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Mitochondrial Retrograde Signaling Mediated by UCP2
Inhibits Cancer Cell Proliferation and Tumorigenesis ¢

Pauline Esteves'2®, Claire Pecqueur*®, Céline Ransy'-2®, Catherine Esnous'?2, Véronique Lenoir'?3,
Frédéric Bouillaud'??3, Anne-Laure Bulteau'%3, Anne Lombés'?2, Carina Prip-Buus'%2, Daniel Ricquier'?3,

and Marie-Clotilde Alves-Guerra'?2

Abstract

Cancer cells tilt their energy production away from oxidative phosphorylation (OXPHOS) toward glycolysis

during malignant progression, even when aerobic metabolism is available. Reversing this phenomenon, known as

the Warburg effect, may offer a generalized anticancer strategy. In this study, we show that overexpression of the

mitochondrial membrane transport protein UCP2 in cancer cells is sufficient to restore a balance toward oxidative

phosphorylation and to repress malignant phenotypes. Altered expression of glycolytic and oxidative enzymes

mediated the effects of this metabolic shift. Notably, UCP2 overexpression increased signaling from the master

energy-regulating kinase, adenosine monophosphate-activated protein kinase, while downregulating expression
of hypoxia-induced factor. In support of recent new evidence about UCP2 function, we found that UCP2 did not
function in this setting as a membrane potential uncoupling protein, but instead acted to control routing of

mitochondria substrates. Taken together, our results define a strategy to reorient mitochondrial function in
cancer cells toward OXPHOS that restricts their malignant phenotype. Cancer Res; 74(14); 3971-82. ©2014 AACR.

Introduction

Cancer is a multistep process involving gene modifications
and chromosomal rearrangements in the tumor cells that
promote unchecked proliferation, abrogate cell death, and
reprogram metabolism (1, 2). Indeed, tumor cell proliferation
requires rapid synthesis of macromolecules, including lipids,
proteins, and nucleotides. Dysregulation of cellular metabo-
lism has been associated with malignant transformation and
may be triggered directly through mutations in oncogenes or
through signaling pathways involved in metabolism (2, 3).
Many cancer cells exhibit rapid glucose consumption, with
most of the glucose-derived carbon being secreted as lactate
despite abundant oxygen availability (Warburg effect). Glycol-
ysis is also important for generating precursors and reducing
equivalents needed for cellular biogenesis and antioxidant
defense (4). Moreover, the bioenergetic reprogramming of

Authors' Affiliations: 'Inserm, U1016, Institut Cochin; °CNRS, UMR 8104;
3Université Paris Descartes, Sorbonne Paris Cité, Paris; “CRCNA—UMR
892 INSERM—6299 CNRS; and °Faculté de Médecine, Université de
Nantes, Nantes, France

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

Current address for A.-L. Bulteau: LCABIE—CNRS UMR 5254 — Université
de Pau, Pau 64053, France.

Corresponding Author: Marie-Clotilde Alves-Guerra, Inserm U1016 Insti-
tut Cochin, Département Endocrinologie, Métabolisme et Diabéte, Faculté
de médecine, 24 rue du Faubourg Saint-Jacques, 75014 Paris, France.
Phone: 331-5373-2706; Fax: 331-5373-2757; E-mail:
clotilde.alves-guerra@inserm.fr

doi: 10.1158/0008-5472.CAN-13-3383

©2014 American Association for Cancer Research.

tumoral cells from oxidative phosphorylation (OXPHOS) to
the use of glycolysis for ATP production allows cells to be
metabolically less oxygen dependent, thus favoring invasion
processes.

Mitochondria have been directly involved in tumor devel-
opment (5). Indeed, cancer-associated mutations have been
identified in several metabolic enzymes genes such as the ones
coding succinate dehydrogenase (SDH), fumarate hydratase
(FH), and isocitrate dehydrogenase (IDH), all enzymes of the
tricarboxylic acid cycle (TCA; refs. 6-8). In addition, in tight
relation to their bioenergetic status, mitochondria play a
crucial role in the control of apoptosis, are known to release
reactive oxygen species (ROS), and contain potent antioxidant
defense. Acting on metabolism, and more particularly on
mitochondria, thus represents a therapeutic perspective for
cancer therapy (9).

The uncoupling protein 2 (UCP2) is the second member
identified in the UCP family (10), a subfamily of the mitochon-
drial carriers. The first member, UCP1, acts as a passive proton
transporter in the mitochondrial inner membrane in brown
adipose tissue (BAT). In this tissue, upon cold exposure, the
mitochondrial respiration is uncoupled, meaning that the
electron transport chain is no longer coupled to ATP synthesis.
UCP2 exhibits singular features that distinguish it from the
other uncoupling proteins. UCP2 mRNA is found in many
tissues, whereas UCP1 and UCP3 are respectively restricted
to BAT and muscle. UCP2 is regulated at both the transcrip-
tional and translational levels (11, 12). The inhibition of UCP2
translation can be relieved in vitro by addition of glutamine and
in vivo by fasting or an inflammatory state. Furthermore, the
half-life of the protein is very short (13), suggesting that UCP2 is
a suitable candidate for regulating rapid biologic responses. At
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first, sequence similarities between UCP proteins led to the
conclusion that they act in a similar way but with different
intensities due to the lower UCP2 and UCP3 expression level
compared with UCP1 (11). The generation of Ucp2~'~ mice
allowed us to show that UCP2 mitigates immunity through a
reduction in ROS production (11, 14) and plays a role in
inflammation (11, 15-17). Although partial uncoupling would
decrease mitochondrial ROS release, our present point of view
is that activities other than uncoupling have to be considered
for UCP2. Previously, we showed that loss of UCP2 is associated
with increased proliferation in primary fibroblasts (18). Inter-
estingly, although no difference in the mitochondrial respira-
tion and the ATP/ADP ratio was recorded, we demonstrated
that UcpZ_/ " fibroblasts were more dependent on glucose and
oxidized less long-chain fatty acids. The correlation between
higher rate of division and increased dependency to glucose in
the absence of UCP2 recalls the Warburg hypothesis on
metabolic alteration in cancer. Its present reformulation takes
into account that complete oxidation leads to the loss of
carbon skeleton. Consequently, dividing cells with an intense
biosynthesis rate depend on a shift toward a larger availability
of precursors favoring aerobic glycolysis. Therefore, UCP2 is a
good candidate to understand the crosstalk between metabolic
alteration and promotion of cancer initiation, progression, and
invasion.

Our goal was to determine whether UCP2 is able to control
metabolic reprogramming in cancer cells and to modify their
proliferation. In this article, we show that cells overexpressing
UCP2 shift their metabolism from glycolysis toward oxidative
phosphorylation and become poorly tumorigenic. UCP2 over-
expression generates a mitochondrial retrograde signaling that
modifies expression of glycolytic and oxidative enzymes, lead-
ing to enhanced oxidative phosphorylation. Moreover, UCP2
overexpression is associated with an activation of adenosine
monophosphate-activated protein kinase (AMPK) signaling
together with a downregulation of hypoxia-induced factor
(HIF) expression. Finally, UCP2 overexpression can amplify
apoptosis induced by chemotherapeutic drugs, such as staur-
osporine. The crucial role of UCP2 in tumor metabolism makes
UCP2 a promising target for tumor therapy.

Materials and Methods

Generation of UCP2-overexpressing cells

B16F10, MIA PaCa-2, and U-87 MG cells were obtained from
ATCC. cDNA encoding the complete coding region of mouse
Ucp2 was subcloned into pcDNA vector, which contains a
FLAG tag and neomycin resistance and then transfected in
cells using lipofectamine 2000 (Invitrogen). Stable cell lines
were selected following G418 treatment (0.5 mg/mL).

Colony-formation assay

Cells plated at low density (100 cells/well) in 6-well plate
were cultured in their medium complemented or not, with 5 or
10 mmol/L dichloroacetate (DCA; Sigma), or with 100, 250 or
500 Lmol/L 5-amino-1-B-D-ribofuranosyl-imidazole-4-carbox-
amide (AICAR; Toronto Research) or with 5 or 10 nmol/L Mito-
TEMPO (Enzo). After 10 days of culture, colonies were stained

with 0.05% (w/v) crystal violet in 80% (v/v) ethanol for 2 hours,
and the corresponding optical density (OD) was read at 570
nm.

Western blot analysis

Cellular lysis was performed using a lysis buffer (1.5 mmol/L
EDTA, 50 mmol/L Hepes pH7.4, 150 mmol/L NaCl, 10% (v/v)
glycerol, and 1% (v/v) NP40). Mitochondrial fractions were
isolated as described previously (11). Total cellular lysates and
mitochondrial fractions were loaded onto a 4% to 20% SDS-
PAGE gel (Bio-Rad), transferred onto nitrocellulose mem-
brane, and revealed with different antibodies as homemade
anti-UCP2 (UCP2-606; ref. 11) and homemade anti-HNE 4-
hydroxy-nonenal (19). Commercial antibodies are listed in
Supplementary Materials and Methods. Direct recording of
the chemiluminescence (GeneGnome Syngene) and quantifi-
cation (GeneSnap software) were performed (Ozyme). Western
blot analyses were done using independent samples from
independent cultures.

Oxygen consumption

Cells in their medium were introduced in the respiratory
chamber of an oxygraph 02 k (Oroboros). Cellular respira-
tion was determined under basal conditions, in the presence
of oligomycin (1 pg/mL) and/or increasing amounts (2.5-12
umol/L) of carbonyl cyanide m-chlorophenylhydrazone
(CCCP). Leak was calculated in the presence of oligomycin
that inhibits ATPase synthase. Maximal respiration was
determined with CCCP. The respiration reserve capacity
was calculated by subtracting the basal to the maximal
respiration. The mitochondrial respiratory control is the
basal/leak ratio. Mitochondrial respiration was inhibited by
addition of 1 mmol/L potassium cyanide. To measure P/O
ratio, ATP production by OXPHOS was evaluated under
glutamate-malate conditions with the ATP chemilumines-
cent assay (Roche) using aliquots of the cell suspension
during polarography (20).

Mitochondrial membrane potential

Mitochondrial inner membrane potential was measured as
previously described (21) using tetramethylrhodamine ethyl
ester perchlorate probe (TMRE).

Respiratory chain spectrophotometric assays

Respiratory chain complex activities were measured on
isolated mitochondria resuspended in 300 pL of homogenized
buffer (225 mmol/L. mannitol, 75 mmol/L saccharose, 10
mmol/L Tris-HCl, 0.1 mmol/L EDTA, pH 7.2) as previously
described (22).

Glucose and pyruvate metabolism

Cells in 25 cm? flasks were incubated for 3 hours in DMEM
containing either 5 mmol/L [U-""C]glucose (0.1 Ci/mole) or no
glucose but 6 mmol/L [2-Y'C]pyruvate (0.1 Ci/mole). Rates of
oxidation (**CO, production) and esterification into phospho-
lipid (*'PL), triglyceride (**TG), and diacylglycerol (**DAG)
were determined as previously described (23). Pyruvate dehy-
drogenase activity was measured by the release of *CO, from
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0.1 mmol/L [1-"*C]pyruvate. Cells in 25 cm® flasks were incu-
bated for 3 hours in no glucose but 0.1 mmol/L [1-'*C]pyruvate
(1.67 Ci/mole) complemented or not with DCA (10 mmol/L),
and CO, was determined.

Statistical analysis

Results were expressed as mean & SEM and analyzed using
GraphPad Prism 5 Software. The Mann-Whitney and one-way
ANOVA tests were used to compare data sets. Statistical
significance was set at P < 0.05.

Results

UCP2 overexpression impairs cancer cell proliferation

To investigate the impact of UCP2 on cancer cell prolifer-
ation, we used the murine melanoma cell line B16F10, which
exhibits a very low endogenous UCP2 expression, to generate
two clones stably overexpressing either low (UCP2) or high
(UCP2") level of the full-length mouse UCP2-flag (Fig. 1A).
UCP2" and UCP2™ B16F10 cells respectively showed a 40% and
70% decrease in cell proliferation rate when compared with
B16F10 cells (Fig. 1B). In parallel, the potential of B16F10 cells
to form in vitro colonies was reduced upon UCP2 overexpres-
sion by 1.5- and 3-fold in UCP2"° and UCP2™ B16F10, respec-
tively (Fig. 1C). UCP2 impact on cell proliferation was also
observed in vivo. Immunodeficient mice implanted subcuta-
neously with B16F10 cells developed bigger tumors than the
ones with UCP2'° and UCP2" B16F10 cells (Fig. 1D). These
results highlight the ability of UCP2 to inhibit both tumor cell
proliferation and growth.

Modulation of cell proliferation by UCP2 overexpression was
also observed in two other human cancer cell lines with low
basal UCP2 expression, the pancreatic cancer MIA PaCa-2 and
glioblastoma U-87 MG cell lines (Fig. 2A). As observed with
B16F10 cells, UCP2 overexpression significantly reduced the
potential of tumor cells to form colonies in vitro (Fig. 2B).
Combined data from the three cell lines showed that cancer
cell proliferation was negatively correlated to UCP2 expression
(P < 0.01, Spearman correlation test; Fig. 2C).

Decreased cell proliferation is associated with cell-cycle
dysregulation but not increased apoptosis

The mechanisms underlying the impact of UCP2 on cell
proliferation were thereafter addressed in UCP2"™ B16F10 cells
as compared with B16F10 cells. Expression of p21 protein, a
cycling-dependent kinase inhibitor, was strongly upregulated
in UCP2" cells compared with B16F10 cells (Fig. 3A). Cell-cycle
analysis revealed in UCP2" cells a marked reduction of
cell number in S-phase (—22.4%) associated with an increased
cell number in G, phase (412%; Fig. 3B). The PI3K-Akt (Akt)
signaling pathway, known to be constitutively activated
through multiple mechanisms in cancer (24), was inhibited in
UCP2" B16F10 cells as shown by the reduced ratio of phospho-
Akt (Ser473)/total Akt as well as the decreased phosphorylation
of its downstream components p70 S6 Kinase and phospho-s6
ribosomal protein (Fig. 3C). In addition, in basal conditions, the
cleaved caspase-3/caspase-3 ratio was not changed in ucp2™
cells compared with B16F10 cells (Fig. 3D), suggesting that
UCP2-induced decrease in cell proliferation did not result from
increased apoptosis. Decreasing Akt signaling usually represses
a powerful prosurvival signaling cascade, which could potently
increase the effect of apoptosis-inducing chemotherapeutics,
such as staurosporine (STS). STS and its derivatives are protein
kinase C inhibitors and prototypical inducers of mitochondria-
mediated apoptosis. They have already been used to treat
advanced metastatic melanoma in phases I and II of clinical
trials (25). To determine whether UCP2 overexpression can
amplify apoptosis induced by chemotherapeutic drugs, BI6F10
and UCP2" cells were treated with STS. STS-induced apoptosis
was significantly enhanced in UCP2™ cells as shown by the
increase in dead cells (+54%; Fig. 3D), caspase-3/7 activities
(+64%; Fig. 3E), and cleaved caspase-3/caspase-3 ratio
(445%; Fig. 3F). Moreover, STS-induced death was also signif-
icantly enhanced in UCP2™ MIA PaCa-2 and UCP2" U-87 MG
cells as shown by the respective 136% and 60% increase in dead
cells (Supplementary Fig. S1A and S1B). Thus, UCP2-induced
decrease in cell proliferation was associated with cell-cycle
dysregulation and altered cell proliferation signaling.

Figure 1. UCP2 expression impairs
B16F10 cancer cell proliferation.
A, immunoblot analysis of UCP2
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Figure 2. UCP2 expression impairs
MIA PaCa-2 and U-87 MG cancer
cell proliferation. A, immunoblot
analysis of UCP2 protein level in
mitochondrial extracts from control
MIA PaCa-2 and U-87 MG cells,
and clones overexpressing high
(UCP2") or medium (UCP2™) level
of UCP2. Porin was used as a
loading control for quantification

(n = 5). B, colony formation (n = 4
independent experiments in
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correlation test). **, P < 0.01; and
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UCP2 increases mitochondrial respiration without
uncoupling

We next addressed the metabolic impact of UCP2 overexpres-
sion in B16F10 cells. Significant increase in both the basal and
maximal oxygen consumption rates was observed together with
increased respiration reserve capacity in UCP2" cells (Fig. 4A).
The non-ATP-generating respiration (leak) was increased in
parallel, thus maintaining similar respiratory control in the two
cell lines (B16F10 cells: 2.70 + 0.39; UCP2" cells: 2.35 + 0.09, P =
ns). Mitochondrial membrane potential (Ay) analysis using the
fluorescent probe TMRE confirmed that the increased leak had
no uncoupling effect. This was true under basal conditions but
also in the presence of oligomycin, which induced as expected an
increase in Ay, or in the presence of CCCP, which decreased Ay
(Fig. 4B). The lack of uncoupling in UCP2™ cells was further
confirmed by their normal P/O ratio (2.35 £ 0.42 versus 2.16 +
0.34 in control cells; P = ns). The increased respiratory capacity
in UCP2™ cells did not result from higher mitochondrial content
as citrate synthase (CS) protein level and activity were similar to
those found in B16F10 cells (Fig. 4C). By contrast, the steady-
state amount of several components of the OXPHOS complexes,
including subunits of the respiratory complexes I, II, and IV, was
significantly increased in mitochondria from ucP2™ cells (Fig.
4D). Spectrophotometric assays of the respiratory complexes

activities showed a significant increase in complex IV activity.
Complex II activity also increased but without reaching signif-
icance (Fig. 4E). UCP2 overexpression thus induces a mitochon-
drial remodeling with higher OXPHOS expression level per
mitochondria, resulting in an enhanced cell respiratory capacity.

Oxidative stress remained unaffected by UCP2
expression

Mitochondrial ROS production, which mainly occurs at com-
plexes I and III, is dependent on the electron flux through the
respiratory chain. As UCP2 increased mitochondrial respiration,
we investigated whether an increased oxidative stress could be
involved in UCP2-induced decrease in cell proliferation. Direct
measurement of mitochondrial ROS production (mROS) with
the fluorescent probe MitoSox revealed no difference in ROS
production between B16F10 and UCP2" cells in basal conditions
or in the presence of inhibitors such as antimycin and oligo-
mycin (Supplementary Fig. S2A). In agreement with these find-
ings, cellular oxidative damages such as protein carbonylation
and lipid peroxidation were not increased upon UCP2 over-
expression (Supplementary Fig. S2B and S2C). Moreover, the
proteasome activity and the amount of the mitochondrial
matrix Lon protease, known to be altered by oxidative stress
(26), were similar in B16F10 and UCP2" cells (Supplementary
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Fig. S2D and S2E). Lastly, the protein expression of ROS detox-
ification enzymes, such as the cytosolic superoxide dismutase-1
(SOD1) and the mitochondrial SOD2, was not modified (Sup-
plementary Fig. S2F). Finally, treatment with a mitochondria-
targeted antioxidant (Mito-TEMPO) did not prevent the
decreased proliferation rate of UCP2™ cells (Supplementary Fig.
S2G), confirming that mROS was not involved in UCP2-induced
decrease in cell proliferation. Taken together, these results
indicated that despite an increased mitochondrial respiration,
UCP2-overexpressing cells neither have increased ROS produc-
tion nor oxidative stress.

UCP2 promotes a metabolic reprogramming toward
substrate oxidation

In cancer cells, the metabolic shift from oxidative metabo-
lism to elevated aerobic glycolysis (Warburg effect) is in general
important for generating precursors for cellular biogenesis to

ensure cell proliferation. Therefore, we hypothesized that
UCP2 impact on cell proliferation could be based upon metab-
olism redirection toward oxidation. To address this question,
we investigated [U-'*Clglucose metabolism by measuring its
oxidation into **CO, as well as the esterification of glucose-
derived carbons into diacylglycerol (''DAG), triglyceride
(**IG), and phospholipid (**PL; Fig. 5A). No change in the
total amount of [U-""C] glucose metabolized was observed
(B16F10 cells: 87.1+ 3.8 nmol/3h/mg of protein; ucP2™ cells:
86.5 £ 3.6 nmol/3h/mg of protein, P = ns). Interestingly, the
metabolic orientation of glucose toward oxidation was signif-
icantly increased by UCP2 overexpression (Fig. 5B). In agree-
ment with this result, UCP2" cells displayed a reduced extra-
cellular acidification rate, which reflected a decrease in lactate
production (Fig. 5C). As *CO, production from [U-"'C]glucose
depends both on the rate of glycolysis and pyruvate oxidation,
we more directly assessed the impact of UCP2 on pyruvate
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Figure 5. UCP2 promotes a
metabolic reprogramming toward
substrate oxidation. B16F10 and
UCP2" cells were cultured for 3
hours in the presence of 5 mmol/L
[U-MC]GIucose or 6 mmol/L
[2—14C]Pyruvate. A, schematic
representation of [U—MC]qucose
and [2-14C]pyruvate metabolism.
+, 1C from glucose (red) and
pyruvate (blue). B, [U—MC]qucose
metabolic fate toward oxidation
(**COz production) and
esterification into 14DAG, 14T(E,i,
and "*PL. Data, percentage of total
[U—MC]qucose metabolized (n =
12). C, extracellular acidification
rate of B16F10 and UCP2" cells is
an index of lactate production (n =
4). D, [2-14C]pyruvate metabolic
fate toward oxidation ("“CO;
production) and esterification into
"DAG, "*TG, and "*PL. Data,
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oxidation using [2-"*C]pyruvate. Indeed, 2-'*C is used to
generate'*CO, only during the second round of the TCA cycle
and not during pyruvate decarboxylation by the mitochondrial
pyruvate dehydrogenase (PDH; Fig. 5A). As for [U-"*C]glucose,
UCP2 overexpression did not change the total amount of
[2—14C]pyruvate metabolized (B16F10 cells: 1057 + 6.6
nmol/3h/mg of protein; UCP2™ cells: 116.7 + 8.8 nmol/3h/mg
of protein, P = ns). We observed that both the pyruvate
oxidation rate (B16F10 cells: 20.5 + 1.5 nmol/3h/mg of protein;
UCP2" cells: 27 + 2.4 nmol/3h/mg of protein, P < 0.05) and its
metabolic fate toward oxidation (Fig. 5D) were significantly
increased in UCP2" cells compared with B16F10 cells. Con-
versely, esterification of pyruvate-derived carbons into “*TG
and "PL was specifically decreased in UCP2" cells (Fig. 5D).

These results thus clearly showed that UCP2 overexpression
induced a metabolic reprogramming toward pyruvate
oxidation.

UCP2-induced metabolic reprogramming involves the
HIF/AMPK axis

To further investigate the molecular mechanisms governing
UCP2-induced oxidative phenotype, we examined the expres-
sion level of two key glycolytic enzymes, hexokinase 2 (HK2)
and isoform 2 of pyruvate kinase (PKM2; Fig. 5A). HK2 catal-
yses the first step of glycolysis, and its mitochondrial locali-
zation is known to allow effective reconversion of ATP into
ADP (27). UCP2" cells displayed decreased HK2 expression
both at the mRNA (Supplementary Fig. S3A) and protein
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(Fig. 6A) levels as well as decreased mitochondrial localization
of the protein (Fig. 6A). Pyruvate kinase converts phospho-
enolpyruvate into pyruvate. It regulates the proportion of
glucose-derived carbons that may be used for energy produc-
tion. PKM2 isoform is usually overexpressed in tumor cells
where its expression is associated with increased glucose
uptake and lactate production, but decreased O, consumption
(28). UCP2"™ cells disclosed decreased PKM2 protein expres-
sion when compared with B16F10 cells (Fig. 6B).

Once generated by glycolysis, pyruvate is imported into
mitochondria through the pyruvate car-rier and converted into
acetyl-CoA by PDH. PDH is inactivated through phosphoryla-
tion at Ser 293 by PDH kinase 1 (PDK1; refs. 29, 30). The ratio of
phospho-PDH-E1/total PDH-E1 was significantly decreased in
ucp2™ cells (F ig. 6C), which was associated with a decrease in
both PDK1 mRNA (Supplementary Fig. S3B) and protein levels
(Fig. 6C), suggesting enhanced PDH activity in UCP2"" cells.
Indeed, PDH activity was significantly increased in UCP2" cells
(+12%) compared with B16F10 cells (B16F10 cells: 7.0 + 0.2
nmol/3h/mg; UCP2™ cells: 7.9 4 0.2 nmol/3h/mg of protein, P<
0.05; Fig. 6D). To determine the importance of PDH regulation

in cell proliferation, B16F10 cells were treated with DCA, a
PDKI1 inhibitor (31), which led to increased PDH activity
(423%; Fig. 6D). DCA treatment disclosed a dose-dependent
decrease in B16F10 colony formation, the impact of UCP2
overexpression being within the range effect of DCA (Fig.
6E). These results indicate that UCP2-induced PDH activation
is an important mechanism of the UCP2 antitumor action.
HIF1o, one of the main regulators of hypoxia-induced
glycolysis, targets several enzymes whose expression was
decreased in UCP2™ cells, including PKM2 (32). PKM2 also
promotes the Warburg effect by serving as a transcriptional
coactivator for HIF1o. in cancer cells (33). HIF1lo induces
PDK1, thus inhibiting PDH (29). HIF1o.-dependent metabolic
reprogramming of cancer cells is promoted by the disruption of
AMPK signaling (34). AMPK senses the cellular energy status
through increased AMP/ATP and ADP/ATP ratios (35) and has
been linked to tumorigenesis regulation (36). Interestingly,
UCP2 overexpression in B16F10 cells led to increased AMPK
activity as shown by its increased phosphorylation at Thr172
without change in total AMPK protein expression (Fig. 7A).
B16F10 cell treatment with AICAR, an AMPK activator,
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Figure 7. UCP2-induced metabolic reprogramming involves the HIF/AMPK axis. A, immunoblot analysis of phospho-AMPKo. (Thr172) and AMPKoa:. protein
levels using whole cell lysates with B-actin as a loading control for quantification of the phospho-AMPKo/AMPKa:. ratio (n = 6). B, B16F10 cells were
cultured in the presence of 0, 100, 250, or 500 pmol/L AICAR, and colony formation was measured (n = 10). C, immunoblot analysis of HIF1a (nuclear
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an increase in AMPK activity.

decreased B16F10 cell proliferation in a dose-dependent man- icant decrease in HIF20. protein expression (Fig. 7C). To
ner (Fig. 7B), confirming the involvement of AMPK in B16F10 investigate the underlying mechanisms, we measured the
cell proliferation. Activation of AMPK signaling in UCP2™ cells levels of o-ketoglutarate, succinate, and fumarate, intermedi-
was associated with a slight decrease in HIF1o and a signif- ates that participate to the regulation of prolyl hydroxylase
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domain (PHD) enzymes responsible for HIF degradation (32).
The level of fumarate was significantly decreased by UCP2
overexpression whereas the total amounts of o-ketoglutarate
and succinate remained unchanged (Fig. 7D and E).

Discussion

Cancer cells are known to increase their glycolytic activity
in the presence of oxygen without a matching increase in
their oxidative phosphorylation, a phenomenon known as
the Warburg effect (37). Our present study clearly demon-
strates that UCP2-induced metabolic reprogramming
toward oxidation reduces cancer cell proliferation both in
vitro and in vivo. It therefore provides another demonstra-
tion of the tight relationship between metabolism and tumor
growth. In the initial hypothesis, the Warburg effect was
proposed to be driven through defective mitochondria.
Indeed, many cancer cells present mitochondrial alterations
such as decreased substrate oxidation, ROS overproduction,
mitochondrial DNA mutations, and disturbed control of
apoptosis (38). A defective mitochondrial function alters
cellular bioenergetics and ultimately reprograms the cell
transcription, a process called retrograde signaling (38). Our
results show that targeting mitochondrial function through
UCP2 can reverse that reprogramming, leading to a return
toward lesser glycolysis, higher oxidative phosphorylation
capacity and, more importantly, lower cell proliferation rate
and tumorigenicity (Fig. 7F).

Actually, UCP2 function itself remains to be fully identified.
An uncoupling activity of UCP2 was initially proposed because
of UCP2 similarity with UCP1 but still remains controversial
(39-43). In the present study, UCP2 overexpression did not
uncouple oxidative phosphorylation as shown by the main-
tained membrane potential, respiratory control, and P/O
ratios. It rather modulated mitochondrial substrate routing,
likely through transport of metabolites still to be identified. In
line with this hypothesis, recent studies have focused on a role
of UCP2 in metabolism modulation. Parton and colleagues
have shown that UCP2 negatively regulates glucose sensing in
neurons and its absence prevents obesity-induced loss of
glucose sensing (44). Ucp2~~ macrophages had an impaired
glutamine metabolism with no evidence, or rather evidence
against, an uncoupling role of UCP2 (45). Ucp2~’~ mouse
embryonic fibroblasts exhibited faster proliferative rate asso-
ciated with decreased mitochondrial fatty acid oxidation and
increased glucose metabolism with no evidence for a less-
coupled state of mitochondria (18). Therefore, our present
study reinforces the role of UCP2 in the regulation of cellular
metabolism.

We presently demonstrate that UCP2 overexpression in
cancer cells generates a mitochondrial retrograde signaling
that modifies expression of glycolytic and oxidative enzymes,
leading to enhanced oxidative phosphorylation. We propose
that AMPK and HIF link UCP2-induced metabolic shift and
reduced cancer cell proliferation and tumorigenicity (Fig. 7F).
The observed AMPK activation and decreased HIF expression
in UCP2-overexpressing cells were confirmed by the modifi-
cation of several glycolytic enzymes downstream of HIF. Their

impact on cell proliferation was in accordance with the link
recently demonstrated between AMPK, HIF1a, and key met-
abolic checkpoint limiting cell division (34). UCP2-induced
AMPK activation was not due to an acute energetic stress
because the ATP level remained unchanged and oxidative
phosphorylation was increased and well coupled. The role of
UCP2 could be explained by the transport of mitochondrial
C4 metabolites, as recently proposed (46), such as succinate
and fumarate. Interestingly, mutations in SDH and FH genes
encoding two enzymes of the TCA cycle, previously associ-
ated with cancer (6, 7), led to the mitochondrial accumu-
lation of succinate and fumarate, which inhibits PHD
enzymes leading to HIF protein stabilization. UCP2 over-
expression was associated with decreased fumarate level
that would activate PHD enzymes, and thus decrease HIF
protein level. Moreover, it has been reported that phospho-
AMPK level was diminished in FH-deficient cells (47). There-
fore, the observed decrease in fumarate level in UCP2" cells
provides a link between increased AMPK activity and
reduced HIF20. expression.

In our model, UCP2 may function as a metabolic tumor
suppressor, limiting the growth of cancer cells by regulating
key bioenergetic and biosynthetic pathways required to sup-
port cell proliferation (Fig. 7F). Selection against UCP2 may
thus represent an important regulatory step in some tumors
allowing them to gain a metabolic growth advantage. Reex-
pression or reactivation of UCP2 may then seem as a winning
therapeutic strategy. This may however not apply to every
tumor. Indeed, cancer micro-array databases from genome-
wide analysis have shown that UCP2 mRNA expression can be
either increased or decreased (Supplementary Table S4). UCP2
is essentially controlled in a translational manner (11), it is
therefore difficult to consider a correlation between mRNA and
protein expression level. Nevertheless, it is noteworthy that
tumors derived from normal cells expressing high level of
UCP2, such as lymphocytes and colon cells (11), exhibit
increased UCP2 mRNA expression (Supplementary Table S4;
ref. 48). In leukemia and colon cancer cells, UCP2 overexpres-
sion had been reported to have a protumoral effect (49, 50). In
contrary, in the other tumors derived from cells with very low
basal UCP2 expression, including melanoma, UCP2 mRNA
expression is decreased (Supplementary Table S4). We pres-
ently showed that in such type of tumors UCP2 overexpression
had an antitumoral effect. Therefore, we propose that in these
tumors UCP2 expression could be correlated with mitochon-
drial metabolism and activity, and as such might be a predic-
tive marker in the response of therapeutic treatments targeting
tumoral metabolism.

Taken together, our results demonstrate that direct manip-
ulation of mitochondrial activity by expression of the mem-
brane transporter UCP2 induces a feed-forward loop from
mitochondria to the AMPK/HIF axis that modifies the trans-
formed phenotype of cancer cells. This sets up UCP2 as a
critical regulator of cellular metabolism with a relevant action
against tumor maintenance and malignancy.
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