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Highlights

e ANT2 silencing promotes cell growth arrest and metabolic remodeling in CSCs.
e ANT?2 depletion modulates HKII protein levels.

e ANT?2 induce anoikis resistance in P19SCs

Abstract

Cancer stem cells (CSCs) are amongst the group of cells constituting tumors, being characterized
by their strong self-renewal and survival properties. Cancer cells, CSCs included, are thought to
rely mostly on glycolysis, even in the presence of oxygen, which confers them adaptative
advantages. Adenine nucleotide translocator 2 (ANT2), responsible for the exchange of ADP and
ATP in the mitochondrial inner membrane, has been correlated with a higher glycolytic
metabolism and is known to be overexpressed in cancer cells. Using P19 embryonal carcinoma
stem cells (P19SCs) as a CSCs model, we inhibit ANT2 translation by using siRNA. ANT2
protein levels were shown to be overexpressed in P19SC when compared to their differentiated
counterparts. Furthermore, we showed here that the OXPHOS machinery and mitochondrial
membrane potential are compromised after ANT2 depletion, exhibiting a metabolic adaptation
towards a less oxidative phenotype. Interestingly, hexokinase Il levels were downregulated,
which was also accompanied by decreased cell growth, and decreased ability to form spheroids.
Our findings underscore ANT2 as a key regulator of metabolic remodeling and cell survival of
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CSCs, suggesting its potential as a therapeutic target for controlling CSC-driven tumor

progression.
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1. Introduction

Cancer is a multifactorial and life-threatening condition in which poor outcomes are related to
the metastatic potential of tumors, despite the advances in available treatments. A hallmark of
cancer is metabolic reprogramming, which confers adaptive advantages to cancer cells by

enabling proliferation and survival even under adverse conditions, thus facilitating tumor spread.

In recent years, cancer stem cells (CSCs) have emerged as architects and building blocks of the
survival and progression of various tumor types. This niche population possesses self-renewal
capacity, tumorigenic potential, and high plasticity due to the ability to differentiate into
specialized cell types that promote tumor heterogeneity, which ultimately is thought to drive
tumor recurrence, relapse, and metastasis [1]. Despite advances in cancer treatments,
conventional radio- and chemotherapies, often fail to effectively target these elusive cells, thus
ultimately contributing to high mortality rates [2—4]. A deeper understanding of CSCs’ biological
characteristics and molecular mechanisms holds promise for the development of novel

therapeutics [5].

P19 embryonal carcinoma stem cells (P19SCs) are a suitable model to study stem cell
maintenance and differentiation [6,7], and also a cancer stem cell-like model for CSCs,
providing insights into therapy evasion, metabolic phenotype, or mitochondrial adaptations [8,9].
Emerging research underlines the distinctive metabolic behavior of CSCs, as they display an
increased dependence on glycolysis in contrast to their differentiated counterparts. This altered
metabolic preference enables CSCs to thrive in nutrient-deprived environments and withstand
therapeutic stress [2,3]. In our previous works, we demonstrated that P19SCs have a glycolysis-
dependent phenotype while differentiation promotes a metabolic shift towards mitochondrial
metabolism and mitochondrial remodeling, which may also be accompanied by changes in the

adenine nucleotide translocator (ANT) expression levels [8].

ANT, a nuclear-encoded integral protein located in the inner mitochondrial membrane, imports
ADP into the mitochondrial matrix, which in turn is used to generate ATP by oxidative
phosphorylation (OXPHOS) under physiological conditions. ATP can then be dispatched from
the mitochondria into the cytosol, where it can be utilized for the metabolic needs of the cell
[10]. There are four known isoforms of ANT in humans (ANT1-4), with expression depending
on the cell type, tissue nature, developmental stage, cell proliferation status, as well as energy
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requirements [11]. ANT1 is primarily found in differentiated tissues, such as skeletal muscle,
heart, and brain [12]. ANT2 is preferentially expressed in undifferentiated cells or regenerative
tissues, such as the kidney and liver [13]. ANT3 is ubiquitously expressed, and ANT4 is
exclusively localized in germ cells [14]. Additionally, ANT plays a role in cell death pathways by
regulating mitochondrial membrane permeability and cell fate decisions, with some isoforms
acting as pro-apoptotic (ANT1 and 3) while others function as anti-apoptotic (ANT2 and 4) [15].
It has been suggested that under mitochondrial respiration impairment, ANT2 imports ATP
produced by glycolysis into the mitochondria, where it is used by the F1Fo-ATPase complex to
eject protons into the intermembrane space, in contrast to what happens under physiological
conditions [16]. This process enables the maintenance of mitochondrial membrane potential
(A¥m) and ensures cell survival from induced apoptosis [17]. Therefore, ANT2 expression is
associated with growth-dependence, is considered a cell proliferation marker [18], and plays a
role in cancer. Indeed, evidence suggests that ANT2 is essential during tumor development
which may be related to metabolic adaptation, and linked to glycolytic metabolism [13,19].
Accordingly, it is highly upregulated in various cancer cells and hormone-dependent cancers
[20], and its silencing increases apoptosis and decreases cell growth in human breast cancer, and
breast cancer stem-like cells [21,22]. Despite the evidence, little is known regarding the presence
and functional effects of ANT2 in cancer cells expressing a stem cell-like phenotype, its impacts

on cell metabolism, and how it influences mitochondrial activity.

The current work investigated the presence and functional role of ANT2 in the intrinsic
capabilities of P19SCs by assessing stem cell growth, metastasis, therapy evasion, and metabolic
effects on cancer progression. Based on our findings, which are supported by mounting evidence,
ANT2 emerges as a pivotal element for mitochondrial function, resistance to cell detachment-
induced apoptosis (anoikis), and metabolic adaptations of CSCs, making it a promising target for

therapeutic intervention.
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2. Material and Methods
2.1 Cell culture and differentiation

P19 embryonal carcinoma cell line was obtained from the American Type Culture Collection
(ATCC® CRL-1825™, RRID:CVCL_2153) and cultured in High glucose Dulbecco’s modified
Eagle’s medium (DMEM-D5648, Sigma-Aldrich) supplemented with 10% FBS, 1.8 g/l sodium
bicarbonate, 110 mg/l sodium pyruvate, and 1% antibiotic/antimycotic solution, at 37°C in a
humidified atmosphere of 5% CO,. Cells were passaged every 2-3 days when reaching 70-80%
confluence, at a 1:20 to 1:30 dilution. To induce cell differentiation, P19 cells were seeded at a
density of 5.2x10° cells/cm? and 1 uM of Retinoic Acid was added for 96h, as described
previously [6,8].

2.2 Cell transfection

Cells were seeded at a density of 7.5x10° cells/cm? and transfected after 24h with 50 nM ANT2
SIRNA (siIANT2, Mm_Slc25a5 1), sense strand 5° CGA GCU GCC UAC UUU GCU ATT 37, or
with scrambled siRNA with sense strand 5 UUC UCC GAA CGU GUC ACG UdT dT 3,
without homology, as negative control (siCtrl), both purchased from Qiagen. Lipofectamine 2000
was used as a transfection agent, according to the manufacturer’s instructions. Briefly, cells were
incubated with the siRNA-lipid complex for 5 hours, after which the medium was replaced with
fresh growth medium. Transfection efficiency and ANT2 expression were assessed by Western

blot analysis at several timepoints post-transfection.

2.3 Cell viability/proliferation

P19SCs were plated on 96 multi-well plates with a cellular density of 7.5x10° cells/cm? and
transfected after 24 hours with scrambled and ANT2 siRNA, as previously described. After 24,
48, 72, and 96 hours of transfection, fresh medium with 10 pug/ml of resazurin was added and
incubated for 90 min in the dark at 37°C a 5% CO, atmosphere. The amount of fluorescence

(resorufin) was measured at 540/590 nm, using Cytation3™ UV-vis multi-well plate imaging
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reader (BioTek) [23]. The plate was washed with PBS 1X and cells were fixed with ice-cold 1%
(v/v) acetic acid in methanol overnight at -20°C. Sulforhodamine B (SRB) solution (0,5% in 1%
acetic acid) was added to dry wells and incubated at 37°C for 1 hour. After the removal of SRB
excess with 1% (v/v) acetic acid, the dye was resuspended in a 10 mM Tris pH 10 solution. The
absorbance was then measured at 510 nm and 620 nm, using Cytation3™ UV-vis multi-well

plate imaging reader [24].

2.4 \\estern Blot

After harvesting by trypsinization and washing with cold PBS 1X, the cell pellet was
resuspended in RIPA buffer supplemented with 2mM DTT, 100 mM PMSF, 20mM NAF, 80 mM
NaszVO, and protease inhibitor cocktail (1:100), physically disrupted by sonication, and kept at -
80°C until used. The protein content was measured using BCA assay. Twenty micrograms of
protein were loaded in a 10 or 12% SDS-polyacrylamide gel and separated by electrophoresis at
120V. Samples were electrotransferred to a polyvinylidene difluoride (Bio-Rad, 1704273) or
nitrocellulose (Bio-Rad, 1704271) membrane at 25V, for 10 min, using the Trans-Blot® Turbo™
Transfer System (Bio-Rad Laboratories). Membranes were stained with Ponceau S staining to
ensure equal loading and quantification purposes for P19dCs given the observed changes in
metabolic- and cytoskeleton-related housekeeping proteins [6]. After blocking the membranes
with 5% non-fat dry milk or BSA in TBS-T (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, and 0.1%
Tween-20) for 1 h at room temperature, membranes were incubated at 4°C overnight with the
primary antibodies (Table 1). After three 10-minute washes with TBS-T, the membranes were
incubated with the respective horseradish peroxidase-conjugated secondary antibody (1:5000)
for 1 hour at room temperature. Following washes with TBS-T, membranes were incubated with
Clarity™ Western ECL Substrate detection kit, and images were acquired in a VWR Gel
Documentation System Imager Chemi 5QE. Band densities were determined using TotalLab
TL120 software.

2.5 Intracdlular ATP Levels
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Cells were seeded in white 96-well plates at a cellular density of 3.5x10* cells/well, 24 hours
before the experiment (24 hours after transfection). Four hours before the measurement, cells
were incubated with media containing 2-DG at a final concentration of 50 nM, or with media as
control, at 37°C, 5% CO,. Equal volume of Cell-Titer Glo Reagent (Cell-Titer Glo Kkit, Promega)
was added, and luminescence was read after 2 minutes of orbital shaking and 10 minutes of
incubation (in the dark) to allow luminescent signal stabilization, using Cytation3™ UV-vis

multi-well plate imaging reader.

2.6 Spheroid formation and migration assays

Upon 24h of transfection, cells were enzymatically harvested using trypsin and manually
disaggregated to form a single-cell suspension. Three-dimensional cellular spheroids were
prepared by seeding the cells in non-adherent conditions in 6 multi-well plates previously coated
with Poly(2-hydroxyethyl methacrylate), at a density of 20,000 cells/well. Cells were allowed to
grow for 1 day in High glucose Dulbecco’s modified Eagle’s medium (DMEM-D5648)
supplemented with 7.5% FBS, 1.8 g/l sodium bicarbonate, 110 mg/l sodium pyruvate, and 1%
antibiotic/antimycotic solution, at 37°C in a humidified atmosphere of 5% CO,. Spheroid-
forming efficiency (SFE) was calculated as the ratio of formed spheroids above 60 pum relative to
seeded cells. To assess the effect of etoposide on the Spheroid Forming Efficiency (SFE),
transfected cells were seeded as described previously, with the addition of etoposide (0.25 puM).
Subsequently, the formed spheroids were then collected and seeded in 96-well plates under
adherent conditions, for 24 hours. The migration index was calculated as the ratio of the area at

24 hours to the area at 0 hours.

2.7 Cellular oxygen consumption and extracellular acidification measurements

Oxygen consumption rate (OCR) measurements and the extracellular acidification rate (ECAR)
were measured using Seahorse XFe96 Extracellular Flux Analyzer (Agilent), using the Mito
Stress and Glycolytic Rate protocols. Briefly, cell lines were seeded in Seahorse XF96 cell
culture microplates previously coated with poly-D-lysine, at a final density of 35,000 cells/well,

24 hours before the experiment. On the day of the experiment, cells were washed with pre-
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warmed basal DMEM-D5030 (Sigma-Aldrich) medium supplemented with 25 mM glucose, 4
mM L-glutamine, 1 mM sodium pyruvate, and 5 mM HEPES (pH 7.4), and incubated at 37 °C in
a non-CO; incubator for 1 hour. OCR measurements were obtained in different respiratory states
by sequential injection of 3 uM oligomycin, 0.25 uM FCCP, and 1 uM rotenone/antimycin A for
the Mito Stress assay, and 1 uM rotenone/antimycin A, and 50 mM 2-DG the glycolytic rate
assay. SRB was used to evaluate cell mass for normalization purposes. The results were analyzed
using the Software Version Wave Desktop 2.6 and exported using the respective XF Report
Generators (Agilent). The OCR and ECAR values were used to calculate the glycolytic
parameters and expressed as Glycolytic Proton Efflux Rate (GlycoPER) and PER (Proton Efflux

Rate), according to the manufacturer's instructions.

For OCR and ECAR measurements on spheroids, spheroids were harvested after 24 hours of the
spheroid formation assay, dissociated, and seeded under the same conditions as described above.
After seeding the cells, the plate was centrifuged at 12000 rpm for 1 min to promote cell settling
and then placed in the incubator at 37°C and 5% CO, atmosphere for 1 hour before the

experiment began.

The energy maps were also generated from the OCR and ECAR values under basal conditions
and after induced stress following oligomycin and FCCP injection in 2D and 3D experiments.

The raw data were also normalized to cell mass using the SRB method.

2.8 Measurement of mitochondrial membrane polarization

Transfected cells were seeded in p-Slide 8 Well ibiTreat (80826, Ibidi) at a cellular density of
30,000 cells per well (24 hours after transfection). After 24 hours of seeding, cells were
incubated with 100 nM Tetramethylrhodamine methyl ester (TMRM, Thermofisher) and 1 ug/ml
Hoechst 33342 (Invitrogen, CA, USA), prepared in fresh complete growth medium, for 30 min,
in the dark, at 37°C, and in a 5% CO, atmosphere. Confocal images were collected at 63X
magnification using a Plan-Apochromat lens (numerical aperture: 1.4), in Carl Zeiss LSM 710
laser scanning confocal microscope, pre-heated at 37°C, using Diode 405-30 (405nm) and DPSS
561-10 (561nm) lasers. Image processing and analysis were performed using ImageJ 1.51u
software (RRID:SCR_003070).
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2.9 Immunocytochemistry

P19 cells were seeded on glass coverslips at a cellular density of 30,000 cells (24 hours after
transfection). Cells were then fixed with 4% paraformaldehyde in PBS (pre-warmed at 37C1C)
for 1500min and permeabilized in 0.2% Triton X-100 in PBS for 2 Imin. Following a blocking
step for 1 'hour at room temperature with 3% BSA in PBS, cells were incubated with primary
antibody against succinate dehydrogenase complex subunit A (SDHA) and HKII, diluted in
blocking solution (1:100), overnight, at 411°C. After 3 washes with PBS for 5 min, the secondary
antibody Alexa Fluor-594 goat anti-mouse and Alexa Fluor-488 goat diluted in blocking solution
(1:200) was applied for 11 Ihour at room temperature. Nuclei were stained with 1[/ug/ml Hoechst
33342 (Invitrogen, CA, USA) in PBS for 107 min and coverslips were mounted using Dako
(Sigma Chemical, St. Louis, MO, USA). Confocal images were acquired at 63X magnification
using a Plan-Apochromat lens (numerical aperture: 1.4), in Carl Zeiss LSM 710 laser scanning
confocal microscope. HKII expression was assessed using ImageJ 1.54h software
(RRID:SCR_003070). Briefly, images underwent segmentation by thresholding the different
channels. Binary images were generated to optimally resolve the mitochondria network and
nucleus and further trace ROIs. Then, the mean gray value of HKII was measured within the
ROIs, in the different cell compartments. SDHA labeling and the respective ROl were used to
calculate the mitochondrial network area of each image, which was then normalized by the

number of nuclei.

2.10 Statistical Analysis

All  statistical analysis was performed wusing GraphPad Prism 8.0.2 software
(RRID:SCR_002798). Data were checked for normal distributions and homogeneity of variances
by the Shapiro-Wilk test and the F-test, respectively. Student's t-test was used for statistical
analysis of two means. In cases where normality was not verified, the Mann-Whitney test was
performed. Two-way ANOVA with Sidak’s multiple comparisons was performed for statistical

analysis to compare more than two groups with 2 independent variables when appropriate unless
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stated otherwise. Results are presented as means + SEM. Significance was accepted with *p <
0.05, **p < 0.01, ***p < 0.0005, **** p < 0.0001.

3. Results
ANT2 expression is upregulated in P19SCs

Despite advances in targeting CSCs, an effective and directed elimination of this cell population
is still challenging. Using P19SCs, a previously described as a good reliable model to study
CSCs and stemness features, Vega-Naredo et al., showed that total protein levels of ANT1/2 were
differently expressed when compared to their differentiated counterparts [8]. However, the
isoform responsible for that difference was not clarified. To address this, P19SCs were subjected
to retinoic acid-induced differentiation (1 puM, 96 hours) and subsequently analyzed for
pluripotency, differentiation markers, and morphological features. P19SCs exhibit small and
round shape, reduced expression of trophectodermal cytokeratin 8 Endo-A (TROMA-I, marker
for primitive endoderm) and B-3-Tubulin (marker for mature neurons), while the pluripotency
marker octamer-binding transcription factor (OCT4) is overexpressed (Fig. 1A-C). After
differentiation, the expression levels of the pluripotency marker OCT4, as well as of TROMA-I
and B-3-Tubulin were highly increased in P19dCs, as expected. In addition, morphological
changes were observed in P19dCs, with the cells exhibiting a more elongated shape (Fig. 1A-C).
After the successful implementation of cell differentiation, ANT 1/2 and ANT2 protein levels
were determined in both cell types. ANT 1/2 protein levels were strongly increased in P19dCs,
corroborating previously described results (Suppl. Fig. 1). Nevertheless, the ANT2 isoform was
found predominantly overexpressed in P19SCs, while expression was 75% lower in P19dCs
(Fig. 1B-C), indicating that P19SCs have higher levels of ANT2 than their differentiated
counterparts.

ANT?2 protein expression levels affect P19SCs cell mass

Based on the above-described data, we wondered whether ANT2 could influence the P19SCs

differentiation process. To this end, gene expression was transiently silenced with SiRNA.
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Western blotting evidenced efficient protein knock-down up to 96h after transfection (Fig. 2A).
To verify whether P19 cells maintained their stemness properties upon ANT2 suppression, the
expression of pluripotency and differentiation markers as well as cell morphology were
evaluated. The protein levels TROMA-I and OCT4 were not affected by ANT2 silencing (Fig.
2B). In terms of cell morphology, the transfected cells resembled P19SCs (Suppl. Fig. 2), which
also suggests that the absence of ANT2 does not seem to compromise differentiation process of

stem cells.

In addition to the generation of other cell types, CSCs are described as being fundamental for
tumor growth, and several studies have shown that ANT2 is associated with a high proliferation
rate [16,18], including in some tumor types [21,22]. The effect of ANT2 on the proliferation rate
of transfected P19SCs was further evaluated using resazurin and SRB assays. A significant
decrease in metabolic activity and cell mass was observed at 48 and 72 hours after ANT2
silencing on P19SCs (Fig. 2C). These results imply a critical role of ANT2 in the proliferation of
cancer stem cell population. Importantly, the time point 48h seems to be the one with the most
effective silencing (Fig. 2A and D), thus the following experiments were carried out after 48h
ANT?2 silencing.

ANT2 silencing compromises P19SCs reliance on OXPHOS

ANT2 is increasingly expressed in undifferentiated cells and has been directly associated with
glycolytic metabolism in cancer [13,19]. P19SCs are described as glycolytic and rely on this
pathway for energy supply relative to their differentiated counterparts [8]. Glycolytic cancer cells
import glycolysis-generated ATP into mitochondria via ANT2. Considering the impact of ANT2
on the proliferation of P19SCs, the cells' metabolic profile was evaluated upon ANT2 gene
downregulation. Glycolysis and mitochondria-related proteins were analyzed after 48 hours of
ANT?2 silencing. The expression of hexokinase Il (HKII), the enzyme responsible for the first
reaction of glycolysis, was decreased by 30% in siANT2 cells (Fig. 3A, B), while the pyruvate
kinase muscle isoenzyme M2 (PKM2) levels, which catalyzes the last step, was unchanged (Fig.
3A, C). The observed differences in HKII protein expression prompted us to investigate ATP
concentration in the P19SCs and siANT2 silencing cells on the glycolytic pathway. In basal
conditions, there was no significant differences in the ATP levels between siCtrl and sSiANT2
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cells (Fig. 3D). However, when 2-DG was used to inhibit glycolysis, a 38% depletion in ATP
levels was observed in siCtrl and a 57% decrease in ANT2-silenced cells compared to vehicle-
treated siCtrl cells. Notably, ATP levels were significantly lower in 2-DG-treated siANT2 cells
compared to 2-DG siCtrl (Fig. 3D), indicating the importance of ANT2 in the energy metabolism
of P19SCs.

To gain better insights into the glycolytic pathway, the metabolic activity of P19SCs was
analyzed 48 hours after transfection using the Seahorse XFe96 Extracellular Flux Analyzer, as
the effects on cell proliferation and intracellular ATP content were most pronounced. Using the
glycolytic rate assay, the proton efflux rate (PER) attributable to glycolysis (glycoPER) was
determined by the extracellular acidification rate (ECAR) and oxygen consumption rate (OCR)
measurements. Interestingly, no differences were observed in glycolysis with ANT2 suppression
(Fig. 3E, F, I). However, the mitoOCR/glycoPER ratio was decreased in SIANT2 cells, which
prompted us to ask whether ANT2 depletion could interfere with mitochondrial respiration. To
answer this question, the Mitostress assay was performed. Although no significant changes in
non-mitochondrial oxygen consumption and spare respiratory capacity were detected, basal
respiration, proton leak-dependent respiration, maximal respiration, and ATP production-linked
respiration were significantly decreased in ANT2-silenced cells (Fig. 3G,H). The replotting of
data from unstressed and stressed cells into an energetic map allowed to confirm the ANT2 effect
on OCR and glycolytic profile (Fig. 3 I). Considering the above data, we next analyzed the
expression of the mitochondrial electron transport chain subunits to verify possible changes in
the OXPHOS machinery. The expression levels of NADH dehydrogenase [ubiquinone] 1 P
subcomplex subunit 8 (NDUFBS), succinate dehydrogenase [ubiquinone] iron-sulfur subunit B
(SDHB), cytochrome b-c1 complex subunit 2 (UQCRC2), cytochrome c¢ oxidase subunit |
(MTCO1) and ATP synthase subunit a (ATP5A), respectively from Complex | to V, were
analyzed by Western blotting 48 hours after transfection. The protein levels of Complex | subunit
NDUFBB8 were reduced by 50% in ANT2-silenced P19SCs (Fig. 3J), in contrast to the other
complexes, which showed no alterations. Overall, the data suggest that ANT2 levels influence
the total HKII content and the composition of the mitochondrial respiratory machinery by

promoting a change in mitochondrial respiration composition that may affect cells’ fate.
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ANT2 silencing induced changesin Hexokinase |1 protein levels

Hexokinases are primarily associated with glucose metabolism, with overexpression of HKII
being particularly associated with cancer [25]. However, the multifaceted role of HKII extends
beyond this, encompassing its role as a mitochondria-docked protein, initiation of mitochondria-
mediated apoptotic cell death, coexpression with ANT2, and involvement in cancer stemness
through nuclear localization and regulation of calcium fluxes [26-28]. Therefore, clarification of
HKII expression and subcellular localization in P19SCs after silencing ANT2 was considered of

utmost importance.

Although we found no differences in most glycolytic-related parameters (Fig. 3), a significant
decrease in HKII protein expression and ATP levels was observed in sSiANT2 cells (Fig. 3A, B).
Using confocal imaging, we confirmed a decrease in the total amount of HKII in sSIANT2 cells,
consistent with the previous data from Western blot analysis (Fig. 4A, B). Moreover, the
subcellular localization of HKII labeling evidenced that under ANT2 silencing, HKII levels were
decreased in both nucleus and mitochondria, as well as outside both organelles (Fig. 4A,B). This
data shows that ANT2 in the P19 cell line causes widespread regulatory repression of HKII

expression in the cell.

Switching off ANT2 lowers the mitochondrial potential without affecting the mitochondrial

network area

To gain a more comprehensive understanding of the mitochondrial network after SiANT2
silencing, markers of mitochondrial mass, biogenesis, and dynamics were analyzed. The
mitochondrial area per cell was quantified by labeling SDHA as a mitochondrial marker (Fig.
4A, C). No significant differences were observed between siANT2 and siCtrl cells, consistent
with the protein levels data of translocase of outer mitochondrial membrane 20 (TOMZ20) (Fig.
4D, 1). While protein levels of peroxisome proliferator-activated receptor-gamma coactivator 1-
alpha (PGC-1-a) remained unchanged, a 50% decrease in mitochondrial transcription factor A
(TFAM) protein expression was observed in the absence of ANT2 (Fig. 4E, F, I). Since the
mitochondrial network is related to fusion and fission mechanisms and has been described as an
important component of tumor initiation and progression [29-31], we further evaluated it by
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Western blotting. No differences were found for mitofusin 1 (MFNL1), a fusion protein, nor for
dynamin-related protein-1 (DRP1), a fission protein (Fig. 4G-I). These findings suggest that
ANT2 depletion does not disrupt mitochondrial mass or dynamics. However, it appears to
influence mitochondrial biogenesis, at least in the short term, as indicated by the decreased levels
of TFAM.

It is hypothesized that ANT2 is responsible for ATP translocation to the mitochondria under
pathological conditions, such as in cancer [32]. Therefore, ATP uptake into mitochondria could
be impaired after ANT2 silencing, which could affect the maintenance of the mitochondrial
membrane potential in P19SCs. Using the TMRM probe, which accumulates in negatively
charged polarized mitochondria [33], the mitochondrial polarization was evaluated by confocal
microscopy. As expected, ANT2 silenced cells exhibited a decreased mitochondrial polarization,
as shown by the TMRM fluorescence intensity and representative images (Fig. 4J). These
findings suggest that ANT2 silencing may impair ATP uptake and subsequent disruption of the
mitochondrial membrane potential, highlighting the potential role of ANT2 in maintaining

mitochondrial function under pathological conditions.

ANT2 depletion impairs stem cell spheroids efficiency formation and migration

CSCs possess the ability to form spheroids when cultivated under non-adherent conditions. This
reflects their self-renew capacity and clonogenic potential, which are fundamental characteristics
for tumor initiation, progression, and therapeutic resistance [34]. Furthermore, by employing a
3D model, we can better recapitulate CSCs and solid tumors' biological characteristics in vitro.
To assess the impact of ANT2 depletion in 3D model tumor formation, P19SCs were cultured
under non-adherent plates coated with poly-HEMA to assess spheroid-forming efficiency.
Interestingly, upon ANT2 depletion confirmation in the 3D approach (Fig. 5A), we observed a
30% reduction in spheroid formation efficiency in ANT2 silenced cells (Fig. 5B). This finding
highlights the potential involvement of ANT2 in regulating CSC behavior and tumor growth in

3D structures.

We further investigated ANT2 depletion effects in the metabolic status of siCtrl and siIANT2

spheroids, similarly to monolayer analysis. Remarkably, spheroids showed a similar trend on
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OCR and GlycoPER parameters with no significant differences in the glycolytic rate but a
decreased reliance on OXPHOS (Fig. 5C, Supp. Fig 3).. Notably, the trend was even more
pronounced in ANT2-silenced spheroids when compared to monolayer culture. Specifically,
ANT2-silenced spheroids presented a 50% decrease in OCR relative to siCtrl, whereas only a
30% reduction was observed in the monolayer. Interestingly, spheroids' energy map accompanied
these results although, under stress conditions, ANT2 expression seems to promote further
P19SCs reliance on glycolytic metabolism while OCR differences are less visible (Fig. 5C, D,
Supp. Fig 3). From these data, it appears that the expression of ANT2 in 3D cultures strongly
influences the metabolism of CSCs, which underscores the gene effect in stem cells' ability to

form spheroid and thus self-renewal and metastasis potential.

To explore the potential synergistic effect of ANT2 silencing and chemotherapeutic drugs on
CSCs and their ability to form spheroids, cells were also cultured with etoposide (0.25 uM)
under non-adherent conditions. Interestingly, etoposide alone significantly reduced the efficiency
of spheroid formation in the siCtrl group by 45% (Fig. 6A). Furthermore, the combined effect of
SIANT?2 plus etoposide treatment induced a 30% decrease in stem cells' ability to form spheroids,
in comparison to only etoposide-treated cells (Fig. 6A). Afterwards, the collected spheroids were
cultivated under adherent conditions to assess their migratory capacity. Consistently, we
observed a significant decrease in the migration index of spheroids treated with SIANT2 or
etoposide (approximately 15% and 45%, respectively), in comparison to vehicle-treated
spheroids (siCtrl vehicle) (Fig. 6B, C). Moreover, spheroids treated with sSiANT2 plus etoposide
also exhibited a statistically significant decreased migration compared to etoposide-treated siCtrl
spheroids (20%, Fig. 6B, C). It is also important to mention that at 24 hours after the seeding of
spheroids treated with etoposide, many apoptotic bodies were seen, both in siCtrl and siANT2
spheroids. These results suggest that etoposide inhibits the spheroid formation and the migratory
ability of CSCs, possibly due to its cytotoxic properties targeting rapidly dividing cells, which is
further enhanced by ANT2 silencing.

4. Discussion

Endowed with unique self-renewal and differentiation abilities, CSCs are regarded as persistent
factors supporting tumor heterogeneity, resistance, and metastatic potential [35,36]. Despite the
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relevant advances and accumulated knowledge in recent years regarding their biological
characteristics such as cell surface biomarkers, signaling pathways, or metabolism, much is still
unknown. Thus, a better understanding of the factors driving cancer growth, cell death resistance,
metabolic remodeling, and high metastatic behavior is essential to effectively target tumor onset,

progression, and response to treatments [36-38].

Using P19SCs as a convenient model to gain insights into CSCs and ANT2 function [9,39], we
successfully validated overexpression of ANT2 isoform protein in P19SCs, contrasting with a
decrease observed upon their differentiation, which is consistent with Vega-Naredo et al previous
findings at the mRNA level [8]. These results align with studies demonstrating ANT2
upregulation in proliferative [18,40], undifferentiated [41], and cancer cells [13,42], such as lung,
liver, neuroblastoma, prostate, or breast [19,21,43-47], including in cancer stem cells [22]. Thus,
not surprisingly, it has been pointed out as a predictive prognosis biomarker in several tumor
types [20,44,46,48].

Following our findings and the perspective that tumor growth arises from the persistent
differentiation capacity of CSCs to generate progeny, we show that silencing ANT2 in P19 cells
had a suppressive effect on their proliferation, but without affecting stem cell morphology and
pluripotency/differentiation markers. ANT2 siRNA induced a significant decrease in
proliferation rate, especially after 48 hours of transfection, reaching a 50% decrease compared to
siCtrl cells, supporting its role in CSCs cell proliferation. Recent studies also demonstrate that
ANT?2 depletion impairs tumor growth of breast [21] and prostate cancer [47], both in vitro and
in vivo. This is consistent with ANT2’s established involvement in cell growth, and its

recognition as a proliferation biomarker [18].

ANT?2 plays an important role in the metabolic adaptation of cancer cells during tumorigenesis,
being correlated with the aggressiveness of cancer cells [8]. Despite ANT2's association with
higher glycolytic phenotype [13,49] and ATP depletion in breast cancer cells [21], our data on
glycolysis parameters on the highly glycolytic P19SCs remained unchanged by ANT2 silencing,
in both 2D and 3D conditions. ATP levels were significantly decreased upon treatment with the
glucose analog 2-DG, being further stimulated when combined with siIANT2 treatment. This
suggests that P19SC ANT2-depleted cells remain glycolytic dependent, while ANT2 may
positively prompt an energetic decay if coupled with drugs targeting glycolysis. Although the
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total HK2 protein level was significantly affected by ANT2 silencing, the activity of this
essential kinase for the glycolytic pathway was not measured and the PKM2 levels remained

unchanged.

Interestingly, we demonstrated that ANT2 silencing significantly diminished mitochondrial
respiration parameters and membrane potential in P19SCs. The ANT2 depletion and complex |
subunit protein decreased expression likely interfere with the proton gradient generation across
the inner mitochondria, thus explaining the decreased mitochondrial polarization and impairment
of OXPHOS on the P19SCs[50]. The NDUFB8 subunit is required for Complex I full assembly
[51], and mutations can lead to respiratory chain complex I deficiency [52]. Downregulation of
this subunit, as seen in gastric adenocarcinoma cells exposed to y-Tocotrienol, also prompts
OXPHOS inhibition [53]. Evidence also suggests that HKII binding to VDAC works reversely,
using cytosolic glucose-6-phosphate to produce ATP, which is then uptake into mitochondria by
ANT?2 to be used to repolarize mitochondria [13,54]. These studies sustain the lower OXPHOS
function on siANT2 cells. Additionally, cancer cells commonly exhibit higher mitochondrial
potential, which is associated with tumorigenic potential [55,56]. Notably, previous studies have
shown that ANT2 silencing suppresses the mitochondrial potential of breast cancer cells [21],

and is associated with apoptosis induction [67].

Maintenance of mitochondrial homeostasis results from the coordinated interplay of two
opposing processes: mitochondrial biogenesis, which generates new mitochondria; and
mitophagy, which eliminates damaged mitochondria. Several factors such as metabolic state,
tissue type, and tumor heterogeneity, regulate this process [57]. Mitochondrial biogenesis is
driven by PGC-1-a, which activates different transcription factors that ultimately promote the
expression of TFAM, which is responsible for mtDNA transcription, replication, and
maintenance [58,59]. TFAM levels were decreased in ANT2-silenced cells, but mitochondrial
network area, TOM20, and PGC-1-a protein levels remained unchanged. Abnormal transcription
of mitochondrial transcription factors and OXPHOs components leads to metabolic
reprogramming, which is related to carcinogenesis. Despite controversial reports on TFAM
effects on tumor progression [60], TFAM depletion elicits metabolic reprogramming in head and
neck cancer and hepatocellular carcinoma (HCC) by impairing mitochondrial respiration [77,78].

In HCC, decreased TFAM content is allied with chemosensitization, and growth arrest without
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compromising glycolysis [78]. Thus, our findings support a view where ANT2-induced
metabolic reprogramming in P19SCs may also be related to the modulation of TFAM content,

rather than exerting a modulatory effect on mitochondrial biogenesis.

Another crucial aspect of CSCs is their ability to survive under non-adherent conditions due to
anoikis resistance, thereby influencing tumor cells' invasiveness capacity and propelling
(re)growth [49]. The Bcl2 protein family is known to modulate the activity of ANT isoforms,
including ANT2. Interestingly, ANT2 silencing has been found to trigger apoptosis in breast
cancer and breast cancer-stem-like cells [21,22], suggesting ANT2 as an anti-apoptotic protein.
Despite its role in glycolysis, HKII also binds to mitochondria by directly interacting with
VDAC to stabilize a closed mPTP conformation [50], and its dissociation from mitochondria is
reported to cause cell death by mitochondrial-induced apoptosis [51,52]. Jang et. al demonstrated
that ANT2 depletion changes the balance of the Bcl-2 family in the mitochondrial membranes of
breast cancer cells, leading to cell death by favoring a proapoptotic pore-forming state [42].
Since HKII and Bcl-2 protein family are considered part of the mPTP, both can be altered and
play a role in mitochondria-initiated apoptotic cell death [53,54]. Here, we showed that ANT2
depletion induced an overall decrease in HKII protein content, including in mitochondria and
nucleus. While previous studies have proposed ANT2’s indirect regulation of HKII transcription
[55], further studies are required to validate this hypothesis, although our findings seem to
reinforce it. The HKII mitochondrial detachment suggests an ANT2-dependent involvement of
HKII in mitochondria-initiated apoptotic cell death of P19SCs. The association of HKII with the
resistance of cancer stem-like cells to anoikis is reported in intrahepatic cholangiocarcinoma
[56]. The nuclear localization of HKII in P19SCS, observed by us, is well documented in yeast
and mammal cells, including cancer cells [57-61]. Recently, Thomas et al. showed that leukemic
hematopoietic stem cells express high nuclear levels of HKII, being involved in the regulation of
the accessibility to chromatin and reduction of double-stranded DNA breaks occurrence, which
was suggested as a potential explanation for their enhanced chemoresistance [62]. Thus, nucleus-
decreased HKII levels in ANT2-depleted P19SCs may represent an additional explanation for
ANT2 effects in P19SCs.

By evaluating P19SCs' ability to form spheroids, we demonstrated that ANT2 is an essential

protein for CSCs' survival in harsh environments and drug sensibilization. ANT2 knockdown led
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to a strong suppression of spheroid efficiency formation in P19SCs, in agreement with the
previous findings reported in breast cancer stem cell subpopulation [22]. Etoposide promoted a
more prominent decrease in spheroid formation than siANT2 alone, and while their combined
effects were not significant, a positive synergistic effect (20% decrease) was observed.
Accordingly, P19SCs ANT2-silencing and drug combined experimental approach particularly
affected cell migration capacity, highlighting ANT2 as a potential therapeutic target. Recently,
Zhang et al showed that genetic knockdown of ANT2 effectively inhibited proliferation,
migration, and invasion of prostate cancer cells [47]. Etoposide is a commonly used
chemotherapeutic drug for the treatment of different cancers, including stem cells, with
resistance being also reported [38,63]. Combinatory approaches represent a promising strategy to
overcome CSCs resistance to therapy [64]. Thus, our data highlight ANTZ2 as a relevant target for
stem cells in tumor development and acquired resistance phenotypes, in agreement with evidence

from non-small lung cancer and breast cancer studies [22,44].

Our findings in P19SCs denote the critical role of ANT2 in fundamental cellular events and stem
cell features while shedding light on the molecular mechanisms that trigger these effects. This
study shows that silencing ANT2 promotes metabolic reprogramming in P19SCs by modulating
the OXPHOS machinery and mitochondrial membrane potential. These alterations likely
occurred due to the changes d in HKII, complex I, and TFAM levels, resulting in cell growth
arrest, anoikis, and drug sensitization of P19SCs. This suggests that targeting ANT2 and
exploiting its associated vulnerabilities may offer a promising approach for controlling CSCs and

managing tumor progression.
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FiguresLegends

Figure 1 — ANT2 expresson levels in P19SCs and differentiated counterparts. A)
Microscopy images of P19 embryonal carcinoma stem cells (P19SCs) and differentiated
counterparts (P19dCs) upon 1 puM retinoic acid (RA) treatment for 96h. B) Differentiation
(TROMA-I and B-3-Tubulin) and pluripotency (OCT4) markers, and ANT2 protein levels in
P19SCs and P19dCs (1 uM, 96h), and C) representative Western blotting images. Ponceau S was
used for loading control and normalization purposes. Data as mean + SEM of optical density
(O.D.) expressed as a percentage of P19SCs. Statistical analysis was performed using Student’s
t-test. **p < 0.001, ****p < 0.0001 statistically significant to siCtrl.

Figure 2 - Characterization of P19 ANT2 silenced cells. A) Representative Western blotting
image of ANT2 protein levels in P19SCs at several timepoints upon transfection. B)
Differentiation and pluripotency markers after 48h of transfection. Ponceau S was used for
loading control. C) Metabolic activity and cell mass measurements by resazurin and SRB after
24, 48, 72, and 96 h of transfection. Data as mean + SEM, n > 5 independent experiments.
Statistical analysis was performed using a two-way ANOVA test with Sidak’s multiple
comparisons. D) Expression levels of ANT2 after 48 h of transfection. Statistical analysis was
performed using the Student’s test. Data as mean + SEM. *p < 0.05, ***p < 0.005, ****p <
0.0001 statistically significant to siCtrl.
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Figure 3. P19SCs metabolic adaptations after ANT 2 silencing. A-C) HKII and PKM2 protein
levels, and representative Western blotting images. Data as mean £ SEM of O.D. expressed as a
percentage to siControl (siCtrl) after normalization with p-actin. D) Intracellular ATP levels in
siCtrl and siANT2 cells after 4 h incubation with vehicle or 2DG. E) Representative image of
proton efflux rate (PER) measurement in siCtrl and siANT2 cells (48 h post-transfection), with
injection of rotenone + antimycin (Rot/AA, 1 uM) and 2-DG (50 mM). F) Basal glycolysis, basal
proton efflux rate, compensatory glycolysis, post-2-DG acidification, and mitoOCR/glycoPER
rate measurements. F) Representative image of oxygen consumption rate (OCR) measurement in
siCtrl and siANT2 cells (48 h post-transfection), with injection of oligomycin (oligo, 3 pM),
FCCP (0.25 uM), and Rot/AA (1 uM). H) Basal respiration, ATP production-linked respiration,
proton leak-dependent respiration, maximal respiration, spare respiratory capacity, and non-
mitochondrial oxygen consumption of P19Scs 48 h after transfection. Data from Seahorse
analysis as mean = SEM. n > 4 independent experiments (4-6 replicates each). 1) Energy map
obtained by plotting the OCR and ECAR measurements under basal and stressed (upon
oligomycin and FCCP exposure) conditions. J) Representative images of Western blotting and
protein expression levels of mitochondrial complexes subunits 48h after ANT2 silencing. Data as
mean + SEM expressed as a percentage to siCtrl. Statistical analysis was performed using the
Student’s test to compare two mean values and the two-way ANOVA with Sidak’s multiple
comparison post-test to compare more than two groups with 2 independent variables. *p < 0.05,
**p < 0.01 and ****p < 0.0001 statistically significant to siCtrl. + p < 0.05 statistically
significant to siCtrl 2-DG treated group.

Figure 4. ANT2 slencing effect on HKII subcelular localization and mitochondrial
parameters. A) Representative confocal microscopy images of SDHA (mitochondrial marker),
HKII, and nucleus stain (Hoechst 33342) in P19SCs transfected cells, from 3 independent
experiments. B) HKII fluorescence intensity analyzed across the entire cell, in the nucleus, in the
mitochondria, and in non-mitochondrial and non-nuclear localization. C) Mitochondrial network
area measured by the area of SDHA labeling. D) TOM20, E) PGC-1-a, F) TFAM, G) DRP1, and

H) MFEN1 protein levels quantification, expressed as percentages to siCtrl, and 1) the
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representative Western blotting images. J) Mitochondrial membrane potential measured by
TMRM fluorescence intensity, and the representative confocal microscopy images, from 6
independent experiments. Data as mean £ SEM. Statistical analysis was performed using the
Student’s test. *p < 0.0, **p < 0.01, ***p < 0.0005 statistically significant to siCtrl.

Figure 5. Effect of SANT2 on spheroids formation and mitochondrial respiration. A)
Spheroid-forming efficiency of siCtrl and siANT2 cells, and the respective representative
pictures of the spheroids. B) Representative Western blotting of ANT2 protein levels in the
spheroids formed from siCtrl and siANT2 cells. C) Basal respiration, ATP production-linked
respiration, proton leak-dependent respiration, maximal respiration, spare respiratory capacity,
and non-mitochondrial oxygen consumption of siCtrl and ANT2 cells from the spheroids, and the
representative kinetics graph of oxygen consumption rate (OCR) measurement in siCtrl and
SIANT2 cells, with sequential addition of oligomycin (oligo, 3 uM), FCCP (0.25 uM), and
rotenone + antimycin (Rot/AA, 1 uM). D) Energy map obtained by plotting the OCR and ECAR
measurements under basal and stressed (upon oligomycin and FCCP exposure) conditions. Data
are presented as mean = SEM of 3-4 replicates, from 3 independent experiments. Statistical
analysis was performed using the Student’s test. * p < 0.05 and ** p < 0.01 statistically

significant differences.

Figure 6. Synergetic effect of ANT2 dlencing and etoposide on P19SCs sphere-forming
efficiency and migration. A) Spheroid-forming efficiency of siCtrl and siANT2 cells in the
presence of etoposide (0.25 uM, 24 h). B) Migration index of the spheroids upon seeding on
adherent conditions. C) Representative images of the spheroids under adherence conditions (0
and 24 h). Data as mean £ SEM. Statistical analysis was performed using the two-way ANOVA
with Holm-Sidak’s multiple comparison post-test to compare more than two groups with 2
independent variables. ** p < 0.01 and **** p < 0.0001 statistically significant to the siCtrl

vehicle group. + p < 0.05 statistically significant to siCtrl-etoposide treated group.

Suppl. Fig 1. Representative Western blotting image for ANT1/2 P19SCs and P19dCs.
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Suppl. Fig 2. Microscopy images of P19SCs, P19dCs, siCtrl, and siANt2 cells, for comparison
of morphology features. Scale bar: 200 uM.

Suppl. Fig 3. Basal glycolysis, basal proton efflux rate, compensatory glycolysis, post-2-DG
acidification and mitoOCR/glycoPER rate measurements, and the respective image of proton
efflux rate (PER) measurement in siCtrl and siANT2 spheroids, with injection of rotenone +
antimycin (Rot/AA, 1 pM) and 2-DG (50 mM).

References

[1] C.E. Meacham, S.J. Morrison, Tumour heterogeneity and cancer cell plasticity,
Nature 501 (2013) 328-337. https://doi.org/10.1038/nature12624.

[2] C.Dong, T. Yuan, Y. Wu, Y. Wang, TW.M. Fan, S. Miriyala, Y. Lin, J. Yao, J. Shi,
T. Kang, P. Lorkiewicz, D. St Clair, M.-C. Hung, B.M. Evers, B.P. Zhou, Loss of
FBP1 by Snail-Mediated Repression Provides Metabolic Advantages in Basal-like
Breast Cancer, Cancer Cell 23 (2013) 316-331.
https://doi.org/10.1016/j.ccr.2013.01.022.

[3] C.-L. Chen, D.B. Uthaya Kumar, V. Punj, J. Xu, L. Sher, S.M. Tahara, S. Hess, K.
Machida, NANOG Metabolically Reprograms Tumor-Initiating Stem-like Cells
through Tumorigenic Changes in Oxidative Phosphorylation and Fatty Acid
Metabolism, Cell Metab 23 (2016) 206-219.
https://doi.org/10.1016/j.cmet.2015.12.004.

[4] J. Kaur, S. Bhattacharyya, Cancer Stem Cells: Metabolic Characterization for
Targeted Cancer Therapy, Front Oncol 11 (2021).
https://doi.org/10.3389/fonc.2021.756888.

[5] L. Yang, P. Shi, G. Zhao, J. Xu, W. Peng, J. Zhang, G. Zhang, X. Wang, Z. Dong, F.
Chen, H. Cui, Targeting cancer stem cell pathways for cancer therapy, Signal
Transduct Target Ther 5 (2020) 8. https://doi.org/10.1038/s41392-020-0110-5.

[6] S. Magalhdes-Novais, J.C. Bermejo-Millo, R. Loureiro, K.A. Mesquita, M.R.
Domingues, E. Maciel, T. Melo, I. Baldeiras, J.R. Erickson, J. Holy, Y. Potes, A.
Coto-Montes, P.J. Oliveira, 1. Vega-Naredo, Cell quality control mechanisms
maintain stemness and differentiation potential of P19 embryonic carcinoma cells,
Autophagy 16 (2020) 313-333. https://doi.org/10.1080/15548627.2019.1607694.

24


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

available under aCC-BY-NC-ND 4.0 International license.

M.W. McBurney, P19 embryonal carcinoma cells., Int J Dev Biol 37 (1993) 135-
40.

I. Vega-Naredo, R. Loureiro, K.A. Mesquita, I.A. Barbosa, L.C. Tavares, A.F.
Branco, J.R. Erickson, J. Holy, E.L. Perkins, R.A. Carvalho, P.J. Oliveira,
Mitochondrial metabolism directs stemness and differentiation in P19 embryonal
carcinoma stem cells., Cell Death Differ 21 (2014).
https://doi.org/10.1038/cdd.2014.66.

R. Loureiro, S. Magalhdes-Novais, K.A. Mesquita, I. Baldeiras, 1.S. Sousa, L.C.
Tavares, I.A. Barbosa, P.J. Oliveira, I. Vega-Naredo, Melatonin antiproliferative
effects require active mitochondrial function in embryonal carcinoma cells,
Oncotarget 6 (2015) 17081-17096. https://doi.org/10.18632/oncotarget.4012.

J.J. Ruprecht, M.S. King, T. Z6gg, A.A. Aleksandrova, E. Pardon, P.G. Crichton, J.
Steyaert, E.R.S. Kunji, The Molecular Mechanism of Transport by the
Mitochondrial ADP/ATP Carrier., Cell 176 (2019) 435-447 .e15.
https://doi.org/10.1016/j.cell.2018.11.025.

C. Brenner, K. Subramaniam, C. Pertuiset, S. Pervaiz, Adenine nucleotide
translocase family: four isoforms for apoptosis modulation in cancer, Oncogene 30
(2011) 883—-895. https://doi.org/10.1038/onc.2010.501.

S.E. Levy, Y.S. Chen, B.H. Graham, D.C. Wallace, Expression and sequence
analysis of the mouse adenine nucleotide translocase 1 and 2 genes., Gene 254
(2000) 57-66. https://doi.org/10.1016/s0378-1119(00)00252-3.

A. Chevrollier, D. Loiseau, P. Reynier, G. Stepien, Adenine nucleotide translocase 2
is a key mitochondrial protein in cancer metabolism, Biochimica et Biophysica
Acta (BBA) - Bioenergetics 1807 (2011) 562-567.
https://doi.org/10.1016/j.bbabio.2010.10.008.

C.H. Lim, J. V Brower, J.L. Resnick, S.P. Oh, N. Terada, Adenine nucleotide
translocase 4 is expressed within embryonic ovaries and dispensable during
oogenesis., Reprod Sci 22 (2015) 250-7.
https://doi.org/10.1177/1933719114542026.

O. Sharaf el dein, E. Mayola, J. Chopineau, C. Brenner, The Adenine Nucleotide
Translocase 2, a Mitochondrial Target for Anticancer Biotherapy, Curr Drug Targets
12 (2011) 894-901. https://doi.org/10.2174/138945011795529047.

S. Giraud, C. Bonod-Bidaud, M. Wesolowski-Louvel, G. Stepien, Expression of
human ANT2 gene in highly proliferative cells: GRBOX, a new transcriptional
element, is involved in the regulation of glycolytic ATP import into mitochondria, J
Mol Biol 281 (1998) 409-418. https://doi.org/10.1006/jmbi.1998.1955.

D. Loiseau, A. Chevrollier, O. Douay, F. Vavasseur, G. Renier, P. Reynier, Y.
Malthiery, G. Stepien, Oxygen Consumption and Expression of the Adenine

25


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Nucleotide Translocator in Cells Lacking Mitochondrial DNA, Exp Cell Res 278
(2002) 12-18. https://doi.org/10.1006/excr.2002.5553.

[18] P. Barath, K. Luciakova, Z. Hodny, R. Li, B.D. Nelson, The growth-dependent
expression of the adenine nucleotide translocase-2 (ANT2) gene is regulated at the
level of transcription and is a marker of cell proliferation., Exp Cell Res 248 (1999)
583-8. https://doi.org/10.1006/excr.1999.4432.

[19] S. Hyun Baik, J. Lee, Adenine nucleotide translocase 2: an emerging player in
cancer, Journal of Stem Cell Research and Medicine 1 (2016).
https://doi.org/10.15761/JSCRM.1000111.

[20] M. Le Bras, A. Borgne-Sanchez, Z. Touat, O.S. El Dein, A. Deniaud, E. Maillier, G.
Lecellier, D. Rebouillat, C. Lemaire, G. Kroemer, E. Jacotot, C. Brenner,
Chemosensitization by knockdown of adenine nucleotide translocase-2., Cancer
Res 66 (2006) 9143-52. https://doi.org/10.1158/0008-5472.CAN-05-4407.

[21] J.-Y.Jang, Y. Choi, Y.-K. Jeon, C.-W. Kim, Suppression of adenine nucleotide
translocase-2 by vector-based siRNA in human breast cancer cells induces
apoptosis and inhibits tumor growth in vitro and in vivo, Breast Cancer Research 10
(2008) R11. https://doi.org/10.1186/bcr1857.

[22] J.-Y.Jang, M.-K. Kim, Y.-K. Jeon, Y.-K. Joung, K.-D. Park, C.-W. Kim, Adenovirus
adenine nucleotide translocator-2 shRNA effectively induces apoptosis and
enhances chemosensitivity by the down-regulation of ABCG2 in breast cancer
stem-like cells, Exp Mol Med 44 (2012) 251.
https://doi.org/10.3858/emm.2012.44.4.019.

[23] FE.S.G. Silva, I.G. Starostina, V. V. lvanova, A.A. Rizvanov, P.J. Oliveira, S.P.
Pereira, Determination of Metabolic Viability and Cell Mass Using a Tandem
Resazurin/Sulforhodamine B Assay, Curr Protoc Toxicol 68 (2016).
https://doi.org/10.1002/cptx.1.

[24] V. Vichai, K. Kirtikara, Sulforhodamine B colorimetric assay for cytotoxicity
screening, Nat Protoc 1 (2006) 1112-1116. https://doi.org/10.1038/nprot.2006.179.

[25] D. Guo, Y. Meng, X. Jiang, Z. Lu, Hexokinases in cancer and other pathologies,
Cell Insight 2 (2023) 100077. https://doi.org/10.1016/j.cellin.2023.100077.

[26] F. Ciscato, L. Ferrone, I. Masgras, C. Laquatra, A. Rasola, Hexokinase 2 in Cancer:
A Prima Donna Playing Multiple Characters, Int J Mol Sci 22 (2021) 4716.
https://doi.org/10.3390/ijms22094716.

[27] G.E. Thomas, G. Egan, L. Garcia-Prat, A. Botham, V. Voisin, P.S. Patel, F.W. Hoff,
J. Chin, B. Nachmias, K.B. Kaufmann, D.H. Khan, R. Hurren, X. Wang, M.
Gronda, N. MacLean, C. O’Brien, R.P. Singh, C.L. Jones, S.M. Harding, B. Raught,
A. Arruda, M.D. Minden, G.D. Bader, R. Hakem, S. Kornblau, J.E. Dick, A.D.
Schimmer, The metabolic enzyme hexokinase 2 localizes to the nucleus in AML

26


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

available under aCC-BY-NC-ND 4.0 International license.

and normal haematopoietic stem and progenitor cells to maintain stemness, Nat
Cell Biol 24 (2022) 872—-884. https://doi.org/10.1038/s41556-022-00925-9.

J. Wang, F. Shao, Y. Yang, W. Wang, X. Yang, R. Li, H. Cheng, S. Sun, X. Feng, Y.
Gao, J. He, Z. Lu, A nonOmetabolic function of hexokinase 2 in small cell lung
cancer: promotes cancer cell stemness by increasing USP11[ imediated CD133
stability, Cancer Commun 42 (2022) 1008-1027.
https://doi.org/10.1002/cac2.12351.

J. Jezek, K.F. Cooper, R. Strich, Reactive Oxygen Species and Mitochondrial
Dynamics: The Yin and Yang of Mitochondrial Dysfunction and Cancer
Progression., Antioxidants (Basel) 7 (2018). https://doi.org/10.3390/antiox7010013.

W. Dai, L. Jiang, Dysregulated Mitochondrial Dynamics and Metabolism in
Obesity, Diabetes, and Cancer, Front Endocrinol (Lausanne) 10 (2019).
https://doi.org/10.3389/fend0.2019.00570.

Q. Huang, L. Zhan, H. Cao, J. Li, Y. Lyu, X. Guo, J. Zhang, L. Ji, T. Ren, J. An, B.
Liu, Y. Nie, J. Xing, Increased mitochondrial fission promotes autophagy and
hepatocellular carcinoma cell survival through the ROS-modulated coordinated
regulation of the NFKB and TP53 pathways, Autophagy 12 (2016) 999-1014.
https://doi.org/10.1080/15548627.2016.1166318.

A. Chevrollier, D. Loiseau, F. Gautier, Y. Malthiéry, G. Stepien, ANT2 expression
under hypoxic conditions produces opposite cell icycle behavior in 143B and
HepG2 cancer cells, Mol Carcinog 42 (2005) 1-8.
https://doi.org/10.1002/mc.20059.

R.C. Scaduto, L.W. Grotyohann, Measurement of Mitochondrial Membrane
Potential Using Fluorescent Rhodamine Derivatives, Biophys J 76 (1999) 469-477.
https://doi.org/10.1016/S0006-3495(99)77214-0.

T. Huang, X. Song, D. Xu, D. Tiek, A. Goenka, B. Wu, N. Sastry, B. Hu, S.-Y.
Cheng, Stem cell programs in cancer initiation, progression, and therapy
resistance., Theranostics 10 (2020) 8721-8743. https://doi.org/10.7150/thno.41648.

L. Walcher, A.-K. Kistenmacher, H. Suo, R. Kitte, S. Dluczek, A. StrauB3, A.-R.
Blaudszun, T. Yevsa, S. Fricke, U. Kossatz-Boehlert, Cancer Stem Cells—Origins
and Biomarkers: Perspectives for Targeted Personalized Therapies, Front Immunol
11 (2020). https://doi.org/10.3389/fimmu.2020.01280.

R. Loureiro, K.A. Mesquita, S. Magalhdes-Novais, P.J. Oliveira, I. Vega-Naredo,
Mitochondrial biology in cancer stem cells, Semin Cancer Biol 47 (2017) 18-28.
https://doi.org/10.1016/j.semcancer.2017.06.012.

S. S. Franco, K. Szczesna, M.S. lliou, M. Al-Qahtani, A. Mobasheri, J. Kobolék, A.
Dinnyés, In vitro models of cancer stem cells and clinical applications, BMC
Cancer 16 (2016) 738. https://doi.org/10.1186/s12885-016-2774-3.

27


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

available under aCC-BY-NC-ND 4.0 International license.

L. Yang, P. Shi, G. Zhao, J. Xu, W. Peng, J. Zhang, G. Zhang, X. Wang, Z. Dong, F.
Chen, H. Cui, Targeting cancer stem cell pathways for cancer therapy, Signal
Transduct Target Ther 5 (2020) 8. https://doi.org/10.1038/s41392-020-0110-5.

G.M. Kelly, M.I. Gatie, Mechanisms Regulating Stemness and Differentiation in
Embryonal Carcinoma Cells, Stem Cells Int 2017 (2017) 1-20.
https://doi.org/10.1155/2017/3684178.

V. Dolce, P. Scarcia, D. lacopetta, F. Palmieri, A fourth ADP/ATP carrier isoform in
man: identification, bacterial expression, functional characterization and tissue
distribution, FEBS Lett 579 (2005) 633-637.
https://doi.org/10.1016/j.febslet.2004.12.034.

G. Stepien, A. Torroni, A.B. Chung, J.A. Hodge, D.C. Wallace, Differential
expression of adenine nucleotide translocator isoforms in mammalian tissues and
during muscle cell differentiation., J Biol Chem 267 (1992) 14592-7.

J.-Y. Jang, Y. Choli, Y.-K. Jeon, C.-W. Kim, Suppression of adenine nucleotide
translocase-2 by vector-based siRNA in human breast cancer cells induces
apoptosis and inhibits tumor growth in vitro and in vivo, Breast Cancer Research 10
(2008) R11. https://doi.org/10.1186/bcr1857.

O. Lytovchenko, E.R.S. Kunji, Expression and putative role of mitochondrial
transport proteins in cancer, Biochimica et Biophysica Acta (BBA) - Bioenergetics
1858 (2017) 641-654. https://doi.org/10.1016/j.bbabio.2017.03.006.

J.-Y. Jang, Y. Kim, S.J. Nam, B. Keam, T.M. Kim, Y.K. Jeon, C.W. Kim, Targeting
Adenine Nucleotide Translocase-2 (ANT?2) to Overcome Resistance to Epidermal
Growth Factor Receptor Tyrosine Kinase Inhibitor in Non—Small Cell Lung Cancer,
Mol Cancer Ther 15 (2016) 1387-1396. https://doi.org/10.1158/1535-7163.MCT-
15-0089.

C.-H. Lee, M.J. Kim, H.H. Lee, J.C. Paeng, Y.J. Park, S.W. Oh, Y.J. Chai, Y.A.
Kim, G.J. Cheon, K.W. Kang, H. Youn, J.-K. Chung, Adenine Nucleotide
Translocase 2 as an Enzyme Related to [18F] FDG Accumulation in Various
Cancers, Mol Imaging Biol 21 (2019) 722-730. https://doi.org/10.1007/s11307-
018-1268-x.

J.A. Seneviratne, D.R. Carter, R. Mittra, A. Gifford, P.Y. Kim, J. Luo, C. Mayoh, A.
Salib, A.S. Rahmanto, J. Murray, N.C. Cheng, Z. Nagy, Q. Wang, A. Kleynhans, O.
Tan, S.K. Sutton, C. Xue, S.A. Chung, Y. Zhang, C. Sun, L. Zhang, M. Haber, M.D.
Norris, J.I. Fletcher, T. Liu, P.J. Dilda, P.J. Hogg, B.B. Cheung, G.M. Marshall,
Inhibition of mitochondrial translocase SLC25A and histone deacetylation is an
effective combination therapy in neuroblastoma, Int J Cancer 152 (2023) 1399—
1413. https://doi.org/10.1002/ijc.34349.

28


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

available under aCC-BY-NC-ND 4.0 International license.

H. Zhang, N. Chen, Z. Deng, Y. Mai, L. Deng, G. Chen, Y. Li, B. Pan, W. Zhong,
Suppression of ANT2 by miR-137 Inhibits Prostate Tumorigenesis, Front Genet 12
(2021). https://doi.org/10.3389/fgene.2021.687236.

F. Sotgia, M.P. Lisanti, Mitochondrial mRNA transcripts predict overall survival,
tumor recurrence and progression in serous ovarian cancer: Companion diagnostics
for cancer therapy, Oncotarget 8 (2017) 66925-66939.
https://doi.org/10.18632/oncotarget.19963.

W. Gao, D. Wu, Y. Wang, Z. Wang, C. Zou, Y. Dai, C.-F. Ng, J.Y.-C. Teoh, F.L.
Chan, Development of a novel and economical agar-based non-adherent three-
dimensional culture method for enrichment of cancer stem-like cells, Stem Cell Res
Ther 9 (2018) 243. https://doi.org/10.1186/s13287-018-0987-x.

R. Loureiro, K. A. Mesquita, P. J. Oliveira, |. Vega-Naredo, Mitochondria in Cancer
Stem Cells: A Target for Therapy, Recent Pat Endocr Metab Immune Drug Discov 7
(2013) 102-114. https://doi.org/10.2174/18722148113079990006.

G.L. Oliveira, A.R. Coelho, R. Marques, P.J. Oliveira, Cancer cell metabolism:
Rewiring the mitochondrial hub, Biochimica et Biophysica Acta (BBA) - Molecular
Basis of Disease 1867 (2021) 166016.
https://doi.org/10.1016/j.bbadis.2020.166016.

Z. Chen, H. Zhang, W. Lu, P. Huang, Role of mitochondria-associated hexokinase
Il in cancer cell death induced by 3-bromopyruvate, Biochimica et Biophysica Acta
(BBA) - Bioenergetics 1787 (2009) 553-560.
https://doi.org/10.1016/j.bbabio.2009.03.003.

A.K.S. Camara, Y. Zhou, P.-C. Wen, E. Tajkhorshid, W.-M. Kwok, Mitochondrial
VDACL1: A Key Gatekeeper as Potential Therapeutic Target, Front Physiol 8
(2017). https://doi.org/10.3389/fphys.2017.00460.

K. Fan, Z. Fan, H. Cheng, Q. Huang, C. Yang, K. Jin, G. Luo, X. Yu, C. Liu,
Hexokinase 2 dimerization and interaction with voltage! dependent anion channel
promoted resistance to cell apoptosis induced by gemcitabine in pancreatic cancer,
Cancer Med 8 (2019) 5903-5915. https://doi.org/10.1002/cam4.2463.

P.-Y. Dupont, A. Guttin, J.-P. Issartel, G. Stepien, Computational identification of
transcriptionally co-regulated genes, validation with the four ANT isoform genes,
BMC Genomics 13 (2012) 482. https://doi.org/10.1186/1471-2164-13-482.

X. Du, Z. Qi, Y. Jiao, W. Wu, Q. Huang, X. Sun, S. Hu, HK2 promotes migration
and invasion of intrahepatic cholangiocarcinoma via enhancing cancer stem-like
cells’ resistance to anoikis, Cell Signal 118 (2024) 111126.
https://doi.org/10.1016/j.cellsig.2024.111126.

29


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

available under aCC-BY-NC-ND 4.0 International license.

R. Pelaez, P. Herrero, F. Moreno, Nuclear export of the yeast hexokinase 2 protein
requires the Xpol (Crml)-dependent pathway., J Biol Chem 284 (2009) 20548-55.
https://doi.org/10.1074/jbc.M109.013730.

D. Ahuatzi, P. Herrero, T. de la Cera, F. Moreno, The glucose-regulated nuclear
localization of hexokinase 2 in Saccharomyces cerevisiae is Migl-dependent., J
Biol Chem 279 (2004) 14440-6. https://doi.org/10.1074/jbc.M313431200.

P. Herrero, C. Martinez-Campa, F. Moreno, The hexokinase 2 protein participates in
regulatory DNA-protein complexes necessary for glucose repression of the SUC2
gene in Saccharomyces cerevisiae., FEBS Lett 434 (1998) 71-6.
https://doi.org/10.1016/s0014-5793(98)00872-2.

C.L. Neary, J.G. Pastorino, Nucleocytoplasmic shuttling of hexokinase Il in a
cancer cell., Biochem Biophys Res Commun 394 (2010) 1075-81.
https://doi.org/10.1016/j.bbrc.2010.03.129.

T. Sheikh, P. Gupta, P. Gowda, S. Patrick, E. Sen, Hexokinase 2 and nuclear factor
erythroid 2—related factor 2 transcriptionally coactivate xanthine oxidoreductase
expression in stressed glioma cells, Journal of Biological Chemistry 293 (2018)
4767-4777. https://doi.org/10.1074/jbc.M117.816785.

G.E. Thomas, G. Egan, L. Garcia-Prat, A. Botham, V. Woisin, P.S. Patel, FW. Hoff,
J. Chin, B. Nachmias, K.B. Kaufmann, D.H. Khan, R. Hurren, X. Wang, M.
Gronda, N. MacLean, C. O’Brien, R.P. Singh, C.L. Jones, S.M. Harding, B. Raught,
A. Arruda, M.D. Minden, G.D. Bader, R. Hakem, S. Kornblau, J.E. Dick, A.D.
Schimmer, The metabolic enzyme hexokinase 2 localizes to the nucleus in AML
and normal haematopoietic stem and progenitor cells to maintain stemness, Nat
Cell Biol 24 (2022) 872-884. https://doi.org/10.1038/s41556-022-00925-9.

J. Yan, D. Tang, Prostate cancer stem-like cells proliferate slowly and resist
etoposide-induced cytotoxicity via enhancing DNA damage response, Exp Cell Res
328 (2014) 132-142. https://doi.org/10.1016/j.yexcr.2014.08.016.

M. Calvani, F. Bianchini, M.L. Taddei, M. Becatti, E. Giannoni, P. Chiarugi, L.
Calorini, Etoposide-Bevacizumab a new strategy against human melanoma cells
expressing stem-like traits, Oncotarget 7 (2016) 51138-51149.
https://doi.org/10.18632/oncotarget.9939.

A. Chevrollier, D. Loiseau, B. Chabi, G. Renier, O. Douay, Y. Malthiéry, G.
Stepien, ANT2 Isoform Required for Cancer Cell Glycolysis, J Bioenerg Biomembr
37 (2005) 307-317. https://doi.org/10.1007/s10863-005-8642-5.

F. Distelmaier, W.J.H. Koopman, L.P. van den Heuvel, R.J. Rodenburg, E.
Mayatepek, P.H.G.M. Willems, J.A.M. Smeitink, Mitochondrial complex |
deficiency: from organelle dysfunction to clinical disease, Brain 132 (2008) 833-
842. https://doi.org/10.1093/brain/awp058.

30


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

available under aCC-BY-NC-ND 4.0 International license.

R.J.R.J. Janssen, L.G. Nijtmans, L.P. van den Heuvel, J.A.M. Smeitink,
Mitochondrial complex I: Structure, function and pathology, J Inherit Metab Dis 29
(2006) 499-515. https://doi.org/10.1007/s10545-006-0362-4.

D. Piekutowska-Abramczuk, Z. Assouline, L. Matakovi¢, R.G. Feichtinger, E.
Konatikova, E. Jurkiewicz, P. Stawinski, M. Gusic, A. Koller, A. Pollak, P.
Gasperowicz, J. Trubicka, E. Ciara, K. Iwanicka-Pronicka, D. Rokicki, S. Hanein,
S.B. Wortmann, W. Sperl, A. Rétig, H. Prokisch, E. Pronicka, R. Ptoski, G. Barcia,
J.A. Mayr, NDUFB8 Mutations Cause Mitochondrial Complex | Deficiency in
Individuals with Leigh-like Encephalomyopathy, The American Journal of Human
Genetics 102 (2018) 460-467. https://doi.org/10.1016/j.ajhg.2018.01.008.

H. Wang, J. Luo, W. Tian, W. Yan, S. Ge, Y. Zhang, W. Sun, y-Tocotrienol inhibits
oxidative phosphorylation and triggers apoptosis by inhibiting mitochondrial
complex I subunit NDUFB8 and complex Il subunit SDHB, Toxicology 417 (2019)
42-53. https://doi.org/10.1016/j.t0x.2019.01.018.

M.R. Depaoli, F. Karsten, C.T. Madreiter-Sokolowski, C. Klec, B. Gottschalk, H.
Bischof, E. Eroglu, M. Waldeck-Weiermair, T. Simmen, W.F. Graier, R. Malli,
Real-Time Imaging of Mitochondrial ATP Dynamics Reveals the Metabolic Setting
of Single Cells, Cell Rep 25 (2018) 501-512.€3.
https://doi.org/10.1016/j.celrep.2018.09.027.

S.M. Schieke, M. Ma, L. Cao, J.P. McCoy, C. Liu, N.F. Hensel, A.J. Barrett, M.
Boehm, T. Finkel, Mitochondrial Metabolism Modulates Differentiation and
Teratoma Formation Capacity in Mouse Embryonic Stem Cells, Journal of
Biological Chemistry 283 (2008) 28506—28512.
https://doi.org/10.1074/jbc.M802763200.

H.M. Begum, K. Shen, Intracellular and microenvironmental regulation of
mitochondrial membrane potential in cancer cells, WIREs Mechanisms of Disease
15 (2023). https://doi.org/10.1002/wsbm.1595.

S. Was, E. Zaganjor, M.C. Haigis, Mitochondria and Cancer, Cell 166 (2016) 555—
566. https://doi.org/10.1016/j.cell.2016.07.002.

A. Picca, A.M.S. Lezza, Regulation of mitochondrial biogenesis through TFAM—
mitochondrial DNA interactions, Mitochondrion 25 (2015) 67-75.
https://doi.org/10.1016/j.mit0.2015.10.001.

F.R. Jornayvaz, G.l. Shulman, Regulation of mitochondrial biogenesis, Essays
Biochem 47 (2010) 69-84. https://doi.org/10.1042/bse0470069.

T. Lei, Y. Rui, Z. Xiaoshuang, Z. Jinglan, Z. Jihong, Mitochondria transcription and
cancer, Cell Death Discov 10 (2024) 168. https://doi.org/10.1038/s41420-024-
01926-3.

31


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[77]

[78]

available under aCC-BY-NC-ND 4.0 International license.

Y.-T. Hsieh, H.-F. Tu, M.-H. Yang, Y.-F. Chen, X.-Y. Lan, C.-L. Huang, H.-M.
Chen, W.-C. Li, Mitochondrial genome and its regulator TFAM modulates head and
neck tumourigenesis through intracellular metabolic reprogramming and activation
of oncogenic effectors, Cell Death Dis 12 (2021) 961.
https://doi.org/10.1038/s41419-021-04255-w.

Y. Zhu, J. Xu, W. Hu, F. Wang, Y. Zhou, W. Xu, W. Gong, L. Shao, TFAM
depletion overcomes hepatocellular carcinoma resistance to doxorubicin and
sorafenib through AMPK activation and mitochondrial dysfunction, Gene 753
(2020) 144807. https://doi.org/10.1016/j.gene.2020.144807.

32


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figurel

A P19SCs P19dCs

w
o

TROMA-I B-3-Tubulin
1000 * 3k ok ok 300 *k
1
800 L] 250 o®
3 . 8 o
200 &
‘é’ 600 ‘;-’_-? 590 é’
& & 150 . 209
i 400 § Q Q
a : X
o 8™ e TROMA-| —— 55kDa
200 o 50 o
—— B-3-Tubulin —— === 55kDa
So0
o
P19SCs  P19dCs P19SCs  P19dCs OCT4 45 kDa
oCTa ANT2 ANT2 —— 29 kDa
150 ok ok 2001
T *%
125 °D
w °T W 150 °
@ 100 § Ponceau
2 © - $O_
a ° o
£ 75 § 100
o s (= D o L]
(o] Q s04 ®
25 ¢ @

04
P19SCs  P19dCs P19SCs  P19dCs


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure?2
24h 48h 72h 96h 48h
A B " X
& & v &V a LV H QO
> > & > S T
SFEFTLF LS £ XS
ANT2 — _ ~ 29 kDa TROMA-| « = 55kDa
OCTY s s 45 kDa
Ponceau
Ponceau
C
s (I
ég o= SIANT2 *
2 2 15000
S & 5 D
< c
£ c 10000
o5 * ANT2 48h
=] '46 s
£ 2 50004 2007
s % % %k %k
S N . ’—
v L T T 1 r— 150. [«]
24 48 72 96 £ o
Time of Transfection (hours) 8
2 100 _'&_
2.51 ”* ‘e.\_‘_l‘ 00
—_— () (o]
3 2.0 o o 50
o5 0
%2 45 o
E § *kd |
T © 1.04 siCtrl  siANT2
Om 5
% 0.5
0.01% . T .
24 48 72 96

Time of Transfection (hours)


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure3
A B c D E
% HEN PKM2
& ‘;Ysé e . N 1 - M 200 R
HKIl — - 102 kDa é‘.. o E : E20 il
PKM? e s 60 kDa .l 2 g =
a:™ o g+ |
B-Actin s s 43 kDa O O 2 el .
R — R o [T — m s m 48 s e ™

Compannatury
Ghyeokin
e 20 ““’ oo “T" P
.| == s el bgoq - wam
48
o o
§E " -
= = 8 -
- -
ST M S R S T
Tire fomirnaes)
Proten Laak. Non Mitachondrial
Owygen Consumplion
. o
.g, '.: !
siC sIANTZ
| J
Energy Map
0 NODUFBS e s 20kDa
e - .
G Ly e SDHE e w30 kDa
i - L
§ o A UQCRCZ s s 48 kDa o
E" MTCOL s s 40 kDa
» ATPSA s s 54 kD2
- B-ACHn s—— 43 kDa

SowR  UOCACI  MTCOI AR
iy 0] [0 (=10

HOUSEE
®n

FCAR (mpkiminiosll mass)


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure4

A Hoechst

B Non-mitochondrial and c
Total HKIl Nuclear HRIl Mitocondrial HKII non-nuclear HKII Mitochondrial Area
20 whE 20+ Ll Esl *k ¥
204 i B0+
i 18 . = .
= = 1] = . Z g .
B ] : ] .t ] 3 i
] 5 x g 8" o H < 1.
E =l E avgl. E = -
g = z " g g :
T T T T 2
5 k4]
84 :_g 204
3 3
| p——— L} 0
siCtrl SIANTZ2 siCHrl sIANTZ siClrl SIANTZ siCtrl sIANT2 siCirl SIANT2
TOMZO0 PGC-1- TFAM DRP1 MFN1
74y * 125
| .
IN‘I r
E g E 125 0 ?_-
-] -]
5] o2 w100 o
[ o w ]
£ £ & 2
(=] [=] (= o
0 d
o o (=] o

B

o

SIANT2 siCtrl SiANT2

=iCtrl sIANT2 =iCtrl sIANT2 siCHrl
SIANT2
1 J
Mitochondrial
B {3,, Membrane Potential

"99 oﬁ ™ s

TOM20 e s 20 kDa “ E

PGC-1-a 90 kDa T =

50 -

TFAM 25 kDa E e

gn =

DRP1 80 kDa E 8

o

MFMN1 86 kDa " &

B-Actin . e 43 kDa

siCirl SIANT2



https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure5
siCtrl SIANT2
A B
Spheroids
$ 5
ANT2 — 29 kDa

Sphercid-Forming
Efficancy (%)

B-ACHN s e 43 kDa

siCil  siANT2
Non Mitochondrial D
Oxygen Consumption Energy Map
{ipherckin) 120 Ciges FCCP RetfAs 258 K
l o e (Sphercads) Awobs L et
100+ = SIANTZ (Sphercids) . e
ﬁ PR 0] 0 St
£ %0 ! J
- e |
§lw 4 {
3 @ e e |
£, . o
£
i AN
0 "o &0 "0 m - ] [ 00
Tiwe [miiviates) wwﬂmr


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure6
Spheroid-Forming Efficency
- dedede ke
g“‘r’ o siCirl 2
2}" @ SIANT2 Q‘
§ w
E 1.0 ®
[&]
g k<
: s
u 0.5
E o
& =
F
a 2
0.0 T T
Vehicle Etoposide 0.25 pM
Migration Index
- Fedekk =
" e o sicti &)
® SiANTZ % [
a-
g | 8igel, e + S
@ G0 egles o
S €1 o o
- o =]
g °8o g
s 47 00 g > o
= 5008 8 | e
& 8 85 =z
2 g

L] L
Vehicle Etoposide 0.26 pM


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplementary material

Suppl. Fig 1
&
T <]
ANTA/2 e s 33KD2
Suppl. Fig 2

48 hours



https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Suppl. Fig 3.

Compensatory Paost 2.0G
Basal Glycolysis Basal PER Glycolysis Acidification
{Spharous) {Spharmads) (Spharosts) iSpharous)

00 ® [ - 800 0,

. = - .

Sl I ool e - . - J T
o huol bl ° ol ,E'“| i -

&" | g i

sIC SIANTZ siCil SIANTZ sicirl sIANT2 siCtrl sIANTZ

mitoOCRIglycoPER

(B 800 Rt/ DG
| a8l (Sphercids)
_ | gz X - SIANT2 (Spheroids)
& w00 ¥
£ 3t
1.
“3
£ o
o T T T 1
SICUI  SIANT2 20 40 60 80

Time (minutes)


https://doi.org/10.1101/2024.06.07.597817
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.07.597817; this version posted June 9, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Table 1. Antibodies list

Antibody

Reference

AlexaFluor-594
Alexa Fluor-488
ANT 1/2
ANT2
B-Actin
3-3-Tubulin
Drpl
HKII
Mfnl

OCT4

Total OXPHOS Rodent
Antibody Cocktail

PGC1-a
PKM2
SDHA
TFAM

TOM20

TROMA-I
Anti-Goat
Anti-Mouse
Anti-Rabbit

A11005 Invitrogen. RRID:AB_141372
A11008 Invitrogen. RRID:AB_143165
Sc-9299 Santa Cruz, RRID:AB_671086
14671 Cell Signaing, RRID:AB_2798562
MAB1501 Millipore, RRID:AB_2223041
sc-80005 Santa Cruz, RRID:AB_2210816
sc271583 Santa Cruz, RRID:AB_10659110
2867, Cell Signaling, RRID:AB_2232946
sc-50330 Santa Cruz, RRID:AB_2250540
2840 Cell Signaling, RRID:AB_2167691

ab110413 Abcam, RRID:AB_2629281

sc-13067 Santa Cruz, RRID:AB_2166218
4053 Cell Signaling, RRID:AB_1904096
ab14715 Abcam, RRID:AB_301433
sc-23588 Santa Cruz, RRID:AB_2303230
sc-11415 Santa Cruz, RRID:AB_2207533
DSHB
sc-2354 Santa Cruz, RRID:AB_628490
7076 Cell Signaling, RRID:AB_330924
7074 Cell Signaling, RRID:AB_2099233
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