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ABSTRACT

Cancer cells display differences regarding their engagement of glycolytic vs. 
mitochondrial oxidative phosphorylation (OXPHOS) pathway. Triple negative breast 
cancer, an aggressive form of breast cancer, is characterized by elevated glycolysis, 
while estrogen receptor positive breast cancer cells rely predominantly on OXPHOS. 
BCL2 proteins control the process of mitochondrial outer membrane permeabilization 
during apoptosis, but also regulate cellular bioenergetics. Because BCL2 proteins 
are overexpressed in breast cancer and targetable by selective antagonists, we here 
analysed the effect of BCL2 and BCL(X)L selective inhibitors, Venetoclax and WEHI-
539, on mitochondrial bioenergetics and cell death. Employing single cell imaging 
using a FRET-based mitochondrial ATP sensor, we found that MCF7 breast cancer cells 
supplied with mitochondrial substrates reduced their mitochondrial ATP production 
when treated with Venetoclax or WEHI-539 at concentrations that per se did not 
induce cell death. Treatments with lower concentrations of both inhibitors also 
reduced the length of the mitochondrial network and the dynamics, as evaluated by 
quantitative confocal microscopy. We next tested the hypothesis that mitochondrial 
ATP production inhibition with BCL2 or BCL(X)L antagonists was synthetically 
lethal when combined with glycolysis inhibition. Treatment with 2-deoxy-D-glucose 
in combination with Venetoclax or WEHI-539 synergistically reduced the cellular 
bioenergetics of ER+ and TNBC breast cancer cells and abolished their clonogenic 
potential. Synthetic lethality was also observed when cultures were grown in 3D 
spheres. Our findings demonstrate that BCL2 antagonists exert potent effects on 
cancer metabolism independent of cell death-inducing effects, and demonstrate a 
synthetic lethality when these are applied in combination with glycolysis inhibitors.

INTRODUCTION

One of the emerging hallmarks of cancers is the 
alteration of cellular metabolism, an essential property 
to maintain proliferation and growth [1]. Cancer cells 
often possess increased levels of aerobic glycolysis due 
to impairments in the OXPHOS pathway, a phenomenon 

termed the “Warburg effect”. In this pathway, pyruvate 
derived from glycolysis is converted to lactate by lactate 
dehydrogenase and subsequently secreted [2]. Even 
though the Warburg effect is a widespread phenomenon 
associated with cancer, OXPHOS function is still retained 
by most tumours. Within the same malignant population 
metabolic profiles may vary as cancer cells are able to 
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adapt easily to changes in the surrounding environment 
due to their plasticity [3]. Estimated levels of glycolytic 
ATP production vary between 1-64% in different cancers 
[4]. Several studies showed that mitochondrial OXPHOS 
is still intact in cancer cells, but that active glycolysis 
suppresses OXPHOS [5–7]. In HeLa and estrogen receptor 
positive (ER+) MCF7 breast cancer cells it has been 
observed that OXPHOS contributes to 79 and 91% ATP 
generation respectively, with a reduction to 29 and 36% 
under hypoxia when glycolytic pathways are active [8]. 
On the other hand, triple negative breast cancer (TNBC), 
an aggressive subtype of breast cancer with poor prognosis 
and no targeted therapies, demonstrates higher glycolytic 
flux and lower OXPHOS function [9, 10].

Proteins of the BCL2 family control the process of 
mitochondrial outer membrane permeabilization (MOMP) 
during apoptosis [11]. However, BCL2 proteins also 
regulate the bioenergetics status of cells through their 
control of mitochondrial fusion and fission dynamics, 
and may act directly on the mitochondrial respiratory 
chain [12–16]. For example, BCL2 overexpression in 
human leukaemia cells increased oxygen consumption 
and mitochondrial respiration [15]. In neurons, a pool 
of the anti-apoptotic BCL(X)L protein has been found 
to localise in the inner mitochondrial membrane (IMM) 
and to interact with F1F0 ATP synthase, increasing 
its enzymatic activity and stabilizing mitochondrial 
membrane potential (ΔΨm) [14, 17]. A truncated form 
of the anti-apoptotic MCL1 protein has been shown 
to localize to the mitochondrial matrix and to increase 
mitochondrial respiration [18]. Because anti-apoptotic 
BCL2 family proteins confer resistance of cancer cells to 
therapy, several selective inhibitors that target individual 
or multiple anti-apoptotic BCL2 proteins, have been 
developed [19]. The first BCL2 selective inhibitor 
Venetoclax (ABT199) has been approved for clinical 
use for the treatment of chronic lymphocytic leukemia 
with 17p deletion [20]. However, little information is 
currently available whether selective inhibition of BCL2 
or other anti-apoptotic BCL-2 protein such as BCL(X)
L also influences mitochondrial function and energetics 
in cancer cells [21], and whether these functions can be 
exploited therapeutically. We have previously observed 
that treatment of triple negative breast cancer (TNBC) 
cells with Venetoclax or the selective BCL(X)L inhibitor 
WEHI-539 synergistically increased responses to the 
cytotoxic agent cisplatin, but that responses could not 
be fully explained by an increased sensitivity of the 
cells to undergo MOMP [22]. In the present study, we 
therefore explored whether selective BCL2 or BCL(X)
L inhibition impacted on mitochondrial bioenergetics 
using a combined high content analysis and single-cell 
Foerster resonance energy transfer (FRET)-based imaging 
approach, and investigated how these effects related to 
cell death induction by BCL2 and BCL(X)L inhibitors. 
Our data demonstrate that BCL2 and BCL(X)L inhibition 

profoundly impacts on mitochondrial ATP production, and 
that a combined treatment of BCL2 or BCL(X)L selective 
inhibitors and glycolysis inhibitors produced synthetic 
lethality in estrogen receptor positive (ER+) and TNBC 
breast cancer cells.

RESULTS

Low concentrations of BCL2 inhibitors alter 
mitochondrial activity without affecting cell 
death

We first determined the effect of selective BCL2 
proteins inhibition on mitochondrial activity in our 
previously characterised MCF7 breast cancer cells 
overexpressing either BCL2 (MCF7-BCL2) or BCL(X)L 
(MCF7-BCL(X)L), or transfected with the corresponding 
empty vector (MCF7-pSFFV) [23–25]. Cells were treated 
with the selective BCL2 inhibitor Venetoclax or the 
BCL(X)L inhibitor WEHI-539 and evaluated using an MTT 
assay. MTT assays are routinely used as measures of cell 
growth and cell death, but primarily indicate mitochondrial 
NAD(P)H-dependent oxidoreductase enzyme activity. 
Cells were treated with selective inhibitors or vehicle 
(Supplementary Figure 1A) for up to 72 hours. As shown 
in Figure 1A, treatment with increasing concentrations of 
either selective inhibitor decreased NAD(P)H-dependent 
oxidoreductase enzyme activity in all of the cell lines 
investigated. Lower concentrations of the drugs (0.1 to 3 
μM) decreased MTT absorbance to approximately 60% 
while higher concentrations (10 to 300 μM) decreased 
absorbance to 20% to 50% in all clones investigated (Figure 
1A). In parallel, we employed a high content screening 
(HCS) platform to quantify cell survival using Hoechst/PI 
double staining following 24, 48 and 72 hours treatments 
with the BCL2 and BCL(X)L selective antagonists (1 
- 100 μM, Figure 1F and 1G). MCF7-pSFFV treated for 
72 hours with 10, 50 or 100 μM of Venetoclax showed a 
maximal 30% decrease in cell survival, indicating that at 
higher concentrations, BCL2 inhibition induced cell death. 
A similar decrease in cell survival was observed with 50 and 
100 μM WEHI-539 (Figure 1B). In BCL2 overexpressing 
cells, higher concentration of Venetoclax (50 and 100 
μM) were required to decrease cell survival (Figure 1C). 
Interestingly, treatment of MCF7-BCL2 cells with WEHI-
539 at 50 and 100 μM also induced a 20 % decrease in 
cell survival (Figure 1C). In MCF7-BCL(X)L cells, only 50 
and 100 μM of WEHI-539 decreased surviving cells after 
72 hours, while no change was detected in the presence of 
Venetoclax (Figure 1D). Of note, these concentrations were 
165 fold higher than those achieved for MTT reduction.

The high content imaging platform also allowed 
us to quantify the total number of cells present in the 
wells following BCL2 antagonist treatments. As shown 
in Figure 1E, 50 and 100 μM Venetoclax exposure for 
72 hours significantly reduced cell numbers in all MCF7 
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clones, while WEHI-539 was effective only in BCL(X)L 
overexpressing cells. Collectively, these data suggest that 

the effects of Venetoclax and WEHI-539 on mitochondrial 
function as evaluated by the MTT assay were observed 

Figure 1: BCL2 inhibitors decrease mitochondrial function. (A) Mitochondrial activity was measured with MTT assay after 
72 hours exposure with increasing concentration of Venetoclax or WEHI-539 (from 0.1 to 300 μM). (B, C and D) Surviving cell counts 
after BCL2 or BCL(X)L inhibition in MCF7-pSFFV, MCF7-BCL2 and MCF7-BCL(X)L cells, respectively. Cells were treated with 1, 
10, 50 and 100 μM Venetoclax or WEHI-539, separately, and stained with Hoechst/PI solution. After 24, 48 and 72 hours treatments, 96 
well plates were imaged on a HCS microscope at 37˚C and 5% CO2. An automated Cell Profiler pipeline was used to obtain percentage 
of live and dead cells. Surviving cells have Hoechst positive/PI negative nuclei shown in MC7-pSFFV, MCF7-BCL2 and MCF7-BCL(X)
L, respectively. (E) The total number of cells after 72 hours was quantified with Cell Profiler and plotted to compare differences in the 
single clones. All data are expressed as mean ± SD from three independent experiments; in each experiment, treatments were performed in 
triplicate. Significance was assessed with a two-way ANOVA and Tukey post-test (* indicates a p-value < 0.05, ** indicates a p-value < 0.01 
*** indicates a p-value < 0.001). (F and G) Representative images of Hoechst/PI merged channels for Venetoclax and WEHI-539 treatments, 
respectively, in MCF7-pSFFV cell line. Scale bar: 50 μm.
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at concentrations 165 fold lower than those required for 
induction of cell death or inhibition of cell proliferation. 
Even at higher antagonist concentrations (100 μM) 
mitochondrial activity was decreased to 20-40%, while 
cell survival levels remained at 60-80%.

BCL2 and BCL(X)L selective inhibition alter 
mitochondrial bioenergetics

To further explore these findings, we directly 
investigated the ability of BCL2 and BCL(X)L selective 
inhibitors to alter mitochondrial ATP production and 
membrane potential by using a single cell imaging 
approach (Supplementary Figure 1B and 1C). MCF7-
pSFFV cells were transfected with a mitochondrial 
ATeam expression vector, a FRET based sensor able to 
measure ATP production/consumption kinetics in living 
cells [26]. Cells were then placed in Krebs buffer (KB) in 
the presence of 2 mM pyruvate to supply mitochondrial 
respiration. Each inhibitor was separately added to the 
medium and mitochondrial ATP and membrane potential 
responses were recorded for one hour (Figure 2A and 
2B). Both inhibitors induced a decrease in mitochondrial 
ATP levels, with BCL(X)L inhibition showing a greater 
effect than BCL2 inhibition (Figure 2C), as observed from 
absolute FRET/CFP ratio. Addition of vehicle did not 
produce any effect (data not shown). Interestingly, TMRM 
fluorescence intensity increased rapidly in MCF7-pSFFV 
when exposed to Venetoclax or WEHI-539 (Figure 2D). 
Again, addition of vehicle had no effect on mitochondrial 
membrane potential. We also confirmed the single cell 
studies in a population-based assay, employing a luciferase 
assay to measure overall ATP concentration. We found that 
treatment with Venetoclax (3 μM) or WEHI-539 (1 and 3 
μM) also decreased the amount of ATP following 72 hours 
exposure at a population level (Figure 2E).

Next, we analysed whether or not the decrease 
in mitochondrial ATP levels were associated with a 
corresponding increase in mitochondrial NADH levels. A 
similar set of single cell imaging experiments as described 
in Figure 2A-2D was performed in MCF7 cells treated 
with WEHI-539. Analysis of NADH auto-fluorescence 
indicated a significant increase in the signal suggesting 
a decoupling in NADH-derived ATP production 
(Supplementary Figure 2A and 2B). Analysis of single 
cell slopes also revealed heterogeneous responses within 
the cell populations (Supplementary Figure 2C, 2D and 
2E). We found that the majority of the cells treated with 
WEHI-539 showed increased NADH levels, but that the 
response was not uniform in all cells (Supplementary 
Figure 2E). A similar heterogeneity was observed when 
analysing mitochondrial ATP levels or membrane potential 
(Supplementary Figure 2C and 2D).

To confirm the results we also analysed the effect 
of the inhibitors on the oxygen consumption rates (OCR) 
using a Seahorse analyser. Cells were place in the assay 

medium with 2 mM pyruvate to mimic the conditions 
used for time-lapse experiments. We observed different 
OCR traces when cells where treated with 1 μM of 
Venetoclax or WEHI-539 (Figure 2F). Then, we analysed 
different parameters associated to the kinetics and 
observed reduced OCR in basal respiration (Figure 
2G), ATP-linked respiration (Figure 2H) and maximal 
respiratory capacity (MRC, Figure 2I) when cells where 
treated with Venetoclax or WEHI-539, implying a loss 
of mitochondrial function. No differences were observed 
in the extracellular acidification rates (Supplementary 
Figure 2F).

Venetoclax and WEHI-539 decrease 
mitochondrial network length

Since ATP production and the general status of 
mitochondrial network are tightly interlinked, we also 
explored whether Venetoclax or WEHI-539 altered the 
mitochondrial network of MCF7 cells. To do so, we 
transfected cells with a mitochondrial targeted version 
of the fluorescent protein MitoKaede and treated the 
cells with 1 μM Venetoclax or WEHI-539 for 72 hours. 
We then measured the extent of mitochondrial network 
by performing z-stack imaging of live cells. As shown 
in Figure 3A, 3B and 3C both Venetoclax and WEHI-
539 decreased the branching factor of the mitochondrial 
network and the average branch length, suggesting a less 
interconnected network and shorter mitochondria. We 
also analysed the sphericity of the single mitochondria 
and observed an increased count of higher values 
following both inhibitor treatments, suggesting an 
increase in rounder organelles (Figure 3D). Additionally, 
we also explored mitochondrial dynamic kinetics, using 
the photo-conversion properties of Kaede fluorescent 
protein. Cells were treated with either vehicle, 1 μM 
Venetoclax or WEHI-539 for 72 hours and fusion/fission 
rates measured with time-lapse confocal imaging for 75 
minutes (Supplementary Figure 3). As shown in Figure 
3E, the fluorescence signal from the photo-converted 
MitoKaede slowly decreased during the course of the 
experiment suggesting an active mitochondrial network. 
However, both Venetoclax and WEHI-539 treated cells 
showed decreased fusion/fission rates (Figure 3E). We 
analysed the slope of the fluorescence signal decay, and 
found increased slope values following the treatments with 
BCL2 and BCL(X)L inhibitor, suggesting a slower kinetic 
process (Figure 3F).

Venetoclax and WEHI-539 synergize with 2DG 
and decrease the clonogenic potential of breast 
cancer cell lines

The above experiments suggested that selective 
BCL2 or BCL(X)L inhibition impacted on mitochondrial 
ATP production, but was not sufficient to induce cell 
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Figure 2: BCL2 and BCL(X)L selective inhibition decrease mitochondrial bioenergetics. (A and B) Mitochondrial ATP 
and membrane potential traces in MCF7-pSFFV during Venetoclax or WEHI-539 treatments, respectively. FRET/CFP ratio kinetics and 
TMRM fluorescence were recorded simultaneously in MCF7 cells. Baseline was recorded for 20 minutes, after which Venetoclax or WEHI-
539 (1 μM) were added to the medium and signals recorded for one hour. All data represent mean ± SD from n=5 independent experiments 
and both signals are normalised to the baseline levels. (C) The absolute FRET/CFP ratio was analysed by taking into account the minimal 
value reached by the probe in each cell after ABT199 or WEHI-539 treatment. Values were evaluated by one-way ANOVA with Tukey 
post-test for multiple comparison (** indicates a p-value < 0.01 and *** indicates a p-value < 0.001). (D) TMRM intensity values, normalised 
to the baseline levels, were analysed by taking into account the maximal value reached during ABT199 or WEHI-539 treatments and 
statistical analysis was performed as described in C. (E) Total ATP concentration normalized to proteins concentration after 1 and 3 μM 
treatments with Venetoclax or WEHI-539 for 72 hours in full RPMI medium. All data are expressed as mean ± SD from three independent 
experiments; in each experiment, treatments were performed in triplicate. Significance was assessed with a one-way ANOVA and Tukey 
post-test (* indicates a p-value < 0.05). (F) OCR traces from Seahorse analyser experiments. MCF7-pSFFV cells were treated with vehicle, 
1 μM Venetoclax or 1 μM WEHI-539, 1 hour prior the experiments. (G, H, I). OCR values in Basal respiration, ATP-linked respiration 
and MRC, calculated from seahorse traces, respectively. All data are expressed as mean ± SD from three independent experiments; in each 
experiment, treatments were performed in triplicate. Significance was assessed with a one-way ANOVA and Tukey post-test (* indicates a 
p-value < 0.05).
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Figure 3: BCL2 and BCL(X)L selective inhibition decrease mitochondrial network length. (A) Representative confocal 
images of mitoKaede expressing cells treated with vehicle, 1 μM Venetoclax or 1 μM WEHI-539 for 72 hours in full RPMI medium. (B) 
Branching factor calculated from z-stacks of Kaede expressing mitochondria. Images were deconvolved and skeletonized to obtain the 
branching factor. (C) Average branching length calculated from skeleton images of Kaede labelled mitochondria. (D) 3D sphericity of 
single mitochondrial objects. Images were processed with a white top hat filter and a 3D morphological filter was used to calculate the 
shape of the mitochondria. (E) Representative traces for time-lapse mitoKaede fluorescence intensity. Cells, in RPMI medium, were treated 
with vehicle, 1 μM Venetoclax or 1 μM WEHI-539, for 72 hours prior the experiment. The average signal values from each photo-converted 
area were normalised to the baseline. All data represent mean ± SD from 3 independent experiments and a total of 36 cells analysed. (F) 
Slope values from mitoKaede kinetic traces. The dynamics were assessed using a nonlinear fit – straight line function in GraphPad Prism. 
Significance was assessed with a one-way ANOVA and Tukey post-test (*** indicates a p-value < 0.001) for all the data in the figure panel.
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death (Figure 1B-1D) or reduce cell numbers (Figure 1E) 
at concentrations below 10 μM. We thus hypothesised 
that glycolysis supported cellular bioenergetics under 
conditions of BCL2 or BCL(X)L inhibition, and next 
investigated whether glycolysis inhibition with 2-deoxy-
D-glucose (2DG) exerted synergistic effects with BCL2 
or BCL(X)L inhibition. First, we performed MTT assays 
in a 6x6 dose matrix format to test for any synergistic 
activity between BCL2 inhibitors and 2DG in either ER+ 
MCF7-pSFFV or TNBC HDQ-P1 breast cancer cells. 
After a 72 hour treatment with increasing concentration 
of 2DG in combination with increasing concentration 
of each inhibitor, mitochondrial activity was evaluated 
and data analysed using the Webb fractional product 
method for evaluation of drug interactions [27]. We also 
measured the pH of the medium by phenol red absorbance 
as a read-out of lactate production during glycolysis. 
Increasing concentrations of 2DG slightly induced an 
increase in MTT absorbance in MCF7 (Figure 4A) 
while decreasing the MTT absorbance in HDQ-P1 cells 
(Figure 4C). Increasing the concentration of Venetoclax 
and WEHI-539 greatly decreased the MTT signal in 
MCF7 cells (Figure 4A) while only a subtle change was 
recorded in HDQ-P1 cells (Figure 4C). Of note, higher 
concentrations of combination treatments (10 and 30 mM 
2DG in combination with 3 and 10 μM of each inhibitor) 
decreased mitochondrial activity to 50% in MCF7-
pSFFV cells (Figure 4A). Similar results were obtained 
with HDQ-P1 cells (Figure 4C), in which combination 
treatments (10 and 30 mM 2DG in combination with 0.1 
to 10 μM Venetoclax or WEHI-539) were more effective 
in decreasing mitochondrial activity than single agent 
treatments (Figure 4A and 4C).

As shown in Figure 4B and 4D, higher 
concentrations of 2DG (10 and 30 mM) also increased the 
medium pH to 7 in both MCF7-pSFFV and HDQ-P1 cells. 
Treatment with 10 and 30 mM 2DG in combination with 
Venetoclax or WEHI-539 (0.1 to 10 μM) maintained the 
pH at 7, indicating that cells started to take up lactate from 
the medium. Lower concentrations of 2DG (0.3 to 3 mM) 
in combination with BCL2 inhibitors (0.1 to 10 μM) did 
not change the pH compared to control conditions (Figure 
4B and 4D). This suggested that combination treatments 
with higher concentrations of 2DG and BCL2 antagonists 
induced metabolic stress with an associated inhibition of 
glycolytic activity and mitochondrial respiration.

Synergy analysis carried out using the Webb 
method revealed that both WEHI-539 and Venetoclax 
possessed synergistic activity when used in 
combination with 2DG in both cell lines (Figure 4E, 
4F and Supplementary Figure 4). The CI (combination 
index) value is an indicator of synergy (CI<1), 
additivity (CI=1) or antagonism (CI>1). In the case 
of WEHI-539, lower CI values, indicating synergy, 
were observed for concentration ranging from 1 to 
10 μM in combination with 0.3 mM 2DG in MCF7-

pSFFV cells (Supplementary Figure 4A). In addition, 
synergistic interactions were observed with 3 and 10 
μM WEHI-539 when combined with 10 or 30 mM 2DG 
(Supplementary Figure 4A). Again, for MCF7-pSFFV 
cells, Venetoclax showed synergistic CI values at higher 
combination concentrations (10 μM Venetoclax with 
0.3 mM 2DG or 3 μM Venetoclax with 10 or 30 mM 
2DG, Supplementary Figure 4B). Overall no significant 
difference was observed between CI values of 2DG in 
combination with WEHI-539 or Venetoclax (Figure 4E) 
in MCF7-pSFFV cells. For HDQ-P1 cells, we found 
high synergistic CI values for 0.1 to 10 μM WEHI-539 
in combination with 10 or 30 mM 2DG (Supplementary 
Figure 4C). On the other hand Venetoclax showed low 
CI values for 3 or 10 μM concentrations in combination 
with 10 or 30 mM 2DG (Supplementary Figure 4D). 
2DG/WEHI-539 combinations were significantly 
lower when compared to 2DG/Venetoclax, in HDQ-P1 
cells, suggesting a more potent synergistic activity 
(Figure 4F).

We then chose two optimal synergistic combinations 
(1 and 3 μM for each selective BCL2 inhibitor in 
combination with 10 mM 2DG) and measured the overall 
ATP concentration after combination treatments. We found 
that 2DG alone did not induced a significant change in 
ATP concentration in MCF7 cells (Figure 4G) while 2DG 
(10 mM)/Venetoclax (3 μM) combination treatment and 
2DG (10mM)/WEHI-539 (1 and 3 μM) significantly 
decreased ATP concentration when compared to vehicle 
or 2DG treated cells (Figure 4G). Conversely, 2DG alone 
was effective on TNBC HDQ-P1; in this context only 2DG 
(10mM)/WEHI-539 (1 and 3 μM) significantly decreased 
ATP concentration (Figure 4H). All treatment induced 
a significant increase in pH when compared to vehicle 
treated cells (Figure 4I and 4J for MCF7 and HDQ-P1 
cells, respectively).

One of the optimal synergistic concentration (3 
μM for each selective BCL2 inhibitor in combination 
with 10 mM 2DG) was subsequently selected to perform 
clonogenic survival assays in MCF7 cells and three 
TNBC cell lines (HDQ-P1, MDA-MB-231 and BT20, 
Supplementary Figure 4E). Treatment of MCF7-pSFFV 
cells with 10 mM 2DG alone induced a 30 to 40% 
decrease in colony formation compared to vehicle treated 
cells (Figure 4K). On the other hand, treatment with either 
WEHI-539 or Venetoclax alone did not induce any change 
in colony formation (Figure 4K). However, both inhibitors, 
in combination with 2DG, showed a pronounced inhibition 
of colony formation, with a decrease to 10% of colonies 
when compared to vehicle or 2DG alone (Figure 4K). 
Similar results were observed in the TNBC cell lines 
where 2DG decreased the number of colonies to 60-70% 
and combination treatments to 5-10% when compared to 
either vehicle or 2DG treated cells. Of note, in these cells, 
WEHI-539 also significantly decreased colony formation 
when compared to vehicle treated cells.
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Figure 4: Combination treatment of 2DG with WEHI-539 or Venetoclax alters pH levels and mitochondrial activity 
and decrease clonogenic activity in breast cancer cell lines.  A 6x6 dose matrix assay was performed treating MCF7-pSFFV and 
HDQ-P1 cells with increasing concentration of 2DG in combination with increasing concentration of WEHI-539 or Venetoclax for 72 
hours. Mitochondrial activity was measured by MTT while pH was measured by phenol red absorbance and represented as a heatmap. (A 
and B) Mitochondrial activity and pH values for WEHI-539 and Venetoclax, respectively, in MCF7 cells. (C and D) Mitochondrial activity 
and pH data for WEHI-539 and Venetoclax, respectively, in HDQ-P1 cells. All values represent mean from n = 3 independent experiments; 
for each experiment treatments were performed in duplicate. (E and F) CI values were calculated using Webb’s fractional product method 
and analysed with one-way ANOVA with Tukey post-test to test significance in MCF7-pSFFV 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. All experiments were performed in triplicate and results represent means ± SD. (G and H) Total ATP 
concentration normalized to proteins concentration after vehicle, 2DG alone or 2DG in combination with 1 and 3 μM Venetoclax or 
WEHI-539 for 72 hours in full RPMI medium, in MCF7 and HDQ-P1 cells, respectively. (I and J) pH measurement after same treatments 
in MCF7 and HDQ-P1 cells, respectively. (K) Clonogenic assay of MCF7-pSFFV cells treated with vehicle, 10 mM 2DG, 3 μM of each 
inhibitor and combination treatment of 10 mM 2DG with 3 μM of BCL2 or BCL(X)L selective inhibitor in MCF7-pSFFV, HDQ-P1, MDA-
MB-231 and BT20 cells, respectively. After 72 hours 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 in the figures G, H, I, J, K represent means ± SD from three independent experiments. 
One-way ANOVA with Tukey post-test was used to assess significance (* indicated a p-value < 0.05, ** indicates a p-value < 0.01, *** 
indicates a p-value < 0.001). Asterisk was used to indicate significance between treated conditions and vehicle control, while pound was 
used for significance between BCL2 inhibitors and 2DG.
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Combination treatments of Venetoclax or 
WEHI-539 with 2DG decrease surviving cells 
and block proliferation independently of glucose 
availability

We next investigated the effect of combination 
treatment on cell survival and proliferation in full RPMI 
medium (11 mM glucose) and low glucose medium (5 
mM). MCF7-pSFFV and HDQ-P1 cells were treated 
with two concentrations (1 μM or 3 μM) of Venetoclax or 
WEHI-539 alone or in combination with 10 mM 2DG in 
normal medium or 5 mM 2DG in 5 mM glucose medium. 
Cells were stained with Hoechst/PI solution and the 
number of alive and dead cells was analysed with HCS 
microscopy after 24, 48 and 72 hours (Figure 5E). 2DG 
alone slightly decreased rates of surviving cells after 72 
hours in MCF7-pSFFV cells in both condition (Figure 
5A and 5B). The same treatment induced lower levels of 
surviving cells in HDQ-P1 cells after 48 (80%) and 72 
hours (60%) in full glucose medium and 5 mM glucose 
medium (Figure 5C and 5D). Treatment with the inhibitors 
did not produce a significant effect on cell survival in 
MCF7-pSFFV. In HDQ-P1, a slight decrease in surviving 
cell levels was observed with WEHI-539 alone (Figure 5C 
and 5D). Combination treatment of 10 mM 2DG (in full 
medium) and 5 mM 2DG (in reduced glucose conditions) 
with both concentrations of Venetoclax or WEHI-539 
significantly reduced surviving cells after 72 hours and 
also after 48 hours in the case of 3 μM Venetoclax (Figure 
5A and 5B). In HDQ-P1 cells, all combination treatments 
were more effective; in fact, a decrease in surviving cells 
was observed after 48 and 72 hours (Figure 5C and 5D). 
Of note, combination treatment with both concentration of 
WEHI-539 significantly reduced surviving cell levels in 
full medium conditions and 5 mM glucose conditions after 
48 and 72 hours. The treatments were effective also after 
24 hours (Figure 5C and 5D). We also quantified the level 
of cell death using flow cytometry in conjunction with 
Annexin V/PI staining. Combination treatments of MCF7 
and HDQ-P1 cells for 72 hours increased the fraction of 
apoptotic cells which was partially blocked by the pan-
caspase inhibitor Z-VAD (Supplementary Figure 5).

Combination treatments of Venetoclax or 
WEHI-539 with 2DG decrease cell survival and 
diameter of 3D breast cancer spheroids

Finally, in order to place the results in a more 
physiological setting, we performed the combination 
treatments on breast cancer spheroids. We used the 
Perfecta3D® hanging drop plate to grow spheroids of 
500 cells each, in full RPMI medium. Following one day 
incubation and visual confirmation of cell aggregation, 
we placed the cells in poly-hema coated 96 well plates 
containing each treatment. After 72 hours treatment we 
proceeded with confocal imaging of a section 60-80 μm 

inside the spheroid and quantified the area and the number 
of PI positive cells. We observed that both Venetoclax 
and WEHI-539 in combination with 2DG increased the 
number of PI positive cells when compared to vehicle and 
2DG treated cells in both MCF7 and HDQ-P1 (Figure 6A, 
6B, 6C and 6D). 2DG and combination treatments also 
decreased the area of MCF7 spheroids when compared to 
vehicle treated cells (Figure 6A and 6E). Similar results 
were obtained for HDQ-P1 spheroids (Figure 6B and 6F). 
Of note, also WEHI-539 alone increased the number of PI 
positive cells when compared to vehicle and 2DG treated 
spheroids in HDQ-P1 (Figure 6B and 6D). However, 
2DG in combination with WEHI-539 was more effective 
in inducing cell death in TNBC (Figure 6B and 6D). 
Interestingly both WEHI-539 alone and in combination 
with 2DG also induced a disaggregation of the spheroids 
(Figure 6B).

DISCUSSION

In this work, we demonstrated that single agent 
treatment with the selective BCL2 inhibitors Venetoclax 
and WEHI-539 at therapeutically relevant concentrations 
decreases mitochondrial ATP production in breast cancer 
cells in the absence of cell death. Furthermore, we 
demonstrate that BCL2 inhibitors are synthetically lethal 
in breast cancer cells when combined with the glycolysis 
inhibitor 2DG, a finding that we also observed when cells 
were grown in 3D spheroids.

Initially, we determined the specificity of these 
inhibitors in MCF7 control cells and cells overexpressing 
BCL2 or BCL(X)L. Surprisingly, we found a reduction 
in MTT absorbance in MCF7 control cells and in BCL2 
or BCL(X)L overexpressing cells with similar IC50s 
values. While we observed a profound decrease in the 
MTT signal 72 hours post antagonists treatment, little 
correlation was found to cell death data. We found that 
low (1 and 10 μM) or even higher concentrations (50 and 
100 μM) of BCL2 or BCL(X)L inhibitors did not induce 
extensive cell death in MCF7 control cells as observed 
by Hoechst/PI staining. Furthermore, cell numbers did not 
vary for low concentration treatments, while a decrease 
was observed for higher concentrations. Similar results 
were observed in BCL2 or BCL(X)L overexpressing 
cells. As previously demonstrated, apoptosis is strongly 
inhibited in these BCL2 and BCL(X)L overexpressing 
cells [23]. Thus, it is plausible to hypothesise that the 
decrease in MTT absorbance recorded was mostly related 
to mitochondrial inhibition by BCL2 and BCL(X)L, rather 
than a measure of cell death or cell number. The fact that 
Venetoclax and WEHI-539 induced a similar decrease in 
MTT absorbance in control cells when compared to BCL2 
and BCL(X)L overexpressing clones may be explained by 
a possible saturation of BCL2 or BCL(X)L at the binding 
sites important for the regulation of mitochondrial ATP 
production [28, 29], or by the targeting of other BCL2 



Oncotarget26055www.oncotarget.com

family members by these inhibitors. In fact, Venetoclax 
still maintains a sensitivity to BCL(X)L (Ki = 48 nM) and 
BCLW (Ki = 245 nM) [30]. Likewise, WEHI-539 can 

bind at much lower affinity to other BCL2 proteins [31]. 
When surviving cell levels were analysed, Venetoclax 
exerted a higher effect on BCL2 overexpressing cell lines 

Figure 5: Combination treatment of 2DG with Venetoclax or WEHI-539 decrease cell survival in ER+ and TNBC cells. 
Cells were treated with different concentration of Venetoclax or WEHI-539 alone or in combination with 2DG (10 mM or 5 mM, for full 
RPMI medium and 5 mM glucose medium, respectively) and stained with Hoechst/PI solution. At the selected time points (24, 48 and 72 
hours) cells were imaged on a HCS microscope. An automated Cell Profiler pipeline was used to quantify alive and dead cells. (A and 
B) Surviving cell levels after treatments for MCF7-pSSFV in full glucose medium (RPMI 1640) or 5 mM glucose medium respectively. 
(C and D) Surviving cell levels after treatments for HDQ-P1 cells in full glucose medium (RPMI 1640) or 5 mM glucose medium, 
respectively. Bars represent mean ± SD from three independent experiments. Significance was assessed with a two-way ANOVA and Tukey 
post-test (* indicates a p-value < 0.05, ** indicates a p-value < 0.01 *** indicates a p-value < 0.001). (E) Representative images of Hoechst/
PI merged channels for all treatments in MCF7-pSFFV and HDQ-P1 cells, respectively. Scale bar: 50 μm.
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while no significant change was observed in BCL(X)
L overexpressing clones. On the other hand, WEHI-539 
was more potent in MCF7-BCL(X)L cells than it was 

on MCF7-BCL2 clone. These results are in line with a 
previous study that demonstrated a more potent effect of 
Venetoclax on cell death in a BCL2-dependent cell line 

Figure 6: Combination treatments of 2DG with Venetoclax or WEHI-539 effectively increase the number of dead cells 
in breast cancer spheroids. Breast cancer spheroids were stained with Hoechst\PI solution, treated with vehicle, 2DG alone (10 mM), 
Venetoclax or WEHI-539 alone (3 μM) and combination treatments for 72 hours. (A and B) Representative confocal images of Hoechst, PI 
and DIC signals for sections 60-80 μm inside each spheroid in MCF7-pSFFV and HDQ-P1 cells, respectively. (C and D) The number of 
PI positive cells was counted with ImageJ2 for MCF7-pSFFV and HDQ-P1 cells, respectively. (E and F) The area of spheroid section was 
quantified through the DIC channel using ImageJ2. Significance was assessed with a one-way ANOVA and Tukey post-test (* indicates a 
p-value < 0.05, ** indicates a p-value < 0.01 *** indicates a p-value < 0.001). Bars represent mean ± SD from N=6 spheroids each treatment. 
Asterisk was used to indicate significance between treated conditions and vehicle control, while pound was used for significance between 
BCL2 inhibitors and 2DG.
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compared to BCL(X)L when Annexin V and caspase 3/7 
activity were evaluated after treatments [30]. Collectively, 
these data suggested pronounced effect of BCL2 and 
BCL(X)L inhibitors on cellular bioenergetics that 
were unrelated to apoptosis induction or effects on cell 
proliferation.

In order to confirm these results, we analysed the 
effect of both inhibitors on mitochondrial ATP, membrane 
potential and NADH kinetics. We found that Venetoclax 
and WEHI-539 treatments had a significant impact 
on mitochondrial bioenergetics, as demonstrated by a 
reduction in mitochondrial ATP levels when supplied 
with a mitochondrial substrate. We also noted significant 
hyperpolarisation of the mitochondrial membrane 
potential. The altered mitochondrial membrane potential 
observed could be related to the regulation of a proton 
leak by BCL(X)L and potentially BCL2 at the level of 
complex V. It has been previously shown that inhibition 
of BCL2 proteins with ABT737 led to a decrease in total 
ATP synthesis in neurons and increased the membrane 
leak conductance in sub-mitochondrial vesicles of the 
inner membrane [14]. Furthermore, it has been shown 
that ABT263 treatment and BCL2 inhibition induces 
OXPHOS impairment in primary acute myelogenous 
leukaemia (AML) and normal marrow CD34+ cells 
[32]. BCL2 proteins have been also found to regulate the 
channel activity of proteins such as VDAC [33, 34] and to 
form ion channels in lipid bilayers [35–37]. Moreover, it 
has been shown that BCL2 family members regulate the 
channel activity of adenine nucleotide translocator [38, 
39] which exports ATP from the matrix and import ADP. 
This exchange activity of BCL2/BCL(X)L on adenine-
nucleotide prevent mitochondrial hyperpolarization [40]. 
Hence, treatment with WEHI-539 or Venetoclax might 
inhibit the binding of BCL2 proteins with members of 
the permeability transition pore altering the properties 
of mitochondrial membranes and consequently their 
bioenergetics activity. In this context, work by Chen 
et al., showed that treatment with ABT737 induces 
fluctuation in membrane potential, as BCL(X)L has a 
role in stabilising the potential by limiting total ion flux 
across the membranes [17]. Additionally, endogenous 
BCL2 in β-cells regulates ROS signalling and also reduces 
the redox sensitive proton leak in the mitochondria 
[41]. In line with the single cell imaging results and the 
aforementioned studies, we found altered OCR levels 
following the treatment with Venetoclax and WEHI-539. 
Most importantly, we observed decreased mitochondrial 
coupling efficiency (MRC) possibly due to defects in 
proton conductance or decreased substrate availability. We 
also observed decreased basal respiration and ATP-linked 
respiration, values affected by ATP demand and damage 
to OXPHOS [42].

Our experiments also highlighted that BCL2 
protein inhibition induced heterogeneous responses in 
the cell population. The majority of MCF7 cells treated 

with WEHI-539 possessed increased NADH, increased 
TMRM with either decreased or stable mitochondrial 
ATP. Such heterogeneity can be explained by intrinsic 
differences in cellular BCL(X)L or BCL2 concentrations 
in breast cancer cell population, or by activation states 
of mitochondrial bioenergetics. Such heterogeneity in 
mitochondrial respiratory activity and ATPase activity has 
been previously demonstrated in cancer cells [43].

Mitochondrial bioenergetics and dynamics are 
tightly interconnected. Thus, it was crucial for this 
study to measure the mitochondrial network status after 
Venetoclax or WEHI-539 treatments. Previous literature 
demonstrated that BCL(X)L overexpression is able to 
increase fusion/fission and biomass in neurons [44], and a 
direct interaction between the fission regulator Drp1 and 
BCL(X)L was subsequently identified [45]. Strikingly, 
treatment of breast cancer cells with BCL2 and BCL(X)
L selective inhibitors led to decreased mitochondrial 
network length. Mitochondrial membrane potential 
alterations induced by BCL2 inhibitors may also be linked 
to alterations in fusion/fission after Venetoclax/WEHI-
539 treatments. It has been previously observed that 
Drp1-mediated mitochondrial fragmentation is reversed 
by an increase in mitochondrial membrane potential and 
that mitochondrial membrane potential is needed for the 
stimulation of fusion [46, 47]. The fusion mediator Opa1 
requires a mitochondrial membrane potential for correct 
splicing by the intermembrane space protease Yme1L [48]. 
The decreased ATP production we observed is potentially 
linked to the change in mitochondrial network, since it has 
been shown that stressed mitochondrial networks process 
ATP at a lower rate [49]. In line with these studies, we 
also found decreased mitochondrial dynamics upon BCL-
2 inhibition with Venetoclax and WEHI-539.

Because low concentration of the BCL2 inhibitors 
showed no effect on cell viability and/or proliferation 
but altered mitochondrial metabolism and network, we 
finally assessed the effects of combined glycolysis and 
BCL2 inhibition in MCF7 and TNBC cells. 2DG is a 
glucose analogue in which the 2-hydroxyl group has been 
replaced by hydrogen. Hexokinase II phosphorylates 
2DG to form 2DG-P, which cannot be converted to 
fructose-6-phosphate by phosphohexose isomerase. 
The accumulation of 2DG-P leads to HKII inhibition 
[50]. Moreover, 2DG induces dissociation of HKII from 
mitochondria altering the link between glycolysis and 
mitochondrial respiration [51]. 2DG has been investigated 
in different clinical trials as a single agent. However, no 
significant improvements in patients were observed due 
to high adaptability of cancer cell to use different energy 
sources [52]. Thus, our working hypothesis was that dual 
inhibition of glycolysis and mitochondrial bioenergetics 
with 2DG and BCL2 inhibitors, respectively, could have a 
pronounced effect on cell viability and proliferation. First, 
we found synergism between both Venetoclax and WEHI-
539 in combination with 2DG when mitochondrial activity 
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was used as a read out. Our data suggested that synergistic 
interactions triggered a metabolic stress, as mitochondrial 
activity decreased and medium pH increased (as a result of 
lactate uptake). Additionally, synergistic combination also 
decreased the ATP concentration at a population level. Our 
results confirmed previous observations that TNBC cells 
are more glycolytic [10] as 2DG significantly reduced 
ATP concentration when compared to vehicle treated cells 
(Figure 4H). We also observed that MCF7 cells were more 
OXPHOS dependent [9] as no significant reduction was 
observed in the same conditions (Figure 4G). Combined 
treatments with 2DG and BCL2 inhibitors were also 
synthetically lethal and blocked completely the clonogenic 
potential of ER+ and TNBC cells. We also confirmed our 
results in a more physiological bioenergetics environment 
(5mM extracellular glucose). Additionally, we also found 
that treatment with a pan-caspase inhibitor inhibited the 
cell death induced by combination treatments. Recently, 
the ability of 2DG/ABT263 – ABT737 combinations to 
induce apoptosis in a xenograft model of prostate cancer 
was attributed to a disruption of the BAK-MCL1 and 
BAK-BCL(X)L complex by 2DG and ABT treatments, 
respectively [53], and hence start to undergo cell death. 
A second study proposed that 2DG treatment induced 
an AKT-independent, but glucose-dependent MCL1 
degradation. Combination treatment of 2DG and ABT-199 
led to JNK activation, with the subsequent phosphorylation 
and degradation of BCL(X)L [54]. Our data suggest that, in 
addition to effects of such combinations on BCL-2 protein 
levels and interactions, effects on cellular bioenergetics 
may significantly contribute to the reduced clonogenic 
potential of cells treated with such combinations, as cells 
with blocked cellular bioenergetics cannot proliferate and 
eventually undergo cell death.

Collectively, we here demonstrate that BCL2 
inhibitors decrease mitochondrial bioenergetics and that 
the targeting of glycolysis, mitochondrial metabolism 
and cell death signalling by a combination of BCL-2 and 
glycolysis inhibitors could potentially benefit both ER+ 
and TNBC breast cancer subtypes. This could be of a 
potential interest for the development of new approaches 
that can rewire metabolism and cell death at the same 
time, to treat cancer therapy resistant patients.

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, Hoechst 33588 and propidium iodide (PI) came 
from Sigma-Aldrich (Dublin, Ireland). DMEM medium 
was purchased from Lonza (Analab Ltd, Lisburn, United 
Kindom). Tetramethylrhodamine methyl ester (TMRM) 
was from Invitrogen (Biosciences, Ireland). Venetoclax was 

purchased from Active Biochem (Maplewood, NJ, USA), 
WEHI-539 from ChemScene (South Brunswick, NJ, USA).

Cell lines

MCF7-pSFFV, MCF7-BCL2 and MCF7-BCL(X)
L were cultured in RPMI-1640 supplemented with 10% 
FBS, 1% L-Glutamine and 1% Penicilin/Streptomycin. 
DMEM supplemented with 10% FBS, 1% L-Glutamine 
and 1% Penicilin/Streptomycin was used for HDQ-P1. 
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 Venetoclax and WEHI-539 treatments. 
MCF7 clones were seeded at a density of 3×104 cells for 
well on 96-well plates, kept at 5% CO2 and 37°C and 
treated with increasing concentration of Venetoclax or 
WEHI-539 (from 0.1 to 300 μM). 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 Multiskan® EX 
plate reader (Thermo Scientific, Dublin, Ireland).

ATP quantification

ATP was quantified using CellTiter-Glo® 
luminescence assay (Promega). Cells were seeded at 
a density of 2×104 in a 96 well plate and left to adhere 
over-night. After this incubation time cells were treated 
with 1 μM or 3 μM of Venetoclax or WEHI-539 alone 
or in combination with 10 mM 2DG for 72 hours. ATP 
was quantified following the manufacturer’s protocol. 
Briefly, 100 μL of the assay buffer was added to each well 
(containing 100 μL of medium) and cells were incubated 
for 2 minutes at RT on a shaker. The plate was left at RT 
for another 10 minutes to stabilize the signal, and the 
content transferred to a black bottom 96 well plate and 
then loaded on a Clariostar reader (BMG Labtech) to 
measure luminescence with a settling time of 0.2 seconds 
and the top optic. Protein concentration was assessed 
with micro BCA (bicinchoninic acid) assay (Pierce) in 
order to account for differences in cell number. An excel 
template was used to subtract background and calculate 
ATP concentration from a standard curve, and moles of 
ATP normalised to protein concentration.

High content screening microscopy

Cells were seeded in a Nunc Micro Well 96 well 
optical bottom plate (Thermo Scientific) at a density of 
1.5×104 cells per well. The day of the treatment cells were 
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incubated in medium with 1 μg/mL Hoechst 33588 and 
1 μg/mL PI. After 24, 48 and 72 h treatment, plates were 
imaged at 30 fields of view per well using a Cellomics 
Arrayscan VTI (Thermo Scientific) microscope set up 
with a temperature of 37˚C and 5% of CO2 in humidified 
atmosphere. Images were taken at a resolution of 0.645μm/
pixel using a 10x Plan-Apo objective lens (NA 0.45), a 
120 W Hg arc illumination source with 12% ND filter 
(EXFO, Chandlers Ford, UK) and a monochrome CCD 
camera (Orca-AG, Hamamatsu Photonics, Hertfordshire, 
UK). The following filters sets were used: Hoechst 
excitation 387±11 nm, emission 447±30  nm; PI excitation 
560±12 nm, emission 620±60 nm all using a HC-Quad 
band beam splitter with transition wavelength of 410, 504, 
582, and 669 nm (Semrock, AHF, Germany). Images were 
analysed using a customised processing pipeline to identify 
nuclei with Hoechst staining (total cell number) and nuclei 
of dead cells (PI positive) using CellProfiler r2.2.0 [55].

Measurement of cellular oxygen consumption

Cellular oxygen consumption rate (OCR) was 
measured using a Seahorse XF96 Extracellular Flux 
Analyzer (Seahorse Bioscience) [56].

MCF7-pSFFV cells were plated in XF96 V7 cell 
culture at 15×104 cells/well and incubated for 48h in a 
37°C, 5% CO2 incubator in RPMI medium. Cells were 
equilibrated with Seahorse XF DMEM Medium, pH 
7.4 (Agilent), with the addition of 2 mM pyruvate, for 
1 h immediately before extracellular flux assay. Cells 
were then treated with vehicle or 1 μM of Venetoclax or 
WEHI-539, for one hour prior the experiment, in the same 
medium. Drugs were prepared in the same medium in 
which the experiment was conducted and were injected 
from the reagent ports automatically to the wells at the 
times indicated. Mitochondrial function was determined 
through sequential addition of 6 μM oligomycin (O), 1 μM 
carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone 
(F), and 1 μM antimycin/1 μM rotenone (A/R). This 
allowed determination of basal oxygen consumption (the 
difference between the basal levels and the antimycin/
rotenone treatment), oxygen consumption linked to 
ATP synthesis (the difference between the basal levels 
and the oligomycin treatment), non-ATP linked oxygen 
consumption (leak, the difference between the oligomycin 
treated levels and the antimycin/rotenone treatment), 
maximal respiratory capacity (MRC, the difference 
between the FCCP treated levels and the antimycin/
rotenone treatment) [42, 56].

Live cell time-lapse imaging of mitochondrial 
ATeam FRET probe, TMRM dye and NADH 
autofluorescence

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 [26] was transfected into MCF7-pSFFV cells 
with lipofectamine 2000 for 4 hours. 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 63x/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 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). For NADH kinetics 
measurement MCF7 cells were prepared as before and the 
medium replaced with 1 mL of KB with 2 mM pyruvate 
and 2.5 mM CaCl2. Mineral oil was added on top of KB 
to prevent evaporation and the dishes transferred to a 
heated stage above a 40x/1.3 Numerical Aperture (NA) 
Plan-Neofluar of an inverted epifluorescence microscope 
(Axiovert 200M, Zeiss). NADH experiments were 
carried out using a HBO 100 mercury short-arc lamp for 
excitation with illumination wavelength of 340 nm for 
NADH excitation with an exposure time of 100 ms, and 
a binning of 4x4. Emission was collected at 450 nm and 
images taken every minute. All kinetics were measured 
for twenty minutes without treatment in order to obtain 
a baseline signal. Venetoclax or WEHI-539 (1 μM) 
treatments were then applied for 1 hour before ending 
the experiment. Images were processed using ImageJ2 
(National Institutes of Health, Bethesda, MD, USA) and 
Metamorph 7.5 (Universal Imaging Co., Westchester, PA, 
USA). 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 
within cells were segmented from background using the 
YFP time lapse images. The segmented mitochondrial 
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 normalised to the baseline. 
All experiments were performed at least three times 
independently of each other.
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Mitochondrial network and dynamics analysis

For mitochondrial network and morphology 
analysis, a mitochondrial-targeted version of Kaede 
fluorescent protein (FLX1.8MitoKaede) was employed. 
FLX1.8MitoKaede was a gift from Geoffrey Owens 
(Addgene plasmid # 28133). Cells were first seeded at 
a density of 2*103 sterile Willco dishes. Cells were let to 
adhere and then transfected with 0.2 μg of the plasmid for 
4 hours using lipofectamine 2000 in Optimum medium. 
After 24 hours cells were treated with vehicle (1 μl of 
DMSO) and 1 μM of Venetoclax or WEHI-539. After 
72 hours incubation cells were placed on a heated stage 
of a LSM710 confocal microscope with a 63x/1.4 NA 
Plan-Apochromat oil immersion objective in humidified 
atmosphere at 37ºC with 5% CO2. Lasers 488 nm for 
excitation of green fluorescent Kaede with a pixel dwell 
time of 1.58 μs was used. A spectral detection range of 
485-552 nm was used for the green Kaede emission. Green 
fluorescent positive mitochondria were first selected and 
the position marked on the ZEN 2009 software (Zeiss). 
Z-stacks were created by selecting a series of optical slices 
covering the entire mitochondrial network with a step size 
of 0.3 μm at a resolution of 1024x1024 pixels using the 63 
× 1.4 NA oil immersion objective. The green fluorescent 
channel was then deconvolved using Autoquant X 
(version 2.1.0, Media Cybernetics, UK). Images were 
further processed using ImageJ2. For branching analysis, 
a smooth 3D filter using a Gaussian method and a sigma 
value of 1.0 was first applied to deconvolved stacks. 
Following the selection of a threshold, the skeletonize 
function was used to create a skeleton image and then 
processed with the analyse-skeleton module using the 
lowest intensity voxel as prune cycle method. The 
branching factor was calculated by dividing the sum of 
the junctions to the sum of the end-point voxels. For the 
sphericity analysis, we employed the morphological 3D 
filter set in MorphoLibj module in ImageJ2. Briefly, we 
applied a white top hat filter with a ball element shape of 
2 voxels for xyz directions. After this we used the particle 
analysis 3D module in MorphoLibJ to obtain the sphericity 
of mitochondrial entities from each image. Values were 
then sorted and analysed using R version 3.2.2.

For mitochondrial dynamics experiments, lasers 
488 nm for excitation of green fluorescent Kaede and 
561 nm for red fluorescent Kaede with a pixel dwell 
time of 1.58 μs were used. A spectral detection range of 
485-552 nm detected the green Kaede while a longpass 
filter of 555-648 nm was used for photo-converted Kaede 
emission. Green fluorescent positive mitochondria were 
first selected and the position marked on the ZEN 2009 
software (Zeiss). Following optimisation of the zoom 
and ROI repositioning, a small region was selected in the 
mitochondrial area of interest and photobleached using a 
405 nm laser at 5% power. Subsequent Time-lapse images 
were recorded every minute for 75 minutes. For the image 

analysis, sequences were imported and the background 
subtracted. Stacks were created for the red channel (photo-
converted Kaede) and a median filter with a radius of one 
pixel was applied. Stacks were opened with Metamorph 
and a threshold was applied to photo-converted Kaede 
stacks in order to cover the red fluorescent signal. The 
log option in Metamorph was employed to obtain average 
fluorescence intensity values. Average values were then 
processed through Microsoft Excel; a decrease in signal 
intensity of photo-converted Kaede represent fusion 
events as the red signal is diluted from surrounding non 
photo-converted mitochondria. Results were represented 
as percentage normalised to baseline values.

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. 
Cells were grown in a 96 well plate at a density of 1.5×104 
cells per well and treated with increasing concentration 
of 2DG (0.3 to 30 mM) in combination with increasing 
concentrations of Venetoclax or WEHI-549 (0.1 to 10 
μM). After 72 h treatment MTT protocol was utilised 
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 [27]. pH was recorded before 
the addition of MTT through the measurement of phenol 
red absorbance spectra using a ClarioStar reader (BMG, 
Germany). 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 utilised to calculate the 
560/440 nm ratio and the calibration for the ClarioStar 

reader formula
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/1.18  was employed 

to obtain pH values.

Clonogenic assay

A thousand cells were seeded in a 6-well plate. After 
72 h treatment with 3 μM of Venetoclax or WEHI-539 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 minutes at room 
temperature and stained with crystal violet (0.5% in 1X 
PBS). Plates were scanned on a CanoScan LiDE 80 (Canon) 
at a resolution of 1200 ppi. Images were then cropped with 
ImageJ and analyzed with OpenCFU software [57].
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3D culture

MCF7-pSFFV and HDQ-P1 cells were seeded 
at a concentration of 500 cell per well in Perfecta3D® 
hanging drop plate (3D Biomatrix) in RPMI medium with 
5% methyl cellulose and stained with Hoechst\PI solution 
(1 μg\μl). After 24 hour incubation, spheroids were 
transferred to 96 well plates coated with 50 mg/ml poly-
hema (in 95% ethanol/ 5% water) and containing RPMI 
with vehicle, 10 mM 2DG, 3 μM Venetoclax or WEHI-
539 or combination treatments. After 72 hours treatment 
spheroids were imaged on a Zeiss LSM 710 confocal 
microscope as above using a 10x/0.3 NA C-Apochromat 
objective lens. Lasers 405 and 561 nm for excitation of 
Hoechst and PI, respectively, with a pixel dwell time of 
1.58 μs were used. Spectral ranges of 563-735 and 415-
503 nm detected PI and Hoechst emission, respectively. 
Images were taken at a resolution of 2048x2048 pixels. 
ImageJ2 was used to automatically count the number of 
PI positive cells.

Statistical analysis

Data are given as means ± S.D. (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-values <0.05 were considered to be statistically 
significant.

Abbreviations

Mitochondrial oxidative phosphorylation, 
OXPHOS; Triple negative breast cancer, TNBC; Estrogen 
receptor, ER; B-cell lymphoma, BCL2; Foerster resonance 
energy transfer, FRET; Mitochondrial membrane potential, 
ΔΨm; Krebs buffer, KB; 2-deoxy-D-glucose, 2DG; 
Tetramethylrhodamine methyl ester, TMRM; Oxygen 
Consumption Rate, OCR.

Author contributions

Conception and design: FL, HD, JHMP; 
Development of methodology: FL, HD; Acquisition of 
data: FL, ILF; Writing, review, and/or revision of the 
manuscript: FL, HD, JHMP; Study supervision: JHMP.

ACKNOWLEDGMENTS

We thank Aisling O’ Brien for the technical help.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

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

REFERENCES

1. Hanahan D, Weinberg RA. Hallmarks of cancer: the 
next generation. Cell. 2011; 144:646–74. https://doi.
org/10.1016/j.cell.2011.02.013.

2. Warburg O, Wind F, Negelein E. The metabolism of tumors 
in the body. The Journal of General Physiology. 1927; 
8:519–30.

3. Lu J, Tan M, Cai Q. The Warburg effect in tumor 
progression: mitochondrial oxidative metabolism as an 
anti-metastasis mechanism. Cancer Lett. 2015; 356:156–64. 
https://doi.org/10.1016/j.canlet.2014.04.001.

4. Zu XL, Guppy M. Cancer metabolism: facts, fantasy, and 
fiction. Biochem Biophys Res Commun. 2004; 313:459–65.

5. Koppenol WH, Bounds PL, Dang CV. Otto Warburg’s 
contributions to current concepts of cancer metabolism. Nat 
Rev Cancer. 2011; 11:325–37. https://doi.org/10.1038/nrc3038.

6. Griguer CE, Oliva CR, Gillespie GY. Glucose metabolism 
heterogeneity in human and mouse malignant glioma 
cell lines. J Neurooncol. 2005; 74:123–33. https://doi.
org/10.1007/s11060-004-6404-6.

7. Scott DA, Richardson AD, Filipp FV, Knutzen CA, Chiang 
GG, Ronai ZA, Osterman AL, Smith JW. Comparative 
metabolic flux profiling of melanoma cell lines: beyond the 
Warburg effect. J Biol Chem. 2011; 286:42626–34. https://
doi.org/10.1074/jbc.M111.282046.

8. Rodriguez-Enriquez S, Carreno-Fuentes L, Gallardo-Perez 
JC, Saavedra E, Quezada H, Vega A, Marin-Hernandez A, 
Olin-Sandoval V, Torres-Marquez ME, Moreno-Sanchez 
R. Oxidative phosphorylation is impaired by prolonged 
hypoxia in breast and possibly in cervix carcinoma. Int 
J Biochem Cell Biol. 2010; 42:1744–51. https://doi.
org/10.1016/j.biocel.2010.07.010.

9. Lanning NJ, Castle JP, Singh SJ, Leon AN, Tovar EA, 
Sanghera A, MacKeigan JP, Filipp FV, Graveel CR. 
Metabolic profiling of triple-negative breast cancer cells 
reveals metabolic vulnerabilities. Cancer & Metabolism. 
2017; 5:6. https://doi.org/10.1186/s40170-017-0168-x.

10. Pelicano H, Zhang W, Liu J, Hammoudi N, Dai J, Xu RH, 
Pusztai L, Huang P. Mitochondrial dysfunction in some 
triple-negative breast cancer cell lines: role of mTOR 
pathway and therapeutic potential. Breast Cancer Research. 
2014; 16:434. https://doi.org/10.1186/s13058-014-0434-6.

11. Czabotar PE, Lessene G, Strasser A, Adams JM. Control 
of apoptosis by the BCL-2 protein family: implications 
for physiology and therapy. Nat Rev Mol Cell Biol. 2014; 
15:49–63. https://doi.org/10.1038/nrm3722.

https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.canlet.2014.04.001
https://doi.org/10.1038/nrc3038
https://doi.org/10.1007/s11060-004-6404-6
https://doi.org/10.1007/s11060-004-6404-6
https://doi.org/10.1074/jbc.M111.282046
https://doi.org/10.1074/jbc.M111.282046
https://doi.org/10.1016/j.biocel.2010.07.010
https://doi.org/10.1016/j.biocel.2010.07.010
https://doi.org/10.1186/s40170-017-0168-x
https://doi.org/10.1186/s13058-014-0434-6
https://doi.org/10.1038/nrm3722


Oncotarget26062www.oncotarget.com

12. Gross A. BCL-2 family proteins as regulators of 
mitochondria metabolism. Biochim Biophys Acta. 2016; 
1857:1243–6. https://doi.org/10.1016/j.bbabio.2016.01.017.

13. Williams A, Hayashi T, Wolozny D, Yin B, Su TC, 
Betenbaugh MJ, Su TP. The non-apoptotic action of 
Bcl-xL: regulating Ca(2+) signaling and bioenergetics at the 
ER-mitochondrion interface. J Bioenerg Biomembr. 2016; 
48:211–25. https://doi.org/10.1007/s10863-016-9664-x.

14. Alavian KN, Li H, Collis L, Bonanni L, Zeng L, Sacchetti S, 
Lazrove E, Nabili P, Flaherty B, Graham M, Chen Y, Messerli 
SM, Mariggio MA, et al. Bcl-xL regulates metabolic efficiency 
of neurons through interaction with the mitochondrial 
F1FO ATP synthase. Nat Cell Biol. 2011; 13:1224–33. 
http://www.nature.com/ncb/journal/v13/n10/abs/ncb2330.
html#supplementary-information.

15. Chen ZX, Pervaiz S. Bcl-2 induces pro-oxidant state by 
engaging mitochondrial respiration in tumor cells. Cell 
Death Differ. 2007; 14:1617–27. http://www.nature.com/
cdd/journal/v14/n9/suppinfo/4402165s1.html.

16. Hardwick JM, Soane L. Multiple Functions of BCL-2 
Family Proteins. Cold Spring Harb Perspect Biol. 2013; 5. 
https://doi.org/10.1101/cshperspect.a008722.

17. Chen YB, Aon MA, Hsu YT, Soane L, Teng X, McCaffery 
JM, Cheng WC, Qi B, Li H, Alavian KN, Dayhoff-
Brannigan M, Zou S, Pineda FJ, et al. Bcl-xL regulates 
mitochondrial energetics by stabilizing the inner membrane 
potential. J Cell Biol. 2011; 195:263–76. https://doi.
org/10.1083/jcb.201108059.

18. Perciavalle RM, Stewart DP, Koss B, Lynch J, Milasta S, 
Bathina M, Temirov J, Cleland MM, Pelletier S, Schuetz 
JD, Youle RJ, Green DR, Opferman JT. Anti-apoptotic 
MCL-1 localizes to the mitochondrial matrix and couples 
mitochondrial fusion to respiration. Nat Cell Biol. 2012; 
14:575–83. https://doi.org/10.1038/ncb2488.

19. Adams JM, Cory S. The BCL-2 arbiters of apoptosis and their 
growing role as cancer targets. Cell Death and Differentiation. 
2018; 25:27–36. https://doi.org/10.1038/cdd.2017.161.

20. Roberts AW, Stilgenbauer S, Seymour JF, Huang DC. 
Venetoclax in patients with previously treated chronic 
lymphocytic leukemia. Clin Cancer Res. 2017; 23: 4527–
4533. https://doi.org/10.1158/1078-0432.CCR-16-0955.

21. Ashkenazi A, Fairbrother WJ, Leverson JD, Souers AJ. 
From basic apoptosis discoveries to advanced selective 
BCL-2 family inhibitors. Nature Reviews Drug Discovery. 
2017; 16:273. https://doi.org/10.1038/nrd.2016.253.

22. Lucantoni F, Lindner AU, O’Donovan N, Dussmann 
H, Prehn JHM. Systems modeling accurately predicts 
responses to genotoxic agents and their synergism with 
BCL-2 inhibitors in triple negative breast cancer cells. 
Cell Death & Disease. 2018; 9. https://doi.org/10.1038/
s41419-017-0039-y.

23. Antonietti P, Gessler F, Dussmann H, Reimertz C, 
Mittelbronn M, Prehn JH, Kogel D. AT-101 simultaneously 
triggers apoptosis and a cytoprotective type of autophagy 

irrespective of expression levels and the subcellular 
localization of Bcl-xL and Bcl-2 in MCF7 cells. 
Biochim Biophys Acta. 2016; 1863:499–509. https://doi.
org/10.1016/j.bbamcr.2015.12.016.

24. Delgado ME, Olsson M, Lincoln FA, Zhivotovsky B, Rehm 
M. Determining the contributions of caspase-2, caspase-8 
and effector caspases to intracellular VDVADase activities 
during apoptosis initiation and execution. Biochim Biophys 
Acta. 2013; 1833:2279–92. https://doi.org/10.1016/j.
bbamcr.2013.05.025.

25. Laussmann MA, Passante E, Dussmann H, Rauen JA, 
Wurstle ML, Delgado ME, Devocelle M, Prehn JH, 
Rehm M. Proteasome inhibition can induce an autophagy-
dependent apical activation of caspase-8. Cell Death Differ. 
2011; 18:1584–97. http://www.nature.com/cdd/journal/v18/
n10/suppinfo/cdd201127s1.html.

26. Imamura H, Huynh Nhat KP, Togawa H, Saito K, Iino R, 
Kato-Yamada Y, Nagai T, Noji H. Visualization of ATP 
levels inside single living cells with fluorescence resonance 
energy transfer-based genetically encoded indicators. Proc 
Natl Acad Sci U S A. 2009; 106:15651–6. https://doi.
org/10.1073/pnas.0904764106.

27. Webb JL. Effect of more than one inhibitor. Enzyme and 
Metabolic Inhibitors. 1963; 1:66–79.

28. Vander Heiden MG, Chandel NS, Li XX, Schumacker 
PT, Colombini M, Thompson CB. Outer mitochondrial 
membrane permeability can regulate coupled respiration 
and cell survival. Proc Natl Acad Sci U S A. 2000; 97:4666–
71. https://doi.org/10.1073/pnas.090082297.

29. Vander Heiden MG, Chandel NS, Schumacker PT, 
Thompson CB. Bcl-xL prevents cell death following growth 
factor withdrawal by facilitating mitochondrial ATP/ADP 
exchange. Mol Cell. 1999; 3:159–67.

30. Souers AJ, Leverson JD, Boghaert ER, Ackler SL, Catron 
ND, Chen J, Dayton BD, Ding H, Enschede SH, Fairbrother 
WJ, Huang DC, Hymowitz SG, Jin S, et al. ABT-199, a 
potent and selective BCL-2 inhibitor, achieves antitumor 
activity while sparing platelets. Nat Med. 2013; 19:202–8. 
https://doi.org/10.1038/nm.3048.

31. Lessene G, Czabotar PE, Sleebs BE, Zobel K, Lowes 
KN, Adams JM, Baell JB, Colman PM, Deshayes K, 
Fairbrother WJ, Flygare JA, Gibbons P, Kersten WJ, et al. 
Structure-guided design of a selective BCL-X(L) inhibitor. 
Nat Chem Biol. 2013; 9:390–7. https://doi.org/10.1038/
nchembio.1246.

32. Lagadinou ED, Sach A, Callahan K, Rossi RM, Neering 
SJ, Minhajuddin M, Ashton JM, Pei S, Grose V, O’Dwyer 
KM, Liesveld JL, Brookes PS, Becker MW, et al. BCL-2 
inhibition targets oxidative phosphorylation and selectively 
eradicates quiescent human leukemia stem cells. Cell 
Stem Cell. 2013; 12:329–41. https://doi.org/10.1016/j.
stem.2012.12.013.

33. Huang H, Hu X, Eno CO, Zhao G, Li C, White C. An 
interaction between Bcl-xL and the voltage-dependent anion 
channel (VDAC) promotes mitochondrial Ca2+ uptake. J 

https://doi.org/10.1016/j.bbabio.2016.01.017
https://doi.org/10.1007/s10863-016-9664-x
https://doi.org/http://www.nature.com/ncb/journal/v13/n10/abs/ncb2330.html#supplementary-information
https://doi.org/http://www.nature.com/ncb/journal/v13/n10/abs/ncb2330.html#supplementary-information
https://doi.org/http://www.nature.com/cdd/journal/v14/n9/suppinfo/4402165s1.html
https://doi.org/http://www.nature.com/cdd/journal/v14/n9/suppinfo/4402165s1.html
https://doi.org/10.1101/cshperspect.a008722
https://doi.org/10.1083/jcb.201108059
https://doi.org/10.1083/jcb.201108059
https://doi.org/10.1038/ncb2488
https://doi.org/10.1038/cdd.2017.161
https://doi.org/10.1158/1078-0432.CCR-16-0955
https://doi.org/10.1038/nrd.2016.253
https://doi.org/10.1038/s41419-017-0039-y
https://doi.org/10.1038/s41419-017-0039-y
https://doi.org/10.1016/j.bbamcr.2015.12.016
https://doi.org/10.1016/j.bbamcr.2015.12.016
https://doi.org/http://dx.doi.org/10.1016/j.bbamcr.2013.05.025
https://doi.org/http://dx.doi.org/10.1016/j.bbamcr.2013.05.025
https://doi.org/http://www.nature.com/cdd/journal/v18/n10/suppinfo/cdd201127s1.html
https://doi.org/http://www.nature.com/cdd/journal/v18/n10/suppinfo/cdd201127s1.html
https://doi.org/10.1073/pnas.0904764106
https://doi.org/10.1073/pnas.0904764106
https://doi.org/10.1073/pnas.090082297
https://doi.org/10.1038/nm.3048
https://doi.org/10.1038/nchembio.1246
https://doi.org/10.1038/nchembio.1246
https://doi.org/10.1016/j.stem.2012.12.013
https://doi.org/10.1016/j.stem.2012.12.013


Oncotarget26063www.oncotarget.com

Biol Chem. 2013; 288:19870–81. https://doi.org/10.1074/
jbc.M112.448290.

34. Shimizu S, Konishi A, Kodama T, Tsujimoto Y. BH4 
domain of antiapoptotic Bcl-2 family members closes 
voltage-dependent anion channel and inhibits apoptotic 
mitochondrial changes and cell death. Proc Natl Acad Sci 
U S A. 2000; 97:3100–5.

35. Antonsson B, Conti F, Ciavatta A, Montessuit S, Lewis S, 
Martinou I, Bernasconi L, Bernard A, Mermod JJ, Mazzei 
G, Maundrell K, Gambale F, Sadoul R, et al. Inhibition 
of Bax channel-forming activity by Bcl-2. Science. 1997; 
277:370–2.

36. Minn AJ, Velez P, Schendel SL, Liang H, Muchmore SW, 
Fesik SW, Fill M, Thompson CB. Bcl-x(L) forms an ion 
channel in synthetic lipid membranes. Nature. 1997; 
385:353–7. https://doi.org/10.1038/385353a0.

37. Schendel SL, Xie Z, Montal MO, Matsuyama S, Montal M, 
Reed JC. Channel formation by antiapoptotic protein Bcl-2. 
Proc Natl Acad Sci U S A. 1997; 94:5113–8.

38. Brenner C, Cadiou H, Vieira HL, Zamzami N, Marzo I, Xie 
Z, Leber B, Andrews D, Duclohier H, Reed JC, Kroemer 
G. Bcl-2 and Bax regulate the channel activity of the 
mitochondrial adenine nucleotide translocator. Oncogene. 
2000; 19:329–36. https://doi.org/10.1038/sj.onc.1203298.

39. Halestrap AP, Doran E, Gillespie JP, O’Toole A. 
Mitochondria and cell death. Biochem Soc Trans. 2000; 
28:170–7.

40. Vander Heiden MG, Thompson CB. Bcl-2 proteins: 
regulators of apoptosis or of mitochondrial homeostasis? Nat 
Cell Biol. 1999; 1:E209–16. https://doi.org/10.1038/70237.

41. Aharoni-Simon M, Shumiatcher R, Yeung A, Shih AZ, Dolinsky 
VW, Doucette CA, Luciani DS. Bcl-2 Regulates Reactive 
Oxygen Species Signaling and a Redox-Sensitive Mitochondrial 
Proton Leak in Mouse Pancreatic beta-Cells. Endocrinology. 
2016; 157:2270–81. https://doi.org/10.1210/en.2015-1964.

42. Brand MD, Nicholls DG. Assessing mitochondrial 
dysfunction in cells. Biochem J. 2011; 435:297–312. https://
doi.org/10.1042/BJ20110162.

43. Huber HJ, Dussmann H, Kilbride SM, Rehm M, Prehn JH. 
Glucose metabolism determines resistance of cancer cells 
to bioenergetic crisis after cytochrome-c release. Mol Syst 
Biol. 2011; 7:470. https://doi.org/10.1038/msb.2011.2.

44. Berman SB, Chen YB, Qi B, McCaffery JM, Rucker EB 
3rd, Goebbels S, Nave KA, Arnold BA, Jonas EA, Pineda 
FJ, Hardwick JM. Bcl-x(L) increases mitochondrial 
fission, fusion, and biomass in neurons. The Journal of 
Cell Biology. 2009; 184:707–19. https://doi.org/10.1083/
jcb.200809060.

45. Li H, Alavian KN, Lazrove E, Mehta N, Jones A, Zhang P, 
Licznerski P, Graham M, Uo T, Guo J, Rahner C, Duman 
RS, Morrison RS, et al. A Bcl-x(L)-Drp1 complex regulates 
synaptic vesicle membrane dynamics during endocytosis. 
Nature Cell Biology. 2013; 15:773–85. https://doi.
org/10.1038/ncb2791.

46. Ishihara N, Jofuku A, Eura Y, Mihara K. Regulation of 
mitochondrial morphology by membrane potential, and 
DRP1-dependent division and FZO1-dependent fusion 
reaction in mammalian cells. Biochem Biophys Res 
Commun. 2003; 301:891–8.

47. Legros F, Lombes A, Frachon P, Rojo M. Mitochondrial 
fusion in human cells is efficient, requires the inner 
membrane potential, and is mediated by mitofusins. Mol 
Biol Cell. 2002; 13:4343–54. https://doi.org/10.1091/mbc.
E02-06-0330.

48. Song Z, Chen H, Fiket M, Alexander C, Chan DC. OPA1 
processing controls mitochondrial fusion and is regulated 
by mRNA splicing, membrane potential, and Yme1L. 
J Cell Biol. 2007; 178:749–55. https://doi.org/10.1083/
jcb.200704110.

49. Westermann B. Bioenergetic role of mitochondrial fusion 
and fission. Biochim Biophys Acta. 2012; 1817:1833–8. 
https://doi.org/10.1016/j.bbabio.2012.02.033.

50. Maher JC, Krishan A, Lampidis TJ. Greater cell cycle 
inhibition and cytotoxicity induced by 2-deoxy-D-glucose 
in tumor cells treated under hypoxic vs aerobic conditions. 
Cancer Chemother Pharmacol. 2004; 53:116–22. https://doi.
org/10.1007/s00280-003-0724-7.

51. Lynch RM, Fogarty KE, Fay FS. Modulation of hexokinase 
association with mitochondria analyzed with quantitative 
three-dimensional confocal microscopy. J Cell Biol. 1991; 
112:385–95.

52. Bost F, Decoux-Poullot AG, Tanti JF, Clavel S. Energy 
disruptors: rising stars in anticancer therapy? Oncogenesis. 
2016; 5:e188. https://doi.org/10.1038/oncsis.2015.46.

53. Yamaguchi R, Janssen E, Perkins G, Ellisman M, Kitada 
S, Reed JC. Efficient elimination of cancer cells by 
deoxyglucose-ABT-263/737 combination therapy. PLoS 
One. 2011; 6:e24102. https://doi.org/10.1371/journal.
pone.0024102.

54. Zhang Y, Li X, Tan S, Liu X, Zhao X, Yuan Z, Nie C. Mcl-1 
expression and JNK activation induces a threshold for 
apoptosis in Bcl-xL-overexpressing hematopoietic cells. 
Oncotarget. 2017; 8:11042–52. https://doi.org/10.18632/
oncotarget.14223.

55. Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang 
IH, Friman O, Guertin DA, Chang JH, Lindquist RA, 
Moffat J, Golland P, Sabatini DM. CellProfiler: image 
analysis software for identifying and quantifying cell 
phenotypes. Genome Biol. 2006; 7:R100. https://doi.
org/10.1186/gb-2006-7-10-r100.

56. Qian W, Van Houten B. Alterations in bioenergetics 
due to changes in mitochondrial DNA copy number. 
Methods. 2010; 51:452–7. https://doi.org/10.1016/j.
ymeth.2010.03.006.

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

https://doi.org/10.1074/jbc.M112.448290
https://doi.org/10.1074/jbc.M112.448290
https://doi.org/10.1038/385353a0
https://doi.org/10.1038/sj.onc.1203298
https://doi.org/10.1038/70237
https://doi.org/10.1210/en.2015-1964
https://doi.org/10.1042/BJ20110162
https://doi.org/10.1042/BJ20110162
https://doi.org/10.1038/msb.2011.2
https://doi.org/10.1083/jcb.200809060
https://doi.org/10.1083/jcb.200809060
https://doi.org/10.1038/ncb2791
https://doi.org/10.1038/ncb2791
https://doi.org/10.1091/mbc.E02-06-0330
https://doi.org/10.1091/mbc.E02-06-0330
https://doi.org/10.1083/jcb.200704110
https://doi.org/10.1083/jcb.200704110
https://doi.org/10.1016/j.bbabio.2012.02.033
https://doi.org/10.1007/s00280-003-0724-7
https://doi.org/10.1007/s00280-003-0724-7
https://doi.org/10.1038/oncsis.2015.46
https://doi.org/10.1371/journal.pone.0024102
https://doi.org/10.1371/journal.pone.0024102
https://doi.org/10.18632/oncotarget.14223
https://doi.org/10.18632/oncotarget.14223
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/https://doi.org/10.1016/j.ymeth.2010.03.006
https://doi.org/https://doi.org/10.1016/j.ymeth.2010.03.006
https://doi.org/10.1371/journal.pone.0054072
https://doi.org/10.1371/journal.pone.0054072

