Drug Target InSIthS ﬂ Libertas Academica

OPEN ACCESS
Full open access to this and
thousands of other papers at

ORIGINAL RESEARCH .
http://www.la-press.com.

Hsp60 Chaperonin Acts as Barrier to Pharmacologically
Induced Oxidative Stress Mediated Apoptosis in Tumor Cells
with Differential Stress Response

Upasana Sarangi'#, Manish Kumar Singh?#, Kanugovi Vijaya Vittal Abhijnya’, Lebaka Prasanna
Anjaneya Reddy', Badabagni Siva Prasad’, Vikrant Vinay Pitke', Khanderao Paithankar’

and Amere Subbarao Sreedhar?

'CSIR—Centre for Cellular and Molecular Biology, Uppal Road, Hyderabad 500007, Andhra Pradesh, India. 2Centre for

Genomics, Jiwaiji University, Gandhi Road, Gwalior 474011, Madhya Pradesh, India. #Authors contributed equally.
Corresponding author email: assr@ccmb.res.in

Abstract: Mitochondrial functions play a central role in energy metabolism and provide survival fitness to both normal and tumor cells.
Mitochondrial chaperonin Hsp60 is involved in both pro- and anti-apoptotic functions, but how Hsp60 senses the mitochondria selec-
tive oxidative stress response is unknown. In this study, by using rotenone, an irreversible inhibitor of oxidative phosphorylation against
IMR-32 and BC-8 tumor cells containing differential heat shock transcriptional machinery, we studied whether the oxidative stress
response is related to Hsp60. The accelerated cytotoxicity in response to rotenone has been correlated with enhanced production of O,*,
H,0,, reactive oxygen species, and Hsp60 translocation from the mitochondria to the cytoplasm. The inability of cells to resist oxida-
tive stress mediated Hsp60 translocation appeared to depend on mitochondrial oxyradical scavenging system and Bax translocation.
A delayed oxidative stress response in 2sp60 shRNA-treated cells was found to be due to increased mitochondrial translocation of Hsp60
on shRNA pre-sensitization. Overexpression of Hsp60 failed to protect cells from oxidative stress due to a lack of its mitochondrial
retention upon post-rotenone treatment. These results also revealed that Hsp60 mitochondrial localization is indispensable for decreas-
ing O,*" levels, but not H,0, and ROS levels. However, cycloheximide treatment alone induced Hsp60 translocation, while rotenone
combination delayed this translocation. In contrast to oxidative stress, MG132 and 17AAG treatments showed mitochondrial retention
of Hsp60; however, MG132 combination either with 4sp60 shRNA or 17AAG induced its translocation. Additionally, overexpression
of Huntingtin gene also resulted in Hsp60 mitochondrial accumulation. We suggest that Hsp60 may act as a barrier to pharmacological
targeting of mitochondria.
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Introduction

Hsp60 is a major mitochondrial chaperonin and plays
a crucial role in the folding and assembly of newly
imported proteins.! Cytoplasmic Hsp60 has been
implicated in cell survival through indistinct cellular
mechanisms.> Hsp60 functions were thought to be
associated with the mitochondrial proteostasis, until
Chandra et al,’> showed its cytoplasmic accumula-
tion during apoptosis activation. Although the role of
Hsp60 in cancer cells has not been fully explored, it
has been suggested that this chaperonin is a poten-
tial antitumor target.*> Considering its role in several
pathological models, it is important to understand its
intracellular localization specific functions.

Considering both the bioenergetics and cell-death
promoting biochemical mechanisms, mitochondria
are implicated in cancer progression as well as in
cytotoxicity.” The prominent features of cancer cells
include enhanced resistance to mitochondrial apopto-
sis.®® Chaperones such as Hsp70, Hsp90, and Hsp27
act against cellular oxidative stress by contributing to
cell survival.'>!* Oxidative stress induces Hsp60 syn-
thesis'* and protects cells in vitro'>!® and in vivo.'”!
Further, the oxidative stress induced Hsp60 oxidation
has been correlated with decreased cellular protein
oxidation and suggests possible antioxidant functions
of Hsp60 in yeast and bacteria.'”?! However, studies
examining higher eukaryotes to understand the con-
crete mechanistic details are lacking.

Since Hsp60 secretion increases in response to
apoptotic stimuli,”* leading to mitochondrial perme-
ability transition pore opening, Hsp60 is thought to
be pro-apoptotic. Nevertheless, mammalian Hsp60
exhibits both anti-apoptotic**?® and pro-apoptotic
functions.?”*® Given that chaperones are involved in
mitochondrial dynamics and in deciding cell fate,”
we aimed to understand the cross-talk between mito-
chondrial oxidative stress and Hsp60 in response to
the inhibition of mitochondrial oxidative phosphory-
lation (OXPHOS) in tumor cells.

In this study, using rotenone, an irreversible inhib-
itor of OXPHOS against IMR-32 cells that contain
intact inducible heat shock transcriptional machin-
ery® and BC-8 tumor cells that lack inducible heat
shock transcriptional machinery,’! we showed that
the oxidative stress response is related to Hsp60. We
demonstrate that Hsp60 mitochondrial localization

is indispensable for decreases in reactive oxygen
species (ROS) levels and cytotoxicity. We also show
differential Hsp60 response to proteotoxic stress and
oxidative stress, and suggest that Hsp60 acts as a bar-
rier to mitochondrial oxidative stress mediated cell
death. In conclusion, we show that Hsp60 acts as a
primary response to oxidative stress and its cytoplas-
mic translocation sensitizes cells to apoptosis. Our
findings provide insight into the unconventional roles
of Hsp60, which may guide innovative therapeutic
strategies to combat cancer.

Materials and Methods

Cell culture and maintenance

Rat histiocytoma, BC-8 is a single clone of sponta-
neously regressing chemically induced AK-5 tumor
developed in the laboratory. Human neuroblas-
toma, IMR-32 cells were obtained from American
Type Cell Culture (ATCC, Manassas, VA, USA).
Both cells were grown and maintained in DMEM
containing 10% fetal bovine serum albumin in the
presence of penicillin (100 U/mL), streptomycin
(50 pg/mL), and kanamycin (30 pg /mL) at 37 °C
in a humidified incubator with 5% CO, supply. For
treatments, 1 X 10mL BC-8 cells in suspension and
0.4 x 10°mL IMR-32 cells grown on cover glasses
(22 x 22 mm, Fisher Scientific, Waltham, MA, USA)
in a 6-well culture dish (Nunc, Thermo Scientific)
were incubated with appropriate drugs in complete
medium for the required time periods. Drugs used in
the present study included rotenone (1 uM; Sigma-
Aldrich, St. Louis, MO, USA), cycloheximide (CHX;
10 uM; Calbiochem, San Diego, CA, USA), 17AAG
(2 uM; Invivogen, Carlsbad, CA, USA), MGI132
(200 nM; Sigma-Aldrich).

Cell-based assays

Fluorescence activated cell sorting (FACS,
FACSCalibur, Becton Dickinson, Franklin Lakes,
NJ, USA) analysis was performed by staining cells
with propidium iodide (50 pg/mL; Sigma-Aldrich).
Intracellular ROS (ROSi) was measured as 2’,7’-
dichlorofluorescein (DCF) fluorescence using CM-
H,DCFDA (2 uM for BC-8 and 5 uM for IMR-32,
Dojindo, Kumumoto, Japan) staining. Change in
mitochondrial membrane potential (A¥m) was mea-
sured by JC-1 (40 nM, Invitrogen, Carlsbad, CA,
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USA) staining and analyzed using a MoFlow FACS
machine (Becton Dickinson, USA). Each experi-
ment was repeated a minimum three times and
the data were analyzed using BD Cell-Quest Pro
v5.2 software.

DNA fragmentation assay

Cells fixed in 70% ethanol were incubated in citrate-
phosphate buffer, pH 8.0 (192 parts of Na PO, and
8 parts of citric acid) 1 h at room temperature. Cells
were then centrifuged (2655 xg for 5 min), the super-
natant was treated with 3 uL of 0.2% NP40 and 3 uL
of RNase (1 mg/mL) at 37 °C for 45 min, followed
by proteinase K (1 mg/mL) treatment for another
45 min prior to DNA extraction. The DNA was run
on 1% agarose gel at 2 V/cm for 16 h, stained with
0.5 ug/mL ethidium bromide, and observed using UV
transilluminator.

High-performance liquid
chromatography (HPLC) detection

of superoxide (O2°*) levels

Cells incubated with 10 uM hydroethidine (HE; Invit-
rogen) for 20 min were washed and stored at —80 °C
until further use. Cells were lysed using 0.2 mL Tri-
ton X-100 (0.1%), 100 uL lysate was transferred
to another tube containing 100 uL. 0.2 M HCIO, in
MeOH and incubated on ice for 1 h. The mixture was
centrifuged at 20,000x g at 4 °C for 30 min (Model
5417R, Eppendorf, Hamburg, Germany), 100 uL
supernatant was transferred to fresh tube contain-
ing 100 uL 1 M potassium phosphate buffer, pH 2.6,
vortexed for 5 min and subsequently centrifuged for
15 min at 20,000x g at 4 °C. The clear supernatant
was subjected to HPLC (1200 Series, Agilent Tech-
nologies, Santa Clara, CA, USA) analysis using an
Agilent C18 column (4.6 X 250 mm; 5 um particle
size) with a gradient of acetonitrile/water from low
(mobile phase A) to high (mobile phase B) concen-
tration of acetonitrile containing 0.1% trifluoroacetic
acid (TFA) in UV-visible absorption spectra (excita-
tion: 358 nm; emission: 440 nm). The HE oxidation
products 2-OH-E+, E+ and E+-E+ were obtained
from the HPLC analysis. Quantification was per-
formed by comparing integrated peak areas between
the obtained and standard solutions under identical
chromatographic conditions.

Spectrofluorimetric quantification

of hydrogen peroxide

Amplex® Red (AR) Hydrogen Peroxide/Peroxidase
Assay Kit was purchased from Molecular Probes
(Invitrogen). Briefly, 15,000 cells were collected in
Krebs-Ringer phosphate (KRPG) buffer (145 mM
NaCl, 5.7 mM sodium phosphate, 4.86 mM KClI,
0.54 mM CaCl,, 1.22 mM MgSO,, 5.5 mM glucose,
pH 7.4). Next, 100 UL of reaction mixture containing
50 uM Amplex® Red, 0.1 U/mL horseradish peroxi-
dase (HRP) was added into wells of a black opaque
microplate (Corning-Costar 3915, Corning, NY, USA)
and pre-warmed for 10 min at 37 °C. The reaction was
initiated by the addition of 50 puL cells in KRPG buf-
fer and the absorbance (excitation: 560 nm; emission:
590 nm) was measured in a TECAN infinite 200, mul-
tifunctional microplate reader (Tecan, Maennedorf,
Austria), and no-HRP control values were normalized
with the sample values. Results were analyzed using
i-control software.

Transfection of plasmid

into mammalian cells

Transfection of plasmid DNA into mammalian cells
was conducted using lipofectamine LTX plus reagent
(Invitrogen). To knockdown Hsp60, 60% confluent
cells were transfected with 4 ug piGENETMUG6 Rep
plasmid carrying Hsp60 shRNA (gift from Dr Renu
Wadhwa, Japan). To overexpress Hsp60, 2 ug full
length Asp60 ¢cDNA cloned into pEGFP expression
plasmid prepared in-house was used. To induce pro-
teoxicity, 4 ng Huntingtin (Q86) cloned in pEYFP
plasmid (gift from Dr Richard Morimoto, USA) was
used. Briefly, the plasmid DNA was added to 100 uL
incomplete DMEM medium, mixed with 3 pL of
lipofectamine LTX plus reagent, and incubated for
5 min at room temperature. Next, 2 UL lipofectamine
plus reagent was added to the mix and further incu-
bated for 30 min at room temperature. The mixture
was then added drop-wise to cells containing incom-
plete medium and incubated. After 4 h incubation at
37 °C in a CO, incubator, the medium was replaced
with 300 uL complete medium and cells were main-
tained for 24 h at 37 °C. The transfection efficiency
was scored by counting GFP-positive cells under a
fluorescence microscope as well as examined for total
hsp60 RNA expression. The shRNA transfected cells
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were selected using 2 ug/mL puromycin, and Hsp60
overexpressing cells and Huntington positive cells
were selected using 200 png/mL G418. We used con-
trol transfection and scrambled transfection for all
experiments. The experimental values are taken only
after normalizing the values to the lipofectamine/con-
trol transfection.

Mitochondria fractionation

Cells (9 x 10°) were washed with phosphate-buffered
saline (PBS) and resuspended in isotonic buffer
A (20 mM mannitol, 7 mM sucrose, ]| mM EGTA,
10 mM HEPES, pH 7.5), supplemented with pro-
tease inhibitors (1 mM phenylmethylsulfonyl fluoride
(PMSF), 10 pg/mL leupeptin, 10 pg/mL pepstatin A,
10 ug/mL soybean trypsin inhibitor, and 10 pg/mL
aprotinin), and homogenized using Dounce glass
homogenizer with 100 strokes holding the homog-
enizer at a 45° angle. The lysate was centrifuged at
800 rpm for 10 min and the supernatant was collected
and re-centrifuged at 15294 xg for 10 min. The pellet
containing the mitochondrial fraction was suspended
in high concentrations of isotonic buffer (400 mM
mannitol, 50 mM Tris-HCI, pH 7.2, 5 mg/mL bovine
serum albumin, 10 mM KH,PO,) and used for further
experiments.

Reverse transcription (RT)-PCR analysis
The total RNA was isolated wusing TRIZOL
(Sigma-Aldrich). The first-strand cDNA was prepared
from 1 pg total RNA using Prime Script 1st strand
cDNA synthesis kit (Takara Bio Inc., Shiga, Japan).
The gene-specific ¢cDNA amplifications were per-
formed using qualitative PCR primers in a dual block
PCR machine (DNA Engine; Bio-Rad, Hercules, CA,
USA). The primers used included human-specific
GAPDH (Accession No NM 002046.3), sense,
5'-ACATCGCTCAGACACCATGGGGAA-3’; anti-
sense, 5'-TGACGGTGCCATGGAATTTGCCA-3’; rat-
specific GAPDH (Accession No NG _028301.1), sense,
5’-ACCACAGTCCATGCCATCAC-3; antisense,
5’-TCCACCACCCTGTTGCTGTA-3’; Hsp60 specific
to both human and rat (Accession No NM_010477.4),
sense, 5-AAGGTTGGAAGAAAGGGTGTCA-3’;
antisense, 5-CCTTCAACACAGCTACTCCATC-3'.
The primers for producing Hsp60 overexpression
plasmids were constructed to contain the Hindlll restric-
tion site and the antisense primer contained the BamHI

restriction site, (Accession No NM_010477.4), sense,
5-TGCAGAAGCTTATGCTTCGACTACCCACAG-3";
antisense, 5 -ATTGATGGATCCTTAGAACATGC-
CGCCTCC-3".

Immunoblot analysis

Proteins were extracted into HEPES lysis buffer
(20 mM HEPES, 10 mM NaCl, 1.5 mM MgCl,
0.1% Triton X-100, pH 7.6), after which 20 ug of the
extract was run on 10% SDS-PAGE and transferred
to nitrocellulose membrane. The antibodies used in
this study included Hsp60 (SPA-806; Enzo Life Sci-
ences, Farmingdale, NY, USA), Bax (Cat No 06-499;
Upstate Biotechnologies Inc., Lake Placid, NY, USA).
Procaspase-3 (SC-1225), p53 (SC-6243), BCI2 (SC-
783), MnSOD (SC-30080), Cu-Zn SOD (SC-11407),
Huntingtin (SC-8767), B-tubulin (SC-9104), COXIV
(SC-58348), and GAPDH (SC-25778)were from
Santa Cruz, CA, USA. Secondary antibodies used
in the study included rabbit anti-goat IgG HRP (SC-
2922) and goat antimouse IgG HRP (SC-2005) from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Immunodetection was performed using a Roche
chemiluminescence detection kit (Roche, Basel,
Switzerland).

Laser scanning confocal

imaging microscopy

Mitochondria were stained with CMX-Ros (200 nM;
Invitrogen) and the nucleus was stained with DAPI
(50 nM; VECTASHIELD, Vector Labs, Burlingame,
CA, USA) and observed under a laser scanning confo-
cal imaging microscope (Leica TCS SP5, Leica Micro-
systems, Solms, Germany). All immunoflourescence
experiments were performed using anti-Hsp60 poly-
clonal primary antibodies and rabbit IgG secondary
antibodies conjugated to fluorescein isothiocyanate
(FITC) (Santa Cruz Biotechnology).

MTT assay

Control and rotenone-treated cells (1 x 10*) in 96-well
plates or cells transfected with Hsp60-GFP expres-
sion plasmid alone or in combination with rotenone
were cultured for 24 and 48 h at standard culture
conditions. After treatment, MTT (50 pg/well) was
added to the cells and incubated for 4 h. The reaction
was stopped by adding 0.1 mL dimethylsulfoxide, and
the absorbance of purple color developed was mea-
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sured at 570 nm in an enzyme-linked immunosorbent
assay plate-reader (Molecular Devices, Sunnyvale,
CA, USA). The control values were normalized and
the absorbance values obtained were converted to
percent cytotoxicity.

Statistical analysis

The data shown are mean * standard deviation (SD)
or mean = standard error of the mean (SEM) of three
independent experiments. Significance was calculated
by student’s #-test, data with a value of P < 0.05 (¥)
considered significant.

Results

Rotenone induces cytotoxicity without
inducing cytostasis

In this study, by using rotenone, an irreversible inhibi-
tor of oxidative phosphorylation against IMR-32 and
BC-8 tumor cells that exhibit differential heat shock
transcriptional machinery, we studied whether the oxi-
dativestressresponseisrelatedto Hsp60. Compromised
transcription in BC-8 occurs due to inability of heat
shock transcription factor-1 (HSF1) activation. Com-
promised transcription in BC-8 is due to the lack of
heat shock transcription factor-1 activation.’’ Tumors
arise from dysfunctional mitochondria and enhanced
Hsp expression; therefore, using two different cells,
we examined whether tumor mitochondria play a sig-
nificant role in deciding the fate of cells as well as the
role of Hsp60 chaperonin in its regulation. To study
the effect of OXPHOS inhibition in BC-8 and IMR-
32, cells were treated with 1 UM rotenone for 24 and
48 h and analyzed by FACS. DNA content analysis is
a standard method to examine cell cycle stages. The
cells containing one copy of DNA are grouped as G1
phase cells, cells containing two copies of DNA are
grouped as G2/M phase cells, and cells in DNA syn-
thesis phase are grouped as S phase. Cells neither in
G1/S nor in G2/M, but with fragmented DNA, a char-
acteristic feature of apoptotic cell death, are grouped
as subG1 cells. BC-8 cells showed a time-dependent
increase in subGl cells, 43 and 94% (P < 0.001) for
24 and 48 h, respectively with decreased G1 and S
phase cells (Fig. 1A). IMR-32 cells also showed an
increase in subGl cells, 29.7 (P < 0.001) and 41.75%
(P < 0.01) for 24 and 48 h, respectively (Fig. 1B).
There was a 52% increase in cytotoxicity upon longer
treatment of BC-8 compared to IMR-32. Since Hsp60

is implicated in cell death activation during mitochon-
drial malfunction,” cells were transiently transfected
(60% and 90% efficiency for BC-8 and IMR-32 cells,
respectively) with Asp60 shRNA for 24 and 48 h and
analyzed by FACS. The efficiency of shRNA was con-
firmed by its ability to decrease Asp60 mRNA (Suppl
Fig. 1). In response to shRNA treatment, BC-8 cells
showed a rapid increase in subGl1 cells, 22 (P < 0.05)
and 51% (P < 0.01) for 24 and 48 h, respectively
(Fig. 1C). However, in IMR-32 cells, shRNA treat-
ment resulted in a small increase in subGl cells,
12% and 15% (P <0.05) for 24 and 48 h, respectively
(Fig. 1D). Next, to examine whether shRNA treatment
accelerates rotenone-induced cell death, cells after
48 h shRNA transfection were treated with rotenone
for 24 and 48 h and analyzed by FACS. BC-8 cells
showed 70% subG1 cells by 24 h (P < 0.01) and 75%
(P < 0.01) subGl cells by 48 h treatment (Fig. 1E).
However, IMR-32 cells showed 44% (P < 0.001)
subGl1 cells by 24 h and 46% subG1 cells by 48 h
(Fig. 1F). shRNA treatment did not enhance cell death
induced by rotenone by 48 h in BC-8 and IMR-32.

Cytoplasmic translocation
of Hsp60 correlates with rotenone-

induced cytotoxicity in BC-8 cells

To examine whether rotenone treatment effects
Hsp60 localization, mitochondria were stained with
CMX-Ros followed by cytoimmunofluorescence
with FITC-conjugated anti-Hsp60 antibodies. In
BC-8, untreated cells showed Hsp60 localizing to
mitochondria, but rotenone treatment resulted in a
significant decrease in mitochondrial Hsp60 (Fig. 2A,
left panel). BC-8 cells showed rapid decrease in mito-
chondrial Hsp60 compared to IMR-32. In BC-8, the
cytoplasmic translocation of Hsp60 is evident at 24
h time intervals; however, at 48 h, due to enhanced
cytotoxicity, Hsp60 localization was observed nei-
ther in mitochondria nor in cytoplasm (Fig. 2A, left
panel). In IMR-32, though a significant decrease
in mitochondrial Hsp60 at 24 h was observed, an
increase in both cytoplasmic and mitochondrial
Hsp60 was observed at 48 h. A complete transloca-
tion of Hsp60 in BC-8 also resulted in increased mito-
chondrial mass and engorgement; in contrast, there
was an increase in Hsp60 levels in IMR-32 correlat-
ing with intact mitochondria (Fig. 2A, right panel).
To further confirm Hsp60 localization, the cytosol
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Figure 1. Rotenone induces cytotoxicity independently of cell cycle inhibition. BC-8 cells were treated with (A) rotenone, (C) shRNA, and (E) combination
for 24 and 48 h and were analyzed by FACS. IMR-32 cells treated with (B) rotenone, (D) shRNA, and (F) combination for 24 and 48 h were analyzed by
FACS. Based on DNA content analysis, cell cycle phases were separated and are represented in the bar diagram. White bars are untreated cells, grey
bars are 24 h treatment, and black bars are 48 h treatment. The Y-axis represents percent cells in each cell cycle phase mentioned in the X-axis. The
values represented are mean + SD. To calculate statistical significance, control values were compared with 24 and 48 h treatments. *P < 0.05; **P < 0.01;

***P < 0.001; NS, not significant.

and mitochondria fractions were separated purity
was confirmed using cytochrome ¢ oxidase (COXIV)
analysis in cytosolic fractions. The proteins were
run on 10% SDS-PAGE and immunoblotted with
antiHsp60 antibodies. The densitometry values after
normalizing with mitochondrial protein COXIV were
used for plotting the graphs. The results clearly indi-
cated enhanced cytosolic translocation of Hsp60 only
in BC-8 (Fig. 2B, left panel), but not in IMR-32 cells
(Fig. 2B, right panel).

shRNA treatment delayed cytosolic

translocation of Hsp60

To wunderstand whether knockdown of Hsp60
enhances the rotenone response, cells were either
treated with shRNA alone for 48 h or further treated
with rotenone for 24 and 48 h, and mitochondria
were stained with CMX-Ros followed by cytoimmu-
nofluorescence with Hsp60 antibodies. Interestingly,
BC-8, upon rotenone treatment, showed a complete
loss of Hsp60 (Fig. 2) and shRNA treatment for 48 h
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Figure 2. Rotenone promotes the cytoplasmic translocation of mitochondrial Hsp60. (A) BC-8 and IMR-32 cells were treated with rotenone, hsp60 shRNA,
or a combination for 24 and 48 h and subjected to cytoimmuniofluorescence analysis with antiHsp60 antibody (green) and co-stained the mitochondria
with CMX-Ros (red). The merger represents the superimposition of green and red images, and the enlarged area indicates the magnified area of the box.
Images were captured at 63x with a scale bar 25 um. (B) Statistical representation of cytosol and mitochondria Hsp60 levels from immunoblot analysis
and analyzed using ImageJ software. The values represented are from three independent blots. The significance values were calculated from comparison
with control from cytosol and mitochondria fractions. The values represented are the mean + SD. To calculate statistical significance, control values were
compared with 24 and 48 h treatments. *P < 0.05; **P < 0.01. The numbers in green indicate fluorescence mean values (ROI).

showed decreased mitochondrial Hsp60. However,
a combination of shRNA and rotenone treatment
showed complete loss of mitochondrial Hsp60 at
this time interval. IMR-32, similar to rotenone treat-
ment (Fig. 1), shRNA alone or in combination with
rotenone showed retention of mitochondrial Hsp60
(Fig. 3). Unlike in rotenone treatment in which rapid
Hsp60 translocation to cytosol was observed, shRNA
treatment showed delayed Hsp60 translocation.

Rotenone-induced ROS production
correlates with the cytosolic

translocation of Hsp60

Since rotenone induces cytotoxicity through acceler-
ated oxidative stress,*> we measured ROS levels in
BC-8 and IMR-32 cells after treating with rotenone,
shRNA, or their combination. In BC-8, we observed
a time-dependent increase in ROS levels of 56.4 and
96.2% (P <0.001) for 24 and 48 hrotenone treatments,
respectively. Although shRNA treatment showed a

small increase in ROS levels, 4.8 (P < 0.05) and 19%
(P < 0.01) for 24 and 48 h, the shARNA combination
with rotenone significantly increased ROS levels by
26.93 and 87.33% (P < 0.01) for 24 and 48 h, respec-
tively (Fig. 4A). In IMR-32, also we observed a time-
dependent increase in ROS levels by 47.1 (P < 0.01)
and 74.34% (P < 0.001) for 24 and 48 h treatments,
respectively. Similar to BC-8, shRNA treatment
resulted in 1.8 (NS) and 3.9% (P < 0.01) increase in
ROS levels; however, the ShARNA combination with
rotenone treatment significantly increased the ROS
levels by 70% and 62.6% (P < 0.001) for 24 and 48
h treatment, respectively (Fig. 4B). These results sug-
gest that rotenone, but not shRNA treatment, enhances
ROS production.

Because the mitochondrial membrane poten-
tial provides information regarding mitochondrial
damage,* cells treated with rotenone, shRNA, and
their combination were stained with JC-1 and analyzed
by FACS. Under normal physiological conditions,
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Figure 3. Rotenone combination enforces Hsp60 translocation to cyto-
plasm despite shRNA induced delay. BC-8 and IMR-32 cells were treated
with rotenone, hsp60 shRNA, or their combination for 24 and 48 h and
subjected to cytoimmuniofluorescence analysis with anti-Hsp60 antibody
(green). Mitochondria stained with CMX-Ros (red). The merger repre-
sents the superimposition of green and red images, and the enlarged
area indicates the magnified area of the box. Scrambled shRNA was also
used and compared with the control. Images were captured at 63x with
a scale bar 25 um. The numbers in green indicate fluorescence mean
values (ROI).
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JC-1 aggregates in the mitochondria and shows red
fluorescence. When the mitochondrial membrane
potential collapses, JC-1 cannot accumulate in the mito-
chondria, and therefore remains in the cytoplasm as a
green fluorescent monomeric form. In BC-8, rotenone
treatment showed a time-dependent increase in the red
to green ratio. However, we did not observe a change
in red fluorescence upon shRNA treatment, while rote-
none combination treatment significantly increased the
red to green ratio (Fig. 4C). In IMR-32 cells, none of
the treatments, rotenone, ShRNA or their combination,
markedly increased green fluorescence (Fig. 4D), sug-
gesting that A¥m may not be directly correlated with
ROS production as ROS production is the latter step of
superoxide and hydrogen peroxide radical production.

Rotenone induces both

superoxide (O,*") and hydrogen

peroxide (H,O,) radical production
Complexes I and III of the mitochondrial respiratory
chain are the sites for non-enzymatic O,*~ production.*

3
S

100
80 -

Percent ROS levels

60 %

shRNA
scrambled

40

Percent ROS levels

20

C 24h 48h 24h 48h 24h 48h
Rotenone shRNA shRNA
+ rotenone
D %?oo
—_ ; § 80
2825 L
© c 22
S 8 § E 40
§ @ 20 Eé‘zo
8 ] 15 SEo0 hRNA
8 é scsrambled
5c
3810
= =
-2
'S 5
g8 o
N *
Con 24h 48h 24h 48h 24h 48h
Rotenone shRNA shRNA
+ rotenone

Figure 4. Rotenone, but not hsp60 shRNA, affects A¥m. (A) BC-8 and (B) IMR-32 cells were treated with rotenone, hsp60 shRNA, and a combination
for 24 and 48 h and incubated with H,DCFDA for 20 min in the dark, then subjected to DCF fluorescence analysis at an excitation wavelength of 488 nm
and emission wavelength of 535 nm. C, represents the control. The autofluorescence values were normalized with experimental values and percent DCF
fluorescence is represented in the bar diagram. Each bar represents a minimum of five independent experiments. (C) BC-8 and (D) IMR-32 cells after
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The inset image is shRNA treatment for respective measurements. The values represented are mean + SEM. To calculate statistical significance, control
values were compared with 24 and 48 h treatments. *P < 0.05; **P < 0.01; ***P < 0.001.
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To examine O,*" production, oxidation products of
hydroxyethidine (HE) were measured by HPLC.
In BC-8, rotenone treatment resulted in a signifi-
cant increase in HE oxidation product 2-OH-E+
(2-hydroxyethidium) both in 24 and 48 h treatments.
Following shRNA treatment or shRNA treatment in
combination with rotenone, we did not observe the
HE oxidation product 2-OH-E+, suggesting inhibited
or delayed O,*" production (Fig. 5), which may be
related to Hsp60 retention in the mitochondria (Fig. 3).
In IMR-32, in agreement with Figure 1, none of the
treatments showed increased O,*” production (Fig. 5).
Although no significant increase in O,*~ production in
IMR-32 (Fig. 5) was observed, there was an increase in
ROS levels (Fig. 4), suggesting involvement of H,O,.
The peroxidase assay revealed that in BC-8, rotenone
and shRNA combination with rotenone significantly
increased H O, levels compared to cells treated with
shRNA alone (Fig. 6A and E in comparison with
6C, P < 0.001). In IMR-32, only rotenone and its
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Figure 5. Rotenone treatment, but not shRNA, induces O,* production.
BC-8 and IMR-32 cells were treated with rotenone, hsp60 shRNA, or
their combination for 24 and 48 h, treated with HE for 20 min in the dark,
and analyzed by HPLC. Fluorescence products of HE were measured
at an excitation of 358 nm and emission of 440 nm and the spectra are
shown in the figure. Scrambled shRNA was also used and compared with
control. The experiment was repeated at least ten times and a represen-
tative spectrum is shown.

combination with shRNA increased H,O, levels com-
pared to cells treated with shRNA alone (Fig. 6B and
F in comparison with 6D, P < 0.001). The increased
ROS levels, thus, correlate with the increased O,*~ and
H,O, production in rotenone treatment in BC-8, but
the increase in H,O, production without O,*~ produc-
tion in IMR-32 suggests activation of alternate sys-
tems such as NADP(H) oxidase.*

Cross-talk between pro-

and anti-apoptotic molecules

The H,O, generation is a secondary step of dismutation
of O,*. Since two enzymes, manganese superoxide
dismutase (MnSOD) and copper/zinc superoxide dis-
mutase (Cu/ZnSOD), are involved in the dismutation
reaction,*® we examined whether these two enzyme
systems were present in the cytosol and mitochon-
drial fractions after rotenone treatment. Although we
observed an increased synthesis of Cu/ZnSOD in BC-8,
its mitochondrial localization was not significant. An
inverse response was observed with MnSOD under
the same experimental conditions. In IMR-32, a sim-
ilar but enhanced response was observed (Fig. 7A).
These results suggest enhanced MnSOD translocation
to the mitochondria may decrease H,O, levels.

If mitochondrial decrease in MnSOD is respon-
sible for increased ROS levels in the mitochondria,
it should correlate with increased apoptosis. We
observed decreased DNA fragmentation in IMR-32
compared to BC-8 cells (Fig. 7B). The enhanced rate
of apoptosis in BC-8 cells was further correlated with
a drastic decrease in Asp60 and p53 mRNA (Fig. 7C).
To identify any potential pro-apoptotic molecules
involved in rotenone-induced apoptosis activation,
in the absence of Hsp60 synthesis, we examined for
potential pro- and anti-apoptotic molecules. Increased
mitochondrial Bax correlates with increased apopto-
sis in BC-8, but not in IMR-32, suggesting that Bax
and Hsp60 have opposite functions (Fig. 7D and E).

Rotenone restores cycloheximide
(CHX)-induced translocation of Hsp60

To examine whether Hsp60 mitochondrial localiza-
tion depends on protein synthesis, protein synthesis
was inhibited by CHX and Hsp60 localization was
observed by cytoimmunofluorescence. Significant
translocation of Hsp60 from the mitochondria to
the cytoplasm was observed in a time-dependent
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Figure 6. Rotenone treatment, but not hsp60 shRNA, significantly induces H,0O, production. BC-8 cells were treated with (A) rotenone, (C) hsp60 shRNA,
and (E) their combination for 24 and 48 h, treated with AmplexRed for 20 min in the dark, and analyzed. Resorufin excitation and emission were measured
at 571 and 585 nm, respectively, in a spectrofluorimeter. Similarly, IMR-32 cells were treated with (B) rotenone, (D) hsp60 shRNA, and (F) their combina-
tion for 24 and 48 h, treated with AmplexRed and analyzed in spectrofluorimeter. (G) Scrambled shRNA treated BC-8 and (I) scrambled shRNA treated
IMR-32 cells. (H) Standard curve for H,0, showing the fluorescence response units at the Y-axis and H,O, concentration at the X-axis. The experiment
was repeated at least twelve times and average arbitrary values (mean + SEM) are presented. To calculate statistical significance, control values were

compared with 24 and 48 h treatments. ***P < 0.001.

manner both in BC-8 (Fig. 8A) and in IMR-32
(Fig. 8B) cells. However, CHX combination treat-
ment with rotenone restored mitochondrial Hsp60
at 24 h treatment, but promoted cytoplasmic trans-
location by 48 h both in BC-8 (Fig. 8A) and in
IMR-32 (Fig. 8B) cells.

Exogenous expression of Hsp60
localizes to mitochondria, but rotenone
treatment induces its cytoplasmic

translocation
BC-8 cells lack inducible transcription of heat shock
genes;*' however, IMR-32 cells can synthesize Hsps
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under stress conditions.?” Therefore, to examine exog-
enous expression of Hsp60 and whether it is involved
in mitoprotection, cells transfected with Asp60-GFP
plasmid were treated with rotenone and observed for
Hsp60 localization. Although exogenously expressed
Hsp60 showed mitochondrial localization, rotenone
treatment induced its partial cytoplasmic translo-
cation (Fig. 8C). The partial mitochondrial reten-
tion decreased O,*” (Fig. 8D) and H,O, production
(Fig. 8E), which correlated with decreased cytotoxic-
ity by 30% (P < 0.01) and 20% (P < 0.001) for 24
and 48 h, respectively (Fig. 8F).

Hsp60 localizes to the mitochondria

upon induced proteotoxicity
To understand the effect of induced proteotoxicity on
Hsp60 translocation, IMR-32 cells were treated with

proteasome inhibitor (MG132) and Hsp90 inhibi-
tor (17AAG) and examined for Hsp60 localization.
Both MG132 and 17AAG accelerated mitochondrial
accumulation of Hsp60 in IMR-32 (Fig. 9A) and
BC-8 (Fig. 9B). These results suggest that in contrast
to oxidative stress inducers, proteotoxicity inducers
retain Hsp60 in the mitochondria. Next, to exam-
ine the physiological significance of our findings,
IMR-32 cells were transfected with Huntingtin (HTT)
mammalian expression system and examined for
Hsp60 localization either alone or in combination with
hsp60 shRNA. Huntingtin-transfected cells showed
increased Hsp60 mitochondrial localization (compare
Fig. 9A with C), whereas shRNA treatment further
accelerated its mitochondrial localization (Fig. 9C).
These experiments suggest that Hsp60 mitochondrial
localization may have mitoprotective roles.
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Discussion

Nuclear-encoded chaperones, including Hsp60, play
a central role in mitochondrial protein homeosta-
sis.’”** However, whether Hsp60 is pro-survival® or
pro-apoptotic® is controversial. In addition, Hsp60
expression has been linked to tumorigenesis®*?>%
and cellular transformation.** Thus, we examined
the role of Hsp60 against the rotenone-induced mito-
chondrial oxidative stress response. We demonstrate

that accelerated cytotoxicity in response to rotenone
correlates with enhanced production of O,*7, H,O,,
ROS, and Hsp60 translocation from the mitochondria
into the cytoplasm. We propose that cross-talk occurs
between mitochondrial oxidative stress and Hsp60 in
response to pharmacological inhibition of OXPHOS
in tumor cells.

Considering that complex I of OXPHOS sys-

tem is the major site for O,*" production, rotenone

46

Drug Target Insights 2013:7


http://www.la-press.com

\3

Hsp60 acts as a barrier to chemotherapeutic interventions of cancer cells

con

MG132

17AAG

Cc

HT
con

HT+
shRNA

Figure 9. Pharmacologically induced proteotoxicty fails to induce mitochondrial Hsp60 translocation to cytosol. (A) IMR-32 and (B) BC-8 cells were treated
with MG132 or 17AAG and cytoimmuniofluorescence was detected with anti-Hsp60 antibody (green). Mitochondria were stained with CMX-Ros (red) and
nucleus with DAPI (blue). (C) IMR-32 cells were transfected with Huntingtin (Q86) either alone or in combination with hsp60 shRNA, and cytoimmunio-
fluorescence was detected with anti-Hsp60 antibody. (D) IMR-32 cells were transfected with Huntingtin (Q86) and cytoimmuniofluorescence analysis was
detected with anti-Huntingtin antibody. Images were captured at 63x with a scale bar 25 um.

is being used in the present study. The rotenone
induced polyploidy has specifically correlated with
increased O,*" production, suggesting chromosomal
aberrations (Suppl. Fig. 2). Further, the enhanced
Hsp60 translocation from the mitochondria to the
cytoplasm independent of chromosomal aberrations
and cell cycle arrest suggests cell cycle-independent

ST, over expression
¥ ShRNA
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Rotenone

Yo

Delayed apoptosis

Apoptosis

Figure 10. Hsp60 mitochondrion to cytosol translocalization promotes
apoptosis and depends on mitochondrion oxidative stress through O,*
production. Box 1 describes rotenone induced O,*~ production correlat-
ing with Hsp60 translocation to the cytosol leading to apoptosis. Box 2
describes delayed O, production, Hsp60 translocation, and apoptosis.
Box 3 describes the inability of Hsp60 overexpression to protect cells from
rotenone-induced O, production primarily due to the lack of mitochon-
dria localization. Box 4 describes no oxidative stress correlating with mito-
chondrial Hsp60 and delayed apoptosis. The ovals indicate mitochondria,
the thick blue lining of mitochondrion indicates intact mitochondrion, and
light blue color indicates altered mitochondrion with altered membrane
potential. Hsp60 green color indicates its mitochondrion location and pink
color indicates its cytosolic location. The symbol A indicate increases in
O, production and ¥ indicate decreases in O,*~ production.
Abbreviations: shRNA, small hairpin RNA to Hsp60; overexpression,
Hsp60 overexpression through transfection; rotenone, rotenone treat-
ments either alone or in combination; CHX, cycloheximide.

cell death activation directly mediated by oxidative
stress. These findings agree with those of previous
reports that rotenone can induce apoptosis as early as
20 min.*!

Despite reports suggesting that ablation of Hsp60
using siRNA can activate the apoptotic response,*
we observed no O,*” production or cytotoxicity with
shRNA treatment. However, shRNA in combination
with rotenone delayed the cytotoxic response and
correlated with increased H,O, and ROS, but not
with O,*~ production. The delayed cytotoxicity was
later found to be due to Hsp60 retention in the mito-
chondria in response to shRNA treatment. In contrast
to the findings of Isenberg and Klauing,*' who tested
Hsp60 siRNA againstnormal ratliver cells and showed
apoptogenic response mediated by a mitochondrial
membrane permeability transition, we observed no
significant change in membrane potential either with
rotenone or shRNA treatments. Interestingly, follow-
ing combination treatment, we observed a significant
change in membrane potential correlating with H,O,
and ROS, but not with O,*~ production. Therefore, the
difference in rotenone response may relate to tumor
phenotype and their ability to respond to stress and
adapt to the tumor microenvironment compared to
normal cells.

Subsequent studies showed non-sensitivity of
tumor cells to Hsp60 inhibition related to both Hsp60
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abundance and tumor cell tolerance to activate alter-
nate survival mechanisms.?® In agreement with this,
shRNA insensitivity was observed in both tumor cell
lines studied.

Further, an enhanced rotenone response was
observed in BC-8 with compromised transcription of
heat shock genes compared to functionally competent
IMR-32 cells. Compromised transcription in BC-8 is
due to inability of heat shock transcription factor-1
(HSF1) activation. Further, the enhanced rotenone
response was observed in BC-8 that had compro-
mised transcription of heat shock genes compared to
functionally competent IMR-32 cells.** Compromised
transcription in BC-8 is due to inability of heat shock
transcription factor-1 activation.’’ Considering that
tumor arises due to dysfunctional mitochondria, we
used two different cell lines to understand whether
tumor mitochondria play any significant role in decid-
ing the fate of cells and, if so, the role of Hsp60 chap-
eronin in its regulation. Using these two different cell
types, we provide new insights on Hsp60 response to
rotenone, which can be extended to other mitochon-
dria targeted anticancer agents. To further extend
our understanding of Hsp60 functions for chemo-
therapeutic drugs, we considered its role in oxidative
stress tolerance.'!” Our findings confirm the primary
response role for Hsp60 in mitochondria mediated
oxidative stress sensing, particularly the O,*" pro-
duction. The Hsp60 mitochondrial accumulation
observed in shRNA treatment appears to be a precau-
tionary measure of cells to protect mitochondria and
its cytoplasmic translocation appears to be selective
for O,* production in response to rotenone treatment.

The rotenone-mediated change in mitochondria
organization in IMR-32 cells unlike in BC-8 cells
neither correlates with increases in O,*” production
or a change in mitochondrial membrane potential.
Further, the dynamics between fusion and fission
states is known in mitochondria during normal course
of life under normal physiological conditions as well
as in response to stress stimulus. Because no harmful
outcomes were observed in IMR-32, mitoarchitec-
tural reorganization may be an adaptative response.

Comparison of the effects of shRNA on inhibition
of general protein synthesis using cycloheximide pro-
vided additional insights. Cycloheximide treatment
promoted Hsp60 translocation to the cytoplasm, while
its combination with rotenone delayed its cytoplasmic

translocation. The inhibition of protein synthesis com-
promises mitochondrial functions along with other
cellular functions, and may have resulted in severe
mitochondrial dysfunction promoting Hsp60 translo-
cation in cycloheximide treatment. Delayed rotenone
response in the combination treatment, therefore, may
be a result of Hsp60 retention in the mitochondria in
early time intervals by some unknown mechanism.
Although Shan et al*® suggested that Hsp60 responds
independently of cycloheximide, we demonstrated
that Hsp60 responds to cycloheximide treatment.
Based on our data, it is clear that mitochondria
selective oxidation effects resulted in Hsp60 cytoplas-
mic translocation. Thus, apoptosis activation occurred
through Bax translocation into the mitochondria.
Considering the inability of BC-8 cells to synthe-
size Hsp60, we overexpressed Hsp60 and examined
its localization and anti-apoptotic functions. A delay
in apoptogenic response to rotenone treatment, but
not inhibition, correlated once again with increased
O,*" production, suggesting that endogenous induc-
ible transcription and its mitochondrial retention
are necessary for efficient anti-apoptotic functions.
Additionally, IMR-32 cells that showed both induc-
ible transcription and efficient retention of Hsp60 in
the mitochondria were protected from rotenone-
induced cellular insults. The Hsp60 overexpression
in BC-8 showed delayed cytotoxicity, but rotenone
induced O,*" production was still able to promote
Hsp60 cytoplasmic translocation. In agreement with
the observation that Hsps act as anti-apoptotic mol-
ecules,>** we demonstrate anti-apoptotic functions
for Hsp60 relating to its mitochondrial localization.
Further, to link the proteotoxic stress response with
Hsp60 localization in BC-8 and IMR-32 cells, proteo-
toxicity was promoted either by inhibiting the protea-
some functionsusing MG 132 orby inhibiting the major
cytosolic chaperone Hsp90 using 17AAG. The accel-
erated cytoplasmic retention of Hsp60 in response to
proteotoxic stress was evident in both cell types, sug-
gesting that accelerated cytoplasmic translocation of
Hsp60 occurs only during oxidative stress response.
Since both MG132 and 17AAG are pharmacological
agents, we extended our study to physiological exam-
ples such as overexpression of HTT in IMR-32 cells.
Since HTT can directly affect mitochondrial protein
traffic, it is expected to induce mitochondria selective
proteotoxic stress.* The enhanced accumulation of
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mitochondrial Hsp60 further confirmed that proteot-
oxicity promotes Hsp60 mitochondrial accumulation
in contrast to oxidative stress, which promotes its
cytoplasmic translocation.

In summary, we show that inhibition of the mito-
chondrial OXPHOS system using rotenone induces
O, production that resulted in DNA damage fol-
lowed by apoptosis. A time-dependent acceleration in
O,*" production promoted Hsp60 translocation from
the mitochondria into the cytosol. Mitochondrial
retention of Hsp60 delayed the cytotoxic response and
correlated with decreased O,*~ production at the same
time intervals. Further, Hsp60 cytoplasmic transloca-
tion is specific to the oxidative stress response, but
not to proteotoxic stress. We demonstrate how Hsp60
acts as a molecular switch in response to mitochon-
dria specific oxidative stress. Our results establish the
mitochondria-specific functions of Hsp60 and indi-
cate that Hsp60 can be used as a pharmacological tar-
get for treating cancer.
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Figure S1. RT-PCR and immunoblot analysis of tumor cells treated with
hsp60 shRNA and shRNA combination with rotenone. (A) BC-8 and (B)
IMR-32 cells after treatment with shRNA for 24 and 48 h or followed by
rotenone treatment for subsequent time intervals; 24 and 48 h samples
were examined for hsp60 and p53 expression. GAPDH was used to
ensure equal cDNA loading. (C) BC-8 and (D) IMR-32 cells showing total
Hsp60 protein.
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Figure S2. Rotenone treatment, but not shRNA treatment induces poly-
ploidy. (A) BC-8 and (B) IMR-32 cells were treated with rotenone, or (C)
BC-8 and IMR-32 cells transfected with hsp60 shRNA for 24 and 48 h
were DAPI stained, cell morphology and nuclear staining was examined
under the microscope, DIC and DAPI superimposed images were magni-
fied and represented. Images captured at 63x with a scale bar 25 ym.

Drug Target Insights 2013:7

51


http://www.la-press.com

