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A B S T R A C T

Cancer cells exhibit mitochondrial cholesterol (mt-cholesterol) accumulation, which contributes to cell death
resistance by antagonizing mitochondrial outer membrane (MOM) permeabilization. Hepatocellular mt-cho-
lesterol loading, however, promotes steatohepatitis, an advanced stage of chronic liver disease that precedes
hepatocellular carcinoma (HCC), by depleting mitochondrial GSH (mGSH) due to a cholesterol-mediated im-
pairment in mGSH transport. Whether and how HCC cells overcome the restriction of mGSH transport imposed
by mt-cholesterol loading to support mGSH uptake remains unknown. Although the transport of mGSH is not
fully understood, SLC25A10 (dicarboxylate carrier, DIC) and SLC25A11 (2-oxoglutarate carrier, OGC) have been
involved in mGSH transport, and therefore we examined their expression and role in HCC. Unexpectedly, HCC
cells and liver explants from patients with HCC exhibit divergent expression of these mitochondrial carriers, with
selective OGC upregulation, which contributes to mGSH maintenance. OGC but not DIC downregulation by
siRNA depleted mGSH levels and sensitized HCC cells to hypoxia-induced ROS generation and cell death as well
as impaired cell growth in three-dimensional multicellular HCC spheroids, effects that were reversible upon
mGSH replenishment by GSH ethyl ester, a membrane permeable GSH precursor. We also show that OGC reg-
ulates mitochondrial respiration and glycolysis. Moreover, OGC silencing promoted hypoxia-induced cardiolipin
peroxidation, which reversed the inhibition of cholesterol on the permeabilization of MOM-like liposomes in-
duced by Bax or Bak. Genetic OGC knockdown reduced the ability of tumor-initiating stem-like cells to induce
liver cancer. These findings underscore the selective overexpression of OGC as an adaptive mechanism of HCC to
provide adequate mGSH levels in the face of mt-cholesterol loading and suggest that OGC may be a novel
therapeutic target for HCC treatment.
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1. Introduction

Aberrant regulation of cholesterol homeostasis is associated with
multiples cancer types. Cancer Genome Atlas (TCGA) database revealed
a correlation between cholesterol synthesis and decreased survival in
patients with cancer, including hepatocellular carcinoma (HCC) [1]. Of
particular interest due to its low abundance is the pool of mitochondrial
cholesterol (mt-cholesterol), which accumulates in different cancer
cells. Increased mt-cholesterol contributes to chemotherapy resistance,
decreases cell stress and cytochrome c release from mitochondria, in-
creases resistance to large amplitude swelling and impairs proton leak
[2–4]. Moreover, mt-cholesterol loading impaired the pore-forming
activity of Bax by reducing mitochondrial outer membrane permeabi-
lization (MOMP) [3–6]. The presence of cholesterol in liposomes mi-
micking MOM composition decreased the ability of Bax to integrate into
the bilayer, impairing its permeabilization caused by oligomerized Bax
or tBid-mediated Bax activation, effects that were reversed by fluidizing
agents, thus underscoring a critical role of cholesterol-mediated
changes in membrane dynamics in MOMP [3–6].

While these findings indicate that mt-cholesterol plays an anti-
apoptotic role, mt-cholesterol accumulation sensitizes primary mouse
hepatocytes, neurons or macrophages to TNF/Fas, amyloid-β peptide or
anthrax lethal toxin-induced cell death, which is accompanied by mi-
tochondrial GSH (mGSH) depletion due to cholesterol-induced im-
pairment in mGSH transport [7–11]. The role of mt-cholesterol in
promoting cell death is mediated by mGSH depletion, as its selective
pharmacological decrease per se reproduced the sensitization seen after
mt-cholesterol loading, while mGSH recovery protected against cell
death [9,12]. Unlike cytosol, mitochondria do not synthesize GSH de
novo from its constituent aminoacids and hence mGSH originates from
the transport of cytosolic GSH into mitochondria by a carrier-specific
process exhibiting two kinectic components [13]. Dicarboxylate (DIC)
and 2-oxoglutarate (OGC) carriers are members of the mitochondrial
carrier SLC25 family that exchange specific metabolites between cy-
tosol and mitochondria. Although the transport of mGSH is not full
understood, a wealth body of evidence from reconstitution assays in
proteoliposomes, substrate specificity, kinetics, dependence on mem-
brane potential and sensitivity to carrier-selective inhibitors indicated a
putative role for DIC and OGC in the mitochondrial transport of GSH in
kidney, liver, brain and colonic epithelial cells [14–17]. Moreover,
functional expression in Xenopus laevis oocytes microinjected with OGC
cRNA from HepG2 cells conferred mGSH transport activity that ex-
hibited mutual competition with 2-oxoglutarate (2-OG) and sensitivity
to phenylsuccinate [18]. Furthermore, the transport activity of OGC
from rat liver was sensitive to cholesterol-mediated changes in mem-
brane dynamics, thus reproducing the dependence of mGSH transport
on membrane fluidity [7,18].

As a critical antioxidant, mGSH regulates the mitochondrial gen-
eration of reactive oxygen species (ROS), in particular the elimination
of hydrogen peroxide produced from superoxide anion dismutation
within mitochondria [17,19,20]. Cardiolipin is an important anionic
phospholipid of the mitochondrial inner membrane that plays a key role
in mitochondrial physiology and cell death regulation. Due to its four
unsaturated acyl chains, cardiolipin is highly susceptible to ROS-
mediated peroxidation, an event that is regulated by antioxidants, in-
cluding mGSH [12,21]. Peroxidized cardiolipin (CLOOH) regulates
critical steps in cell death, including the availability of unbound form of
cytochrome c and MOMP and has emerged as a target for redox therapy
in brain injury [12,22,23].

HCC is the most common form of liver cancer and as the end-stage
of prevalent chronic liver diseases HCC is a leading cause of cancer-
related deaths in the world. Since the role of OGC and DIC in HCC has
not been previously examined, the purpose of our study was to char-
acterize the expression of OGC and DIC in HCC and their role in the
regulation of mGSH in HCC cells and impact in liver tumorigenesis.

2. Materials and methods

2.1. Cell culture, treatments and mitochondrial preparation

The human HCC cell lines, HepG2, Hep3B, the rat hepatoma cell
line, Reuber H35, and the rat glioblastoma C6 cell line were obtained
from the European Collection of Animal Cell Cultures. Rat liver and
brain mitochondria were isolated by differential centrifugation and
Percoll gradient, as previously described [8,19]. Mitochondria from
HCC cells and human liver samples were obtained by rapid cen-
trifugation through Percoll density gradient, as described previously
[3]. In some cases, the mitochondrial suspension was incubated with 2-
(2-methoxyethoxy) ethyl-8-(cis-2-n-octylcyclopropyl) octane (A2C, 125
nmol/mg protein) for 30 min, as described in detail [24], and HCC cells
were subjected to hypoxia (1% O2) or treated with dimethylox-
alylglycine (DMOG) (0.5–1 mM) for 6–12 h.

2.2. Human HCC samples and immunohistochemistry

Human liver samples were obtained from liver explants of patients
diagnosed with HCC undergoing liver transplantation. The clinical data
of the patients are presented in Supplemental Table 1. In addition,
normal liver tissue was obtained from the surgical specimen of donor
livers used for transplantation. The protocol was approved by the
Hospital Clinic/UB Ethics Committee. Liver tissue was formalin-fixed
and paraffin-embedded sections were cut for OGC or DIC im-
munostainning. Liver sections were incubated with anti-OGC
(SC160804, Santa Cruz) or anti-DIC (TA331226 ORIGENE) antibodies
(1:250) overnight, washed 3 times with PBS and incubated with sec-
ondary antibody (Vectastain antiGoat IgG biotinylated antibody). Slides
were developed with ABC/HRP Complex and incubated with 1:10 DAB/
hydrogen peroxide and counterstained with hematoxylin.

2.3. Silencing of OGC or DIC by siRNA

The siRNA-targeting OGC (human HSS112214 and HSS112215 and
rat RSS343480 and R RSS34348079) and DIC (human Sc-93937 and
HSS141712 and rat RSS332127 and RSS332128) as well as scrambled
siRNA (sc-37007) were commercially purchased from Invitrogen, Inc
and Santa Cruz Biotechnology, respectively. Transfection was per-
formed using Lipofectamine2000 (Invitrogen). Briefly, 5 × 105 HepG2
cells or H35 cells were incubated with the transfection mixtures con-
taining 60–80 pmol of the siRNA-targeting OGC or the scrambled
control siRNA. Cells were assayed 48 h after transfection for mRNA and
protein OGC levels and for GSH levels.

2.4. Extracellular flux analyses

In vivo real-time mitochondrial respiration (OCR) and glycolytic rate
(ECAR) were monitored with the Seahorse XF24 Flux Analyser
(Seahorse Bioscience) according to the manufacturer's instructions.
Hep3B cells targeted with either SCR or OGC siRNA were seeded at
50,000 cells/well density in 24-well plates for 1 h in complete DMEM
(10% FBS, 1% P/S) to allow adherence to the plate. For assessment of
the real-time ECAR, cells were incubated with unbuffered assay media
(XF Media Base containing 2 mM L-Glutamine) followed by a sequential
injection of 10 mM glucose, 2 μM oligomycin and 50 mM 2-deox-
yglucose. For OCR cells were incubated with unbuffered assay media
(XF Media Base with 25 mM glucose, 4 mM L-glutamine and 5 mM
pyruvate) followed by a sequential injection of 2 μM oligomycin,
0.2 μM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone and
2 μM antimycin A plus Rotenone. Both ECAR and OCR measurements
were normalized to ug of total protein following Bradford protein assay.
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2.5. Mitochondrial network complexity analysis

Immunohistochemistry for the mitochondrial marker TOM20 was
performed and analyzed using the ImageJ software. Briefly, acquired
images were segmented by threshold to select the cellular area of study.
TOM20 staining was submitted to background subtraction and filtering
processes with Gaussian Blur filter set at 0.8. Segmentation of mi-
tochondria was performed by local standard threshold using a radius of
7. Mitochondria were then subjected to particle analysis for acquiring
aspect ratio (AR = major axis/minor axis) and circularity (4πxarea/
perimeter2). Form factor (FF) was calculated as the inverse of circu-
larity. An AR value of 1 indicates a perfect circle, and as mitochondria
elongates and become more elliptical AR increases. A FF value of 1
corresponds to a circular unbranched mitochondrion, while higher FF
values indicate a longer more branched mitochondria. Particles smaller
than 1.2 mm2 were excluded. Images were taken with a Leica TCS SP5
laser scanning confocal system with a 633 oil immersion objective APO
CS numerical aperture 1.4 equipped with a DMI6000 inverted micro-
scope. GFP and AlexaFluor 594 images were acquired sequentially
using 488, 594 nm laser lines, an acousto optical beam splitter and
emission detection ranges 500–550, 605–700 nm, respectively. The
confocal pinhole was set at 1 Airy unit. Pixel size was 60 nm. 43 X zoom
was used in all images.

2.6. Mitochondrial RT2 profiler

The rat mitochondrial RT2 Profiler PCR array system
(SABiosciences, Qiagen) was used for expression profiling of mi-
tochondrion-focused genes in H35 cells vs rat liver. Total RNAs were
isolated using TRIzol reagent (Life Technologies) and further purified
with a Qiagen RNeasy minikit (catalog no. 74104). First-strand cDNAs
were synthesized using an RT2 first-strand kit (catalog no. C-03;
SABiosciences) following the manufacturer's protocol. The StepOnePlus
real-time PCR system (Applied Biosystems) was used for the mi-
tochondrion-focused PCRarray using RT2SYBR green/ROXqPCR mas-
termix (catalog no. PA-012; SABiosciences) and an RT2 Profiler PCR
array kit (catalog no. PAMM-087C-2; SABiosciences).

2.7. Multicellular spheroids generation

Hep3B cell suspension containing 10,000 cells (200 μl) was added to
each well of poly-HEMA-coated 96-well plates. Wells were overfilled
with media to acquire a convex surface curvature and plates were in-
verted to allow cells to sediment to the liquid–air interface. Plates were
returned to normal after 24 h incubation and excess media was re-
moved by aspiration. Spheroid formation and growth was followed over
6–7 days with optical microscopy. In some cases, spheroids were
stained with PCNA, Ki7, DHE and active caspase 3.

2.8. Stably OGC knockdown in Hep3B cells and TICs

Human OGC carrier (NM_003562) was stably silenced in Hep3B
cells using previously validated commercial shRNA lentiviral plasmids
(pLKO.1-puro) (Sigma Aldrich). OGC and control shRNA-transfected
Hep3B cells were selected by puromycin exposure (2 μg/ml) and OGC
silencing verified by western blot and qPCR. For stably OGC knock-
down in tumor-initiating stem-like cells (TICs), we used two OGC
(V3LMM_507075, V3LMM_507076) shRNAs in the lentiviral vector
pGIPZ (Thermo Scientific). Lentiviral generation was performed by
transfecting HEK293T cells with lentiviral vector, PMD2G (packaging
vector), and psPAX2 (envelope vector) using BioT (Morganville
Scientific) for 48-h. Concentrated virus was added to TICs, and cells
were selected with Puromycin (10 μg/ml).

2.9. Subcutaneous and orthotopic HCC models

Male Balb/c athymic nude mice were kept under pathogen-free
conditions with free access to standard food and sterilized water. The
Hospital Clinic and UB Ethics Committee approved the animal protocols
and procedures used for the present study. Hep3B cells (1 × 106 in
200 μl of PBS) were injected subcutaneously into the flanks of the mice.
Differences in tumor volume were measured with a vernier caliper, and
the volume was calculated as length x width2 × 0.5. After sacrifice of
the mice, tumors were fixed and paraffin sections (5 µm) from each area
were stained with TUNEL staining using a commercial kit (In Situ Cell
Death Detection Kit, POD from Roche). Immunohistochemical staining
of CD34 was performed with rat monoclonal anti-CD34 antibody
(Abcam, Cambridge, MA) at a dilution of 1:50 (2 µg/ml). The slides
were examined with a Zeiss Axioplan microscope equipped with a
Nikon DXM1200F digital camera.

For orthotopic HCC model, NOD/Shi-scid/IL2r-/- (NOG) mice were
anesthetized with ketamine (50–80 mg/kg; ip) and xylazine (10 mg/kg;
ip) and the left liver lobe was gently pulled out of the incision and
immobilized onto moistened gauze. Using a 28 G 1cc U-100 insulin
syringe, 50μl suspension of 10×105 of TICs stably transfected with SCR
or OGC-shRNA was slowly injected into the parenchyma of the left lobe.
After placing the lobe into the abdominal cavity, the peritoneum and
abdominal muscle were closed and mice were administered buprenex
(0.02–0.05 mg/kg; SC) for 48 h.

2.10. Statistical analyses

Results were expressed as mean± SEM. Statistical significance of
mean values was assessed using Student t-test and one-way ANOVA
followed by Tukey post-hoc test. Statistics were performed using
GraphPad Prism 6 software. p ≤ 0.05 was defined as statistically sig-
nificant.

3. Results

3.1. Cancer cells paradoxically maintain mGSH levels despite mitochondrial
cholesterol accumulation

The pool of mGSH originates from the transport of newly synthe-
sized cytosolic GSH by a carrier-dependent process [13,18], which is
sensitive to cholesterol-induced decrease in membrane fluidity [7,10].
Hence, we examined the relationship between cholesterol and GSH in
purified mitochondrial fractions from HCC cells (Supplementary
Fig. 1A). Mitochondria from rat (H35) and human (HepG2) HCC cells
exhibited increased cholesterol content compared to mitochondria
isolated from rat or human liver of which>80% was unsterified
(Supplementary Fig. 1B). Unexpectedly, mGSH levels from HCC cells
were similar to those found in mitochondria from non-tumor tissues
(Supplementary Fig. 1C). Similar findings were observed in the Hep3B
cells (not shown), which do not express p53, suggesting that increased
mt-cholesterol and maintenance of mGSH is independent on the p53
status. Moreover, mitochondria from the rat glioblastoma cell line C6
displayed increased mt-cholesterol accumulation and similar mGSH
levels compared to mitochondria isolated from rat brain
(Supplementary Fig. 1B, C).

To examine if the ability of cancer cells to maintain mGSH results
from the insensitivity of mGSH transport to cholesterol-mediated
changes in membrane dynamics, we first determined the initial rate of
transport of [3H]-GSH at low (1 mM) and high (10 mM) concentrations
in mitochondria from HCC cells. In line with previous findings [25], the
transport of GSH was linear for 30 s and the initial rate of [3H]-GSH
transport in isolated mitochondria from H35 cells at both concentra-
tions was similar to that seen in mitochondria from rat liver
(Supplemental Fig. 1D), indicating the ability of HCC mitochondria to
transport GSH despite increased mt-cholesterol. Although there was a
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trend for lower initial transport of GSH at 10 mM in mitochondria from
H35 compared to rat liver mitochondria, this outcome was not sig-
nificant and together with the rate of transport at the lower GSH con-
centration suggests that the mitochondrial GSH transport through the
high and low affinity sites is unaltered in H35 mitochondria despite
significant mitochondrial cholesterol accumulation. Moreover, further
enrichment of mitochondria from H35 and HepG2 cells with cholesterol
(1.9 and 1.7-fold, respectively) following incubation with a cholesterol-
BSA complex decreased the initial rate of [3H]-GSH transport at low
and high GSH concentrations (Supplementary Fig. 1E). Fluidization of
mitochondria from H35 cells with the fatty acid derivative A2C, which
decreased the membrane order parameter (Supplemental Fig. 1F), fur-
ther increased the initial rate of [3H]-GSH (Supplemental Fig. 1G).
Collectively, these findings indicate that HCC cells maintain physiolo-
gical mGSH despite the sensitivity of mGSH transport to cholesterol-
mediated changes in membrane fluidity.

3.2. Divergent expression of OGC and DIC in HCC cells and liver explants
from patients with HCC

To identify underlying mechanisms for the paradoxical mGSH
transport in HCC, we examined the expression of putative mGSH car-
riers, OGC and DIC. As seen, H35 and HepG2 cells exhibited higher
expression of OGC compared to their corresponding normal tissues
(Fig. 1A, B). Moreover, immunohistochemical staining revealed in-
creased expression of OGC in tumor samples from liver explants of
patients with HCC compared to control liver specimens (Fig. 1C; Table
S1). In contrast to these findings, DIC expression decreased in both HCC
cell lines and in human HCC samples compared to control counterparts
(Fig. 1A, B, D). To examine whether other genes related to mitochon-
drial function are also differentially expressed in HCC, we performed
quantitative RT-PCR analyses using a mitochondrial RT2 Profiler PCR
array that targets mRNAs of genes involved in mitochondrial function,
biogenesis, and small molecule transporters (Fig. 1E). Among them, 23
genes were differentially regulated more than 50%, including 8 mem-
bers of the SLC25 family of which SLC25A17 (the peroxisomal trans-
porter) and SLC25A4 (a member of the adenine nucleotide translocase)
were significantly overexpressed in H35 cells vs. rat liver (Fig. 1E).
Interestingly, although the array did not contain SLC25A11, the ex-
pression of SLC25A10 (DIC) was significantly decreased in H35 cells
compared to rat liver, consistent with its downregulation in HCC cells
and human liver samples (Fig. 1A, B, D).

To address potential mechanisms contributing to the increased ex-
pression of OGC in HCC cells, we examined the effect of hypoxia, which
is known to mediate key changes in cancer cell metabolism. Hypoxia
(1% O2) increased the expression of HIF-1α and PDK1, a HIF-1α target
gene, and this outcome paralleled the upregulation of OGC levels
(Fig. 1F). Moreover, DMOG, a chemical hypoxia trigger, stabilized HIF-
1α and reproduced the effect of 1% O2 on OGC upregulation (Fig. 1F)
and this effect was ameliorated by HIF-1α downregulation by siRNA
(Supplementary Fig. 1H), suggesting that hypoxia induced OGC by a
mechanism dependent on HIF-1α. Moreover, roxadustat (FG-4592), a
small-molecule inhibitor of the HIF hydroxylating enzyme PHD, re-
produced the effect of hypoxia or DMOG in OGC expression (not
shown). Thus, our findings reveal the upregulation of OGC in HCC in-
volving a HIF-1α-dependent mechanism.

3.3. OGC downregulation depletes mGSH levels and sensitizes HCC cells to
hypoxia-induced oxidative stress and cell death

Given the divergent expression of OGC and DIC in HCC, we next
addressed the relative contribution of both carriers in the maintenance
of mGSH. Transfection of HCC cells with siRNAs targeting OGC did not
affect DIC expression but effectively decreased OGC mRNA and protein
levels (Fig. 2A), resulting in significant mGSH depletion compared to
cells transfected with scrambled control siRNA (Fig. 2B). However, OGC

siRNA treatment did not affect total GSH levels in either HCC cell line
(21–25 nmol/mg prot and 19–24 nmol/mg prot GSH in SCR siRNA and
OGC siRNA, respectively), effects that are in line with the lack of effect
of OGC silencing by siRNA in the expression of GCL or GS, which are
responsible for the de novo synthesis of GSH from its constituent ami-
noacids (not shown). Consistent with the lower expression of DIC
compared to OGC, DIC silencing did not have a significant effect on
mGSH levels (Supplemental Fig. 2), suggesting that HCC cells depend
on OGC to maintain mGSH. Incubation with GSH ethyl ester (GSHEE), a
permeable form of GSH which freely crosses membrane bilayers and
diffuses into mitochondria, replenished the levels of mGSH in both cell
lines despite OGC silencing (Fig. 2B), in line with findings in Niemann
Pick type C disease or nonalcoholic steatohepatitis characterized by
increased mt-cholesterol levels [26,27]. As hypoxia is a bad prognostic
factor and an inherent feature of solid tumor growth, which induces
ROS generation from mitochondria [28–31], we next addressed the
impact of OGC silencing in the susceptibility of HCC cells to hypoxia. As
seen, hypoxia or OGC knockdown per se did not have a significant
impact on the generation of ROS nor affected cell viability (Fig. 2C, D).
However, OGC silencing potentiated hypoxia-induced ROS generation
and cell death and these effects were reversed by mGSH replenishment
with GSHEE (Fig. 2C, D). These findings indicate that OGC silencing
sensitizes HCC cells to hypoxia by an oxidative stress-dependent me-
chanism.

3.4. OGC knockdown impairs cell proliferation in 3-D multicellular HCC
spheroids

In view of the preceding findings, we next focused on the role of
OGC in three-dimensional multicellular tumor spheroids, which re-
present an intermediate complexity model between in vitro monolayer
cultures and in vivo tumors. Treatment with siRNA targeting OGC
significantly downregulated OGC protein levels compared to SCR siRNA
treatment (Fig. 3A), which translated in mGSH depletion (5.8± 1.4
nmols/mg protein and 2.6±0.7 nmol/mg protein in SCR siRNA or
OGC siRNA treated Hep3B spheroids, respectively). Time-dependent
growth monitoring by microscopy and histology analyses indicated a
significant reduction in the size of spheroids following OGC silencing
compared to SCR siRNA treatment, indicating decreased growth rate
(Fig. 3B, C). Moreover, GSHEE treatment significantly reversed the cell
growth arrest following OGC knockdown (Fig. 3B). Consistent with
these findings, scrambled SCR siRNA-treated spheroids exhibited a ring
of cells positive for PCNA and Ki67 that was substantially reduced
following OGC siRNA treatment, indicating reduced proliferation of
Hep3B cells in the periphery of the spheroids (Fig. 3D). Staining with
the hydroxyprobe pimonidazole to detect hypoxia areas revealed the
growth of hypoxic cells in the core of the spheroids following SCR
siRNA treatment, and this event was substantially reduced in OGC
siRNA-treated spheroids, indicating that OGC silencing prevents hy-
poxic cell formation in 3-D spheroids (Fig. 3E). In line with findings in
monolayer culture, OGC siRNA-treated spheroids exhibited increased
DHE fluorescence compared to spheroids exposed to SCR siRNA
(Fig. 3E), indicating increased ROS generation, while treatment with
tetramethylrhodamine methyl ester revealed mitochondrial membrane
depolarization in OGC siRNA-treated spheroids (Fig. 3F). Moreover,
OGC silencing resulted in increased active caspase-3 fragment in the
spheroids, pointing to pro-caspase-3 processing and activation (Fig. 3F).
These findings indicate that OGC downregulation impairs cell growth
and induces cell death in three-dimensional Hep3B spheroids.

3.5. OGC regulates mitochondrial oxygen consumption and glycolysis
without alterations in mitochondrial morphology

In addition to the dependence on glycolysis, cancer cells maintain
concomitant high mitochondrial oxidative phosphorylation rates for
survival and ATP generation [32,33]. Therefore, we next examined the
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Fig. 1. OGC and DIC expression in HCC cells and human HCC. A, Protein and mRNA levels of OGC and DIC in rat liver and H35 cells. B, OGC and DIC expression at the mRNA and
protein levels in human liver and HepG2 cells. C-D immunohistochemistry of OGC (C) and DIC (D) in liver explants from patients with HCC. Scale bar, 100 µm. E. Heat-map analyses of
expression of genes involved in mitochondrial homeostasis and function in H35 cells vs rat liver. F, HIF-1α stabilization, PDK1 and OGC regulation in Hep3B cells incubated under 1% O2

and effect of DMOG in HIF-1α and OGC regulation in Hep3B cells. Data represent mean± SEM of 5–8 determinations. *p< 0.05 vs control.
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role of OGC in mitochondrial oxygen consumption rates (OCR). Basal
mitochondrial respiration in Hep3B cells was estimated by measuring
OCR after subtraction of the residual oxygen consumption in the pre-
sence of antimycin A plus rotenone (Fig. 4A). As seen, OGC silencing
decreased basal respiration in Hep3B cells (Fig. 4B). Moreover, max-
imal respiration determined by the addition of the protonophore FCCP
to uncouple mitochondrial ATP generation from oxygen consumption
decreased following OGC silencing compared to SCR siRNA treatment
(Fig. 4C), and this effect was accompanied by decreased ATP produc-
tion rate through oxidative phosphorylation (Fig. 4D). However, cou-
pled respiration and spare respiratory capacity were unaffected by OGC
silencing (Supplemental Fig. 3A, B). These effects were largely re-
covered by GSHEE treatment (Fig. 4A-D) to increase mGSH, consistent
with previous observations indicating a key role of mGSH in the reg-
ulation of ATPase, complex IV activity and mitochondrial respiration
[34,35]. Besides these effects on OCR, OGC silencing resulted in de-
creased extracellular acidification rate (ECAR) and reduced glycolytic
capacity (Fig. 4E) that, unlike OCR, were refractory to GSHEE treat-
ment, suggesting an irreversible oxidative inactivation in line with the
redox-sensitive function of specific glycolytic enzymes [36,37]. Thus,
OGC downregulation restricts ATP generation in Hep3B cells by im-
pairing oxidative phosphorylation and glycolysis.

Since MISC-1, the C. elegans orthologue of mammalian OGC, has
been shown to regulate mitochondrial fusion/fission [38], we next
examined whether OGC modulates mitochondrial morphology. Con-
focal microscopy analyses following staining with TOM20 revealed si-
milar mitochondrial morphology in SCR-siRNA and OGC siRNA-treated
HCC cells (Fig. 4F). Moreover, determination of the aspect ratio from
the major/minor axis, circularity and form factor revealed that OGC

silencing did not affect mitochondrial morphology (Fig. 4F). In line
with these findings, the expression level of proteins that regulate mi-
tochondrial fusion such as mitofusin-1 and mitofusin-2 was similar
between SCR and OGC siRNA-treated Hep3B cells, while the expression
of Opa1 and phospho-DRP1 were somewhat reduced (Supplemental
Fig. 3C). Electron microscopy analyses of H35 cells compared to rat
liver and mitochondrial staining with mitotracker green with or
without OGC silencing discarded alterations in mitochondrial mor-
phology (Supplemental Fig. 3D).

3.6. OGC silencing promotes hypoxia-induced cardiolipin peroxidation,
which reverses cholesterol-mediated inhibition of membrane
permeabilization

Since mGSH regulates the oxidative status of cardiolipin and
CLOOH promotes MOMP and cell death [12,22], we next examined the
role of OGC on cardiolipin homeostasis and whether CLOOH, which
modulates membrane biophysical properties, reverses cholesterol-
mediated inhibition of membrane permeabilization [3,5,6]. High-per-
formance thin layer chromatography indicated the presence of CLOOH,
particularly its dihydroperoxide form, in OGC siRNA-treated Hep3B
cells following hypoxia exposure compared to OGC silencing or hypoxia
alone (Supplemental Fig. 4A, B). Moreover, mass spectrometry lipi-
domic analyses of cardiolipin fractions further indicated the oxidation
of polyunsaturated cardiolipin species following OGC knockdown and
hypoxia exposure (Supplementary Fig. 4C). This outcome, however,
was not specific for cardiolipin peroxidation as the levels of other lipid
hydroperoxides, including fatty acid hydroperoxides with conjugated
dienes, increased as well (not shown), in line with findings of hepatic

Fig. 2. OGC downregulation deplestes mGSH and sensitizes HCC cells to hypoxia-induced ROS generation and cell death. A, Expression of OGC at the mRNA and protein levels in
H35 and HepG2 cells following siRNA treatment against OGC. The effect of OGC silencing is assessed on the expression of DIC. B, OGC downregulation results in mGSH depletion while
GSH-EE treatment restores mGSH despite OGC silencing. C, DCF fluorescence to monitor ROS generation in cells subjected to hypoxia with or without OGC silencing by siRNA. In some
cases, cells were pretreated with GSH-EE as in B. D, cell death following hypoxia and OGC silencing with or without GSH-EE. Data are mean± SEM of 5 different experiments. *p< 0.05
vs. SCR siRNA treated cells.
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Fig. 3. OGC silencing impairs cell proliferation in 3-D multicellular HCC spheroids. A, OGC protein levels in Hep3B cells treated with siRNA. B, Hep3B spheroid size monitored over
time with or without OGC downregulation and GSH-EE treatment. Data are mean± SEM of n = 6–8. *p< 0.05 as indicated. C, Visible microscopy and histology analyses of Hep3B
spheroids with or without OGC siRNA treatment. Scale bar, 100 µm. D. Hep3B spheroids were stained with PCNA or Ki67 to monitor cell proliferation. E, Hep3B spheroids stained with
DAPI and hypoxyprobe pimonidazole to identify hypoxic areas or DHE to monitor ROS generation. Scale bar, 50 µm. Data are mean±SEM of n = 6–8. *p< 0.05. F. Hep3B spheroids
staining with TMRM to determine mitochondrial membrane potential and staining with antibody anti-cleaved caspase 3 and counterstained with DAPI. Data are mean± SEM of n = 6–8.
*p<0.05.
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Fig. 4. OGC regulates mitochondrial oxygen consumption and glycolysis without alterations in mitochondrial morphology. A, Real-time OCR analyses of Hep3B cells with or
without OGC silencing by siRNA and GSH-EE treatment. B-D, Determination of basal respiration, maximal respiration and ATP production of Hep3B cells following OGC silencing by
siRNA with or without GSH-EE treatment. E, real-time ECAR analyses of Hep3B cells treated with siRNA against OGC with or without GSH-EE treatment, and determination of glyclytic
capacity in Hep3B cells with or without OGC silencing and GSH-EE treatment. F, mitochondrial network complexity assay determined from TOM20-labelled mitochondria and examined
by a laser scanning confocal microscope and analyzed with the ImageJ software to determine circularity, form factor and aspect ratio (major/minor axis). Data are mean± SEM of n =
4–6 experiments. *p< 0.05 as indicated.
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Fig. 5. OGC downregulation promotes hypoxia-mediated CLOOH, which reverses cholesterol-mediated inhibition of membrane permeabilization. A, Representative kinetics of
BAX+tBID induced FD70 release from vesicle LUV composed of PC/CL (-CHOL-CLOOH), PC/CL/CHOL (+CHOL-CLOOH), or PC/ CLOOH/CHOL (+CHOL+CLOOH). BAX and tBID
concentrations were 40 nM, and dose-dependence effects of CLOOH on LUV permeabilization induced by different pore-forming proteins in LUV composed of PC/CL/CHOL in which CL
was substituted by indicated molar amounts of CLOOH. Concentrations of BAX, BAKΔC, tBID, and tetanolysin were 40 nM, 40 nM, and 3 nM, respectively. Data represent mean values and
standard errors of 3–6 independent measurements. B-C, CHOL and CLOOH do not significantly affect BAX recruitment to liposomes (B) nor BAX oligomerization (C). BAX, monomeric
BAX; Multi-BAX, oligomeric BAX. D, CLOOH reverses the inhibitory effect exerted by CHOL on the capacity of BAX to penetrate into lipid monolayers spread at 30 mN/m followed by
addition of octylglucoside-oligomerized BAX (500 nM) into the subphase, and monolayer surface pressure increase was determined when the signal reached a plateau. Data represent
mean values and S.E. of 3–4 independent experiments. E, CLOOH reverses the increase in the micropolarity of the lipid bilayer hydrocarbon core exerted by CHOL determined by
polarization fluorescence emission spectra of indicated multilamellar vesicles containing 5 μM DPH incorporated. Excitation wavelength was 370 nm. All spectra were corrected by
substracting the spectra of buffer, or spectra of phospholipid suspensions without fluorescent probe. Representative fluorescence emission spectra of 0.2 mol% F-DHPE incorporated in
multilamellar vesicles of indicated lipid composition. Excitation wavelength was 480 nm. All spectra were corrected by substracting the spectra of buffer, or spectra of phospholipid
suspensions without fluorescent probe. F, Representative thermograms obtained by differential scanning calorimetry for multilamellar vesicles of indicated lipid compositions. MirCL,
50 mol miristoyl cardiolipin plus 50 mol PC, a lipid mixture used as a positive control for lipid domain formation.
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mGSH depletion by acute alcohol exposure [39]. However, we focused
on the role of peroxidized cardiolipin species on bilayer permeabiliza-
tion due to its role in membrane remodeling and apoptosis regulation
[12,23,24]. To test if CLOOH antagonizes the inhibitory role of cho-
lesterol on Bax apoptotic pore formation, we used a well-established
minimalist system bearing physiological relevance, using liposomes
whose lipid composition mimicked that of the mitochondrial outer
membrane (MOM-like LUVs) entrapping large molecular weight fluor-
escent dextrans (FD70) followed by treatment with recombinant Bax
and its activator ligand tBid. Consistent with previous studies, tBid-
activated Bax induced fast and efficient release of FD70 from MOM-like
LUVs, indicating the formation of large Bax apoptotic pores, whereas
the presence of cholesterol markedly inhibited Bax-induced LUVs per-
meabilization (Fig. 5A). Furthermore, incorporation of CLOOH gener-
ated from the oxidation of cardiolipin in vitro by 2-2'-azo bis(2-amidi-
nopropane) hydrochloride [12], reversed the inhibitory effect exerted
by cholesterol on bilayer permeabilization elicited by Bax or BakΔC
activated by tBid in a dose-dependent and specific manner, without
effect on tetanolysin, a cholesterol-dependent pore-forming bacterial
toxin (Fig. 5A). Bax apoptotic pore formation is linked to Bax mem-
brane insertion and oligomerization. Previous studies showed that
cholesterol specifically inhibits Bax apoptotic pore formation by
blocking Bax membrane insertion [3,5]. Further biophysical and bio-
chemical studies revealed that CLOOH did not affect the recruitment of
Bax to liposomes nor its oligomerization (Fig. 5B, C), while CLOOH
reversed the inhibition exerted by cholesterol on Bax membrane in-
sertion and ability to penetrate in lipid monolayers (Fig. 5D). In our
reconstituted system, cholesterol and CLOOH exhibited an opposite
effect on the micropolarity of the lipid bilayer hydrocarbon core
(Fig. 5E), although compared to myristoyl cardiolipin (MirCL) they did
not affect the general organization of membrane lipids into large-scale
domains (Fig. 5F). Thus, OGC knockdown following hypoxia promotes
CLOOH, which in turn, antagonizes cholesterol-mediated inhibition of
membrane permeabilization.

3.7. Genetic OGC knockdown decreases liver cancer

To examine the relevance of the preceding findings, we used an
orthotopic model of HCC induced by the injection of TICs with or
without shRNA-mediated OGC knockdown in NOG mice. TICs
(CD133+/CD49f+) are characterized by the expression of the plur-
ipotency marker Nanog and TLR4 [40]. TICs transfected with lentiviral-
mediated shRNA targeting OGC exhibited significant reduced expres-
sion of OGC compared to SCR shRNA-treated TICs (Fig. 6A). Although
OGC downregulation markedly reduced cell number, the viability of
transduced TICs remained unchanged and exhibited increased cell size
(Fig. 6B). Moreover, this outcome did not compromise the stemness
phenotype of transduced TICs as revealed by the expression of Nanog
and TLR4 (Fig. 6C). To examine the role of OGC on the tumorigenic
potential of TICs, SCR shRNA or OGC shRNA-transfected TICs were
injected in the left liver lobe of NOG mice. While engrafted SCR shRNA
TICs led to macroscopic appearance of liver tumors, the injection of
OGC shRNA TICs resulted in a dramatic reduction in tumor weight and
volume without change in tumor density, leading to reduced liver/body
weight ratio (Fig. 6D). Histology analyses of liver sections from mice
injected with OGC shRNA TICs indicated preserved liver architecture
compared to liver samples from mice treated with SRC shRNA TICs
(Fig. 6E). Moreover, this outcome was accompanied by the reduction of
PCNA and increased TUNEL staining in liver tumors from mice injected
with OGC shRNA TICs (Fig. 6E). Similar findings were observed in
Hep3B cells stably transduced with shRNA against OGC and injected
subcutaneously in the flanks of nude mice. OGC silencing in Hep3B cells
resulted in significant downregulation of OGC RNA levels and depletion
of mGSH (Supplementary Fig. 5A, B). Tumor volume was significantly
reduced in nude mice xenografted with OGC shRNA Hep3B cells com-
pared to SCR shRNA Hep3B controls (Fig. 6F), despite staining with

anti-CD34 antibody indicative of microvessel formation (Supplemental
Fig. 5C).

As mGSH depletion by OGC downregulation (Fig. 2) indicates im-
paired exchange between cytosolic GSH and mitochondrial 2-OG [15],
we next addressed whether the impact of OGC knockdown in re-
straining liver tumor growth could reflect alterations in 2-OG-depen-
dent histone demethylases through changes in cytosolic 2-OG. HCC
cells with or without OGC downregulation with siRNA were fractio-
nated into cytosol and mitochondria to determine 2-OG levels. As seen,
OGC siRNA treatment significantly depleted 2-OG in the cytosolic
fraction (Supplementary Fig. 5D). Expression of the jumonji-domain
histone demethylases JMJDs in cell and nuclear extracts and the ac-
tivity of the JMJ2 histone demethylase were unchanged following OGC
silencing (Supplementary Fig. 5E, F). Taken together, these findings
indicate that OGC promotes in vivo liver tumorigenesis independently
of changes in histone demethylases.

4. Discussion

We investigated the role of mGSH transporters OGC and DIC in
HCC. Our findings uncover a divergent expression of DIC and OGC in
HCC cells and human HCC tumors, with selective OGC upregulation,
whose silencing resulted in significant mGSH depletion. This outcome
together with a minimal impact of DIC in mGSH homeostasis, likely
reflecting its low abundance, indicate that HCC depend on OGC upre-
gulation to maintain optimal mGSH levels despite cholesterol loading to
promote HCC development (Fig. 7). Cancer cells exhibit increased ROS
generation, which functions as signaling intermediates to promote
proliferation and uncompromised cell growth. While this premise im-
plies that antioxidants can prevent cancer progression, in line with
preclinical studies [41,42], large randomized clinical trials have pro-
duced inconsistent results and recent studies demonstrated that anti-
oxidants (e.g. NAC or vitamin E) accelerate cancer progression and
increase metastasis in mice [43,44]. Thus, although cancer cells have
increased metabolic ROS generation, they have a strong reliance on
antioxidant defense not only to exploit the use of ROS as signaling
molecules but also to prevent cell death from uncontrolled ROS gen-
eration and subsequent oxidative stress. This reliance in the ROS stress
response determines the vulnerability of cancer cells to strategies that
limit their antioxidant strategies. For instance, GSH depletion by pi-
perlongumine, a natural product from the plant Piper longum L, triggers
apoptosis and necrosis in leukemia cells without effect in primary
normal cells [45], and increased GSH synthesis ameliorates oxidative
stress in tumors with fumarate hydratase (FH) deletion [46]. Moreover,
small molecules with anticancer potential (e.g. β-phenethyl iso-
thiocyanate) kill cancer cells due to the rapid and selective mGSH de-
pletion (35). Our findings indicating a link between hypoxia and OGC
imply that OGC upregulation stands as an adaptive strategy for sus-
taining mGSH levels to control hypoxia-induced ROS generation and
liver cancer promotion.

Although OGC is a component of the malate-aspartate shuttle that
mediates the export of 2-OG by a dicarboxylate (e.g. malate) cumu-
lating evidence from multiple tissues and cell lines using different ap-
proaches, such as reconstitution in proteoliposomes, functional ex-
pression, kinetics, substrate specificity and sensitivity to carrier-
selective inhibitors, have provided evidence for OGC as a mGSH carrier
[14–18,47]. Intriguingly, however, the expression of OGC in the cyto-
plasmic membrane of Lactococcus lactis (L. lactis) and subsequent fusion
of L. lactis membrane vesicles with liposomes failed to show significant
GSH transport activity [48]. While the relevance of this particular ap-
proach in relation to the existing body of data supporting a role of OGC
in mGSH transport has been recently assessed [15], this finding con-
trasts with the functional expression of mitochondria-targeted OGC
from HepG2 cells in X. oocytes and the reconstitution of partially
purified OGC in proteoliposomes from kidney mitoplasts [18,46].
Whether the unexpected findings from Booty and colleagues [48]
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Fig. 6. Stably OGC knockdown reduces in vivo liver cancer induced by TICs. A, CD133+/CD49f+ TICs transfected with lentiviral-mediated shRNA decreased OGC mRNA and protein
levels. B, Cell number, viability and cell size of TICs with or without shRNA transfection. C, Nanog and TLR4 expression of TICs with or without OGC knockdown. D, macroscopic
appearance of liver from mice injected in the left lobe with SCR shRNA or OGC shRNA transfected TICs, and liver to body weight ratio, tumor weight and tumor volumen from livers of
mice injected with SCR shRNA or OGC shRNA transfected TICs. E, Histology analyses of liver sections from mice injected with SCR shRNA or OGC shRNA transfected TICs and PCNA and
TUNEL staining of liver samples from mice injected with SCR shRNA or OGC shRNA transfected TICs, Scale bar, 100 µm. F. Subcutaneous tumor volume induced by injection of Hep3B
cells transfected with SCR shRNA and OGC shRNA. Data are the mean± SEM of n = 4–5. *p<0.05 vs SCR shRNA.
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reflect specific biochemical and biophysical properties of cytoplasmic
membrane vesicles from L. Lactis in which the OGC was reconstituted or
if the putative function of OGC as a mGSH transporter in physiological
settings requires other partners remains to be further investigated. Of
relevance, previous findings indicated that the transport of 2-OG and
GSH from rat liver mitochondria exhibit mutual competition and sen-
sitivity to the OGC inhibitor phenylsuccinate, and more importantly, to
cholesterol-mediated changes in membrane dynamics [18], indicating
that OGC accounts for a key feature of hepatic mGSH transport.
Moreover, the kinetic parameters of 2-OG transport from rat liver mi-
tochondria are similar to the low-affinity component of the hepatic
mGSH transport showing a Michaelis constant in the low mM range and
similar maximum velocity, suggesting that OGC may account for the
low-affinity transport of hepatic mGSH [13,18].

Our findings provide evidence that OGC silencing significantly de-
pletes mGSH levels, sensitizing HCC cells to hypoxia-induced ROS
generation and cell death as well as arresting growth in multicelular
tumor cell spheroids, events that are reversed by mGSH replenishment
with GSHEE. An important observation is the fact that OGC knockdown
in HCC cells decreases OCR and ECAR, which are differentially regu-
lated by GSHEE treatment. The fact that mGSH depletion negatively
impacts mitochondrial OCR and glycolysis suggests an oxidative stress-
dependent mechanism, consistent with previous findings showing the
dependence of mitochondrial function and respiration on mGSH levels
[34,35] and the susceptibility of critical cysteine residues of key gly-
colytic enzymes (e.g. M2 isoform of pyruvate kinase and GAPDH) to
oxidatve inactivation [36,37]. The reduction in glycolysis by OGC si-
lencing is insensitive to mGSH replenishment by GSHEE, which may
reflect irreversible oxidation of cysteines 358 and 152 of pyruvate ki-
nase M2 and GAPDH, respectively.

In line with previous reports, our results further support a link be-
tween mitochondrial metabolism and redox homeostasis through
mGSH status and their relationship in cancer cell growth. For instance,
glutamate dehydrogenase (GDH) downregulation has been shown to
deplete 2-OG levels impairing the antioxidant enzyme GSH peroxidase
1, resulting in increased oxidative stress in lung and breast cancer cells
[49]. Fumarate accumulation due to FH mutations associated with in-
creased tumor cell growth, induces mGSH succination and hence mGSH
depletion, which leads to a compensatory increase in GSH neosynthesis

with enhanced expression of SLC7A11, a member of the cystine trans-
porter xCT, and γ-glutamylcysteine synthetase to control ROS formation
and tumor cell growth [46,50]. Thus, in addition to GDH and FH, OGC
promotes tumor cell growth through regulation of oxidative stress by
sustaining mGSH. Interestingly, OGC through the regulation of mGSH
determines the susceptibility of cardiolipin to undergo oxidative mod-
ifications, which in turn regulates MOM-like LUVs permeabilization and
MOMP [12]. Although cholesterol in mitochondria plays an anti-
apoptotic role, in part by protecting MOM from Bax-induced permea-
bilization, the presence of CLOOH species antagonizes this function by
facilitating the insertion of Bax into the bilayer without affecting its
oligomerization. These findings are consistent with the current view
pointing to MOM rather than BH3-only proteins as the only require-
ment for Bax/Bak activation and subsequent MOMP [51].

Given the role of OGC in mGSH regulation and HCC progression, we
addressed potential mechanisms involved in the upregulation of OGC in
HCC. Three different approaches leading to HIF-1α stabilization re-
sulted in increased OGC expression, suggesting that OGC upregulation
may be an additional mechanism whereby hypoxia/HIF-1α promotes
tumorigenesis. Whether HIF-2α has an additional role in OGC regula-
tion remains to be investigated. Furthermore, more work is required to
understand why DIC is downregulated in HCC.

In summary, despite the fact that HCC exhibits mt-cholesterol ac-
cumulation, the overexpression of OGC overcomes the restriction in the
transport of GSH into mitochondria and results in the paradoxical
maintenance of mGSH pool. This event contributes to the reduced
status of cardiolipin to ensure the inhibitory role of cholesterol in
MOMP and cell death. Thus, OGC induction in HCC stands as a critical
strategy to maintain adequate mGSH levels to control ROS generation,
which along with mt-cholesterol loading, define an optimal scenario to
withstand hypoxia tolerance and cell death by stabilizing mitochondrial
membranes ensuring cell growth and tumor progression.
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