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Abstract

Proliferating cancer cells are characterized by high rates of

glycolysis, lactate production, and altered mitochondrial metab-

olism. This metabolic reprogramming provides important meta-

bolites for proliferation of tumor cells, including glioblastoma.

These biological processes, however, generate oxidative stress that

must be balanced through detoxification of reactive oxygen

species (ROS). Using an unbiased retroviral loss-of-function

screen in nontransformed human astrocytes, we demonstrate

that mitochondrial PTEN-induced kinase 1 (PINK1) is a

regulator of the Warburg effect and negative regulator of glio-

blastoma growth. We report that loss of PINK1 contributes to

the Warburg effect through ROS-dependent stabilization of

hypoxia-inducible factor-1A and reduced pyruvate kinase mus-

cle isozyme 2 activity, both key regulators of aerobic glycolysis.

Mechanistically, PINK1 suppresses ROS and tumor growth

through FOXO3a, a master regulator of oxidative stress and

superoxide dismutase 2. These findings highlight the impor-

tance of PINK1 and ROS balance in normal and tumor cells.

PINK1 loss was observed in a significant number of human

brain tumors including glioblastoma (n > 900) and correlated

with poor patient survival. PINK1 overexpression attenuates

in vivo glioblastoma growth in orthotopic mouse xenograft

models and a transgenic glioblastoma model in Drosophila.

Cancer Res; 76(16); 4708–19. �2016 AACR.

Introduction

Glioblastoma is the most common and lethal of all gliomas,

with an average survival of approximately 12 to 16 months

(1, 2). Activated Ras signaling through receptor tyrosine kinase

activation and loss of p53 are two critical glioblastoma altera-

tions that drive tumor formation in both the human disease

and murine glioblastoma models (3, 4). These pathways and

novel alterations that were previously unknown in glioblasto-

ma have been further validated by The Cancer Genome Atlas

(TCGA; refs. 4, 5). However, the vast majority of these altera-

tions are likely to be passengers, alterations that don't contrib-

ute to the development of cancer. Functional genomic strategies

have been routinely used to identify genes important in driving

cancer initiation, progression, and therapeutic resistance, which

ultimately complements large-scale sequencing strategies.

Implementation of gene insertion strategies, including the

sleeping beauty transposon method, have led to the identifi-

cation of several novel cancer genes (6–8). We hypothesize that

nontransformed astrocytes harboring alterations in relevant

glioblastoma pathways, including the Ras or p53 signaling,

can be transformed using random retroviral insertions to inac-

tivate genes involved in initiation and or progression.

Using a retroviral screen, we identified PTEN-induced Kinase 1,

PINK1, as a negative regulator of numerous cellular processes

exploited in tumor cells. PINK1 is a mitochondrial serine/threo-

nine kinase that is mutated in patients with familial Parkinson

disease and regulates several biological functions ranging from

mitophagy to reactive oxygen species (ROS) production and

oxidative phosphorylation (9–11). It is well understood that

deregulation of tumor-suppressor genes and oncogenes frequent-

ly affect intracellular ROS levels (12, 13). Cancer cells are con-

stantly challenged by the need to balance oxidative stress and

control ROS levels as ROS exerts both pro- and anti-growth effects

in cancer (14). We report that PINK1 inhibits glioblastoma
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growth by regulating mitochondrial oxidative phosphorylation,

aerobic glycolysis, and ROS.

Materials and Methods

Cell cultures

Astrocyte cultures were established and characterized as

previously described from p53�/� (1 week), NMA-P0 (CD1

mice; ref. 7). Fetal human astrocytes were obtained from

Lonza. U87 and T98G cell lines were obtained from the ATCC.

SF188 cells were a kind gift from Dr. Chris Jones (Institute of

Cancer Research, London, United Kingdom). All cells have

been previously characterized and authenticated by short

tandem repeat profiling in 2011. Cell lines were grown in

DMEM (Wisent Technologies) and supplemented with 10%

FBS (Wisent Technologies). Glioma stem cells were grown in

medium as previously described (15).

Oxygen consumption and glycolytic flux assays

Measurement of oxygen consumption was performed using a

Seahorse XF96 analyzer (Seahorse Bioscience). Cells were cul-

tured in their usual growth medium and were reseeded in XF96

plates (30,000 cells) with un-buffered medium. Cells were

equilibrated to the un-buffered medium for 90 minutes at

37�C in a CO2-free incubator before being transferred to the

XF96 analyzer. We measured the basal OCR, and then sequen-

tially injected 1.2 mmol/L oligomycin (Sigma), 1.0 mmol/L

FCCP (Sigma), and 1.0 mmol/L Rotenone (Sigma; see figures

for injection times). Extracellular acidification rate (ECAR) as a

measure of glycolytic flux was measured by mpH/min by the

Seahorse XF96 analyzer.

Western blot analysis and IHC

Western blots analysis and IHC were carried out as previously

described (16). Antibodies were used at the following dilu-

tions: Beta-actin (Sigma-Aldrich Inc., cat. #A2228, 1:10,000),

PINK1 (Novus, 1:1,000), Cysteine Sulfenic Acid (Millipore

cat. #07-2139, 1:1,000), HIF1A (BD Biosciences, cat. #610958,

1:1,000), PKM2 (Cell Signaling Technology, cat. #4053, 1:1,000),

vinculin (Cell Signaling Technology, cat. #4650, 1:1,000),

V5 (cat. #Ab9116,1:1,000), PDHK1 (Cell Signaling Techno-

logy, cat. #3820, 1:1,000), Phospho PDHE1a (Abgent, cat.

#ABCA0122880, 1:1,000), PDHE1a (Santa Cruz Biotechnology,

cat. #sc-292543, 1:200), HK2 (Cell Signaling Technology, cat.

#2867, 1:1,000), LDHA (Cell Signaling Technology, cat. #2012,

1:1,000), phospho FOXO3a ser294 (Cell Signaling Technology,

cat. #5538, 1:1,000), FOXO3a (Millipore, cat. #07-702), HA-Tag

(Cell Signaling Technology, cat. #3724, 1:1,000), SOD2 (Cell

Signaling Technology; cat. #13141, 1:1,000). Antibodies for IHC:

PINK 1:100 (Sigma, HPA001931) and ki67 (Dako 1:100).

In vivo mouse model experiments

Mice weremaintained in accordance with animal care practices

at The Hospital for Sick Children, and approved following review

of submitted protocol (0204-H). Stereotactic guided intracranial

injections in NOD-SCID mice were performed as previously

described (17). Flank injections were performed by injecting 2 �

106 million cells in 250 mL of PBS mixed with 250 mL of Matrigel

(BD Biosciences, cat. #356234) into the flank of nudeNOD-SCID

mice.Miceweremonitored for tumor growth, and tumor volumes

were measured by a calliper.

Drosophila studies

All experimental fly crosses were maintained in circadian incu-

bators (Darwin Chambers Company) at 25�C for egg-laying and

larval development. Fly larval brains were dissected at wondering

late third instar (96 hours after larval hatching) for tumor volume

comparison and immunohistochemistry. Primary antibodies

include: mouse-anti-Repo (Developmental Studies Hybridoma

Bank, 1:10) and rabbit anti-phospho-Histone 3 (Millipore,

1:200). Fluorescence images and volumetric were carried out as

previously described (18).

Other methods

Bromodeoxyuridine (BrdUrd) cell proliferation assay, cas-

pase activity assays, colony-forming assays hexokinase activity,

and PKM activity assays were performed as previously described

(19).

Statistical analysis

All experiments were performed in triplicate with mean and

SEM reported where appropriate. ANOVA was conducted for

multigroup comparisons followed by a post-hoc Dunnett's test

(groups comparedwith one control group) or post-hoc Tukey's test

(to identify differences among subgroups). Where appropriate,

direct comparisons were conducted using an unpaired two-tailed

Student t test. Survival analysis was performed using the log-rank

survival test. Significance was established (�, P < 0.05).

Results

Retroviral gene-trap and functional characterization of trapped

clones

Primary astrocyte cultures were established from normal CD1-

ICR (normal murine astrocytes, NMA), newborn hyperactivated

Hras mice (B8-P0) mice and p53 null mice (p53�/�). To identify

loss of function events for transformation of early passage astro-

cytes, we transduced astrocytes with a retroviral gene trap vector

(Fig. 1A and Supplementary Fig. S1A) containing a splice acceptor

immediately upstream of a luciferase reporter gene with an IRES

puromycin resistance marker. Using puromycin selection, we

selected 32 resistant clones, 14 of which expressed luciferase

(Supplementary Fig. S1B). Of the 14 luciferase-expressing gene-

trap clones of varying backgrounds, 9 grew in soft agarose, a

measure of transformation (Fig. 1B). NMAs were not transformed

despite generating 5 puromycin resistant luciferase-expressing

clones (Supplementary Fig. S1C). Inverse PCR identified gene

insertion sites in 7 of the 9 anchorage-independent gene-trapped

clones (Supplementary Table S1). GT-15 (Rap1Gap) and GT-16

(Ikkb) were previously reported in glioma biology (20, 21). Four

of our genes identified have not been previously implicated in

glioblastoma pathogenesis and were further characterized for cell

growth, resistance to apoptosis, and invasion.

On the p53�/� background, we identified insertions in the

following genes: GT-6 (Mitochondrial ribosomal protein S6/

Mrsp6), and GT-8 (Storkhead box 1/Stox1). Compared with

parental p53�/� cells, GT-8 but not GT-6 cells had increased

proliferation as measured by BrdUrd proliferation assay over 7

days (Fig. 1C; �, P < 0.05). Both GT-6 and GT-8 demonstrated

reduced caspase activity following exposure to 5 Gy irradiation or

1 mmol/L doxorubicin (common inducers of apoptosis) com-

pared with parental p53�/� cells and non-modifiedmurine astro-

cytes (Fig. 1D; �, P < 0.05). Both GT-6 and GT-8 had elevated
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colony formation when treated with 5 Gy radiation compared

with control cells (Supplementary Fig. S1D).

On the Ras-B8 P(0) background, we characterized GT-21

(PTEN-induced kinase 1/Pink1) and GT-25 (Suppressor of

cytokine signaling 2/Socs2). GT-21 and GT-25 cells had

increased proliferation as measured by BrdUrd incorporation

over 7 days (Fig. 1E; �, P < 0.05) compared with controls. GT-21

and GT-25 showed reduced caspase activity following exposure

to 5 Gy irradiation and treatment with doxorubicin compared

with control cells (Fig. 1F; �, P < 0.05). GT-21 had elevated

colony formation when treated with 5Gy radiation compared

with control cells (Supplementary Fig. S1D) and GT-21 cells

were the only cells with increased invasion compared with

control cells (Supplementary Fig. S1F–S1G; �, P < 0.05). In

summary, GT-21 had alterations in all four assays tested.

Western blot analysis confirmed that these gene-trap events

altered protein expression of our two top candidates: PINK1

and STOX1 (Fig. 1G and H).

Loss of PINK1 alters normal human astrocyte metabolism

To investigate the role of our top candidate, PINK1,with respect

to cell growth, oxidative stress, and mitochondrial function in

human cell systems, we performed functional validation in nor-

mal fetal human astrocytes (NHA) and several establishedhuman

glioblastoma cells. PINK1 expression was detected in primary

cultures of human fetal astrocytes, but low or negative in most

glioblastoma cell lines and explant cultures (GBM8 and

GBM12; Fig. 2A and B). Cellular fractionation analysis demon-

strated that PINK1was predominantly localized to themitochon-

dria (Supplementary Fig. S2A). Because the impact of PINK1 loss

onnormal humanastrocytes is poorly characterized,we generated

stable PINK1 knockdown clones mediated by two pooled shRNA
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Figure 1.

Retroviral gene-trap and functional

characterization of trapped clones.

A, general strategy for retroviral gene-

trap. B, trapped clones expressing

luciferase had significant growth in

soft-agar assays (9/14) compared with

nontransformed astrocytes. Colony-

forming units were counted on day 14

from seeding 5,000 cells. C, BrdUrd

proliferation assay of gene-trapped

clones from p53
�/� background.

D, activated cleaved caspase-3

and -7 Elisa assay on gene-trapped

clones from p53
�/� astrocytes.

E, BrdUrd proliferation assay

of gene-trapped clones from

RasB8 background. F, activated

cleaved caspase-3 and -7 Elisa assay on

gene-trapped clones from RasB8

astrocytes. G–H, Western blot analysis

demonstrating reduced Pink1

and Stox1 in trapped clones versus

parental cells. The top band represents

the full-length PINK1 and the

bottom band represents a mature

form of PINK1 that is cleaved following

integration into the mitochondria.
� , P < 0.05; ��� , P < 0.001.
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Figure 2.

Loss of PINK1 alters normal astrocyte metabolism. A, Western blot analysis demonstrating variable expression of PINK1 in NHAs, glioblastoma cell lines, and

glioblastoma explants (GBM8 and GBM12). B, Western blot analysis of PINK1 in pediatric glioblastoma cell lines. C, Western blot analysis of PINK1 pooled

stable shRNA knockdown in NHAs, shRNA control NHAs and V5-tagged PINK1 rescue NHAs. D, cell count assay of PINK1 shRNA NHAs compared with control

shRNA NHAs. E, NHA control shRNA, NHA PINK1 KD cells and glioblastoma cells were assayed for endogenous ROS. Measurements were obtained using

an ROS-sensitive probe (1 mmol/L chloromethyl-H2DCFDA). Fluorescence ROS signal was quenched with addition of 100 m/mL PEG-SOD. F, OCR of NHAs

compared with NHAs with PINK1 knockdown after exposure to varying bioenergetic modulators: oligomycin (O), carbonyl cyanide 4-(trifluoromethoxy)

phenylhydrazone (FCCP/F), and rotenone (R). Arrow denoteswhen compoundswere added.G, glucose uptake in cellsmeasured by incubationwith the fluorescent

glucose analogue 2-NBDG. U87 cells were used as a positive control. H, extracellular lactate in cells described in D was measured by a NADH-coupled enzyme

reaction with absorbance measured at 490 nm on day 3 and normalized to cell number. U87 cells were used as a positive control. I, glycolytic flux analysis

measurement. Proton production rate (PPR, pmol/min) was measured in U87 empty vector control cells compared to U87 PINK1–overexpressing cells.

Arrow with O represents addition of oligomycin to inhibit ATP synthase and measure maximum glycolytic capacity of cells. J, fold increase of total HK activity

normalized to scrambled shRNA in cells. K, pyruvate kinase activity assay of control shRNA NHAs versus PINK1 shRNA NHAs. PKM activity assay was performed on

day 3 and normalized to 10 mg of cell lysate. L, immunoprecipitation of PKM2 in 1% SDS was analyzed by standard Western and blotted with an anti-cysteine

sulfenic acid antibody demonstrating oxidized cysteine residues on PKM2 in the presence or absence of H202 (1 mmol/L) and oxidizing agent and N-acetyl

cysteine (NAC, 5 mmol/L). M, Western blot demonstrating HIF1A stabilization in control and PINK1 knockdown cells exposed to normoxia and varying

time points of hypoxia (1% O2). N, cell count assay of PINK1 shRNA NHAs compared with control shRNA NHAs in 1% hypoxia. � , P < 0.05; �� , P < 0.01; ���, P < 0.001.
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constructs targeting PINK1 as well as a PINK1 rescue line where a

V5 epitope–tagged PINK1 was re-introduced into knockdown

cells (Fig. 2C). Knockdown of PINK1 led to increased prolifera-

tion as measured by cell count over 7 days compared with

scrambled control and PINK1 rescue cells (Fig. 2D; �, P <

0.05). We observed no change in mitochondrial copy number

or cell size in PINK1 knockdown and control cells (Supplemen-

tary Fig. S2B andS2C).Wenextmeasuredoxidative stress andROS

using a cell permeable fluorescent probe (20-70 Dichlorodihydro-

fluorescein diacetate; DCFH-DA). PINK1 knockdown cells had

elevated endogenous ROS levels that were comparable with

glioblastoma cells whereas control and PINK1 rescue cells had

significantly lower amounts of ROS (Fig. 2E; �, P < 0.05). To

ascribe the changes of probe oxidation to ROS,fluorescence signal

was blocked when the experiment was repeated with addition of

100U/mL PEG-SOD (Fig. 2E; �, P < 0.05). As an added control for

fluorescence signal, we repeated the experimentwith an oxidation

insensitive analog probe [carboxy-DCFDA (5-(and-6)-carboxy-

2',7'-dichlorofluorescein diacetate] and observed no changes in

fluorescence between groups (Supplementary Fig. S2D), support-

ing our DCFH2-based ROS measurements were due to probe

oxidation. Treatment of PINK1 knockdown cells with mito-TEM-

PO, a mitochondrial antioxidant suppressed ROS but not when

cells were treated with a NADPH oxidase inhibitor (diphenyle-

neiodonium), supporting PINK1 suppressed mitochondrial ROS

(Supplementary Fig. S2E). Overexpression of HA-tagged mito-

chondrial superoxide dismutase 2 (SOD2) in PINK knockdown

cells suppressed ROS and fully rescued several phenotypes

induced by PINK1 knockdown namely cell growth, glucose

uptake, lactate, hexokinase, and pyruvate kinase activity (Supple-

mentary Fig. S2F–S2M).

Loss of PINK1 resulted in a significantly reduced basal oxygen

consumption rate (OCR) and significantly reduced maximum

OCRwhen stimulated with a mitochondrial oxidative phosphor-

ylation (oxphos) decoupling agent FCCP (Carbonyl cyanide

4-(trifluoromethoxy) phenylhydrazone; Fig. 2F; �, P < 0.05).

PINK1 knockdown cells also exhibited increased glucose uptake

and lactate comparedwith control and PINK1 rescue cells (Fig. 2G

and H; �, P < 0.05). PINK1 knockdown cells also had increased

basal glycolysis and higher maximum glycolytic capacity when

treated with treated with oligomycin (an ATP synthase inhibitor

used to measure ATP coupled oxphos) compared with controls

(Fig. 2I; �, P < 0.05). Increased hexokinase activity (Fig. 2J; �, P <

0.05) and increased expression of several glycolytic genes (Sup-

plementary Fig. S3A) were observed in knockdown but not

control cells.

PINK1 loss promotes inactivation of PKM2 and stabilizes

HIF1A

Pyruvate kinaseM2 isoform (PKM2),HIF1Aand its target genes

are known to be essential for aerobic glycolysis. Several studies

have demonstrated that cancer cells have elevated glycolysis and

reduced PKM2 activity, which is associated with increased lactate

compared with nontransformed cells (22). One mechanism of

PKM2 reduced activity observed in highly glycolytic cells is

mediated by ROS (22, 23). PINK1 knockdown cells had reduced

total pyruvate kinase (PKM) activity compared with control and

rescue cells (Fig. 2K; �, P < 0.05). Our NHA cells expressed the

PKM2 and not PKM1 making our assay specific to PKM2 activity

(Supplementary Fig. S3B).

ROS are negative regulators of PKM2, which oxidize cysteine

residues on PKM2 preventing tetramerization required for effi-

cient activity (23) and hypothesized that elevated ROS in PINK1

knockdown cells may reduce PKM2 activity through oxidization

cysteine amino acids. We detected oxidized cysteine amino acids

in PKM2 immunoprecipitates from PINK1 knockdown cells but

not controls (Fig. 2L). Treatment with hydrogen peroxide, a form

of intracellular ROS, further increased the level of oxidized cys-

teine in PKM2 (Fig. 2L). This increase was abolished by the

addition of N-acetyl cysteine (NAC), a strong reducing agent (Fig.

2L). Elevated ROS levels have also been shown to increase and

stabilize HIF1A signaling (24, 25). We also observed increased

HIF1A protein levels under normoxic conditions in PINK1 knock-

down NHAs but not control cells (Fig. 2M). PINK1 knockdown

cells treated with 1% hypoxia maintained significantly increased

HIF1A protein levels across several time points and an increase in

proliferation during hypoxia (Fig. 2M and N and Supplementary

Fig. S3C; �, P < 0.05). As validation, HIF1A targets, which regulate

the shift to glycolytic metabolism, LDHA, PDK1 and PKM2, were

up-regulated in PINK1 knockdown cells (Supplementary Fig.

S3D; �, P < 0.05). Cell proliferation and invasion was partially

rescued when PINK1 knockdown cells were treated with HIF1A

siRNA under normoxia and hypoxia (Supplementary Fig. S3E–

S3H). PINK1 knockdown cells treated with NAC had decreased

HIF1A levels under normoxia and hypoxia conditions, resulting

in reduced ROSand increased cell-doubling time (Supplementary

Fig. S4A–S4C; �, P < 0.05).

PINK1 overexpression stops glioblastoma cell growth and

reduces ROS

To complement our knockdown experiment, we next explored

the effect of PINK1 stable expression in U87, T98G, and SF188

cells. We generated pooled stable PINK1-V5 epitope tagged and

empty vector control cell lines. Expression of PINK1 significantly

reduced cell proliferation over a period of 7 days in all three cell

lines and cell invasion (Fig. 3A andBandSupplementary Fig. S5A)

with PINK1 stable expression confirmed byWestern blot analysis

(Fig. 3C). PINK1 expression reduced basal HIF1A in normoxia

and reduced aerobic glycolysis and HIF1A response proteins:

PDK1, HK2, LDHA, and VEGFA (Fig. 3C). Pyruvate dehydroge-

nase kinase 1, PDK1, an HIF1A target inhibits pyruvate entry into

the citric acid cycle by phosphorylating pyruvate dehydrogenase

E1 alpha (PDHE1a) a mitochondrial protein responsible for

decarboxylation of pyruvate into acetyl-CoA. We observed that

reduced PDK1 in PINK1-overexpressing cells led to reduced

phospho-PDHE1a, supporting that the inhibitory effect of PDK1

onPDHE1awas diminished (Fig. 3C). PINK1-expressing cell lines

also had significant reduction inROS (Fig. 3D and Supplementary

Fig. S5B; �,P < 0.05), reduced cell growth in hypoxia (Fig. 3E; �, P <

0.05) and reduced HIF1A protein expression in hypoxia com-

pared to empty vector control cells (Fig. 3F). PDK1, an HIF1A

target gene critical in the HIF1A response to hypoxia, was also

downregulated confirming reduced activity of the HIF1A in hyp-

oxia (Fig. 3F).

PINK1 inhibits aerobic glycolysis in glioblastoma cells

In contrast to PINK1 knock down, U87 cells stably expressing

PINK1 had a significant increase in basal OCR, increased maxi-

mumOCRwhen treated with FCCP, reduced basal glycolytic and

max glycolytic capacity flux as measured proton production rate
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(PPR) compared to control cells (Fig. 3G andH; �, P < 0.05). T98G

and SF188 PINK1 stably expressing cells also had increased

oxygen consumption (Supplementary Fig. S5C and S5D). All

glioblastoma cells had reduced hexokinase activity, increased

PKM activity (Supplementary Fig. S5E–S5F; �, P < 0.05). U87,

SF188 and T98G stably expressing PINK1 had reduced glucose

uptake and reduced lactate measured over several days (Supple-

mentary Fig. S6A–S6F; �, P < 0.05) compared with controls.

We next expressed PINK1 in primary glioblastoma cultures that

were serially passaged in mice to better maintain molecular

features of glioblastoma (26, 27). PINK1 expression in GBM8

and GBM12 explant cultures reduced cell growth, invasion, glu-

cose uptake, lactate and hexokinase activity (Supplementary Fig.

S7A–S7F; �, P < 0.05). FOXO transcription factor activation,

including FOXO3a, has been shown to inhibit ROS and HIF1A

stabilization (28, 29). We hypothesized that PINK1 expression

may result in FOXO3a activation. Both U87 and T98G control

cells express inhibitory phosphorylation of FOXO3a at serine

residue 294 (Fig. 4A). PINK1-expressing U87 and T98G cells had

reduction of this inhibitory phosphorylation site and increased

SOD2, a target of FOXO3a and increased SOD activity (Fig. 4A

and Supplementary Fig. S7G) supporting that PINK1 inhibited

ROS signaling. Loss of FOXO3a by pooled siRNA rescued ROS

production inhibited by PINK1 and we repeated the experiment

with the addition of PEG-SOD to ascribe the changes in probe

oxidation to ROS (Fig. 4B). FOXO3a knockdown also rescued the
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Figure 3.

PINK1 overexpression stops

glioblastoma cell growth and inhibits

glycolysis proteins. A, proliferation

assay of U87 empty vector control

cells compared with U87 PINK1-

overexpressing cells over 7 days. B,

proliferation assay of SF188 and T98G

empty vector control cells compared

with SF188 or T98G PINK1–

overexpressing cells over 7 days.

C, Western blot analysis confirming

stable expression of V5-tagged PINK1

protein and several proteins involved

in glycolysis and HIF1A targets.D, ROS

measurements of glioblastoma cells

expressing empty vector controls or

PINK1 stable expression. Fluorescence

ROS signal was quenched with

addition of 100 m/mL PEG-SOD. E, cell

growth assay of SF188 and U87 empty

vector control cells compared with

SF188 or U87 PINK1–overexpressing

cells over 5 days in hypoxia (1% O2).

F, Western blot analysis assaying for

HIF1A and an HIF1A target gene PDK1

in hypoxia (1%O2) at 72 hours in empty

vector control or PINK1 stable–

expressing cells. G, OCRs of U87

empty vector control cells compared

to U87 PINK1–overexpressing cells

varying bioenergetic modulators:

Oligomycin (O), carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone

(FCCP/F), and rotenone (R). Arrow

denotes when compounds were

added. H, glycolytic flux analysis

measuring proton production rate

(PPR, pmol/min). Arrow with O

represents addition of oligomycin to

inhibit ATP synthase and measure

maximum glycolytic capacity of cells.
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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anticolony forming ability, anti-cell proliferation, and reduced

invasion phenotypes caused by PINK1 expression (Fig. 4C–F;
�, P < 0.05).

Selective targeting in PINK1-expressing glioblastoma cells

leads to reduced viability

We observed PINK1 expression in some glioblastoma cell lines

(U118 and U251) and two GBM cancer stem cell lines (G179 and

G144). We postulated that PINK1 loss this context would elevate

ROS levels to a growth-inhibiting level, as ROS can also promote

anti-growth affects. We used pooled siRNA-mediated silencing of

PINK1 in glioblastoma cancer stem cell enriched cultures G179

and G144 and glioblastoma cell lines U118 and U251. Loss of

PINK1 resulted in reduced cell viability (Supplementary Fig. S8A–

S8E; �, P < 0.05). PINK1 loss also resulted in further increased ROS

levels compared with controls cells as measured with a DCFH-DA

probe but not oxidation insensitive probe (Supplementary Fig.

S8F and S8G; �, P < 0.05). Loss of PINK1 in glioblastoma cells led

to increased andoxidative stress indicated by increases inNADPþ/

NADPH ratios, and depletion of glutathione indicated by

increased GSSG levels and decreased GSH:GSSG ratios compared

with controls (Supplementary Fig. S6H–S6J). Oxidative stress can

sensitize glioblastoma cells to cell death by ROS inducing treat-

ments including radiation. PINK1 loss sensitized glioblastoma

cells to apoptosis and reduced colony formation following treat-

ment with 2 Gy irradiation (Supplementary Fig. S9A–S9H).

PINK1 suppresses glioblastoma growth in vivo

Using an orthotopic xenograft model, U87 control, or PINK1-

overexpressing U87 cells were injected into the frontal cortex of

immune-compromised mice. Compared with controls, mice

bearing tumors with PINK1 overexpression had an approximate

tripling median survival time (Fig. 4G, �, P < 0.05 and Supple-

mentary Fig. S10A).

PINK1-expressing tumor cells also had significantly reduced in

proliferation quantified by Ki-67 staining (Fig. 4H and Supple-

mentary Fig. S10A). To evaluate the effect of PINK1 overexpres-

sion on tumor burden, we used a subcutaneous xenograft model

of SF188 cells expressing PINK1. Average tumor weight of SF188

cells overexpressing PINK1 was significantly reduced by 50%
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Figure 4.

PINK1 inhibits aerobic glycolysis in

glioblastoma cells. A, Western blot

analysis of U87 and T98G cells after

FOXO3a pooled siRNA treatment and

control siRNA-treated cells. B, ROS

measurement measured at 48 hours

from cells expressing control vector or

PINK1 treated with FOXO3a siRNA.

Fluorescence ROS signal was quenched

with addition of 100 m/mL PEG-SOD.

C, colony-forming assay cells: 500 cells

were plated in 6-well plates. Colonies

were scored on day 10. D, cell counts of

U87 cells with control vector, PINK1 and

FOXO3a siRNA. E, cell counts of T98G

cells with control vector, PINK1, and

FOXO3a siRNA. F, invasion assay of

control cells, PINK1-expressing cells,

and FOXO3a at 12 hours. G, Kaplan–

Meir survival curve analysis of an

orthotopic xenograft model of

glioblastoma. U87 (n ¼ 10) empty

vector control or PINK1-expressing cells

(n ¼ 10). H, quantification of Ki-67

from Fig. 4G. Ki-67 was analyzed by

quantification of 20 fields of view and 5

mice per condition. I, image of tumor

xenografts removed fromSF188 control

cells and SF188 PINK1-overexpressing

cells after 14 days flank implantation in

NOD-SCID mice. J, quantification of

weight of tumors from I after 14 days

flank implantation in NOD-SCID mice.
� , P < 0.05; �� , P < 0.01.
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compared with control SF188 cells in the flank after 14 days of

growth (Fig. 3I–J).

PINK1 expression in tumor models is evolutionarily conserved

across highly distant species and to determine its role in the

pathogenesis of EGFR/PI3K-activated glioblastomas, we generat-

ed a spontaneous Drosophila model of glioblastoma by overex-

pressing the fly orthologs of constitutively active EGFR (dEGFRl)

and PI3K (Dp110CAAX) in the glial cell lineage using the repo-Gal4

driver. Coactivation of EGFR-ras and PI3K signaling has been

shown to promote glial proliferation and invasion, common

features of human glioblastoma (Fig. 5A; ref. 30). In agreement

with our findings inmammalian cells, we found that glial-specific

overexpression of PINK1 significantly reduced the overall tumor

volume compared to control tumors overexpressing mCherry

(Fig. 5A and B). Our immunohistochemistry analyses revealed

that PINK1-overexpressing tumors exhibited a marked reduction

in the number of repo-positive glial cells, normally enriched in the

periphery of brain lobes, compared with controls (Fig. 5C).

Consistent with this robust phenotype, PINK1 overexpression

resulted in pronounced proliferation defects as evidenced by

decreased phospho-histone 3–positive mitotic cells compared

with the mCherry-expressing controls (Fig. 5D). These findings

highlight the evolutionarily conserved antitumor effect of PINK1

across distant species and suggest that its loss may be critical for

the development of glioblastomas driven by mutational activa-

tion of growth factor receptor signaling pathways.

PINK1 is downregulated in brain tumors

Compared with normal brain, expression of PINK1 mRNA in

grade 2–3 gliomas was reduced with further reduction in glio-

blastoma (grade4; Fig. 6A; �,P<0.05) in theREMBRANDTdataset

(31). PINK1 is located on chromosome 1p36, which is frequently

deleted in low-grade gliomas. We detected PINK1 heterozygous

loss in 103/285 (36%) low-grade samples and significantly lower

PINK1 expression in low-grade gliomas with copy-number loss of

PINK1 (Supplementary Fig. S10B; �, P < 0.05) in the TCGA low-

grade glioma dataset (32). GBM transcriptional profiling studies

have revealed that the disease comprises several molecular
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Figure 5.

Pink1 inhibits growth in a Drosophila

model of glioblastoma.A, representative

3-D stacked confocal images of the glial

tissue, marked by repo-Gal4–driven

mRFP expression, in third instar larvae of

the indicated genotypes. Note that Pink1

overexpression under the same driver

inducedmarked reduction of overall glial

tumor size. B, volume quantification

shows significant decrease in size of the

glial tumors with Pink1 overexpression

compared with the control tumors

expressing mCherry. C, representative

single-optical slice (5 mmol/L) confocal

images show marked reduction of the

number of tumor cells labeled by the

nuclear glial marker Repo and repo-

Gal4–driven mRFP expression. D,

representative single-optical slice (5

mmol/L) confocal images show

reductionof thenumberofmitotic tumor

cells labeled by the mitosis marker

phospho-Histone 3 and repo-Gal4–

driven mRFP expression.
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subtypes, each with unique genomic alterations and clinical

behaviors (4, 27, 33). PINK1 expression did not vary significantly

across glioblastoma subtypes in the TCGA dataset (Fig. 6B; �, P <

0.05; ref. 4). At the RNA level, PINK1 expression correlated with

significantly increased progression-free survival (PFS) but not

overall survival (OS; Fig. 6C and D). Because of the dynamic

regulation of PINK1 protein stability, transcriptional level anal-

ysis of PINK1 must be complemented with PINK1 protein level

expression analysis (34). To address this, we performed IHC of

over 160 glioblastoma tumor tissue samples and detected PINK1

loss in 53% of glioblastoma samples (85/160; Fig. 6E). Tissue

microarray analysis (TMA) of primary glioblastoma tumors pre-

viously treated with concomitant temozolomide and radiation

therapies revealed a correlation between PINK1 negative tumors

and worse OS (Fig. 6F; �, P < 0.05).

Gene-expression analysis of 238 normal brain tissue samples

and 984 primary brain tumors was next performed to determine

with PINK1 loss is observed in other brain tumors. Compared

with location matched normal brain, PINK1 was significantly

downregulated in several primary brain tumors including glio-

blastoma (Fig. 6G). PINK1 loss was also observed in all four

molecular subgroups of medulloblastoma; a common brain

tumor in children (Supplementary Fig. S10C).

Discussion

Metabolic reprogramming is essential for cancer cells to gen-

erate biomass and reducing power in the form of NADPH

and GSH to fuel these biosynthetic pathways and buffer against

ROS-induced. We demonstrate that PINK1 is a driver in
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Figure 6.

PINK1 is downregulated in brain tumors.

A, PINK1 gene expression in several

glioma tumors compared with normal

brain in the REMBRANDT dataset. B,

PINK1 gene expression among varying

glioblastoma subtypes from the TCGA

dataset (n ¼ 528). C, PINK1 high gene

expression based onmedian RNA cutoff

value correlated with increased PFS in

the TCGA dataset. D, PINK1 high gene

expression based onmedian RNA cutoff

value is not associated with OS in the

TCGAdataset.E, IHC analysis of PINK1 in

normal brain and 160 glioblastoma-

operative samples; scale bar, 50 mm. F,

PINK1 survival analysis from a TMA

of 61 glioblastoma patients given

temozolomide and radiation. G, meta-

analysis performed in R2 genomics

software comparing normal brain of

different regions (cortex for gliomas,

cerebellum to over 900 primary brain

tumors from 17 datasets and studies).

PINK1 RNA expression was significantly

downregulated in all datasets analyzed.
��� , P < 0.001.
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glioblastoma biology as its loss leads to in increased proliferation,

reduced oxygen consumption, and increased glycolysis, as mea-

sured by lactate production and glucose uptake. Our data support

that re-expression of PINK1 can suppress growth in glioblastoma

cells both in vivo and in vitro. Reduction in PINK1 expression

caused HIF1A stabilization via elevation of ROS. Cancer cells

increase aerobic glycolysis through the Warburg effect and pro-

duce higher levels of oxidative stress via ROS (14, 35). ROS

generation, accumulation, and elimination must be tightly reg-

ulated in cancer cells to prevent cell death. Imbalances in ROS

generation and elimination can alter cell phenotypes in both

normal and tumor cells. Loss of PINK1 in NHAs increases ROS

levels and promotes aerobic glycolysis via stabilization of HIF1A

(36). Loss of PINK1 has been shown to stabilize HIF1A inmurine

neurons and murine fibroblasts to sustain proliferation (37).

Pink1 loss in zebrafish has been shown to activate HIF1A target

genes; however, HIF1A protein expression and the effect on

aerobic glycolysis were not assessed (38). In murine astrocytes

(NMA), Pink1 loss has been shown to increase glucose metabo-

lism through stabilization of HIF1A in murine astrocytes (NMAs;

ref. 37). Our study sheds new light on how Pink1 regulates HIF1A

levels in cancer cells, promoting glucose uptake and utilization to

drive tumor growth.

PINK1 overexpression in glioblastoma cells reduces ROS pro-

duction and may inhibit ROS-driven phenotypes including aer-

obic glycolysis and proliferation (Fig. 7A). These results are

consistent with previous studies demonstrating that lower levels

of ROS scavenging enzymes, including SIRT3, can promote aer-

obic glycolysis andmetabolic reprogramming inbothnormal and

cancer cells while overexpression reduces cancer cell growth

(36, 39, 40). We observed that PINK1 overexpression inhibited

ROS and metabolic reprogramming through FOXO3a, a master

regulator of antioxidant pathways. PINK1and FOXO3ahavebeen

shown to work cooperatively in noncancer cells (41, 42). Fur-

thermore, overexpression ofmitochondrial superoxide dismutate

2 SOD2 in our study can rescue several the phenotypes observed

with loss of PINK1, a downstream target of FOXO3a and has been

shown to be a tumor suppressor in cancer cells (43).

Not all cell types respond to PINK1 loss in the same manner as

PINK1 loss results in variable responses in different cell types and

Figure 7.

Summary of PINK1 function in glioma.

A, i, PINK1 in normal astrocytes or when

re-expressed in glioblastoma cells

suppresses ROS and inhibits aerobic

glycolysis. ii, loss of PINK1 in normal

astrocytes increases ROS, stabilizing HIF1a

and promoting theWarburg effect/aerobic

glycolysis. B, loss of PINK1 in

glioblastoma cells increases ROS to high

levels, triggering oxidative stress that

triggers cell death, depletion of antioxidant

molecules, and sensitizes cells

to radiation.
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contexts (44). Loss of PINK1 expression in neurons and several

other cell types has been shown to induce cell death (10, 11, 45).

One study observed that Pink1�/� mouse astrocytes proliferate

slower than control astrocytes (46). We observed PINK1 down-

regulation increased cell proliferation and this difference could be

attributed to the fact that we were unable to completely abolish

PINK1 expression andmaintained a progrowth threshold of ROS.

ROS has both pro- and antigrowth affects in cancer cells (14,

47). Although we report that ROS activation via PINK1 loss in

astrocytes acts as a pro-growth signaling response, it is conceivable

that increased ROS could have detrimental effects on cancer cells

as summarized in Fig. 7B. This is supported by our observation

that PINK1 loss in certain glioblastoma cells results in excessive

ROS generation and cell death and another study where PINK1

inhibition in mismatch repair deficient cancer cells results in an

elevation of ROS and cell death (48). Furthermore, the identifi-

cation of PINK1 in our screen was in astrocytes harboring acti-

vated Ras and the interplay of PINK1 and Ras signaling on

metabolism and ROS still remains to be elucidated.

PINK1 is located on chromosome 1p36, a recurrent deleted

hotspot in several cancers (32, 49). We detected loss of PINK1 at

the DNA, RNA, protein level, and observed PINK1 protein–

expressing glioblastoma patients had better survival. We did not

detect copy-number gains or RNA overexpression, suggesting a

role against PINK1 serving as anoncogene. Evidence also supports

the role of PINK1 as a tumor-suppressor gene in ovarian and

breast cancer (50, 51).

Identification of PINK1 substrates or therapeutic compounds

that exploit ROSmay be efficacious in treating glioblastomas and

other cancers.
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