocking lactate production was found to be deleterious for
metabolism and synthetically lethal in melanoma (Chaube et al.,
2015). Moreover, another group has reported a synthetically
lethality of complex I inhibition with metformin and glucose
withdrawal (Menendez et al., 2012). Of note, MDIVI-1 was
effective at much lower concentrations and may have multiple
mechanisms of action to inhibit mitochondrial respiration as
a consequence of this dual targeting of complex I and fission
inhibition and potentially other processes in mitochondria
(Figure 1).

Metabolism and cellular bioenergetics are being recognized
as important hallmark in different cancers pathways, such
as formation of metastasis, tumor microenvironment, and
treatment resistance (Pavlova and Thompson, 2016). To date,
the current therapeutic landscape against this important module
of cancer cells is lacking of options. Therefore, more targeted
approaches that act on different metabolic/bioenergetics-related
modules indeed need to be developed. This is especially
important in light of the recent interest in the metabolic
adaptation of immune cells in cancer progression (Xing
et al., 2015). The integration of both fields has been shown
to have a key role in cancer treatment (Renner et al.,
2017).

Our experimental results also demonstrate, for the first
time, that MDIVI-1 decrease mitochondrial bioenergetics at a
concentration much lower of the one reported to inhibit fission.
We also reported for the first time that the targeting of glycolysis
and OXPHOS employing a combination of 2DG and MDIVI-1
can be applied to both ER+ and TNBC breast cancer subtypes.
More importantly, it has to be pointed, that MDIVI-1 was found
to possess low or no toxicity in vivo (Rappold et al., 2014).
Unraveling new combination treatments and new drugs to target
the “engines” of cancer cells have the potential to be critical in
future investigations and to treat patients with therapy resistant
cancer.

AUTHOR CONTRIBUTIONS

FL conceived and designed the study. FL and HD acquired
the data. FL, HD, and JP wrote, reviewed, and/or revised the
manuscript. JP supervised the study.

FUNDING

This study was supported by the Irish Cancer Society
Collaborative Cancer Research Centre BREAST-PREDICT Grant
CCRC13GAL and a Science Foundation Ireland Investigator
Award to JP (13/IA/1881).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 September 2018 | Volume 6 | Article 113

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-06-00113 September 8, 2018 Time: 18:37 # 11

Lucantoni et al. MDIVI-1 Synergically Interact With 2DG

REFERENCES
Aft, R. L., Zhang, F. W., and Gius, D. (2002). Evaluation of 2-deoxy-D-glucose as

a chemotherapeutic agent: mechanism of cell death. Br. J. Cancer 87, 805–812.
doi: 10.1038/sj.bjc.6600547

Alavian, K. N., Li, H., Collis, L., Bonanni, L., Zeng, L., Sacchetti, S., et al. (2011).
Bcl-xL regulates metabolic efficiency of neurons through interaction with the
mitochondrial F1FO ATP synthase. Nat. Cell Biol. 13, 1224–1233.

Bordt, E. A., Clerc, P., Roelofs, B. A., Saladino, A. J., Tretter, L., Adam-Vizi, V.,
et al. (2017). The putative drp1 inhibitor mdivi-1 is a reversible mitochondrial
complex i inhibitor that modulates reactive oxygen species. Dev. Cell 40,
583.e–594.e. doi: 10.1016/j.devcel.2017.02.020

Bost, F., Decoux-Poullot, A. G., Tanti, J. F., and Clavel, S. (2016). Energy disruptors:
rising stars in anticancer therapy? Oncogenesis 5:e188. doi: 10.1038/oncsis.
2015.46

Cassidy-Stone, A., Chipuk, J. E., Ingerman, E., Song, C., Yoo, C., Kuwana, T., et al.
(2008). Chemical inhibition of the mitochondrial division dynamin reveals its
role in Bax/Bak-dependent mitochondrial outer membrane permeabilization.
Dev. Cell 14, 193–204. doi: 10.1016/j.devcel.2007.11.019

Chang, C.-H., Qiu, J., O’Sullivan, D., Buck, Michael, D., Noguchi, T., et al. (2015).
Metabolic competition in the tumor microenvironment is a driver of cancer
progression. Cell 162, 1229–1241. doi: 10.1016/j.cell.2015.08.016

Chaube, B., Malvi, P., Singh, S. V., Mohammad, N., Meena, A. S., and Bhat, M. K.
(2015). Targeting metabolic flexibility by simultaneously inhibiting respiratory
complex I and lactate generation retards melanoma progression. Oncotarget 6,
37281–37299.

Chen, H., Chomyn, A., and Chan, D. C. (2005). Disruption of fusion results in
mitochondrial heterogeneity and dysfunction. J. Biol. Chem. 280, 26185–26192.
doi: 10.1074/jbc.M503062200

Chen, H., Vermulst, M., Wang, Y. E., Chomyn, A., Prolla, T. A., McCaffery, J. M.,
et al. (2010). Mitochondrial fusion is required for mtDNA stability in skeletal
muscle and tolerance of mtDNA mutations. Cell 141, 280–289. doi: 10.1016/j.
cell.2010.02.026

Chen, Z. X., and Pervaiz, S. (2007). Bcl-2 induces pro-oxidant state by engaging
mitochondrial respiration in tumor cells. Cell Death. Differ. 14, 1617–1627.
doi: 10.1038/sj.cdd.4402165

Choi, J., Jung, W. H., and Koo, J. S. (2013). Metabolism-related proteins are
differentially expressed according to the molecular subtype of invasive breast
cancer defined by surrogate immunohistochemistry. Pathobiology 80, 41–52.
doi: 10.1159/000339513

Czabotar, P. E., Lessene, G., Strasser, A., and Adams, J. M. (2014). Control of
apoptosis by the BCL-2 protein family: implications for physiology and therapy.
Nat. Rev. Mol. Cell Biol. 15, 49–63. doi: 10.1038/nrm3722

De Vitto, H., Perez-Valencia, J., and Radosevich, J. A. (2016). Glutamine at focus:
versatile roles in cancer. Tumour Biol. 37, 1541–1558. doi: 10.1007/s13277-015-
4671-9

Detmer, S. A., and Chan, D. C. (2007). Functions and dysfunctions of
mitochondrial dynamics. Nat. Rev. Mol. Cell Biol. 8, 870–879. doi: 10.1038/
nrm2275

El Mjiyad, N., Caro-Maldonado, A., Ramirez-Peinado, S., and Munoz-Pinedo, C.
(2011). Sugar-free approaches to cancer cell killing. Oncogene 30, 253–264.

Faubert, B., Vincent, E. E., Poffenberger, M. C., and Jones, R. G. (2015). The
AMP-activated protein kinase (AMPK) and cancer: many faces of a metabolic
regulator. Cancer Lett. 356(2 Pt A), 165–170. doi: 10.1016/j.canlet.2014.
01.018

Fehr, M., Lalonde, S., Lager, I., Wolff, M. W., and Frommer, W. B. (2003). In vivo
imaging of the dynamics of glucose uptake in the cytosol of COS-7 cells by
fluorescent nanosensors. J. Biol. Chem. 278, 19127–19133. doi: 10.1074/jbc.
M301333200

Forkink, M., Manjeri, G. R., Liemburg-Apers, D. C., Nibbeling, E., Blanchard, M.,
Wojtala, A., et al. (2014). Mitochondrial hyperpolarization during chronic
complex I inhibition is sustained by low activity of complex II, III, IV and
V. Biochim. Biophys. Acta (BBA) – Bioenerget. 1837, 1247–1256. doi: 10.1016/
j.bbabio.2014.04.008

Friedman, J. R., and Nunnari, J. (2014). Mitochondrial form and function. Nature
505, 335–343. doi: 10.1038/nature12985

Galloway, C.A., Lee, H., and Yoon, Y. (2012). Mitochondrial morphology –
Emerging role in bioenergetics. Free Radical Biol. Med. 53, 2218–2228.

Gatenby, R. A., Gawlinski, E. T., Gmitro, A. F., Kaylor, B., and Gillies, R. J.
(2006). Acid-mediated tumor invasion: a multidisciplinary study. Cancer Res.
66, 5216–5223. doi: 10.1158/0008-5472.can-05-4193

Geissmann, Q. (2013). OpenCFU, a new free and open-source software to count cell
colonies and other circular objects. PLoS One 8:e54072. doi: 10.1371/journal.
pone.0054072

Giammarioli, A. M., Gambardella, L., Barbati, C., Pietraforte, D., Tinari, A.,
Alberton, M., et al. (2012). Differential effects of the glycolysis inhibitor
2-deoxy-D-glucose on the activity of pro-apoptotic agents in metastatic
melanoma cells, and induction of a cytoprotective autophagic response. Int. J.
Cancer 131, E337–E347. doi: 10.1002/ijc.26420

Goldberg, L., Israeli, R., and Kloog, Y. (2012). FTS and 2-DG induce pancreatic
cancer cell death and tumor shrinkage in mice. Cell Death Dis. 3:e284.

Gross, A. (2016). BCL-2 family proteins as regulators of mitochondria metabolism.
Biochim. Biophys. Acta (BBA) – Bioenerget. 1857, 1243–1246. doi: 10.1016/j.
bbabio.2016.01.017

Hardwick, J. M., and Soane, L. (2013). Multiple functions of BCL-2 family proteins.
Cold Spring Harb. Perspect. Biol. 5:a008722.

Hay, N. (2016). Reprogramming glucose metabolism in cancer: can it be exploited
for cancer therapy? Nat. Rev. Cancer 16, 635–649. doi: 10.1038/nrc.2016.77

Ho, P. C., Bihuniak, J. D., Macintyre, A. N., Staron, M., Liu, X., Amezquita, R.,
et al. (2015). Phosphoenolpyruvate is a metabolic checkpoint of anti-tumor T
cell responses. Cell 162, 1217–1228. doi: 10.1016/j.cell.2015.08.012

Imamura, H., Huynh Nhat, K. P., Togawa, H., Saito, K., Iino, R., Kato-Yamada, Y.,
et al. (2009). Visualization of ATP levels inside single living cells with
fluorescence resonance energy transfer-based genetically encoded indicators.
Proc. Natl. Acad. Sci. U.S.A. 106, 15651–15656. doi: 10.1073/pnas.0904764106

Israelsen, W. J., and Vander Heiden, M. G. (2015). Pyruvate kinase: function,
regulation and role in cancer. Semin. Cell Dev. Biol. 43, 43–51. doi: 10.1016/j.
semcdb.2015.08.004

Jelluma, N., Yang, X., Stokoe, D., Evan, G. I., Dansen, T. B., and Haas-Kogan, D. A.
(2006). Glucose withdrawal induces oxidative stress followed by apoptosis in
glioblastoma cells but not in normal human astrocytes. Mol. Cancer Res. 4,
319–330. doi: 10.1158/1541-7786.MCR-05-0061

Jin, L., Alesi, G. N., and Kang, S. (2016). Glutaminolysis as a target for cancer
therapy. Oncogene 35, 3619–3625. doi: 10.1038/onc.2015.447

Kang, H. T., and Hwang, E. S. (2006). 2-Deoxyglucose: an anticancer and antiviral
therapeutic, but not any more a low glucose mimetic. Life Sci. 78, 1392–1399.
doi: 10.1016/j.lfs.2005.07.001

Kim, S., Kim, D. H., Jung, W.-H., and Koo, J. S. (2013). Expression of glutamine
metabolism-related proteins according to molecular subtype of breast cancer.
Endocr. Relat. Cancer 20, 339–348. doi: 10.1530/erc-12-0398

Kung, H.-N., Marks, J. R., and Chi, J.-T. (2011). Glutamine synthetase is a genetic
determinant of cell type–specific glutamine independence in breast epithelia.
PLoS Genet. 7:e1002229. doi: 10.1371/journal.pgen.1002229

Kurtoglu, M., Gao, N., Shang, J., Maher, J. C., Lehrman, M. A., Wangpaichitr, M.,
et al. (2007). Under normoxia, 2-deoxy-D-glucose elicits cell death in select
tumor types not by inhibition of glycolysis but by interfering with N-linked
glycosylation. Mol. Cancer Ther. 6, 3049–3058. doi: 10.1158/1535-7163.mct-07-
0310

Lampa, M., Arlt, H., He, T., Ospina, B., Reeves, J., Zhang, B., et al. (2017).
Glutaminase is essential for the growth of triple-negative breast cancer cells with
a deregulated glutamine metabolism pathway and its suppression synergizes
with mTOR inhibition. PLoS One 12:e0185092. doi: 10.1371/journal.pone.
0185092

Lanning, N. J., Castle, J. P., Singh, S. J., Leon, A. N., Tovar, E. A., Sanghera, A.,
et al. (2017). Metabolic profiling of triple-negative breast cancer cells reveals
metabolic vulnerabilities. Cancer Metab. 5:6. doi: 10.1186/s40170-017-0168-x

Lim, S.-O., Li, C.-W., Xia, W., Lee, H.-H., Chang, S.-S., Shen, J., et al. (2016).
EGFR signaling enhances aerobic glycolysis in triple-negative breast cancer cells
to promote tumor growth and immune escape. Cancer Res. 76, 1284–1296.
doi: 10.1158/0008-5472.can-15-2478

Long, J.-P., Li, X.-N., and Zhang, F. (2016). Targeting metabolism in breast cancer:
how far we can go? World J. Clin. Oncol. 7, 122–130. doi: 10.5306/wjco.v7.i1.122

Lucantoni, F., Düssmann, H., Llorente-Folch, I., and Prehn, J. H. M. (2018). BCL2
and BCL(X)L selective inhibitors decrease mitochondrial ATP production in
breast cancer cells and are synthetically lethal when combined with 2-deoxy-D-
glucose. Oncotarget 9, 26046–26063. doi: 10.18632/oncotarget.25433

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 September 2018 | Volume 6 | Article 113

https://doi.org/10.1038/sj.bjc.6600547
https://doi.org/10.1016/j.devcel.2017.02.020
https://doi.org/10.1038/oncsis.2015.46
https://doi.org/10.1038/oncsis.2015.46
https://doi.org/10.1016/j.devcel.2007.11.019
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1074/jbc.M503062200
https://doi.org/10.1016/j.cell.2010.02.026
https://doi.org/10.1016/j.cell.2010.02.026
https://doi.org/10.1038/sj.cdd.4402165
https://doi.org/10.1159/000339513
https://doi.org/10.1038/nrm3722
https://doi.org/10.1007/s13277-015-4671-9
https://doi.org/10.1007/s13277-015-4671-9
https://doi.org/10.1038/nrm2275
https://doi.org/10.1038/nrm2275
https://doi.org/10.1016/j.canlet.2014.01.018
https://doi.org/10.1016/j.canlet.2014.01.018
https://doi.org/10.1074/jbc.M301333200
https://doi.org/10.1074/jbc.M301333200
https://doi.org/10.1016/j.bbabio.2014.04.008
https://doi.org/10.1016/j.bbabio.2014.04.008
https://doi.org/10.1038/nature12985
https://doi.org/10.1158/0008-5472.can-05-4193
https://doi.org/10.1371/journal.pone.0054072
https://doi.org/10.1371/journal.pone.0054072
https://doi.org/10.1002/ijc.26420
https://doi.org/10.1016/j.bbabio.2016.01.017
https://doi.org/10.1016/j.bbabio.2016.01.017
https://doi.org/10.1038/nrc.2016.77
https://doi.org/10.1016/j.cell.2015.08.012
https://doi.org/10.1073/pnas.0904764106
https://doi.org/10.1016/j.semcdb.2015.08.004
https://doi.org/10.1016/j.semcdb.2015.08.004
https://doi.org/10.1158/1541-7786.MCR-05-0061
https://doi.org/10.1038/onc.2015.447
https://doi.org/10.1016/j.lfs.2005.07.001
https://doi.org/10.1530/erc-12-0398
https://doi.org/10.1371/journal.pgen.1002229
https://doi.org/10.1158/1535-7163.mct-07-0310
https://doi.org/10.1158/1535-7163.mct-07-0310
https://doi.org/10.1371/journal.pone.0185092
https://doi.org/10.1371/journal.pone.0185092
https://doi.org/10.1186/s40170-017-0168-x
https://doi.org/10.1158/0008-5472.can-15-2478
https://doi.org/10.5306/wjco.v7.i1.122
https://doi.org/10.18632/oncotarget.25433
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-06-00113 September 8, 2018 Time: 18:37 # 12

Lucantoni et al. MDIVI-1 Synergically Interact With 2DG

Maher, J. C., Krishan, A., and Lampidis, T. J. (2004). Greater cell cycle inhibition
and cytotoxicity induced by 2-deoxy-D-glucose in tumor cells treated under
hypoxic vs aerobic conditions. Cancer Chemother. Pharmacol. 53, 116–122.
doi: 10.1007/s00280-003-0724-7

Maschek, G., Savaraj, N., Priebe, W., Braunschweiger, P., Hamilton, K., Tidmarsh,
G. F., et al. (2004). 2-Deoxy-d-glucose increases the efficacy of adriamycin and
paclitaxel in human osteosarcoma and non-small cell lung cancers in vivo.
Cancer Res. 64, 31–34. doi: 10.1158/0008-5472.can-03-3294

Mathupala, S. P., Ko, Y. H., and Pedersen, P. L. (2006). Hexokinase II: cancer’s
double-edged sword acting as both facilitator and gatekeeper of malignancy
when bound to mitochondria. Oncogene 25, 4777–4786. doi: 10.1038/sj.onc.
1209603

Mathupala, S. P., Rempel, A., and Pedersen, P. L. (2001). Glucose catabolism in
cancer cells: identification and characterization of a marked activation response
of the type II hexokinase gene to hypoxic conditions. J. Biol. Chem. 276,
43407–43412. doi: 10.1074/jbc.M108181200

McBride, H., and Soubannier, V. (2010). Mitochondrial function: OMA1 and
OPA1, the grandmasters of mitochondrial health. Curr. Biol. 20, R274–R276.
doi: 10.1016/j.cub.2010.02.011

Menendez, J. A., Oliveras-Ferraros, C., Cufi, S., Corominas-Faja, B., Joven, J.,
Martin-Castillo, B., et al. (2012). Metformin is synthetically lethal with glucose
withdrawal in cancer cells. Cell Cycle 11, 2782–2792. doi: 10.4161/cc.20948

Mishra, P., and Ambs, S. (2015). Metabolic signatures of human breast cancer. Mol.
Cell Oncol. 2:e992217. doi: 10.4161/23723556.2014.992217

Mohanti, B. K., Rath, G. K., Anantha, N., Kannan, V., Das, B. S., Chandramouli,
B. A. R., et al. (1996). Improving cancer radiotherapy with 2-deoxy-d-glucose:
phase I/II clinical trials on human cerebral gliomas. Int. J. Radiat. Oncol. Biol.
Phys. 35, 103–111. doi: 10.1016/S0360-3016(96)85017-6

Oppermann, H., Ding, Y., Sharma, J., Berndt Paetz, M., Meixensberger, J.,
Gaunitz, F., et al. (2016). Metabolic response of glioblastoma cells associated
with glucose withdrawal and pyruvate substitution as revealed by GC-MS. Nutr.
Metab. 13:70.

Patra, K. C., Wang, Q., Bhaskar, P. T., Miller, L., Wang, Z., Wheaton, W., et al.
(2013). Hexokinase 2 is required for tumor initiation and maintenance and
its systemic deletion is therapeutic in mouse models of cancer. Cancer Cell 24,
213–228. doi: 10.1016/j.ccr.2013.06.014

Pavlova, N. N., and Thompson, C. B. (2016). The emerging hallmarks of cancer
metabolism. Cell Metab. 23, 27–47. doi: 10.1016/j.cmet.2015.12.006

Pelicano, H., Zhang, W., Liu, J., Hammoudi, N., Dai, J., Xu, R.-H., et al. (2014).
Mitochondrial dysfunction in some triple-negative breast cancer cell lines:
role of mTOR pathway and therapeutic potential. Breast Cancer Res. 16:434.
doi: 10.1186/s13058-014-0434-6

Pietzke, M., Zasada, C., Mudrich, S., and Kempa, S. (2014). Decoding the dynamics
of cellular metabolism and the action of 3-bromopyruvate and 2-deoxyglucose
using pulsed stable isotope-resolved metabolomics. Cancer Metab. 2, 9–9.
doi: 10.1186/2049-3002-2-9

Raez, L. E., Rosenblatt, J., Schlesselman, J., Langmuir, V., Tidmarsh, G., Rocha-
Lima, C., et al. (2005). Combining glycolytic inhibitors with chemotherapy:
phase I trial of 2-deoxyglucose and docetaxel in patients with solid tumors.
J. Clin. Oncol. 23, 238s–238s. doi: 10.1200/jco.2005.23.16_suppl.3190

Rappold, P. M., Cui, M., Grima, J. C., Fan, R. Z., de Mesy-Bentley, K. L., Chen, L.,
et al. (2014). Drp1 inhibition attenuates neurotoxicity and dopamine release
deficits in vivo. Nat. Commun. 5:5244. doi: 10.1038/ncomms6244

Rehm, M., Düssmann, H., Jänicke, R. U., Tavaré, J. M., Kögel, D., and Prehn,
J. H. M. (2002). Single-cell fluorescence resonance energy transfer analysis
demonstrates that caspase activation during apoptosis is a rapid process, role
of caspase-3. J. Biol. Chem. 277, 24506–24514. doi: 10.1074/jbc.M110789200

Renner, K., Singer, K., Koehl, G. E., Geissler, E. K., Peter, K., Siska, P. J.,
et al. (2017). Metabolic hallmarks of tumor and immune cells in the tumor
microenvironment. Front. Immunol. 8:248. doi: 10.3389/fimmu.2017.00248

Rodriguez-Enriquez, S., Carreno-Fuentes, L., Gallardo-Perez, J. C., Saavedra, E.,
Quezada, H., Vega, A., et al. (2010). Oxidative phosphorylation is impaired by
prolonged hypoxia in breast and possibly in cervix carcinoma. Int. J. Biochem.
Cell Biol. 42, 1744–1751. doi: 10.1016/j.biocel.2010.07.010

Sborov, D. W., Haverkos, B. M., and Harris, P. J. (2015). Investigational cancer
drugs targeting cell metabolism in clinical development. Exp. Opin. Investig.
Drugs 24, 79–94. doi: 10.1517/13543784.2015.960077

Shen, L., O’Shea, J. M., Kaadige, M. R., Cunha, S., Wilde, B. R., Cohen, A. L.,
et al. (2015). Metabolic reprogramming in triple-negative breast cancer through
Myc suppression of TXNIP. Proc. Natl. Acad. Sci. U.S.A. 112, 5425–5430.
doi: 10.1073/pnas.1501555112

Suhane, S., Kanzaki, H., Arumugaswami, V., Murali, R., and Ramanujan, V. K.
(2013). Mitochondrial NDUFS3 regulates the ROS-mediated onset of metabolic
switch in transformed cells. Biol. Open 2, 295–305. doi: 10.1242/bio.2013
3244

Takanaga, H., Chaudhuri, B., and Frommer, W. B. (2008). GLUT1 and GLUT9
as major contributors to glucose influx in HepG2 cells identified by a high
sensitivity intramolecular FRET glucose sensor. Biochim. Biophys. Acta 1778,
1091–1099. doi: 10.1016/j.bbamem.2007.11.015

Twig, G., and Shirihai, O. S. (2011). The interplay between mitochondrial dynamics
and mitophagy. Antioxid. Redox Signal. 14, 1939–1951. doi: 10.1089/ars.2010.
3779

Vander Heiden, M. G., and DeBerardinis, R. J. (2017). Understanding the
intersections between metabolism and cancer biology. Cell 168, 657–669.
doi: 10.1016/j.cell.2016.12.039

Warburg, O., Wind, F., and Negelein, E. (1927). The metabolism of tumors in the
body. J. Gen. Physiol. 8, 519–530.

Webb, J. L. (1963). Effect of more than one inhibitor. Enzyme Metab. Inhibit. 1,
66–79.

Westermann, B. (2010). Mitochondrial fusion and fission in cell life and death. Nat.
Rev. Mol. Cell Biol. 11, 872–884. doi: 10.1038/nrm3013

White, E. (2015). The role for autophagy in cancer. J. Clin. Invest. 125, 42–46.
doi: 10.1172/JCI73941

Williams, A., Hayashi, T., Wolozny, D., Yin, B., Su, T. C., Betenbaugh, M. J., et al.
(2016). The non-apoptotic action of Bcl-xL: regulating Ca(2+) signaling and
bioenergetics at the ER-mitochondrion interface. J. Bioenerg. Biomembr. 48,
211–225. doi: 10.1007/s10863-016-9664-x

Wolfe, R. R. (1998). Metabolic interactions between glucose and fatty acids in
humans. Am. J. Clin. Nutr. 67(3 Suppl.), 519S–526S. doi: 10.1093/ajcn/67.3.
519S

Xi, H., Kurtoglu, M., Liu, H., Wangpaichitr, M., You, M., Liu, X., et al. (2011). 2-
Deoxy-D-glucose activates autophagy via endoplasmic reticulum stress rather
than ATP depletion. Cancer Chemother. Pharmacol. 67, 899–910. doi: 10.1007/
s00280-010-1391-0

Xing, Y., Zhao, S., Zhou, B. P., and Mi, J. (2015). Metabolic reprogramming of the
tumour microenvironment. FEBS J. 282, 3892–3898. doi: 10.1111/febs.13402

Xu, Q., Biener-Ramanujan, E., Yang, W., and Ramanujan, V. K. (2015). Targeting
metabolic plasticity in breast cancer cells via mitochondrial complex I
modulation. Breast Cancer Res. Treat. 150, 43–56. doi: 10.1007/s10549-015-
3304-8

Zhang, D., Li, J., Wang, F., Hu, J., Wang, S., and Sun, Y. (2014). 2-Deoxy-D-glucose
targeting of glucose metabolism in cancer cells as a potential therapy. Cancer
Lett. 355, 176–183. doi: 10.1016/j.canlet.2014.09.003

Zhang, X. D., Deslandes, E., Villedieu, M., Poulain, L., Duval, M., Gauduchon, P.,
et al. (2006). Effect of 2-deoxy-D-glucose on various malignant cell lines in vitro.
Anticancer. Res. 26, 3561–3566.

Conflict of Interest Statement: The 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.

Copyright © 2018 Lucantoni, Dussmann and Prehn. 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 Cell and Developmental Biology | www.frontiersin.org 12 September 2018 | Volume 6 | Article 113

https://doi.org/10.1007/s00280-003-0724-7
https://doi.org/10.1158/0008-5472.can-03-3294
https://doi.org/10.1038/sj.onc.1209603
https://doi.org/10.1038/sj.onc.1209603
https://doi.org/10.1074/jbc.M108181200
https://doi.org/10.1016/j.cub.2010.02.011
https://doi.org/10.4161/cc.20948
https://doi.org/10.4161/23723556.2014.992217
https://doi.org/10.1016/S0360-3016(96)85017-6
https://doi.org/10.1016/j.ccr.2013.06.014
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1186/s13058-014-0434-6
https://doi.org/10.1186/2049-3002-2-9
https://doi.org/10.1200/jco.2005.23.16_suppl.3190
https://doi.org/10.1038/ncomms6244
https://doi.org/10.1074/jbc.M110789200
https://doi.org/10.3389/fimmu.2017.00248
https://doi.org/10.1016/j.biocel.2010.07.010
https://doi.org/10.1517/13543784.2015.960077
https://doi.org/10.1073/pnas.1501555112
https://doi.org/10.1242/bio.20133244
https://doi.org/10.1242/bio.20133244
https://doi.org/10.1016/j.bbamem.2007.11.015
https://doi.org/10.1089/ars.2010.3779
https://doi.org/10.1089/ars.2010.3779
https://doi.org/10.1016/j.cell.2016.12.039
https://doi.org/10.1038/nrm3013
https://doi.org/10.1172/JCI73941
https://doi.org/10.1007/s10863-016-9664-x
https://doi.org/10.1093/ajcn/67.3.519S
https://doi.org/10.1093/ajcn/67.3.519S
https://doi.org/10.1007/s00280-010-1391-0
https://doi.org/10.1007/s00280-010-1391-0
https://doi.org/10.1111/febs.13402
https://doi.org/10.1007/s10549-015-3304-8
https://doi.org/10.1007/s10549-015-3304-8
https://doi.org/10.1016/j.canlet.2014.09.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Metabolic Targeting of Breast Cancer Cells With the 2-Deoxy-D-Glucose and the Mitochondrial Bioenergetics Inhibitor MDIVI-1.
	Metabolic Targeting of Breast Cancer Cells With the 2-Deoxy-D-Glucose and the Mitochondrial Bioenergetics Inhibitor MDIVI-1
	Introduction
	Materials and Methods
	Materials and Reagents
	Cell Lines
	MTT Assay
	Live Cell Time-Lapse Imaging of Mitochondrial and Cytosolic ATeam FRET Probe, TMRM Dye, and Glucose FRET Probe
	Live Cell Time-Lapse Imaging of Caspase DEVD FRET Probe
	Synergy Calculations

	Clonogenic Assay
	Flow Cytometry
	Statistical Analysis

	Results
	Mitochondrial Fission and Complex I Inhibitor MDIVI-1 Decrease Mitochondrial ATP Production and Bioenergetics
	MDIVI-1 Treatment Decrease Intracellular Glucose Concentration
	The Dual Inhibition of Glycolysis and OXPHOS as a Potential Treatment Strategy for Breast Cancer
	2DG in Combination With MDIVI-1 Decrease Clonogenic Potential and Increase Cell Death in Breast Cancer Cells

	Discussion
	Author Contributions
	Funding
	References


