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Abstract

Opening of voltage dependent anion channels (VDAC) by the erastin-like compound X1 and the 

multikinase inhibitor sorafenib promotes oxidative stress and mitochondrial dysfunction in 

hepatocarcinoma cells. Here, we hypothesized that X1 and sorafenib induce mitochondrial 

dysfunction by increasing ROS formation and activating c-Jun N-terminal kinases (JNKs), leading 

to translocation of activated JNK to mitochondria. Both X1 and sorafenib increased production of 

reactive oxygen species (ROS) and activated JNK. X1 and sorafenib caused a drop in 

mitochondrial membrane potential (ΔΨ), a readout of mitochondrial metabolism, after 60 min. 

Mitochondrial depolarization after X1 and sorafenib occurred in parallel with JNK activation, 

increased superoxide (O2
•−) production, decreased basal and oligomycin sensitive respiration, and 

decreased maximal respiratory capacity. Increased production of O2
•− after X1 or sorafenib was 

abrogated by JNK inhibition and antioxidants. S3QEL specific inhibitor of site IIIQo, at Complex 

III prevented depolarization induced by X1. JNK inhibition by JNK inhibitors VIII and SP600125 

also prevented mitochondrial depolarization. After X1, activated JNK translocated to mitochondria 

as assessed by proximity ligation assays. Tat-Sab KIM1, a peptide selectively preventing the 
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binding of JNK the outer mitochondrial membrane protein Sab, blocked the depolarization 

induced by X1 and sorafenib. X1 promoted cell death mostly by necroptosis that was partially 

prevented by JNK inhibition. These results indicate that JNK activation and translocation to 

mitochondria is a common mechanism of mitochondrial dysfunction induced by both VDAC 

opening and sorafenib.
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1. INTRODUCTION

Hepatocellular carcinoma (HCC), the most common malignancy of the liver remains the 

second leading cause of cancer-related deaths (1). Chemotherapeutic options for advanced 

stages are limited and restricted to sorafenib (SOR) and most recently, lenvatinib (2, 3). For 

both drugs, the efficacy is poor (4, 5). SOR is a multikinase inhibitor that blocks signaling 

pathways relevant to tumor growth and angiogenesis including vascular endothelial growth 

factor receptors (VEGFR 1–3), platelet-derived growth factor-β (PDGF-β), the small GRP-

binding protein Ras, the serine/threonine-specific protein kinases Raf, and the extracellular 

signal-regulated kinase ERK (6–8). Several reports have also shown effects of SOR on 

mitochondrial metabolism including dissipation of mitochondrial membrane potential (ΔΨ) 

and inhibition of ATP synthesis (9–13).

The bioenergetics of cancer cells is driven both by glycolysis and mitochondrial metabolism. 

The Warburg phenotype characterized by suppression of mitochondrial metabolism and 

enhanced aerobic glycolysis accounts for 20–90% of ATP formation in cancer cells (14, 15). 

Beyond differences in energy production, the current consensus is that the Warburg 

phenotype facilitates the generation of carbon backbones for the synthesis of biomass 

(lipids, peptides, and nucleic acids) to sustain cell growth (16–19). Although much research 

efforts has been directed to inhibit glycolysis as an anti-cancer strategy, in the last decade, 

mitochondrial metabolism has become a potential target for the development novel cancer 

treatments (20). Moreover, the metabolic flexibility of tumors, that switch between 
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glycolytic and oxidative phenotypes depending on several factors including pharmacological 

interventions, opens new possibilities for developing drugs targeting mitochondria (20, 21).

The mostly anionic mitochondrial metabolites like respiratory substrates, ATP, ADP and Pi 

cross the mitochondrial outer membrane through a single pathway, the voltage dependent 

anion channel (VDAC), to then cross the inner membrane by a variety of individual carriers 

and transporters. Once in the mitochondrial matrix, respiratory substrates fuel the Krebs 

cycle generating the reducing equivalents, nicotinamide adenine dinucleotide (NADH) and 

flavin adenine dinucleotide (FADH2). Both NADH and FADH2 are oxidized in the electron 

transport chain (complexes I-IV) to the final acceptor molecular oxygen that is reduced to 

water (22). The flow of electrons at Complexes I, III, and IV generates protons that are 

pumped to the intermembrane space to produce a proton motive force (Δp = ΔΨ−59ΔpH), 

which is used by the ATP F1-FO synthase to generate ATP from ADP and Pi. ΔΨ, the main 

component of Δp, serves as a valuable readout of overall mitochondrial metabolism under 

different experimental conditions in intact cells.

Regulation of movement of respiratory substrates and other metabolites through VDAC 

globally controls mitochondrial metabolism. Thus, regulation of VDAC opening modulates 

mitochondrial metabolism and cellular bioenergetics (23, 24). Previously, we showed that 

free tubulin closes VDAC and decreases mitochondrial metabolism. We also demonstrated 

that erastin, a VDAC binding protein, blocks the inhibitory effect of tubulin on VDAC (25–

27). More recently, in a high throughput screening of 50,000 small molecules, we identified 

a series of erastin-like compounds that increase mitochondrial metabolism and decrease 

glycolysis in HCC cells. The most potent erastin-like compound identified was the 

quinazolinone 5-chloro-N-[4-chloro-3-(trifluoromethyl) pheyl]-2-(ethylsulfonyl)-4-

pyrimidinecarboxamide (X1) that first caused mitochondrial hyperpolarization and then 

mitochondrial dysfunction as assessed by the loss of ΔΨ and cell death in HCC cells. We 

tested the dose-response effect of X1 on mitochondrial membrane potential at 0, 3, 10 and 

30 μM. The hyperpolarizing effect X1 was dose-dependent starting at 3 μM reaching a 

plateau at 10 μM. Exposures to X1 longer than an hour resulted in mitochondrial 

depolarization indicative of mitochondrial dysfunction (28). In addition, we evaluated the 

dose-dependent cell killing response to X1 in HepG2 and Huh7 cells at 0, 3, 10 and 100 μM. 

In both cell lines, cell killing was not evident at 3 μM and was almost maximal at 10 μM 

(29). In our study, we chose mitochondrial membrane potential as a main readout of 

mitochondrial dysfunction. As previously determined, mitochondrial dysfunction after X1 

was dose and time dependent. Based on that evidence, we only used the small molecule X1 

at 10 μM to maximize mitochondrial dysfunction in the cell lines studied here. A similar 

mitochondrial dysfunction has been reported for SOR (30). The mechanisms underlying 

mitochondrial dysfunction by both SOR and X1 remain unknown.

The c-Jun N-terminal kinases (JNKs) are last tier members of the mitogen activated protein 

kinases (MAPK) cascade. A variety of cellular and environmental stresses lead to 

phosphorylation of JNK (31). After activation by upstream MAPK kinases (MAPKKs), a 

sub-population of JNK translocates to mitochondria where it phosphorylates the 

mitochondrial membrane scaffold SH3 domain-binding protein 5 (Sab) (32). While 

interacting with the kinase interacting motif 1 (KIM1) of Sab, translocated p-JNK initiates a 
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cascade of events including phosphorylation of Bcl-xL, release of cytochrome c from 

mitochondria, and suppression of respiration (33, 34).

Reactive oxygen species (ROS) activate JNK, an effect mainly mediated through the 

apoptosis signaling kinase 1 (ASK1), which is responsive to mitochondrial ROS (35). Also, 

JNK activation leads to increased mitochondrial ROS formation, making the JNK-

activation/ROS formation a two-way self-amplifying mechanism to eventually cause 

mitochondrial dysfunction. The role of JNK activation in HCC cells treated with SOR is 

controversial, although it is proposed that SOR causes mitochondrial dysfunction through a 

ROS dependent mechanism upstream of JNK activation with the induction of ferroptosis (9). 

The precise role that JNK activation plays in mitochondrial dysfunction induced by SOR 

remains incompletely understood.

Here, we hypothesized that mitochondrial dysfunction induced by X1 and SOR is mediated 

by a common mechanism involving ROS formation and JNK activation. We showed that 

both X1 and SOR activated JNK and increased mitochondrial superoxide (O2
•−) production 

before the onset of mitochondrial depolarization. The loss of ΔΨ was accompanied by a 

decrease in respiration. Mitochondrial dysfunction was prevented by JNK inhibition and by 

blocking subsequent JNK translocation to mitochondria. JNK inhibition also prevented ROS 

formation induced by X1 and SOR. We also found that mitochondrial dysfunction induced 

by X1 was followed by cell death. Therefore, the mechanism of action of both X1 and SOR 

involves a complex interplay of sustained JNK activation and mitochondrial superoxide O2
•− 

production upstream of mitochondrial dysfunction and cell death.

2. MATERIAL & METHODS

2.1 Materials

Amplex Ultra Red, Annexin V, Alexa Fluor 488 conjugate, Hoechst 33342, and MitoSOX 

Red were purchased from Thermo Fisher Scientific (Waltham, MA); SP600125, JNK 

inhibitor VIII, N-acetyl-cysteine (NAC), propidium iodide (PI), tetramethylrhodamine 

methylester (TMRM), S3QEL 2 and Necrostatin-1 from Millipore Sigma (Burlington, MA); 

X1 (5-chloro-N[4-chloro-3-(trifluoromethyl)pheyl]-2-(ethylsulfonyl)-4-

pyrimidinecarboxamide) from Chembridge Corporation (San Diego, CA); Tat-Sab peptide 

from NeoBiolab (Cambridge, MA) and SOR from Cayman Chemical (Ann Arbor, MI). 

Antibodies against p-JNK (Cat. # 9251) and SAPK/JNK antibodies were purchased from 

Cell Signaling Technology (Beverly, MA); β-actin (Cat. # sc-47778) and Tom20 (F-10) (Cat. 

# sc-17764) from Santa Cruz Biotechnology; horseradish peroxidase–conjugated secondary 

antibodies (Cat. # ab6721) from Abcam and Pierce Goat Anti-Mouse Poly-HRP (Cat. # 

QF218146) from Thermo Fisher Scientific). All other chemicals were analytical grade.

2.2 Cell Culture

HepG2 human hepatocarcinoma cells (Cat # HB-8065) were purchased from the American 

Tissue Culture Collection (ATCC) (Manassas, VA). Huh7 human hepatocarcinoma cells 

were the generous gift from Dr. Jack Wands, Brown University, Providence, RI. HepG2 cells 

were grown in Eagle’s minimum essential medium (EMEM) supplemented with 10% fetal 
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bovine serum (FBS) premium (Atlanta Biologicals), 100 units/mL penicillin and 100 μg/mL 

streptomycin, and Huh7 cells were grown in EMEM with the addition of 1% 100X MEM 

Non-essential amino acids (Gibco, Cat # 11140–50). Both cell lines were maintained in 5% 

CO2/air at 37° C. Experiments were performed with cells at 70–80% confluency either in 

modified Hankś balanced salt solution (HBSS) containing (in mM): NaCl 137, Na2HPO4 

0.35, KCl 5.4, KH2PO4 1, MgSO4 0.81, Ca2Cl 0.95, glucose 5.5, NaHCO3 25 and HEPES 

20, pH 7.4, or complete growth media.

2.3 Western blotting

HepG2 and Huh7 cells were lysed in RIPA buffer containing 50 mM Tris, 150 mM NaCl, 

1% sodium deoxycholate, 1 mM ethylene glycol, bis (2-aminoethyl ethyl) tetraacetic acid 

(EGTA), 0.1% sodium dodecyl sulfate 1% Triton X-100) pH 7.4, in the presence of protease 

and phosphatase inhibitors. Protein concentration was quantified with a bicinchoninic acid 

(BCA) protein assay kit (Thermo Fisher Scientific, Rockford, IL). Proteins were separated 

using 4–12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 

transferred onto polyvinylidene difluoride membranes (Millipore Sigma, Burlington, MA) 

and blocked with 0.5% BSA for 1h. Blots were probed with antibodies against p-JNK 

(1:500, vol:vol) or total JNK (1:500, vol:vol) at 4°C overnight. Membranes were 

subsequently washed in Tris-buffered saline pH 7.4 with 0.1% Tween 20, and incubated with 

the corresponding horseradish peroxidase-conjugated secondary antibodies (1:5000 vol:vol) 

at room temperature for 1 h. Protein bands were detected using the Pierce ECL Western 

Blotting Substrate. Intensity of the bands normalized to β-tubulin was quantified using a LI-

COR Odyssey Blot Imager (LI-COR Biosciences, Lincoln, Nebraska).

2.4 Confocal microscopy of tetramethylrhodamine methylester, annexin V and propidium 
iodide

HepG2 and Huh7 cells plated in Grenier Bio TC 4-chamber plates (Greiner-Bio-One, 

Monroe, NC) or 35 mm MatTek dishes (MatTek Corporation, Ashland, MA) were loaded 

with 200 nM TMRM for 30 min in modified HBSS. After washing, subsequent incubations 

were performed using 50 nM TMRM to maintain equilibrium distribution of the fluorophore 

(36). Cells incubated in modified HBSS in a humidified 5% CO2/air at 37° C were imaged 

with a Zeiss LSM 880 NLO inverted laser scanning confocal microscope (Thornwood, NY) 

with a 63X 1.4 N.A. plan apochromat oil immersion lens. TMRM was excited at 561 nm and 

emission signal was detected with a Quasar multichannel spectral detector at 590–610 nm 

through a one Airy unit diameter pinhole. TMRM intensities were quantified to make 

relative comparisons using Photoshop CS4 software (Adobe Systems, San Jose, CA) as 

previously described (22, 27). A minimum of 4 randomly selected fields with 8–20 cells per 

field were imaged during the time course of 3 independent experiments for all microscopy 

experiments.

For cell death imaging, cells were loaded with Hoescht (0.5 μg/ml), annexin V (1:150, 

vol:vol) and propidium iodide (PI) (30 μM) in HBSS for the duration of the experiment. 

Hoescht was excited at 405 nm and detected at 426–440 nm; annexin V was excited at 488 

nm and detected at 493–584 nm, whereas PI was excited at 561 nm and detected at 595–718 

nm.
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Fluorescent polystyrene microspheres (4 μm) (MultiSpeck Multispectral Fluorescence 

Microscopy Standards Kit M-7901, Molecular Probes, Invitrogen, Carlsbad, CA) were used 

as fiducial markers. Microspheres diluted in HBSS were added to TMRM loaded cells at a 

final concentration of 30,000 microspheres/ml (27). Images were taken after sedimentation 

of the microspheres.

2.5 Measurement of superoxide production

To assess mitochondrial superoxide production, we loaded cells with MitoSOX Red (2.5 

μM) for 5 min in modified HBSS before washing out. MitoSOX Red was excited in cells 

maintained in HBSS using a 488-nm laser. Emission was measured at 560–600 nm. At least 

4 fields with 8–10 cells per field were imaged during the time course of 3 independent 

experiments. Quantification of MitoSOX relative fluorescence was assessed as described for 

TMRM using Photoshop CS4.

2.6 Proximity ligation assay (PLA)

Cells were grown on 10-well chamber slides (Ibidi, Fitchburg, WI) for 48 h. PLA was 

performed with Duolink® In Situ Detection Reagents Far Red (Sigma Aldrich) following 

the manufacturer’s instructions. Cells were treated with primary antibodies anti-pJNK (Cell 

Signaling Technology, 1:100, rabbit) and anti-TOM20 (Santa Cruz,1:100, mouse). For 

negative control experiments only one antibody at a time was incubated with the PLA 

probes. Slides were mounted using Duolink in situ Mounting Medium containing DAPI. 

Images were taken using a Zeiss LSM 880 confocal microscope. Proximity ligation assay z-

stacks were captured with sections spanning entire cells. Zeiss software Blue edition was 

used to obtain maximum intensity projections and cross-sections of the confocal images. 

The threshold was set automatically using ImageJ 3D Objects Counter for each image and 

kept constant within each set of experiment. Quantification of signals (number of dots per 

cell) was obtained after thresholding using ImageJ. The number of puncta was normalized to 

vehicle. 4 z-stack images per experimental conditions were analyzed.

2.7 Respirometric assay

Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were 

measured using a Seahorse XF96 analyzer (Agilent Technologies, Santa Clara, CA, USA) 

and calculated from the continuous average slope of the O2 partitioning among plastic, 

atmosphere, and cellular uptake (37, 38). Huh7 cells (18,000 in XF 96 well microplates were 

maintained in growth media and treated 48 h after plating. Experiments were performed in 

200 μL/well of a buffer containing (in mM): L-glutamine 4, D-Glucose 10, sodium pyruvate 

1, CaCl2 0.036, MgCl2 0.06, KH2PO4 0.05, KCl 0.54, Na2HPO4 heptahydrate 0.05, HEPES 

2 and NaCl 13 (pH: 7.4). Microplates and sensor cartridges were kept in an air incubator for 

1 h before starting the experiments. Basal, oligomycin sensitive, and maximal respiratory 

capacity were determined after sequential addition of OLIGO (1μM), FCCP (1 μM), and 

rotenone (2 μM) + antimycin A (2 μM), respectively.
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2.8 Cell Viability

The PI cell killing assay was done as described before (29, 39). Briefly, cells plated in a 4-

well plate format were incubated in HBSS with PI (30 μM) for 30 min. PI was excited at 530 

nm (25 nm band pass) with emission collected at 590 nm (40 nm band pass) using a 

Novostar plate reader (BMG LABTECH GmbH, Offenburg, Germany). After baseline (A), 

PI fluorescence was measured every hour (X). To avoid temperature fluctuations, plates 

were placed in 5 % CO2/air at 37° C between measurements. At the end of the experiments, 

digitonin (100 μM) was added to label all the nuclei with PI and a final fluorescence reading 

was collected after 20 min (B). Percentage of dead cells (D) was calculated as D=100(X-

A)/(B-A).

2.9 Statistics

Statistic differences between groups were analyzed by the Student’s t-test using p < 0.05 as 

the criterion of significance. Data points are the means ± S.E. of 3–5 independent 

experiments. Images in figures are representative of three or more independent experiments 

unless otherwise stated.

3. RESULTS

3.1 X1 and sorafenib depolarize mitochondria in hepatocarcinoma cells

Previously, we showed that erastin and the erastin-like-Warburg compound X1 promoted 

mitochondrial hyperpolarization followed by depolarization (29). Recently, a drop in 

mitochondrial ΔΨ in HepG2 cells has also been reported after treatment with SOR (40). 

Here, we assessed by confocal microscopy the effect of X1 and SOR on mitochondrial ΔΨ 
in HepG2 and Huh7 cells using the cationic ΔΨ fluorophore, TMRM. Mitochondria of 

untreated cells or after vehicle were filamentous, heterogeneously polarized, and distributed 

throughout the cytoplasm as described previously (26, 29). X1 (10 μM) decreased 

mitochondrial ΔΨ by ~30% and ~43% in Huh7 and HepG2 respectively. Similarly, SOR (3 

μM) depolarized mitochondria ΔΨ by ~42% in Huh7 and by ~47% in HepG2 cells (Fig. 1 

A-C). These results confirm that both X1 and SOR cause mitochondrial dysfunction in 

human hepatocarcinoma cells.

3.2 X1 and sorafenib decrease respiration

The effects of X1 and SOR on respiration (assessed as oxygen consumption rate) in Huh7 

cells was determined using a Seahorse XF96 extracellular flux analyzer. Cells were treated 

with vehicle (VEH), X1 (10 μM) for 30 and 60 min, or SOR (5 μM) for 30 min. SOR and 

X1 at 30 min decreased basal respiration by ~39% and 41%, respectively (Fig. 2 A). Longer 

exposure to X1 (60 min) decreased basal respiration by ~64%. Subsequent addition of 

OLIGO (1 μM), an ATP synthase inhibitor, decreased oxygen consumption (Δ= OCR 

before-OCR after OLIGO) by ~50% after VEH, by ~29%, and 23% after X1 and SOR for 

30 min and by ~8% in cells treated with X1 for 60 min. Both X1 and SOR at 30 min 

decreased the maximal respiration induced by the uncoupler FCCP, whereas 60 min 

treatment with X1 completely blocked uncoupled respiration. Taken together these findings 

indicate an inhibitory effect of X1 and SOR on oxidative phosphorylation that is maximal 
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after longer exposures to X1 (Fig. 2A.). X1 also decreased ECAR by ~60%, suggesting an 

inhibitory effect on glycolysis (Fig. 2 B). By contrast, SOR slightly increased ECAR (~ 

12%) suggesting a compensatory increase in glycolysis (Fig 2 B).

3.3 X1 and sorafenib activate JNK

In previous work, we showed that X1 and the VDAC-binding small molecule erastin induce 

ROS production in HepG2 and Huh7 cells (29). Others report that p-JNK promotes ROS 

production and that increased ROS activates JNK (35, 41). Activation of JNK by SOR has 

also been described recently (42, 43). Accordingly, to determine if erastin and X1 activate 

JNK we treated HepG2 cells with erastin (10 μM) and Huh7 cells X1 (10 μM) and 

determined p-JNK by Western blot. p-JNK progressively increased both after erastin and 

X1, reaching maximal levels (~2.6-fold increase) within 30–60 min in both cell lines. 

Maximal activation of JNK occurred within 60 min remained unchanged after erastin and 

X1 up to 3 h (Fig. 3 A and B, and not shown). JNK inhibition by SP600125 almost 

completely blocked the increases of p-JNK without affecting total JNK (Fig. 3 C and D). To 

ROS production was promoting JNK activation after X1, we pretreated cells with N-acetyl 

cysteine (NAC), a glutathione precursor and ROS scavenger. Similar to JNK inhibition, NAC 

partially prevented JNK activation compared to X1 alone (Fig. 3 C-D). Our results indicate 

that, in addition to increasing ROS formation, X1 induces phosphorylation of JNK in a time 

dependent manner.

3.4 JNK inhibition prevents mitochondrial depolarization induced by X1 and sorafenib

To determine if mitochondrial depolarization induced by X1 and SOR was dependent on 

JNK activation, we pretreated HepG2 and Huh7 cells with two structurally unrelated JNK 

inhibitors, JNK inhibitor VIII (5 μM) and SP600125 (30 μM). Both JNK inhibitors 

completely abrogated mitochondrial depolarization induced by X1 in Huh7 and HepG2 

cells. In Huh7 cells pretreated with SP600125 or JNK inhibitor VIII, mitochondrial ΔΨ 
remained unchanged or slightly increased after X1 whereas X1 alone decreased 

mitochondrial ΔΨ by ~47% (Fig. 4 A and B). Similarly, JNK inhibition blocked X1-

dependent mitochondrial depolarization in HepG2 cells (not shown).

Since both X1 and SOR depolarize mitochondria and increase ROS generation, we also 

assessed the effect of JNK inhibition on mitochondrial ΔΨ after SOR. Similar to X1, 

pretreatment with JNK inhibitor VIII prevented mitochondrial depolarization induced by 

SOR both in Huh7 and HepG2 cells (Fig. 5 A-C). Our findings show that mitochondrial 

dysfunction after both X1 and SOR are mediated by JNK activation.

3.5 JNK mediates superoxide production induced by X1 and sorafenib

Mitochondria are the major site of generation of O2
•− mainly at complexes I and III (site 

IIIQo) (44). It has been proposed that O2
•− formed at site IIIQo is released equally to each 

side of the mitochondrial inner membrane. O2
•− released to the cytosol activates members of 

the MAPK family of serine/threonine kinases, especially JNKs. To assess whether O2
•− 

formation depends on JNK activation we pretreated cells with JNK inhibitor VIII (5 μM) or 

SP600125 (30 μM) before adding X1 or JNK inhibitor VIII (5 μM) before SOR in cells 

loaded with the mitochondrial O2
•− indicator MitoSOX Red. X1 or SOR alone increased 
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MitoSOX Red fluorescence by ~340% and by ~130% respectively. JNKVIII and SP600125 

blocked X1-dependent increase in MitoSOX Red fluorescence after X1 whereas JNK VIII 

prevented the increase in fluorescence after SOR (Fig. 6 A and B). These experiments show 

that activated JNK mediates enhanced mitochondrial O2
•− production induced by X1 and 

SOR.

3.6 X1 induces superoxide production at complex III

To determine major source(s) of ROS formation promoted by X1, we used a combination of 

quantitative analysis of O2
•−/H2O2 production at complex III and confocal imaging of 

TMRM fluorescence in the presence of the specific suppressor of site IIIQo electron leak, 

S3QEL 2. S3QELs are small molecules that specifically suppress production of O2
•− from 

site IIIQo without inhibiting oxidative phosphorylation (45). X1 increased the rate of 

formation of O2
•−/H2O2 at complex III by ~22% compared to vehicle in permeabilized Huh7 

cells respiring on 5 mM succinate in an Amplex Ultra Red assay using specific inhibitors of 

site IIIQo (antimycin A and Rotenone). The relatively modest increase in the rate of 

O2
•−/H2O2 formation (7.7 fmole/min/1,000 cells) is very likely enough to sustain the 

comparatively higher increase in O2
•− accumulated after X1 as determined by MitoSOX 

fluorescence 60 min after treatment (Fig. 7-A and B). The specific role of site III in the loss 

of ΔΨ induced by X1 was confirmed by pretreatment with S3QEL 2 (30 μM) that prevented 

mitochondrial depolarization but not hyperpolarization after X1 (Fig 7 A and B). These 

results indicate that ROS generated at site IIIQo are important determinants of mitochondrial 

dysfunction induced by X1 but do not mediate the initial hyperpolarization after X1.

3.7 JNK translocate to mitochondria in the presence of X1 and sorafenib

Mitochondrial JNK signaling depends on the translocation of JNK to the mitochondrial 

outer membrane where it docks on the SH3 homology associated BTK binding protein 

(Sab). Mitochondrial translocation of JNK has been described in several models of liver 

injury, oxidative stress, anisomycin-induced stress and cerebral ischemia among others (35). 

To assess whether X1 promoted the translocation of p-JNK to mitochondria we used a 

proximity ligation assay targeting p-JNK and the resident translocase of mitochondrial outer 

membrane TOM20. X1 progressively increased the translocation of p-JNK to mitochondria 

as shown by the increase in the number of dots reflecting the increased number of p-JNK/

TOM20 associations (Figure 8 A and B). To confirm the specificity of the effect of X1 on 

JNK relocation, we utilized the cell-permeable peptide Tat-sab KIM1 that targets the outer 

mitochondrial membrane protein, Sab (46). Tat-sab KIM1 selectively prevents JNK binding 

to Sab without affecting c-jun phosphorylation. Pre-treatment with Tat-sab KIM1 (30 μM) 

before X1 markedly decreased the number of dots indicative of the inhibitory effect on JNK 

translocation.

To demonstrate that the loss of mitochondrial ΔΨ induced by X1 or SOR not only requires 

JNK activation but also JNK translocation to mitochondria and binding to Sab we pretreated 

cells with the Tat-sab KIM1 peptide (30 μM). Tat-sab KIM1 prevented X1 and SOR-induced 

loss of ΔΨ but not mitochondrial hyperpolarization after X1 similar to the effect of JNK 

inhibition (Fig. 8 C and D). These results indicate that mitochondrial dysfunction after X1 
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and SOR depended both on JNK activation and translocation to mitochondria and binding to 

SH3BP5.

3.8 X1 promotes cell death by necroptosis

It has been reported that SOR promotes cell killing by apoptosis (47). To determine the 

mechanism of cell death after X1 we loaded cells with annexin V as a marker of apoptosis 

and propidium iodide (PI) as an indicator for the loss of integrity of the plasma membrane 

that occurs in necrotic cell death. Annexin V (+) and PI (+) labeling progressively increased 

2 h after X1 (10 μM) reaching 100% of the cells 6 h after treatment. Between 3 and 6 h after 

X1 cells were either Annexin V (+), PI (+) or Annexin V+PI (+) suggesting that cells were 

undergoing necrosis and apoptosis. To determine if apoptosis was followed by necrosis or 

the main cause of cell death was necroptosis, in separate experiments, we inhibited the RIP1 

kinase with necrostatin-1. Inhibition of RIP-1 kinase blocked X1 induced cell death 

indicating that necroptosis may be the major mechanism of cell killing (Fig. 9 A and B).

3.9 X1-dependent cell death is partially mediated by JNK

Both SOR and X1 have been shown to be cytotoxic for HepG2 and other hepatocarcinoma 

cells in culture (13, 28, 29, 48). To determine if cell death after X1 was dependent on JNK 

activation we assessed cell viability by PI fluorometry after X1 in the presence or absence of 

JNK inhibitors. X1 caused ~95% cell death after 6 h whereas in cells pretreated with JNK 

inhibitor VIII (5 μM) and SP600125 (30 μM) X1-induced cell death was ~25% and ~50% 

respectively (Fig. 10).

4. DISCUSSION

Characterization of mechanisms of action of novel and existing chemotherapeutic drugs 

helps to identify new targets and improve the efficacy of cancer treatments. We previously 

showed that the antagonism of the inhibitory effect of tubulin on VDAC by erastin and 

erastin-like compounds increases ROS formation and promotes mitochondrial dysfunction. 

VDAC-tubulin antagonists are a potential new class of chemotherapeutic agents inducing 

cancer cell death by switching the Warburg metabolic phenotype to more oxidative 

metabolism that, in turn, promotes oxidative stress (28, 29). Here, we show a common 

mechanism of action for the erastin-like small molecule X1 and SOR that involves JNK and 

mitochondria.

Mitochondrial ΔΨ is a readout of overall mitochondrial metabolism. X1 and SOR both 

depolarize mitochondria, but the mechanisms underlying the drop in ΔΨ are incompletely 

understood (10, 12, 49, 50). At low micromolar range, SOR directly inhibits complexes I, II, 

III and V and promotes glycolysis (50, 51). The impairment of mitochondrial metabolism 

after X1 and SOR was further confirmed by assessing changes in respiration. At time points 

matching mitochondrial depolarization, both X1 and SOR decreased basal respiration and 

oligomycin sensitive respiration indicating an inhibitory effect on oxidative phosphorylation. 

Moreover, the abrogated response to uncoupling after X1 and SOR suggests a severe 

limitation to mitochondrial function induced by these two compounds (Fig 2 A). The 

blockage of oxygen consumption despite uncoupling from OXPHOS suggests decreased 
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activity of the proton pumping complexes of the ETC as electrons are likely leaking more 

slowly to oxygen, increasing ROS formation. In addition, X1 also decreased ECAR 

suggesting an inhibitory effect of glycolysis (Fig 2 B).

Among different mechanisms upstream of mitochondria, JNK-phosphorylation is shown to 

disrupt mitochondrial function (35). Here, we showed that X1 progressively increased p-

JNK reaching a plateau within ~60 min in Huh7 cells. Similar pattern was observed in 

HepG2 cells (Fig. 2). Moreover, inhibition of JNK by JNK inhibitors VIII or SP600125 

prevented mitochondrial depolarization. Taken together, these results showed that activation 

of JNK was a necessary step in the mitochondrial dysfunction after X1 or SOR. 

Interestingly, JNK inhibition did not prevent mitochondrial hyperpolarization after X1 

suggesting that mitochondria remain functional during the initial hyperpolarization after X1. 

A hyperpolarizing phase preceding mitochondrial depolarization has not been observed after 

SOR.

Different cellular models have shown that activated JNK translocates to mitochondria and 

phosphorylates Sab blocking electron transport at Complex I or II, promoting ROS 

formation and decreasing OXPHOS (33). Here, we demonstrated that X1 induced p-JNK 

translocation to mitochondria and the Tat-sab KIM1 blocks the translocation (Fig. 8). 

Moreover, Tat-sab KIM1 by preventing the onset of mitochondrial depolarization induced by 

X1 confirms that JNK translocation to mitochondria is a necessary step in the pathogenesis 

of the mitochondrial dysfunction.

ROS and JNK are reciprocally dependent, since increased ROS formation leads to activation 

of JNK and activation of JNK leads to increased ROS formation (52). Previously, we showed 

that mitochondrial hyperpolarization induced by X1 was followed by increased 

mitochondrial ROS generation (29). Similarly, oxidative stress induced by SOR is 

extensively documented (48, 53). Here, we showed that both SOR and X1 induced robust 

increases (> 4 –fold) of O2
•− production in HepG2 and Huh7 cells (Fig 6). It is likely that 

both activation of JNK and increased ROS formation occur simultaneously after X1 and are 

not part of a sequence of upstream/downstream events. This observation is supported by the 

fact that, in the presence of X1, antioxidants block JNK activation (Fig. 3) and JNK 

inhibition prevents superoxide formation (Fig. 6).

O2
•−, converted to H2O2 by the superoxide dismutases, is mainly produced in mitochondria. 

The outer quinone-binding site in Complex III (site IIIQo) generates O2
•− distributed about 

equally to each side of the mitochondrial inner membrane whereas other sites like the 

quinone-binding site in complex I (site IQ) generates O2
•−/H2O2 to the mitochondrial matrix 

(54, 55). Thus, a large portion of O2
•− generated at site IIIQo is released to the cytosol where 

it activates JNK among other effects (44, 45). While O2
•− production induced by SOR is 

well established, the site of production of O2
•− after X1 has not been determined. Previously, 

we showed that X1 increases mitochondrial ROS formation without identifying 

mitochondrial sites of O2
•− generation. To determine major mitochondrial sites of ROS 

formation after X1 and SOR we used a two-pronged approach. We assessed quantitatively 

the rate of O2
•−/H2O2 at site III and we used S3QEL2, a compound that specifically inhibits 

O2
•− production at site IIIQo. S3QEL2 does not alter oxidative phosphorylation and 
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maintains respiration without promoting a redistribution of electrons to other ROS 

generating sites in the electron transport chain. Thus, S3QEL2 allows a specific assessment 

of the contribution of IIIQo to O2
•− formation. The increased rate of O2

•−/H2O2 formation at 

site III and the blockage of mitochondrial depolarization after X1 in cells pretreated with 

S3QEL2 indicate that site IIIQo is a major contributor of O2
•− to drive cytosolic JNK 

activation and subsequent mitochondrial depolarization induced by X1 (Fig. 7).

Persistent JNK activation is associated with cell death signaling. SOR induces apoptotic cell 

death but the mechanism of cell death after VDAC opening had not been determined (56, 

57). After X1, simultaneous uptake of annexin V and PI occurred ~6 h after X1 in 100% of 

cells indicating necrosis (Fig 9 and 10). Necrostatin-1 completely blocked X1-induced 

annexin V staining and PI uptake signifying that X1 may be inducing a mode of 

programmed necrosis called necroptosis (58). Increased ROS formation has been reported 

also to cause necroptosis in different cancer cell lines including HCT116 and HT29 (59, 60). 

Here, JNK inhibition partially prevented cell death after X1, suggesting mitochondrial 

dysfunction promoted by JNK is an important driver of necroptosis (Fig. 9).

Although the mechanism of promoting cell death by the erastin-like X1 and erastin may be 

similar, the relevance of the specific VDAC isoforms in X1 induced cell death remains 

unexplored. Studies on different cellular systems have shown that VDAC1 may be a pro-

survival protein whereas VDAC2 would favor apoptosis (61). The small molecule erastin 

promotes cell death by an oxidative, non-apoptotic mechanism in cancer cells harboring 

HRAS, KRAS or BRAF mutations. The lethality of erastin depends on the presence of 

VDAC 2 or VDAC 3 (62). More recently, a synthetic lethality study also showed that a small 

molecule targeting KRAS-expressing cancer cells promotes ROS-dependent apoptosis (63). 

The role of VDAC isoforms in erastin and erastin-like induced cell death and the potential 

link to RAS mutations is incompletely understood and will be eventually part of future 

investigations about the effects of X1.

In summary, our data showed that X1 and SOR induced persistent activation of JNK and 

subsequent JNK translocation to mitochondria, leading to increased O2
•− formation and 

mitochondrial dysfunction in HepG2 and Huh7 cells. JNK inhibition prevented O2
•− 

generation induced by both X1 and SOR and also attenuated subsequent necroptosis. 

Therefore, the mechanism of action of X1 and SOR likely involves a positive feedback loop 

of: sustained JNK activation, translocation to mitochondria, and O2
•−/H2O2 production 

upstream of mitochondrial dysfunction and cell death.
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NONSTANDARD ABBREVIATIONS

ΔΨ mitochondrial membrane potential

ERK extracellular signal-regulated kinase

Tat-sabKIM1 Tat-sab peptide

PDGF-β platelet-derived growth factor-β

PI propidium iodide

Sab SH3 domain-binding protein 5

SOR sorafenib

VDAC Voltage-dependent anion channel

VEGFR vascular endothelial growth factor receptors
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Figure 1: X1 and sorafenib depolarize mitochondria.
Huh7 (A) and HepG2 cells (B) incubated in HBSS were loaded with TMRM, as described in 

MATERIAL &METHODS. Cells (Same field) were imaged before (Baseline) (A and B, 

right panels) and after treatment with X1 (10 μM, A and B, upper right) or sorafenib (3.5 

μM) (A and B, lower right) for 1 h. Fluorescent polystyrene microspheres were used as 

fiduciary markers (arrows). Image intensity was pseudocolored according to the reference 

bar. In (C), TMRM fluorescence was quantified after X1 and sorafenib treatments compared 

to vehicle. *p<0.05 from 3 independent experiments.
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Figure 2: X1 and sorafenib decrease cellular respiration.
Oxygen consumption rates after X1 (10 μM) and SOR (5 μM) were determined using a 

Seahorse XF96 analyzer. In (A), basal respiration, oligomycin-sensitive respiration and 

maximal respiration in Huh7 cells treated with X1 for 30 min or pretreated with X1 for 60 

min, and SOR for 30 min or VEH. In (B), extracellular acidification rates under the same 

experimental conditions described in A. *, p < 0.05 vs. baseline from 3 independent 

experiments.
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Figure 3: X1 induces JNK activation.
Cells in whole media were treated with erastin (10 μM) for 3 h (A, HepG2 cells) or X1 for 2 

h (10 μM) (B, Huh7 cells). Proteins were extracted at progressive time points, and Western 

blotting for p-JNK were performed, as described in MATERIAL &METHODS. In (C), 

Huh7 cells were treated with X1 (10 μM) for 30 min with and without pretreatment with 

SP600125 (30 μM) for 1 h or NAC (100 μM) for 30 min before immunoblotting for pJNK, 

total JNK and β-actin as a loading control. In (D), pJNK/JNK was determined by 
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densitometry and plotted. *p<0.05 vs vehicle, #p<0.05 vs X1 from 3 independent 

experiments. SP: SP600125; NAC: N-acetyl cysteine.
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Figure 4: JNK inhibition prevents mitochondrial dysfunction induced by X1.
Huh7 cells incubated in HBSS were loaded with TMRM, as described in MATERIAL 

&METHODS. In (A), images were collected before (left panels) and after addition of X1 

(10 μM) for 1 h (upper right) with and without 1 h pretreatment with SP600125 (30 μM) or 

JNK inhibitor VIII (5 μM), as indicated. Image intensity was pseudocolored according to the 

reference bar. In (B), TMRM fluorescence was quantified after the various treatments. 

*p<0.05 vs vehicle, #p<0.05 vs X1 from at least 3 independent experiments. SP: SP600125; 

VIII: JNK inhibitor VIII.
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Figure 5: JNK inhibition attenuates mitochondrial dysfunction induced by sorafenib.
Huh7 and HepG2 cells incubated in HBSS were loaded with TMRM, as described in 

MATERIAL &METHODS. Images were collected before (A and B, upper left panels) and 

after sorafenib (3.5 μM) for 30 min (A and B, upper right panels). In separate experiments, 

cells were imaged after pretreatment with JNK inhibitor VIII (5 μM) for 1 h (A and B, left 

lower panels) and re-imaged after treatment with sorafenib (3.5 μM) (A and B, lower right 

panels), or FCCP (1 μM) as a negative control. Image intensity was pseudocolored according 

to the reference bar. In (C), TMRM fluorescence was quantified compared to vehicle for 

Huh7 and HepG2 cells.*p<0.05 vs. vehicle, #p<0.05 vs SOR from 3 independent 

experiments.
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Figure 6: JNK inhibition blocks superoxide production induced by X1 and sorafenib.
Huh7 cells incubated in HBSS were loaded with MitoSOX Red, as described in MATERIAL 

&METHODS. Images were collected after addition of vehicle (Untreated), X1 (10 μM) and 

sorafenib (3.5 μM), for 1 h and 30 min, respectively, in absence (upper panels) and presence 

(lower panels) of SP600125 (30 μM) or JNK inhibitor VIII (5 μM) added 1 h before X1 or 

sorafenib. In B, MitoSOX Red relative fluorescence was quantified after treatments as 

compared to vehicle. *p<0.05 vs vehicle, #p<0.05 vs X1, §p<0.05 vs sorafenib from 3 

independent experiments.
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Figure 7: S3QEL 2 attenuates mitochondrial dysfunction by X1.
HepG2 cells incubated in HBSS were loaded with TMRM, as described in MATERIAL 

&METHODS. In (A), images were collected before (left panels) addition of X1 for 1 h (10 

μM, right panels) with and without 30 min pretreatment with S3QEL 2 (30 μM, lower 

panels). In (B), TMRM relative fluorescence was quantified after the various treatments. 

*p<0.05 vs vehicle from at least 3 independent experiments.
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Figure 8: Translocation of JNK-dependent mitochondrial dysfunction is prevented by Tat-sab 
KIM1 peptide.
In (A), Proximity ligation assay. Cells were treated with X1 (10 μM) for 30 min and 60 min. 

Red dots indicate proximity of p-JNK and TOM20 (distance between the two proteins < 40 

nm). Nuclei stained with DAPI (blue). In (B) The number of dots/cell were quantitated 

counting a minimum of 200 cells/experimental condition. Error bars represent ±SEM from 

three independent experiments, *p<0.05 vs vehicle. Scale bar, 20 μm. In (C and D), Huh7 

cells incubated in HBSS were loaded with TMRM, as described in MATERIAL 

&METHODS. (C), cells were pretreated with Tat-sab KIM1 peptide (30 μM) for 1 h before 

treatment with X1 (10 μM) (upper panels) or sorafenib (5 μM) (lower panels). Image 

intensity was pseudocolored according to the reference bar. In (D), TMRM fluorescence was 

quantified after the various treatments compared to vehicle. *p<0.05 vs vehicle, #p<0.05 vs 

X1, §p<0.05 vs sorafenib from 3 independent experiments.
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Figure 9: X1 induces JNK-dependent necroptosis.
In (A), Huh7 cells were treated with X1 (10 μM) with and without pretreatment with 

SP600125 (30 μM) for 1 h or necrostatin (NEC-1, 30 μM) for 24 h. Annexin V and 

propidium iodide fluorescence was assessed as described in MATERIAL &METHODS (In 

B, percentages of annexin V (+), PI (+) and annexin V+PI (+) were determined (Panel B).
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Figure 10: JNK inhibition decreases cell death after X1.
Huh7 cells were treated with vehicle (VEH), X1 alone (10 μM) or after X1 plus pretreatment 

with SP600125 (30 μM) or VIII (5 μM) for 1 h. Cell death was assessed by PI fluorometry, 

as described in MATERIAL &METHODS. SP: SP600125; VIII: JNK inhibitor VIII.
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