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TRAP1 (tumor necrosis factor receptor-associated protein 1),
a mitochondrial Hsp90 family chaperone, has been identified as
a critical regulator of cell survival and bioenergetics in tumor
cells. To discover novel signaling networks regulated by TRAP1,
we generated Drosophila TRAPI mutants. The mutants success-
fully developed into adults and produced fertile progeny, show-
ing that TRAP1 is dispensable in development and reproduc-
tion. Surprisingly, mutation or knockdown of TRAPI markedly
enhanced Drosophila survival under oxidative stress. Moreover,
TRAPI mutation ameliorated mitochondrial dysfunction and
dopaminergic (DA) neuron loss induced by deletion of a familial
Parkinson disease gene PINKI (Pten-induced kinase 1) in Dro-
sophila. Gamitrinib-triphenylphosphonium, a mitochondria-
targeted Hsp90 inhibitor that increases cell death in HeLa and
MCEF?7 cells, consistently inhibited cell death induced by oxida-
tive stress and mitochondrial dysfunction induced by PINKI
mutation in mouse embryonic fibroblast cells and DA cell mod-
els such as SH-SY5Y and SN4741 cells. Additionally, gamitrinib-
triphenylphosphonium also suppressed the defective locomo-
tive activity and DA neuron loss in Drosophila PINKI null
mutants. In further genetic analyses, we showed enhanced
expression of Thor, a downstream target gene of transcription
factor FOXO, in TRAPI mutants. Furthermore, deletion of
FOXO almost nullified the protective roles of TRAPI mutation
against oxidative stress and PINKI mutation. These results
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strongly suggest that inhibition of the mitochondrial chaperone
TRAP1 generates a retrograde cell protective signal from mito-
chondria to the nucleus in a FOXO-dependent manner.

Mitochondria, the cellular power plants that provide ATP
through oxidative phosphorylation, have a critical role in cell
survival and death. Diverse stress and death signals converge on
these organelles and release mitochondrial death proteins to
activate cell death pathways in the cytosol (1). Consistent with
this, dysfunctional mitochondria have been heavily implicated
in various human diseases, including Parkinson disease (PD)*
(2). Langston et al. (3) discovered that 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine, a specific inhibitor of mitochon-
drial complex I, causes chronic parkinsonism in primates. Two
other mitochondrial toxins, rotenone and paraquat, also induce
parkinsonism in various model animals (4).

Recently, Drosophila genetic analyses successfully elucidated
a familial PD gene PINK1I (Pten-induced kinase 1) that encodes
a mitochondrial kinase PINK1 as the molecular link between
mitochondrial quality control and parkinsonism (5-7). Further
genetic and cell biological studies revealed that PINK1 translo-
cates Parkin, an E3 ubiquitin ligase encoded by another familial
PD gene parkin, to mitochondria and regulates mitochondrial
remodeling processes such as mitochondrial fusion/fission and
mitophagy. Moreover, PINK1 also regulates mitochondrial
trafficking, mitochondrial protective gene expression, and
complex I activity through various partners, suggesting PINK1
as a molecular checkpoint in the maintenance of mitochondrial
function and integrity (8).

Mitochondrial dysfunction in tumors was first discovered by
Otto Warbug. He found that cancerous cells generate ATP

' The abbreviations used are: PD, Parkinson disease; G-TPP, gamitrinib-triph-
enylphosphonium; MEF, mouse embryonic fibroblast; Hsp90, heat shock
protein 90; DA, dopaminergic; TH, tyrosine hydroxylase; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; CM-H2DCFDA,
5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate; RV,
revertant; 17-AAG, 17-allylamino-demethoxygeldanamycin; NAC, N-ace-
tylcysteine; ROS, reactive oxygen species; mtDNA, mitochondrial DNA;
dsRNA, double-stranded RNA; ANOVA, analysis of variance; DL1, dorsolat-
eral clusters 1; DL2, dorsolateral clusters 2; DM, dorsomedial clusters.
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mainly through glycolysis (9). His finding, called the “Warbug
Effect,” and the fundamental role of mitochondria in cell sur-
vival and death suggested that mitochondrion is an important
target in developing specific anti-cancer agents (10). In investi-
gating a mitochondrial protein network specific to tumor cells,
Kang et al. (11) found that disabling mitochondrial heat shock
protein 90 (Hsp90) family proteins, including TRAP1, causes
cell death specifically in tumor cells. TRAP1 was initially iden-
tified as a novel protein binding to the intracellular domain of
tumor necrosis factor receptor 1 and thus named “TRAP1” (12).
This initial finding suggested its localization in the cytoplasm,
but the following analyses demonstrated that TRAP1 mostly
localizes in mitochondria via its N-terminal mitochondria tar-
geting sequence (13, 14). It shares 34% sequence identity and
60% overall homology with other Hsp90 family members, and
Hsp90 inhibitors like geldanamycin and radicol also inhibit
TRAP1 activity in vitro (13). Interestingly, TRAP1 is highly
expressed in mitochondria of various tumor cells and human
tumor specimens, but it is expressed at low levels in mitochon-
dria of corresponding normal tissues (11). When cells were
treated with mitochondria-targeted Hsp90 inhibitors or when
TRAP1 was down-regulated by RNAi, extensive cell death was
observed only in tumor cells, and the sensitivity to anti-cancer
agents was substantially increased (11). Further biochemical
analyses revealed that TRAP1 can directly interact with cyclo-
philin D and inhibits its activity for opening mitochondrial per-
meability transition pore to induce cell death (11). Additionally,
Pridgeon et al. (15) reported that phosphorylation of TRAP1 by
PINK1 is responsible for protecting neuroendocrine tumor-de-
rived PC-12 cells from reactive oxygen species (ROS). These
data suggest that TRAP1 is an important cell-protective protein
in mitochondria, especially in tumor cells. However, in recent
cell metabolic studies, TRAP1 directly binds to and inhibits the
complex II of the mitochondrial respiratory chain (16), and
TRAP1 deficiency promotes mitochondria respiration (17, 18),
suggesting additional roles of TRAP1 in the cell.

In this study, we found that loss of TRAP1 function in Dro-
sophila markedly enhances survival rate under oxidative stress
and rescues mitochondrial dysfunction and dopaminergic (DA)
neuronal loss induced by PINKI mutation. Consistent with
these genetic data, the mitochondrial Hsp90 inhibitor gami-
trinib also protected various mammalian cell models from oxi-
dative stress and ameliorated PINKI null mutation-induced
defects in both Drosophila and mammalian systems. Further
genetic analyses demonstrated that the cell protective effect
induced by TRAP1 down-regulation is mediated by FOXO
(Forkhead box O) transcription factors.

Experimental Procedures

Drosophila Strains—da-GAL4, hs-GAL4, and TRAPI”
(TRAPIF2'85!) strains were obtained from the Bloomington
Stock Center. TRAPI” mutants were backcrossed for six gen-
erations into w’//® controls to remove genetic background
effects. The insertion sites of P-element in TRAPI” are located
at +1,955 of TRAPI ORF. A revertant (TRAPI®Y) and a dele-
tion mutant (TRAPI”°) were generated from P-element exci-
sion of TRAPI®. In DNA sequencing analyses, TRAPI®Y
showed a precise excision of the P-element with no insertion or
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deletion of nucleotides. By contrast, 2.9 kb (base pairs
6,632,775- 6,635,658, according to the Drosophila melano-
gaster chromosome sequence release 6), including most of
TRAP1 ORF (amino acids 86 —691), was deleted in TRAPI”®.
TRAP1 ¢DNA was subcloned into the pUAST vector and
microinjected into w’’’® embryos. PINK1”® was generated as
previously described (6). The FOXO?' and FOXO®® lines were
from E. Hafen. The TRAPI 792212 RNAi line was purchased
from the Vienna Drosophila RNAi Center.

Climbing Assays—Groups of fifteen 3-day-old males were
transferred into climbing ability test vials and incubated for 1 h
at room temperature for environmental acclimatization. After
tapping the flies down to the bottom, the number of climbing
flies in 10 s were counted. For each group, ten trials were per-
formed, and the climbing score (percentage ratio of the number
of climbed flies against the total number) was obtained. The
average climbing score with standard deviation was calculated
for four independent tests.

Oxidative Stress Assays—30 male flies (3-day-old) were
starved for 6 h and transferred to a vial containing a gel of PBS,
5% sucrose, and an oxidative stress agent (20 mm paraquat or 5
mM rotenone) as indicated in figure legends. Dead flies were
counted at the indicated time points. We repeated at least four
times with 30 flies per genotype (n = 120) to obtain the average
survival rate with standard deviation.

Muscle Section and TUNEL Assay—The thoraces from
3-day-old flies were embedded in Spurr’s resin and sectioned as
previously described (6). The serial sections were then stained
with toluidine blue dye and observed with BX-50 microscope
(Olympus). For the TUNEL assay, apoptosis in the thoraces of
3-day-old flies was detected using the in situ cell death detec-
tion kit (Roche). DAPI (Sigma) was used to visualize the nucleus
of muscle cells. Fluorescence images were obtained with BX-50
microscope (Olympus).

mtDNA PCR and ATP Assay—For mtDNA PCR, total DNA
from five thoraces of 3- or 30-day-old flies was extracted. Then
quantitative real time PCR was performed as previously
described (6). Genomic DNA levels of rp49 were measured for
internal controls. The results were expressed as fold changes
relative to the control. For ATP assay, five thoraces from 3-day-
old flies were dissected, and ATP concentration was measured
as previously described (6). The relative ATP level was calcu-
lated by dividing the measured ATP concentration by the total
protein concentration. Protein concentration was determined
by a bicinchoninic acid assay (Sigma). In the mtDNA PCR and
ATP assays, the average values with standard deviation were
obtained from three independent experiments.

Immunostaining—Adult brain was fixed with 4% paraformal-
dehyde and stained with anti-tyrosine hydroxylase (TH) rabbit
antibody (1:50, Pel-Freez) as previously described (6). Brains
were observed and imaged by LSM 700 confocal microscope
(Zeiss) and BX-50 microscope (Olympus).

ROS Measurements in Adult Flies—To measure whole body
ROS levels, ten 3-day-old male flies were dissected in 250 ul of
distilled water containing aminotriazol (2 mg/ml). Samples
were centrifuged to obtain supernatants, and ROS concentra-
tion was measured as previously described (19). The relative
ROS level was calculated by dividing the measured ROS con-
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centration by the total protein concentration. The average ROS
level with standard deviation was obtained from three indepen-
dent experiments. For imaging ROS production in fly tissues,
the indirect flight muscles were dissected in Schneider’s
medium (Sigma) and incubated for 5 min in Schneider’s
medium containing 30 uM dihydroethidium (Invitrogen).
Muscles were observed and imaged by BX-50 microscope
(Olympus).

Mammalian Cell Culture and Transfection—NIH 3T3, MEF,
COS-1, HeLa, MCF-7, 293E, and SH-SY5Y cells were grown in
DMEM (Invitrogen) supplemented with 10% fetal bovine
serum (Invitrogen) at 37 °C in a humidified atmosphere with 5%
CO,. SN4741 cells were grown in RF medium-containing
DMEM supplemented with 10% fetal bovine serum, 1% glucose,
and 2 mM L-glutamine at 33 °C in a humidified atmosphere with
5% CO,. Wild type and PINK1~ '~ MEFs were provided by Drs.
Un Jung Kang and Xiaoxi Zhuang. siRNAs for control (Bioneer;
catalog no. SN-1003), mouse FOXO1 (Bioneer; catalog no.
1359213), or mouse FOXO3 (Bioneer; catalog no. 1359223)
were transfected to MEF cells using the RNAIMAX reagent
(Invitrogen) according to the manufacturer’s protocol. sShRNAs
for control (Sigma; catalog no. SHC016) or TRAP1 (Sigma; cat-
alogno. TRCN0000112172) were co-transfected with lentivirus
packaging plasmids into 293T cells according to the manufa-
cturer’s protocol. The resulting lentiviral particles were used to
infect MEF cells. After 24 h of infection, cells were incubated in
puromycin (2.5 mg/ml)-containing media for 72 h to select
infected cells.

MTT Assay—Cells were seeded in 12-well plates at a density
of 1.5 X 10° cells/well. After pretreatment of G-TPP (Lego-
Chem Biosciences) or 17-allylamino-demethoxygeldanamycin
(17-AAGQG) at the indicated concentrations for 4 h, the cells were
treated with 1 mm paraquat. (For lentivirus-infected MEF cells,
0.5 mM paraquat was treated.) After 20 h of incubation, the
culture medium was removed and replaced with a medium con-
taining 0.5 mg/ml of MTT dissolved in PBS (pH 7.2). After 4 h,
the formed formazan crystals were dissolved in 400 ul of
DMSO, and the absorbance intensity was measured at a
wavelength of 595 nm using EL-312e microplate reader
(BIOTEK). The relative cell viability was expressed as a per-
centage relative to the untreated control cells. The average
viability with standard deviation was obtained from three
independent experiments.

Annexin V Staining—MEF cells were seeded in 60-mm plates
with cell density of 1 X 10° cells/plate. Treatment of G-TPP (5
uM), 17-AAG (5 um), and paraquat (1 mm) were performed as
described above. The cells were stained using the annexin
V-FITC apoptosis detection kit (BD Biosciences) according to
the manufacturer’s protocol. Stained cells were analyzed by
flow cytometry using EPICS XL cytometer (Beckman Coulter
Inc.). A total of 10,000 events were analyzed for each sample,
and the necrotic cell death rates obtained from three indepen-
dent experiments were presented as the mean values with stan-
dard deviations.

Measurement of Intracellular ROS Levels—MEF, SH-SY5Y,
and SN4741 cells were pretreated with G-TPP (5 um) or
17-AAG (5 um) for 4 h. Following 7 h of treatment of 1 mm
paraquat (6 h of treatment of 0.5 mMm paraquat to lentivirus-
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infected MEF cells), the cells were incubated with 5 um 5-
(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diace-
tate (CM-H2DCEDA; Invitrogen) for 30 min at 37 °C. The cells
were trypsinized, washed with PBS, suspended in PBS, and ana-
lyzed with EPICS XL cytometer (Beckman Coulter). A total of
10,000 events were analyzed for each sample, and the results
obtained from three independent experiments were presented
as the mean values with standard deviations.

Measurement of Mitochondrial Membrane Potential—MEF,
SH-SY5Y, and SN4741 cells were pretreated with G-TPP (5 um)
or 17-AAG (5 um) for 4 h. Following 6 h of treatment of 1 mm
paraquat (4 h treatment of 0.5 mm paraquat to lentivirus-in-
fected MEF cells), cells were incubated with 1 pug/ml of JC-1 dye
(Invitrogen) for 20 min and analyzed by microscopy. Fluores-
cence images were captured by LSM-700 confocal microscope
(Carl Zeiss). To quantify mitochondrial membrane potential,
cells were trypsinized and stained with 1 ug/ml of JC-1 dye for
20 min. The red and green fluorescence intensities of JC-1 dye
were measured by flow cytometry using EPICS XL cytometer
(Beckman Coulter). A total of 10,000 events were analyzed for
each sample, and the results obtained from three independent
experiments were presented as the mean values with standard
deviations.

Treatment of Galactose Media to MEF Cells—Wild type or
PINK1~'~ MEFs were seeded in 6-well plates at a density of 4 X
10° cells/well. After 24 h of incubation, the cells were changed
into glucose or galactose culture medium with indicated re-
agents as described previously (20). Twenty hours later, cells
were trypsinized, and their mitochondrial membrane potential
was checked using flow cytometry as described above.

Immunoblot—His-tagged full-length Drosophila TRAP1
protein was purified by nickel affinity column and injected into
rabbits to generate anti-dTRAP1 antibody. 3-day-old flies were
homogenized with lysis buffer as described previously (21). For
detection of mammalian TRAP1, FOXO1 or FOXO3 protein,
NIH 3T3, MEF, COS-1, HeLa, MCF7, and 293E cells were lysed
with lysis buffer. The lysates were purified by centrifugation
and boiled in SDS sample buffer. The samples were subjected to
SDS-PAGE, and proteins were transferred to nitrocellulose
membranes. Membranes were incubated for 30 min in blocking
solution and further incubated with anti-dTRAP1 antibody,
anti-mouse TRAP1 antibody (BD Biosciences), anti-FOXO1
antibody (Cell Signaling Technology), anti-FOXO3 antibody
(Cell Signaling Technology), anti-actin antibody (Santa Cruz),
or anti-tubulin antibody (Developmental Studies Hybridoma
Bank) as described previously (21). Membrane-bound antibod-
ies were detected with ImageQuant LAS 4000 system (GE
Healthcare Life Sciences).

S2 Cell Culture, Transfection, and Immunocytochemistry—
The plasmid constructs for S2 cell transfection were generated
by subcloning cDNA for full-length (WT) or N-terminal
deleted (AN) TRAP1 with C-terminal HA tag into pUAST vec-
tor. The following primers were used to amplify WT TRAP1
¢DNA (5'-GCG GAA TTC GCC ACC ATG TCT GTA CGA
GCG ATG GG-3/, 5'-GCG CTC GAG GTA TTT CTC CAG
GGC CCG CGA TAG-3') and AN TRAP1 ¢cDNA (5'-CGC
GAA TTC GCC ACC ATG ACG GAG ACC AAG CAG GCA
TC-3', 5'-GCG CTC GAG GTA TTT CTC CAG GGC CCG
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CGA TAG-3'). S2 cells were cultured and transiently trans-
fected as described previously (21). To induce TRAP1 expres-
sion on pUAST vector, we co-transfected pMTGAL4 plasmids
that contain GAL4 gene with metallothionein promoter. Twen-
ty-four hours before cell staining, CuSO, was treated to induce
expression of GAL4 and TRAPI. The cells were preincubated
with 5 ug/ml MitoTracker Red CMXRos (Molecular Probes)
for 1 h at 25 °C and then subjected to the standard immunocy-
tochemistry using anti-HA antibody (Invitrogen).

Synthesis of Double-stranded RNA—For synthesis of TRAP1
double-stranded RNA (dsRNA), we used oligonucleotides con-
taining a T7 polymerase binding site (5'-TAA TAC GAC TCA
CTA TAG GG-3') at the 5’ of the following primers, 5'-CCG
ACT TGG AGG ATT CAA AAC-3" and 5'-ACC GGT GTG
GCT CTT TAC AC-3'. The primers were designed to produce
dsRNA to mimic TRAPI***92212 RNAii fly. Control dsRNA was
synthesized as previously described (21). The purified PCR
products were subjected to an in vitro T7 transcription reaction
using the MEGAscriptTM kit (Ambion).

Luciferase Assay—To measure transactivation activity of
FOXO, S2 cells were transfected with pUAST FOXO,
p8XFK1tkLuc FOXO reporter (22), pRL-TK Renilla reporter,
and pMTGAL4 plasmids. Control or TRAPI dsRNA was also
co-transfected with DNA plasmids. Two days later, FOXO
expression was induced by CuSO,, treatment. After 24 h, lucif-
erase assays were performed using Dual-Luciferase™ reporter
assay kit (Promega) according to the manufacturer’s instruc-
tions. The average luciferase activity with standard deviation
was obtained from three independent experiments.

Quantitative RT-PCR—Total RNA from five thoraces of
3-day-old flies was extracted and reversely transcribed as pre-
viously described (23). Then quantitative real time PCR was
performed using SYBR Premix Ex Taq (Takara) on Prism 7000
real time PCR System (ABI). rp49 levels were measured for
internal control. The results were expressed as fold changes
relative to the control. The average mRNA level with standard
deviation was obtained from three independent experiments.
For primer pairs, we used rp49-F (GCT TCA AGA TGA CCA
TCC GCC C) and rp49-R (GGT GCG CTT GTT CGA TCC
GTA AC), TRAPI-F(GCA GCGTTCAAT ATCACCATTG)
and TRAPI-R (GAC CTC GTG GTC GGA GTC TAA GG),
CG3161-F (GTC TTC TGA AGT GAG CAG CGA C) and
CG3161-R (CAT CAC TGA CAT GGC AGC AAT ACC), and
Thor-F (GAA GGT TGT CAT CTC GGA TCC) and Thor-R
(CAT GAA AGC CCG CTC GTA G).

Genotypes—The genotypes used were TRAPI®Y (TRAPI®Y/
TRAPI®Y); TRAPI® (TRAPI”/TRAPI?); TRAPI®® (TRAPI®/
TRAPI"®); hs>TRAPI1 (hs-GAL4/UAS-TRAPI); dal+ (da-
GAL4/+); da>TRAPIi (TRAPI®X192212) 4. g -GAL4/+); WT
(+/Y); B9 (PINKI®°IY); B9, TRAPI® (PINKI®°/Y; TRAPI®/
(26) TRAPI®); B9, TRAPIP® (PINKI®°/Y; TRAPIP®/ TRAPI"®);
TRAPI®, FOXO~ (TRAPI"/TRAPI"; FOXO*/FOXO*);
FOXO~ (FOXO*/FOX0*); B9, TRAPI*, FOXO '*
(PINKI®°/Y; TRAPIY/TRAPI®; FOXO*!/+); and B9, FOXO~
(PINKI%°/Y; FOXO*'/FOXO®).

Quantification and Statistical Analyses—For quantification
of wing and thorax phenotypes, the percentage of defective tho-
rax and wing phenotypes of 3-day-old males was measured (n >
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200). For quantification of DA neurons, four major DA neuron
clusters from 15 brains of each genotype were observed in a
blind fashion to eliminate bias (# = 30). To compare three or
more groups, we used a one-way ANOVA with Sidak correc-
tion. For two-group comparison, we used Student’s two-tailed ¢
test. The Kaplan-Meier estimator and the log rank test were
conducted on the pooled cumulative survival data to determine
whether each treatment had any effect on the longevity of indi-
viduals using Online Application Survival Analysis Lifespan
Assays.

Results

Generation and Characterization of Drosophila TRAPI
Mutants—The Drosophila TRAPI gene encodes a polypeptide
of 691 amino acids with a molecular mass of ~70 kDa (Fig. 1, A
and D). In structural analysis, Drosophila TRAP1 shows an
overall similarity of 66% with its human homolog and contains
all of the canonical motifs of human TRAPI, such as ATP-
binding domain and mitochondrial targeting motif (13) (Fig.
1A). Although a mutant TRAP1 protein without its N-terminal
mitochondrial targeting motif was dispersed throughout the
cytosol of Drosophila S2 cells, WT TRAP1 protein was specifi-
cally localized to mitochondria (Fig. 1B), confirming that Dro-
sophila TRAP1 is a mitochondrial protein.

From the Bloomington Drosophila Stock Center, we
obtained a TRAPI mutant (TRAPI”) with a P-element insertion
in the coding sequence of the gene (Fig. 1C). By expression of
delta 2-3 transposase, TRAP1"° allele was generated through
imprecise excision of the P-element, and the revertant
TRAPI®Y was obtained through precise excision to be used as a
control (Fig. 1C). In immunoblot analysis, P-element insertion
in the TRAPI gene (TRAPI”) almost completely blocked
TRAP1 protein expression, and deletion of the TRAPI gene
(TRAPI®®) resulted in the complete loss of TRAP1 protein
expression (Fig. 1D). Moreover, quantitative RT-PCR analysis
demonstrated severe and complete reduction of TRAP1 tran-
script in TRAP1” and TRAPI”® mutants, respectively (Fig. 1E).
By contrast, these two mutants demonstrated no meaningful
changes in the transcript level of CG3161, the adjacent gene to
the P-element insertion site (Fig. 1F), confirming a specific inhi-
bition of TRAPI gene expression in the mutants.

TRAPI mutants successfully developed into adults and
showed no apparent defects in reproduction (Fig. 1G and data
not shown), indicating dispensable roles of TRAP1 in Drosoph-
ila development and reproduction. Based on its specific local-
ization to mitochondria, we analyzed mitochondrial function
and morphology in the indirect flight muscle from TRAPI
mutants. Through muscle section staining with toluidine blue,
dark blue mitochondria became visible between light blue mus-
cle fibers as described previously (6). Cross-thoracic sections of
TRAPI mutants showed well organized and intact mitochon-
drial structures of the indirect flight muscle compared with the
revertant (RV) control (Fig. 1H). Moreover, biochemical studies
revealed that the ATP level of the indirect flight muscle, an
important index of mitochondrial function, was not decreased
in both 3- and 30-day-old TRAPI mutants (Fig. 17). mtDNA
content, indicating mitochondria abundance in tissues, was
also not changed in 3- or 30-day-old TRAPI mutants (Fig. 1)),
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FIGURE 1. Characterization of TRAPT mutants. A, amino acid sequence similarities (%) of Drosophila TRAP1 with its human homolog. Black, mitochondrial
targeting sequence; white, ATP-binding domain; gray, middle domain; dotted, dimerization domain. B, mitochondrial localization of TRAP1. Subcellular
localization of wild type (TRAP1"T) and N-terminal deleted (TRAP1%") C-terminally HA-tagged TRAP1 in S2 cells was determined by co-staining with anti-HA
antibody (green) and MitoTracker (red). C, schematic genomic organization of the TRAP1 locus. Black rectangles, coding sequences; gray rectangles, untranslated
regions. Genomic structures of TRAP1” and TRAP1¢ are described under “Experimental Procedures.” D, immunoblot analyses of revertant (RV), TRAPT mutants
(TRAP1” and TRAP17%), and TRAP1-overexpressing flies (hs [heat shock] > TRAP1). Actin (Act) was used as a loading control. Eand F, comparison of TRAP1 (E) and
CG3167 (F) mRNA levels in the whole body of flies (n = 3). G, RV and TRAP1” flies showed normal development to adult stages. H, toluidine blue-stained
longitudinal sections of the indirect flight muscle from 30-day-old male flies. /, comparison of the ATP contents in fly thoraces from 3- or 30-day-old males (n =
3).J, quantification of the mtDNA in fly thoraces (n = 3). aa, amino acids; Cox I, cytochrome c oxidase subunit I; Cox /ll, cytochrome c oxidase subunit Ill; Cyt B,
cytochrome b. Significance was determined by one-way ANOVA with Sidak correction. ***, p < 0.001; NS, not significant. Error bars indicate S.D. Scale bars,

yellow, 5 um. Details of all the indicated genotypes in this and other figures are described under “Experimental Procedures.”

suggesting that general mitochondrial functions and abun-
dance are properly maintained in TRAPI mutants.

Mutation or Knockdown of TRAPI Induces Oxidative Stress
Resistance—To further investigate the phenotypes of TRAP1
mutants, we analyzed the survival of TRAPI mutants after expo-
sure to oxidative stress induced by mitochondrial toxins. On the
standard media, TRAPI mutants showed no significant defect in
life span (Fig. 24) with weak mortality (~10%) in early time points.
In biochemical analyses and dihydroethidium staining, they
showed significantly increased in vivo ROS level (Fig. 2, B and C).
Surprisingly, when placed on a medium containing paraquat, a
free radical inducer using electrons from the mitochondrial respi-
ratory chain, TRAPI mutants showed significantly increased sur-
vival compared with RV and WT controls (Fig. 2D). Moreover,
TRAPI mutants were also resistant to rotenone, a specific inhibi-
tor of mitochondrial respiratory chain complex I (Fig. 2E). Down-
regulation of TRAPI using RNAi expression (Fig. 2F) also strongly
increased the resistance to rotenone (Fig. 2G), further confirming
that inhibition of TRAPI expression induces resistance to mito-
chondrial toxins and oxidative stress.
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TRAP1 Mutations Ameliorate PINK1 Mutant Phenotypes—
Resistance to oxidative stress is often closely related to mito-
chondrial function and integrity (4), and ROS sensitivity is dra-
matically increased in flies lacking a familial PD gene PINK1 (5,
8). Under rotenone treatment, PINKI null mutants (B9)
showed decreased survival rates compared with WT controls as
previously reported (Fig. 34). When we mutated TRAPI in
PINK1 null mutants, the decreased survival rates of PINKI null
mutants were dramatically rescued (Fig. 3A4), indicating that
TRAPI mutations can restore mitochondrial dysfunction induced
by PINK1 deletion. Indeed, the crushed thoraces and downturned
wings of PINKI null mutants were markedly rescued by TRAP1
mutations (Fig. 3, B and C). Muscle sections demonstrated that
TRAPI mutations inhibit mitochondria disruption and apoptotic
cell death induced by loss of PINK1I (Fig. 3D). In subsequent bio-
chemical analyses, PINKI and TRAPI double mutants showed sig-
nificant recovery of mtDNA content and ATP level in the indirect
flight muscle (Fig. 3, E and F, respectively). Moreover, TRAPI
mutations also successfully ameliorated the decreased locomotor
activities of PINK1 mutants (Fig. 3G).
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To further study TRAPI mutation-induced changes in PINK1
mutant phenotypes, we stained adult Drosophila brains with TH
antibody to check DA neurons. In Drosophila brain, most DA neu-
rons are located in four major DA neuron clusters: dorsolateral
clusters 1 (DL1), dorsomedial clusters (DM), posteriomedial clus-
ters, and dorsolateral clusters 2 (DL2) (6). 30-day-old PINKI
mutants showed a significant decrease in the number of DA neu-
rons specifically in DL1 and DM clusters (Fig. 4, A and B), as pre-
viously reported (6). TRAPI mutations successfully inhibited the
DA neuron degeneration in both clusters of PINKI mutants (Fig.
4, A and B). These results confirmed that TRAPI mutations can
rescue mitochondrial dysfunction and all the PD-related pheno-
types induced by PINKI null mutation.

A TRAPI Inhibitor G-TPP Specifically Protects Mammalian
Cells under Paraquat-induced Stress—Recent correlations
between TRAP1 and multidrug-resistant cancers initiated
development of TRAP1 inhibitors (24). Kang et al. (25) devel-
oped gamitrinibs, the small molecules that contain a mitochon-
drial targeting module and a prototype structure of Hsp90
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inhibitor geldanamycin. As expected, gamitrinibs successfully
inhibited TRAP1 in mitochondria with no effect on cytosolic
Hsp90 (25). To investigate the effect of TRAP1 inhibition on
oxidative stress in mammalian cells, we tested paraquat-in-
duced cytotoxicity in several TRAP1-expressing mammalian
cell lines pretreated with gamitrinib-triphenylphosphonium
(G-TPP), the most recently developed gamitrinib (24, 25).
G-TPP effectively protected NIH 3T3, MEF, and COS-1 cells
from paraquat-induced cell death in a dose-dependent manner
(Fig. 5A). However, in HeLa and MCEF7 cells that are highly
sensitive to TRAP1 inhibitors (11, 25), G-TPP treatment dose-
dependently increased paraquat-induced cell death (Fig. 5B).
G-TPP also augmented paraquat-induced cell death in 293E
cells (Fig. 5B). Interestingly, these two completely different
effects of G-TPP in inducing cell death on different cell lines
were accompanied by different expression levels of TRAP1 pro-
tein (Fig. 5C); those cells sensitive to G-TPP expressed higher
levels of TRAPI, but those resistant to G-TPP expressed lower
levels. Although we could not understand the underlying
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molecular mechanisms for this interesting result, we speculated
that TRAP1 concentration might be critically related to deter-
mining cell fate in ROS-induced cell death.

To understand how TRAPI1 functions in cell protection
against ROS, we stained MEF cells with propidium iodide and
annexin V. The MEF cells treated with paraquat induced pro-
pidium iodide uptake only, and G-TPP pretreatment almost
completely inhibited it (Fig. 5, E and F), demonstrating that
G-TPP prevents paraquat-induced necrotic cell death. We also
monitored mitochondrial membrane potential, a reliable
parameter for mitochondrial function, using JC-1 fluorescent
dye. JC-1 exhibits a fluorescence emission shift from green to
red, induced by its membrane potential-dependent accumula-
tion in mitochondria (26). Consequently, a decrease in red/
green fluorescence ratio indicates mitochondrial membrane
depolarization (26). Control and only G-TPP-treated cells
showed strong red florescence (Fig. 5G), which indicates a nor-
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mal mitochondrial membrane potential (Fig. 5H), whereas
paraquat-treated cells developed intense green florescence
with weak red signal (Fig. 5G), which indicates a collapse of
mitochondrial membrane potential (Fig. 5H). Notably, the
paraquat-induced decrease in red/green florescence ratio was
strongly suppressed by pretreatment with G-TPP, indicating
that G-TPP blocks mitochondrial membrane potential
decrease induced by paraquat treatment (Fig. 5, G and H).
Moreover, the ROS indicator CM-H2DCFDA clearly showed
that the paraquat-induced increase of intracellular ROS level
was successfully suppressed by G-TPP (Fig. 5, / and K). In con-
trast to G-TPP, 17-AAG, a geldanamycin derivative without a
mitochondrial targeting module, failed to inhibit the paraquat-
induced cell death (Fig. 5, A, E, and F), a decrease in mitochon-
drial potential (Fig. 5, G and H), and an increase in ROS level
(Fig. 5, J and K). In addition, suppression of TRAP1 expression
using TRAPI-specific sShRNA inhibited the cell death (Fig. 5D),
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mitochondrial membrane depolarization (Fig. 5I), and ROS
generation (Fig. 5L) induced by paraquat treatment at the very
similar level as G-TPP did. Furthermore, G-TPP treatment
could not significantly enhance this TRAP1 shRNA-induced
cell protection (Fig. 5, D, I, and L). These data further confirmed
that the G-TPP-induced cell protection resulted from a specific
inhibition of TRAP1.

G-TPP Inhibits Paraquat-induced Cytotoxity in DA Neuron
Cell Models—We next examined SH-SY5Y cell, a popular DA
neuron cell model derived from human neuroblastoma (27) to
further test the cell protective role of G-TPP. G-TPP pretreat-
ment successfully protected SH-SY5Y cells from paraquat
treatment (Fig. 64). Further analyses showed that G-TPP inhib-
ited a collapse of mitochondrial membrane potential (Fig. 6B)
and intracellular ROS increase (Fig. 6C) induced by paraquat in
SH-SY5Y cells. Moreover, G-TPP also suppressed loss of mito-
chondrial membrane potential (Fig. 6, D and E) and ROS gen-
eration (Fig. 6F) in paraquat-treated SN4741 cells, a mouse DA
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neuronal cell line expressing TH (28). Overall, these data dem-
onstrated that G-TPP can protect various mammalian cells
including DA neuron models from the paraquat-induced cyto-
toxicity. These mammalian results are highly consistent with
the protective phenotypes against oxidative stress shown in
Drosophila TRAPI mutants (Fig. 2).

G-TPP Rescues PINK1 Mutant Phenotypes in Drosophila and
Mammalian Systems—Based on the recovery of PINKI null
phenotypes by TRAPI mutations (Figs. 3 and 4), we tested
whether G-TPP administration also rescues loss of function
defects in PINK1. We raised 1-day-old flies on either normal fly
food supplemented with G-TPP (1 mm or 5 mMm) or vehicle
alone for 3 days and checked their locomotor activity using
climbing assay. Wild type controls showed no difference in
locomotor activity under G-TPP treatment compared with
vehicle alone controls (Fig. 7A), indicating no significant side
effect of G-TPP on fly models. In PINKI null mutants,
G-TPP markedly restored locomotor activity in a dose-de-
pendent manner (Fig. 7A). After 30 days of G-TPP adminis-
tration, we counted the number of DA neurons in DL1 (Fig.
7,Band C) and DM (Fig. 7, D and E) clusters. Consistent with
the motor activity results (Fig. 7A), loss of DA neurons in
PINK1I null mutants was successfully rescued by G-TPP (Fig.
7, B-E).

We next treated PINKI null MEFs incubated in galactose
medium with G-TPP. Because cells grown in galactose medium
mainly rely on oxidative phosphorylation to generate ATP,
PINKI-deficient MEF cells showed a substantial decrease in
mitochondrial membrane potential in galactose media,
whereas they maintained normal membrane potential in glu-
cose media (Fig. 7F). Strikingly, G-TPP restored the decreased
mitochondrial membrane potential in galactose media in a
dose-dependent manner, although 17-AAG had no effect in the
concentration that G-TPP can induce almost complete recov-
ery (Fig. 7F). These pharmacological data confirmed that
TRAP1 inhibition can rescue PINKI null phenotypes in both
fruit fly and MEF, suggesting that G-TPP has the potential to
suppress PINKI-linked pathogenesis including PD.

FOXO Mediates TRAP1 Mutation-induced Cell Protective
Signals—We previously discovered that FOXO transcription
factor complements PINK1 null mutant phenotypes (23). Addi-
tionally, Jinger et al. (29) reported that FOXO null mutants are
sensitive to oxidative stress. Based on these roles of FOXO in
oxidative stress and mitochondria, we investigated the function
of FOXO in TRAPI mutants to uncover the molecular mecha-
nism underlying the cell protection induced by TRAP1 inhibi-
tion. Surprisingly, deletion of FOXO gene nullified the
increased survival of TRAP1 mutants grown on paraquat- (Fig.
8A) and rotenone-containing media (Fig. 8B). Furthermore, a
heterozygous FOXO mutation aggravated the climbing ability
rescued by TRAPI mutation in PINKI mutants (Fig. 8C). The
FOXO heterozygous mutation also inhibited TRAPI mutation
to rescue the decreased ATP level of PINKI mutants (Fig. 8D).
Moreover, FOXO deletion almost completely blocked G-TPP
to rescue the locomotor defect in PINKI null mutants (Fig. 8E).
Based on these fly data, we checked the roles of FOXO tran-
scription factors in G-TPP-treated mammalian cells. Consist-
ent with the fly data, G-TPP strongly enhanced the cell viability
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of paraquat-treated MEF cells (Fig. 8F). However, when we sup-
pressed FOXOI or FOXO3 expression using siRNA technology,
the increased viability of G-TPP-treated MEF cells was signifi-
cantly down-regulated (Fig. 8F), suggesting that FOXO tran-
scription factors mediate a conserved role in cell protection
induced by TRAP1 suppression in both mammalian cells and
Drosophila. All of these results consistently support that
TRAP1 inhibition suppresses oxidative stress and rescues
PINKI mutant phenotypes in a FOXO-dependent manner.
FOXO transcription factors induce expression of crucial tar-
get genes to regulate important cellular processes. When we
checked the mRNA level of Thor, a representative FOXO target
gene encoding Drosophila 4E-binding protein (29), in TRAPI
mutants, it was significantly increased (Fig. 8G). In previous stud-
ies, ectopic expression of Thor rescued oxidative stress-related
phenotypes of FOXO null mutants (30), as well as mitochondrial
dysfunction and DA neuron loss phenotypes of PINKI mutants
(23), indicating that FOXO induces Thor gene expression in our
TRAPI mutants. Further supporting this idea, deletion of FOXOin
TRAPI mutants suppressed Thor expression to control levels (Fig.
8G). Moreover, TRAPI knockdown also increased the transcrip-
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tion activity of FOXO in Drosophila S2 cells (Fig. 8H), suggesting
FOXO as a critical mediator of cell-protective signal induced by
TRAPI inhibition.

Owusu-Ansah et al. (31) found that FOXO relays signals
from ROS generated by mitochondria to the nucleus, and we
observed that mutation of TRAPI increases the ROS level in
Drosophila (Fig. 2, B and C). These data suggest that TRAP1
inhibition can induce FOXO-mediated stress response sig-
naling through ROS. To test this possibility, we grew flies on
standard media containing the ROS scavenger N-acetylcys-
teine (NAC) for 3 days and transferred them to paraquat-
containing media for oxidative stress test. This NAC pre-
treatment had no effect on the survival of wild type flies (Fig.
8I). By contrast, NAC significantly suppressed the enhanced
survival induced by TRAP1 mutation (Fig. 8]), demonstrat-
ing that oxidative stress resistance induced in TRAPI
mutants is dependent on ROS generated by TRAPI muta-
tion. The NAC treatment also inhibited the induction of
Thor gene expression in TRAPI mutants (Fig. 8]), suggesting
that ROS mediates the FOXO-dependent cell protective sig-
naling in TRAP1 mutants.
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Discussion

In this study, we generated and characterized Drosophila
TRAPI mutants. Our TRAPI mutants successfully developed
into adults and showed no significant defects in their life span.
Although TRAP1 has been regarded as a mitochondrial protec-
tive protein, we did not observe any meaningful defects in mito-
chondrial morphology, ATP level, and mtDNA content in 3- or
30-day-old TRAPI mutants (Fig. 1). However, under treatment
of free radical inducers, such as rotenone or paraquat, loss of
TRAPI significantly increased survival rate (Fig. 2). Moreover,
TRAPI mutation ameliorated oxidative stress sensitivity, mito-
chondrial dysfunction, and DA neuronal loss in Drosophila PINK1
null mutants (Figs. 3 and 4). Consistent with these fruit fly data,
TRAPI KO mice showed reduced age-associated tissue degenera-
tion with activated oxidative chain complex activities (18).

These genetic data were fully supported by the following
pharmacological analyses. G-TPP inhibited cell death and
restored the decreased mitochondrial membrane potential in
various paraquat-treated mammalian cells, such as MEFs (Fig.
5) and DA neuron model cell lines (Fig. 6). Moreover, G-TPP
treatment ameliorated decreased motor activity and DA neu-
ron degeneration in Drosophila PINKI null mutants and res-
cued mitochondrial dysfunction in PINKI null MEFs (Fig. 7).
Overall, our genetic and pharmacological data clearly demon-
strated that TRAP1 inhibition can induce resistance against
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oxidative stress and rescue PINKI null defects in both Drosoph-
ila and mammalian systems.

These results raised important questions: How does TRAP1
suppression induce oxidative stress resistance although it
increases ROS levels (Fig. 2)? What is the molecular mechanism
underlying the cell protection induced by TRAP1 inhibition?
ROS has been regarded as detrimental to many biological pro-
cesses. However, recent reports showed that ROS can activate
beneficial signals especially from mitochondria (32). When
Schulz et al. (33) restricted glucose availability in Caenorhabdi-
tis elegans, they observed life span extension and oxidative
stress resistance accompanied by increased ROS production. Pre-
treatment of anti-oxidants, such as NAC, inhibited elevated
expression of cell protective enzymes in glucose-restricted worms
and subsequently blocked the extension of life span and the resis-
tance against oxidative stress. Consistently, in TRAP mutants,
NAC treatment suppressed the enhancement in survival on para-
quat-containing media (Fig. 81), suggesting that ROS generated by
TRAPI mutation is not detrimental but beneficial as shown in
previous studies (31, 32). Then what makes ROS beneficial? Yang
and Hekimi (34) investigated types of ROS from mitochondria in
long-lived C. elegans mutants. They observed that mitochondrial
superoxide, which was also detected in dihydroethidium staining
of TRAP1 mutants (Fig. 2C), was critical to the life span extension
induced by several mitochondrial protein mutations. In
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FIGURE 7. G-TPP treatment rescues PINK1 null mutant phenotypes. A, climbing assay of G-TPP-treated wild type (WT) and PINK1 null mutant (B9) flies
(n = 4). B, images of the DA neurons within DL1 cluster of the adult brain from 30-day-old flies incubated in food-containing G-TPP at indicated
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other analyses, low doses of paraquat, which generate vari-
ous types of ROS from mitochondria (34), successfully pro-
longed life span, whereas higher concentrations shortened it
(35). These results suggest that certain types or amounts of
ROS are critical to its beneficial roles and indicate that
TRAPI down-regulation potentially induces appropriate
types or amounts of ROS for cell protection.

In genetic analyses to find a molecular link between TRAP1
inhibition and cell protection, FOXO loss of function nullified
the oxidative stress resistance induced by TRAP1 mutation or
TRAPI inhibition (Fig. 8, A and B). Consistently, loss of func-
tion mutations of FOXO reaggravated the rescued phenotypes
of PINKI null mutants by TRAPI mutation or G-TPP treat-
ment and also suppressed TRAPI mutation-induced gene
expression of Thor, a FOXO target gene that has a critical role
in mitochondrial protection and oxidative stress resistance (23,
30) (Fig. 8, C-E and G). We also observed that TRAP1 inhibi-
tion requires FOXO transcription factors to induce cell protec-
tion against oxidative stress in mammalian cells (Fig. 8F). These
data consistently demonstrated that FOXO transcription fac-
tors mediate cell protection and survival signal induced by
TRAP1 inhibition. Moreover, NAC suppressed the enhanced
Thor expression and the resistance against oxidative stress in
TRAPI mutants, suggesting that ROS generated by TRAP1-
inhibited mitochondria induces FOXO-mediated gene expres-
sion to protect cells and animals from oxidative stress and
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PINK1 mutation (Fig. 8, I and J). Owusu-Ansah et al. (31) also
reported that ROS from mitochondria activates nuclear gene
expression through FOXO.

We observed that G-TPP successfully protects various mam-
malian cells, such as NIH 3T3, MEF, SH-SY5Y, and SN4741,
from oxidative stress. Contrarily, it also potentiated oxidative
stress-induced cell toxicity in HeLa and MCF?7 cells that are
very sensitive to TRAP1 inhibitors (11, 25) (Fig. 5, A and B). In
biochemical analyses, G-TPP caused toxicity in cells with ele-
vated expression of TRAPI, whereas G-TPP protects cells
expressing TRAP1 at relatively low levels (Fig. 5C). These
results raise a possibility that TRAP1 expression level reflects
different cellular contexts such as amounts of stress on mito-
chondria. In cells under heavy mitochondrial stress, TRAP1 is
overexpressed to protect mitochondria. In this case, TRAP1
inhibition by G-TPP treatment abruptly stops mitochondrial
protection mechanisms and subsequently induces cell death.
However, it is possible that, in cells not mainly dependent on
TRAP1-mediated protection, TRAP1 is weakly expressed, and
its inhibition can generate weak and beneficial mitochondrial
stress to induce cell protective signals. Testing this hypothesis
and finding the molecular mechanism underlying the correla-
tion between TRAP1 expression levels and the sensitivity to
G-TPP will be our future topics.

In this report, we showed that genetic and pharmacological
inhibition of TRAP1 protects cells from oxidative stress and mito-
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FIGURE 8. FOXO mediates cell-protective signals induced by TRAPT mutation. A, survival curves of wild type control (WT), TRAP1 mutant (TRAP1),
TRAP1 and FOXO double mutant (TRAP1", FOXO ™), and FOXO mutant (FOXO~) male flies on paraquat-containing food (log rank test: p < 0.05, groups
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paraquat treatment, flies were incubated in normal or NAC (5 mg/ml)-containing standard fly food for 3 days (log rank test: p < 0.05, groups with the
same letter do not differ significantly). J, comparison of Thor mRNA levels. Flies were incubated in normal or NAC (5 mg/ml)-containing standard fly food
for 3 days. Significance was determined by one-way ANOVA with Sidak correction. *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, not significant. Error bars
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chondrial dysfunction. Furthermore, they can generate a compen-
satory retrograde signal from mitochondria, also known as mito- ACk"OWZEdgme”,ts_ We are grateful to Drs. E. Hafen, U. ]. Kang, and
hormesis (32), to up-regulate cell protective gene expression. X. Zhuang for flies and MEFs. We also thank to the members of the

These unexpected results raise the possibility that TRAP1 inhibi- gh ung {abomt;r y and the Mit;)chondria Hub Regulation Center for
tors developed for anti-cancer therapy might be used to treat ISCUSSLONS and encouragement.

human pathology induced by mitochondrial disorders, including
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