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ABSTRACT

Many cellular processes are driven by spatially and temporally regulated redox-dependent signaling
events. Although mounting evidence indicates that organelles such as the endoplasmic reticulum and
mitochondria can function as signaling platforms for oxidative stress-regulated pathways, little is known
about the role of peroxisomes in these processes. In this study, we employ targeted variants of the
genetically encoded photosensitizer KillerRed to gain a better insight into the interplay between
peroxisomes and cellular oxidative stress. We show that the phototoxic effects of peroxisomal KillerRed
induce mitochondria-mediated cell death and that this process can be counteracted by targeted
overexpression of a select set of antioxidant enzymes, including peroxisomal glutathione S-transferase
kappa 1, superoxide dismutase 1, and mitochondrial catalase. We also present evidence that peroxisomal
disease cell lines deficient in plasmalogen biosynthesis or peroxisome assembly are more sensitive to
KillerRed-induced oxidative stress than control cells. Collectively, these findings confirm and extend
previous observations suggesting that disturbances in peroxisomal redox control and metabolism can
sensitize cells to oxidative stress. In addition, they lend strong support to the ideas that peroxisomes and
mitochondria share a redox-sensitive relationship and that the redox communication between these
organelles is not only mediated by diffusion of reactive oxygen species from one compartment to the
other. Finally, these findings indicate that mitochondria may act as dynamic receivers, integrators, and
transmitters of peroxisome-derived mediators of oxidative stress, and this may have profound implica-

tions for our views on cellular aging and age-related diseases.

© 2013 Elsevier Inc. All rights reserved.

Introduction

Peroxisomes are highly dynamic cell organelles that play key
roles in multiple metabolic pathways [1]. In mammals, these
include—among others—the breakdown of various carboxylates
via a- and P-oxidation and the biosynthesis of docosahexaenoic
acid and ether phospholipids [2,3]. Many of the enzymes involved
in these processes produce reactive oxygen species (ROS)! as part
of their normal catalytic activity [4]. Mammalian peroxisomes also
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ER, endoplasmic reticulum; GSTK1, glutathione S-transferase kappa 1; HuF,
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blast; mt, mitochondrial; NAC, N-acetylcysteine; PARP, poly(ADP-ribose) polymer-
ase; po, peroxisomal; RIPK1, receptor-interacting protein kinase 1; ROS, reactive
oxygen species; SOD1, superoxide dismutase 1
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contain various ROS-detoxifying enzymes, including catalase (EC
1.11.1.6, CAT), Cu/Zn-superoxide dismutase 1 (EC 1.15.1.1, SOD1),
glutathione S-transferase kappa 1 (EC 2.5.1.18, GSTK1), epoxide
hydrolase 2 (EC 3.3.2.10), and peroxiredoxin 5 (EC 1.11.1.15) [5]. The
importance of peroxisomes for human health and development is
best illustrated by the existence of severe inherited metabolic
diseases (e.g., Zellweger syndrome and X-linked adrenoleukody-
strophy) that are caused by a partial or complete dysfunction of
the organelle [6,7]. In addition, there is growing evidence for the
involvement of peroxisomes in the etiology and progression of
aging and age-related diseases [8]. This may not be so surprising
given that changes in peroxisomal metabolism have been sug-
gested to orchestrate developmental decisions (e.g., cell fate) by
modulating the cellular composition and concentration of specific
lipids and (redox-derived) signaling mediators [9,10]. Unfortu-
nately, little is known about the identity of these signaling path-
ways and how peroxisomes are integrated into subcellular
communication networks [11].
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To fulfill their functions, peroxisomes physically and function-
ally interact with other cell organelles, including mitochondria,
the endoplasmic reticulum (ER), and lipid droplets [1,12]. For
example, it is well established that, in mammals, peroxisomes and
mitochondria are metabolically linked [13], cooperate in antiviral
signaling and defense [14], and share key components of their
division machinery [15]. We and others recently found that a
disturbance in peroxisomal metabolism triggers signaling/com-
munication events that ultimately result in increased mitochon-
drial stress [16-18]. In addition, we observed that generating
excess ROS inside peroxisomes quickly perturbs the mitochondrial
redox balance and leads to excessive mitochondrial fragmentation
[16]. The molecular mechanisms underlying these phenomena
remain unclear. However, in this context, it is of interest to note
that a recent confocal microscopy study has visualized a mem-
brane network, distinct from the ER, which physically connects
peroxisomes and mitochondria [19]. These contact sites may
facilitate both signaling and the passage of ions and lipids from
one compartment to another [20]. On the other hand, it may also
be possible that peroxisomal ROS simply diffuse through the
peroxisomal membrane via PXMP2, a nonselective pore-forming
membrane protein with an upper molecular size limit of 300-
600 Da [21]. Finally, it should be mentioned that there is also
evidence of a vesicular transport pathway from mitochondria to
peroxisomes [22]. However, no data currently exist for such a
pathway in the opposite direction.

In this study, we employed a peroxisomal variant of KillerRed
(KR), a red fluorescent protein that displays strong phototoxic
properties upon green light illumination [23], to gain a better
insight into the downstream cellular effects of excess peroxisomal
ROS production. In addition, we compared these effects with those
of cytosolic and mitochondrial variants of KR. Importantly, pre-
vious studies have already shown that targeted variants of KR can
be used as powerful tools to study the downstream effects of local
ROS production. For example, it has been demonstrated that a
membrane-tethered version of this genetically encoded photo-
sensitizer can be used to manipulate the viability and/or function
of KR-expressing cells in transgenic zebrafish [24]. Others have
shown that mitochondrial KR can be used to robustly initiate
parkin-mediated autophagy in a spatially and temporally con-
trolled fashion [25] and to expand our understanding of the role of
mitochondrial oxidative stress in cell fate decisions [26,27].

We show here that peroxisomal KR can be used to gain a better
insight into factors that may contribute to or influence redox
signaling between peroxisomes and mitochondria. Our findings
provide strong novel evidence that (i) disturbances in peroxisomal
metabolism sensitize cells to KR-induced oxidative stress, (ii)
excessive peroxisomal ROS production elicits mitochondria-
mediated cell death, and (iii) the redox communication between
peroxisomes and mitochondria involves complex signaling path-
ways. The implications of these findings for how peroxisomes can
be integrated into cellular communication networks are discussed.

Materials and methods
DNA manipulations and plasmids

The plasmids encoding nontagged versions of human SOD1 and
SOD1¢o3a Were kindly provided by Dr. L. Van Den Bosch (Labora-
tory for Neurobiology, KU Leuven, Belgium). The plasmid encoding
green fluorescent protein (GFP)-Bax was kindly provided by Dr. R.
J. Youle (National Institutes of Health, Bethesda, MD, USA). The
mammalian expression vectors pEGFP-N1 (Clontech), pKillerRed-
dmito (Bio-Connect), and pCR2.1 TOPO (Invitrogen) were commer-
cially obtained. The plasmids encoding CAT, po-KR, mt-KR, c-KR,

po-roGFP2, mt-roGFP2, or c-roGFP2 have been described else-
where [16]. The oligonucleotides used to amplify PCR products are
listed in Supplementary Table 1. The plasmid encoding cyto-
chrome c-EGFP (pMF1807) was constructed by amplifying the
cDNA fragment encoding human cytochrome c by PCR (template,
human liver ¢cDNA library; primers, HsCytc.fw1l and HsCytc.rvi;
nested primers, HsCytc.fwBglll and HsCytc.rvHindIll) and cloning
the Bglll/Hindlll-digested PCR product into the Bglll/HindIII-cut
pEGFP-N1 vector. The plasmid encoding nontagged po-CAT
(pMF1526), a human catalase variant containing a strong perox-
isomal targeting signal, was generated by ligating the PCR-
amplified HsCatalase-SKL c¢DNA fragment (template, pJK18 [28];
primers, HsCatalase.1fwBglll and pBADHisrvNotIPstl; digested
with Bglll/Pstl) into the Bglll/Pstl-cut pEGFP-N1 vector. The con-
struct encoding mt-CAT (pMF1763) was generated by ligating the
PCR-amplified HsCatalase AKANL cDNA fragment (template, pJK20
[28]; primers, HsCatalase.1fwBglll and pBADHisrevNotIPstl;
digested with Bglll/Notl) into the Bglll/Notl-cut backbone fragment
of pKillerRed-dmito. The plasmid encoding mt-SOD1 (pOI19) was
created by cloning the PCR-amplified human SOD1 cDNA fragment
(template, nontagged HsSOD1 (see above); primers, SOD1fw-
BamHI and SOD1revNotl; digested with BamHI/Notl) into the
BamHI/Notl-cut backbone fragment of pKillerRed-dmito. The
mammalian expression vector encoding 3xmyc-tagged po-SOD1
(pOI17) was constructed by ligating the PCR-amplified SOD1-SKL
cDNA fragment (template, nontagged HsSOD1 (see above); pri-
mers, SOD1fwBamHI and SOD1PTS1rvNotl; digested with BamHI/
Notl) into the BamHI/Notl-digested pMP1 plasmid [29]. The plas-
mid encoding SOD1y46r (PBW2) was constructed by fusion PCR. In
a first PCR, two PCR fragments (template, nontagged HsSOD1;
primers, SOD1fwBamHI and SOD1H46Rrv (fragment 1) or
SOD1H46Rfw and SOD1rvNotIBglII (fragment 2)) were generated.
These fragments were fused and used as templates in a second
PCR (primers, SOD1fwBamHI and SOD1rvNotIBglIl). After diges-
tion with BamHI/Notl, the fusion fragment was subcloned into the
BamHI/Notl-cut backbone fragment of the pEGFP-N1 vector. To
generate  the plasmid encoding  HsGSTK1-roGFP2-PTS1
(pKM1558), the PCR-amplified cDNA fragment encoding HsGSTK1
(template, human cDNA pool; primers, oli_1015 and oli_1828) was
subcloned into pCR2.1 via TOPO-TA cloning, and the open reading
frame was subsequently excised with Bglll and HindIIl and cloned
into the Bglll/Hindlll-cut plasmid encoding peroxisomal roGFP2.
The plasmid encoding HsGSTK1g64-r0GFP2-PTS1 (pKM1620) was
generated by in vitro mutagenesis of plasmid pKM1558 using the
Quikchange in vitro mutagenesis kit (Agilent) in combination with
the oligonucleotides oli_1872 and oli_1873. The construct encod-
ing mitochondrial HsGSTK1-roGFP2 (pKM1691) was generated via
a three-point ligation of the following fragments: (i) the Ndel/
BsrGl-cut backbone fragment of pEGFP-NT1; (ii) the Ndel/Bglll-cut
fragment of pKM1132, a pEGFP-N1 derivative encoding the 32-
amino-acid mitochondrial targeting signal of human ornithine
transcarbamoylase; and (iii) the Bglll/BsrGl-cut fragment of
pKM1620, which encodes HsGSTK1-roGFP2. All plasmids were
verified by DNA sequencing (LGC Genomics).

Antibodies

The mouse monoclonal antibody against f-actin (Sigma), the
rabbit polyclonal antibodies against cleaved caspase-3 (Cell Sig-
naling) and poly(ADP-ribose) polymerase (PARP; Cell Signaling),
and the goat anti-mouse and anti-rabbit IgGs coupled to alkaline
phosphatase (Sigma) were commercially obtained. Note that the
anti-PARP antibody recognizes both the full-length protein
(~116 kDa) and the large fragment of PARP (~ 85 kDa) resulting
from caspase cleavage.
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Cell culture, transfections, and fluorescence microscopy

The immortalized Pex19p-deficient human fibroblasts (HuFs)
were kindly provided by Dr. G. Dodt (University of Tiibingen,
Germany). Control HuFs were obtained from Dr. D. Cassiman
(Hepatology, KU Leuven). The Pex5*/* and Pex5 '~ mouse
embryonic fibroblasts (MEFs) have been described elsewhere
[16,30]. The Bax/Bak control and double-knockout MEFs were
kindly provided by Dr. L. Scorrano (Dulbecco-Telethon Institute,
Italy) [31]. Glycerone-phosphate O-acyltransferase (GNPAT)-defi-
cient MEFs were generated from 14-day-old Gnpat—/~ embryos
[32,33], and the depletion of plasmalogens relative to the phos-
pholipid content in these cells was confirmed by HPLC (Gnpat /'~
fibroblasts, + 2.2 pmol/nmol; Gnpat*/* fibroblasts, + 68 pmol/
nmol) [34]. All primary cells were immortalized by introduction
of the SV40 large T-antigen upon arrival in the laboratory. Unless
specified otherwise, all cells were cultured at 37 °C in a humidified
5% CO, incubator in minimum essential medium Eagle o (Bio-
Whittaker) supplemented with 10% (v/v) heat-inactivated South
American fetal calf serum (Invitrogen), 2 mM Glutamax (Invitro-
gen), and 0.2% Mycozap (Lonza). The cells were transfected via
electroporation as described before [16] and kept in the dark as
much as possible. To monitor the transfection efficiencies, a small
aliquot of the cells was stained with Hoechst 33342 (5 pg/ml) to
visualize all nuclei, and the percentage of cells expressing KR was
determined by counting at least 50 randomly selected cells. Cells
for live-cell imaging were seeded and imaged in FD-35 FluoroDish
cell culture dishes (World Precision Instruments). To distinguish
apoptosis from necrosis by fluorescence microscopy, the cells were
incubated with Hoechst 33342 (5 pg/ml) and propidium iodide
(5 pg/ml) for 30 min at 37 °C, washed 3 x with phosphate-
buffered saline (PBS), and replenished with regular medium
supplemented with 1 ug/ml of each dye. To visualize caspase-3
activity in real time, the cells were incubated with 5 uM NucView
488 (Biotium) for 30 min before illumination with green light. To
visualize lipid peroxidation, the cells were incubated for 30 min at
37 °C with 1 uM C11-Bodipy 581/591 (Molecular Probes) in growth
medium and washed twice with Dulbecco’s PBS before imaging.
Fluorescence was evaluated on a motorized inverted IX-81 micro-
scope, controlled by Cell-M software and equipped with a tem-
perature-, humidity-, and CO,-controlled incubation chamber. The
technical specifications of the objectives, excitation and emission
filters, and digital camera have been described elsewhere [35].
Changes in the oxidation state of the roGFP2 proteins were
determined as described elsewhere [16]. Note that, as the spectral
outputs of xenon arc replacement lamps are not identical, the
emission ratios of roGFP2 at the 400- and 480-nm excitation
wavelengths are different from some of the values reported before
[16]. However, as roGFP2 is a ratiometric probe, this does not affect
the outcome and conclusions of these studies. The Olympus image
analysis and particle detection software was used for quantitative
image analysis.

Light irradiation

For the viability, Western blot, and lipid peroxidation assays,
the cells were respectively cultivated in 96-well cell culture plates
(Greiner Bio-One), 35-mm cell culture dishes (Sarstedt), and FD-35
FluoroDishes (World Precision Instruments) and irradiated with
green light (irradiance ~10 mW/cm?) by using a KL 1500 LCD light
source with a green insert filter (Schott). Light flux was measured
with an IL1400 radiometer equipped with a SELO33 detector
(International Light). The light intensities were corrected for
the illuminated area to calculate incident light. To investigate the
potential mechanisms of cell death, the cells were incubated in the
presence or absence of z-VAD-FMK (20 uM) or necrostatin-1

(30 uM), starting from 1 h before illumination until the cell viability
and proliferation assay. To study the effects of pro- and antiox-
idants on po-KR-induced cell death, the cells were incubated in
the presence or absence of r-buthionine-sulfoximine (100 puM),
N-acetylcysteine (1 mM), a-lipoic acid (0.5 mM), Trolox (2 mM), or
t-histidine (5 mM), starting from 24 h before illumination until
the cell viability and proliferation assay. To study the effects of
KR-mediated ROS production by fluorescence microscopy, the
cells were cultivated in FD-35 FluoroDishes and irradiated with
green light (100 x oil objective, 545-580 nm, irradiance ~10 or
~30 W/cm?) as specified in each experiment. To calculate the
light dose (J/cm?), the irradiance (W/cm?) was multiplied by the
exposure time (s).

Assessment of cell viability and proliferation

Cell viability was evaluated using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, 2 or
3 days posttransfection, + 5 x 10> cellsjwell were seeded into a
96-well culture plate (8 wells per condition; 200 ul medium per
well) and cultivated for 1 day under standard conditions (see
above). Next, 4 of the 8 wells were illuminated with green light
(see above; the control conditions were wrapped with aluminum
foil) for the indicated time periods, and the cells were allowed to
grow for an additional 24 h. Then, 20 pl MTT (5 mg/ml in PBS) was
added to each well, and the cells were reincubated at 37 °C to
allow viable cells to produce formazan. After 4 h, the medium was
replaced by 150 ul dimethyl sulfoxide and the cell plate was
vibrated for 10 min at room temperature to dissolve the formazan
precipitates. The absorbance of the colored solution was measured
at 570 nm using a VersaMax microplate reader (Molecular
Devices). A reference wavelength of 690 nm was used to correct
for any turbidity in the samples. The relative cell viability was
expressed as the ratio (%) of the absorbance (ODs70 nm — ODgg0 nm)
in the illuminated wells to that of the corresponding nonillumi-
nated wells. At least two independent experiments were per-
formed for each condition. The transfection efficiencies were
determined by fluorescence microscopy (see above).

Statistical analysis

Statistics were performed on the VassarStats statistical compu-
tation Web site (http://vassarstats.net/). One-way analysis of
variance was used to determine the differences among indepen-
dent groups of numerical values, and individual differences were
further explored with a Student t test. Three significance levels
were chosen: p > 0.05 (no significant difference), p < 0.05 (medium
significance), and p < 0.01 (high significance).

Results

Development and validation of a cell-based assay for studying the
effects of KillerRed-induced oxidative stress

Recently, we validated the usefulness of targeted variants of KR
to locally increase the redox state in various mammalian cell
compartments at the microscopic level [16]. Here we modified and
scaled up this microscopy protocol to evaluate the effects of KR-
induced oxidative stress at the biochemical level (for more details,
see Materials and methods). To validate this new assay, we
(i) determined whether peroxisomal, mitochondrial, or cytosolic
KR could render its local redox environment more oxidative upon
green light illumination and (ii) examined how such treatment
affected cell growth and survival. To monitor changes in the
subcellular redox state, we employed targeted variants of roGFP2
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[16]. This protein is a redox-sensitive variant of the enhanced
green fluorescent protein and contains engineered cysteine resi-
dues on adjacent surface-exposed strands that form a disulfide
bond under oxidizing conditions [36]. As (i) roGFP2 has two
fluorescence excitation maxima at ~400 and ~490 nm and
(ii) disulfide formation leads to an increase in the excitation peak
at ~400 nm at the expense of the ~490 nm peak, the ratio of
roGFP2 emissions (at ~510 nm) can provide a nondestructive
readout of the redox environment of the fluorophore [36]. The
typical distribution patterns of all KR and roGFP2 fusion proteins
that are used in this study are shown in Supplementary Fig. S1.

The results of these validation experiments demonstrated that
the new experimental setup is suited to generate oxidative stress
in specific subcellular compartments (Fig. 1A) and that all KR
variants sensitize immortalized mouse embryonic fibroblasts for
green-light-induced cell death (Fig. 1B). This phototoxicity was
dependent on the subcellular localization of KR (Fig. 1B) and the
light dose (Supplementary Fig. S2). As described before [23], c-KR
and mt-KR provoked respectively a weak and a strong phototoxic
effect. The toxicity of po-KR was comparable to, albeit slightly less
severe than, that of mt-KR (Fig. 1B and Supplementary Fig. S2).
In this context, it is important to mention that (i) the cellular
expression levels of po-KR and mt-KR are comparable, but con-
siderably lower than, that of c-KR (Supplementary Fig. S3) and (ii)
essentially similar results were obtained for immortalized human
fibroblasts and MIN6 mouse insulinoma cells (data not shown).
Note that our finding that po-KR and mt-KR show comparable
phototoxicities may be expected from our previous observations
that KR-induced ROS production inside peroxisomes quickly dis-
turbs the mitochondrial redox balance and results in excessive
mitochondrial fragmentation [16], two indicators of the activation
of mitochondrial stress pathways [37].

ROS generated by po-KR induce caspase-dependent and -independent
cell death

To gain a better insight into the cell death mechanisms induced
by po-KR, we first examined the effects of z-VAD-FMK and
necrostatin-1. Z-VAD-FMK is a broad-spectrum inhibitor of cas-
pases, the main executioners of apoptosis [38], and necrostatin-1
is a specific inhibitor of receptor-interacting protein kinase 1
(RIPK1), a kinase whose activity is crucial for necroptosis [39].
These experiments showed that incubating the cells with z-VAD-
FMK, starting from 1 h before illumination, significantly—but not
completely—abrogated po-KR-induced cell death (Fig. 2A, left).
This finding suggests a picture in which po-KR exerts long-term
phototoxicity through activation of both caspase-dependent and
-independent cell death pathways. Interestingly, treating the cells
with necrostatin-1 had no protective effect (Fig. 2A, left), thus
suggesting that po-KR-mediated caspase-independent cell death is
not caused by a RIPK1-dependent mechanism. For comparison
purposes, we also included conditions under which KR was
located in the mitochondria or the cytosol. For mt-KR, we obtained
results essentially similar to those for po-KR (Fig. 2A, middle). Note
that this finding is in line with a recent study showing that z-VAD-
FMK can partially protect cells against mt-KR-induced cell death
[26]. For c-KR, we did not observe any protective effect of z-VAD-
FMK or necrostatin-1 (Fig. 2A, right). However, given the relatively
small differences between the values of the illuminated and
nonilluminated conditions, this negative result may be due to
the small sample size or the slower kinetics of cell death induction
(see below).

Next, to strengthen our observation that po-KR can induce
apoptosis, we also investigated whether (i) cells lacking both Bax
and Bak, two proapoptotic proteins that govern mitochondrial
outer membrane permeabilization and subsequent caspase
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Fig. 1. Validation of a new experimental setup to generate KR-induced oxidative
stress inside various subcellular compartments. Immortalized mouse embryonic
fibroblasts were transiently cotransfected with plasmids encoding peroxisomal
(po-KR), mitochondrial (mt-KR), or cytosolic (c-KR) KillerRed and peroxisomal (po-
rG), mitochondrial (mt-rG), or cytosolic (c-rG) roGFP2 and cultured in standard
growth medium. After 3 days, the cells were exposed or not to green light
(irradiance 10 mW/cm?) and (A) immediately processed for imaging or (B) 24 h
later, subjected to an MTT assay. (A) Box plot representation of the 400/480 nm
fluorescence response ratios. The bottom and top of each box represent the 25th
and 75th percentile values, respectively; the horizontal line inside each box
represents the median; and the horizontal lines below and above each box
represent respectively the mean minus and plus 1 standard deviation. The number
of measurements is indicated below each box. The values obtained from the
illuminated and nonilluminated conditions were evaluated and found to be
statistically significant. (B) Effect of the subcellular localization of KR on cell
toxicity. The cell viability was expressed as a percentage of the average value of
the corresponding nonilluminated condition. The transfection efficiency of each
condition is indicated in parentheses. The values obtained from the illuminated and
nonilluminated conditions were statistically compared.

activation [40], are more resistant to po-KR-induced cell death
and (ii) po-KR-induced ROS production can result in the cleavage
of procaspase-3 and PARP, two markers for apoptosis. The viability



886

control MEFs-T [] 0 J/em? [l 36 J/em?

B. Wang et al. / Free Radical Biology and Medicine 65 (2013) 882-894

180 7 po-KR (>81%) 180 7 mt-KR (>82%) 180 7 c-KR (>81%)
160 A NS 160 NS 160 NS
_ 1 1 1
o 140 A <0.01 140 <0.01 140 NS
2l  —  —  —
= = 120 120 120
£
=2 100 1 100 1 100 1
Sl
= 801 80 80
£ £
S5 601 60 60
= oo
3 40 40 1 40 1
20 20 20 1
0 0 0
- zvad  nec-1 - zvad  nec-1 - zvad  nec-1
B [ 0 Vem? [ 36 J/em?
180 1 po-KR 180 1 mt-KR 180 7 ¢.KR
160 1 <0.01 160 1 <0.01 160 1 NS
- e I e
o 140 1 140 140 1
Bl <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
= = 1204 (— 1204 1 — 1204 ™ —
< c>\°
=2 100 ; 100 { = 1004 !
Sl
o= 801 80 80
£ £
3 601 60 1 60
= oo
3 40 40 A 40 1
20 20 20 1
0 0 0
control DKO control DKO control DKO
(87%) (84%) (81%) (85%) (81%)  (80%)

Fig. 2. Cytoprotective effects of cell death inhibitors and Bax/Bak inactivation on KR-induced cell killing. Control and Bax/Bak double-knockout (DKO) immortalized mouse
embryonic fibroblasts (MEFs-T) were transiently transfected with a plasmid encoding peroxisomal (po-KR), mitochondrial (mt-KR), or cytosolic (c-KR) KR and cultured in
standard growth medium. After 3 days, the cells were exposed or not exposed to green light (irradiance ~10 mW/cm?). Cell viability was evaluated by MTT assay at 24 h
postillumination and expressed as a percentage of the average value of the corresponding nonilluminated condition. The transfection efficiencies are indicated in
parentheses. (A) Effects of cell death inhibitors. The cells were incubated in the absence (—) or presence of z-VAD-FMK (zvad; 20 uM) or necrostatin-1 (nec-1; 30 uM),
starting from 1 h before illumination until the cell viability assay was carried out. The values obtained from the illuminated inhibitor-treated and illuminated untreated
conditions were statistically compared. (B) Bax/Bak-deficient cells were partially protected against KR-induced cell death. The data were statistically compared. NS,

nonsignificant.

experiments with the Bax/Bak double-knockout (DKO) cells showed
that these cells were partially protected against the phototoxic
effects of po-KR and mt-KR (Fig. 2B, left and middle). For c-KR, no
significant differences could be observed between the DKO and the
control cells (Fig. 2B, right). From our immunoblot data, it is clear
that KR-induced oxidative stress results in the cleavage of
procaspase-3 into its processed, active form and of its downstream
substrate PARP (Fig. 3). Importantly, the kinetics of cleavage are
faster for po-KR (~8-16 h postillumination) and mt-KR (~8-16 h
postillumination) than for c-KR (~16-24 h postillumination). In
sum, these findings along with our z-VAD-FMK studies (compare
Figs. 2A and 2B) point to the involvement of a mitochondrial
pathway of caspase activation in the mechanism of cell death
induced by mt-KR and po-KR.

Finally, as it is well known that cellular responses to light-
activated photosensitizers can depend, among other factors, on the
total administered dose, the total light exposure dose, the light
fluence rate, and the number of pulses [41], we also documented

how the cells responded to po-KR-mediated ROS production under
our previous microscopic experimental setup [16]. For these
experiments, the cells were exposed to a 10-s pulse of green light
(irradiance ~30 W/cm?) once every 30 min. We first studied the
morphological changes cells undergo upon expression and photo-
activation of po-KR. Therefore, the cells were preincubated with
Hoechst 33342, a membrane-permeative nucleic acid stain, and
propidium iodide, a membrane-impermeative fluorescent stain
that labels only nucleic acids of membrane-compromised cells.
These experiments revealed that po-KR-mediated ROS production
induced some typical morphological features of apoptosis, includ-
ing chromatin condensation, plasma membrane blebbing, and the
loss of membrane integrity during the late apoptotic stage (Sup-
plementary Fig. S4, left). Note that (i) irradiating the cells with
these higher light doses (i.e., microscopic setup) was accompanied
by profound KR photobleaching [23] and (ii) the morphological
changes induced by po-KR-mediated ROS production could be
counteracted by z-VAD-FMK (Supplementary Fig. S4, right).
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Fig. 3. Effects of KR-induced ROS production on caspase-3 and PARP cleavage.
Immortalized mouse embryonic fibroblasts were transiently transfected with a
plasmid encoding peroxisomal (po-KR), mitochondrial (mt-KR), or cytosolic (c-KR)
KillerRed and cultured in standard growth medium. After 3 days, the cells were
incubated with actinomycin D (Act. D; 80 nM; positive control) or exposed (+) or
not (—) to green light (irradiance ~10 mW/cm?). Samples were collected at the
indicated time points, total cell extracts were prepared, and equal amounts of the
cell extracts were subjected to SDS-PAGE and blotted onto nitrocellulose. The blots
were processed for immunostaining with antibodies specific for cleaved caspase-3
(CC3), PARP, and p-actin. The arrows and arrowheads respectively mark full-length
and cleaved PARP.

Next, we investigated whether or not po-KR-mediated ROS pro-
duction could also trigger the movement of Bax from the cytosol to
the mitochondria and the subsequent release of cytochrome c
from the mitochondria into the cytosol, two key events of
mitochondrial apoptosis [42]. To this end, we coexpressed po-KR
along with GFP-Bax [43] or cytochrome c-EGFP [44]. As negative
controls, we also included conditions under which GFP-Bax and
cytochrome c-EGFP were expressed without po-KR. These experi-
ments showed that irradiating the cells with pulses of green light
evoked both Bax translocation to (Supplementary Fig. S5) and
cytochrome c release from mitochondria (Supplementary Fig. S6)
in a po-KR-dependent manner. Last, we employed NucView 488,
a cell-membrane-permeative fluorogenic caspase-3 substrate [45],
to detect KR-induced caspase-3 activity within living cells in real
time. Once again, these studies indicate that all KR variants cause
caspase-3 activation, with mt-KR inducing the fastest and c-KR the
slowest kinetics of caspase-3 activity (Supplementary Fig. S7).

Prevention of po-KR-induced cell death by chemical and enzymatic
antioxidants

To further our understanding of how po-KR activation induces
mitochondria-mediated cell death, we examined whether this
process could be counteracted with chemical antioxidant com-
pounds or by ectopic overexpression of ROS-metabolizing
enzymes. In this context, it is important to bear in mind that
conflicting data have been reported regarding the types of ROS
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Fig. 4. Effects of pro- and antioxidants on po-KR-induced cell death. Immortalized
mouse embryonic fibroblasts were transiently transfected with a plasmid encoding
peroxisomal KR (po-KR) and cultured in standard growth medium. After 2 days, the
cells were preincubated for 24 h in medium supplemented without (—) or with a-
lipoic acid (LA; 0.5 mM), Trolox (2 mM), L-histidine (5 mM), N-acetylcysteine (NAC;
1 mM), or -buthionine-sulfoximine (BSO; 100 uM) and subsequently exposed or
not exposed to green light (irradiance ~10 mW/cm?). Cell viability was evaluated
by MTT assay at 24 h postillumination and expressed as the percentage of the
average value of the corresponding nonilluminated condition. The values obtained
from the illuminated and nonilluminated conditions were evaluated and found to
be statistically significant (p <0.01 or p <0.05). The transfection efficiency is
indicated in parentheses. The values from the treated illuminated conditions were
also statistically compared with the result from the untreated illuminated (control)
condition (*p < 0.01).

that are produced by KR: whereas Bulina and co-workers reported
that the primary damaging agent generated by KR is singlet
oxygen ('0,) [23], others claim that the cytotoxic effects of this
photosensitizer are primarily mediated by other ROS such as
superoxide (0O," ) and hydrogen peroxide (H,0,) [46,47].

We first included in our assays (i) a-lipoic acid (LA), a naturally
occurring compound that scavenges various types of ROS, includ-
ing 0,"~ and '0, [48]; (ii) t-histidine, a '0, quencher [49]; (iii)
Trolox, another '0, quencher that can also scavenge peroxyl
radicals [50]; and (iv) N-acetylcysteine (NAC), a thiol-containing
compound that can act as a direct scavenger of O,"~ and H,0,
[51]. We found that LA and r-histidine, but not Trolox and NAC,
rendered the cells less susceptible to po-KR-induced cell death
(Fig. 4). Although these findings clearly demonstrate that chemical
antioxidants can interfere with the harmful effects of po-KR-
mediated ROS production, they may also be surprising given that
LA and NAC are both O~ quenchers and that Trolox has been
reported to be a better '0, scavenger than i-histidine [52].
However, in this context, it should be noted that currently we
cannot exclude the possibility that the effective intraperoxisomal
concentrations of these antioxidants are different. In addition, as
oxidative stress results from complex cascades of radical-
generating and radical-scavenging systems, it is important to keep
in mind that these antioxidants may provoke cell type- and
context-specific responses. Furthermore, these antioxidants may
exert their effect by multiple and different mechanisms. For
example, whereas NAC can also function as a precursor of reduced
glutathione (GSH) [51], LA also acts as an effective redox regen-
erator of endogenous antioxidants such as vitamin C, vitamin E,
and reduced GSH [48]. In this context, it is also relevant to note
that a pharmacological depletion of GSH with L-buthionine-(S,R)-
sulfoximine, a selective inhibitor of glutathione metabolism, sen-
sitized the cells to po-KR-induced cell death (Fig. 4).

Next, we investigated whether po-KR-induced cell death could
be counteracted by a select set of antioxidant enzymes. Therefore,
we assayed cells overexpressing nontagged human CAT, nontagged
human SOD1, or roGFP2-PTS1-tagged human GSTK1: CAT is a
predominantly intraperoxisomal enzyme that can degrade H,0; in
a catalatic or peroxidatic manner [4], SOD1 is a primarily cytosolic
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protein that catalyzes the dismutation of O~ to H,0, (this
enzyme can also be found in other cellular compartments, includ-
ing the mitochondrial intermembrane space and the peroxisomal
matrix) [4], and (nontagged) GSTK1 is an enzyme that exhibits a
bimodal peroxisomal/mitochondrial localization and has GSH-
conjugating activity with halogenated aromatics and peroxidase
activity toward organic hydroperoxides [53,54]|. Importantly,
GSTK1-roGFP2-PTS1, the roGFP2-tagged variant of GSTK1 used
here, is exclusively targeted to peroxisomes (see below). These
experiments showed that overexpression of SOD1 or (po-)GSTK1,
but not CAT, provided protection against po-KR-induced cell death
(Fig. 5A). This finding suggests that light activation of po-KR gives
rise to the local production of O, ~ and lipid peroxides (LOO®) as
the main toxic ROS.

To further extend and substantiate the interpretation of these
observations, we also investigated (i) the effects of overexpression
of roGFP2-PTS1-tagged GSTK1s16a, @ GSTK1 mutant exhibiting 30-
fold less activity than the native enzyme [55]; SOD1y46r, @ mutant
of SOD1 lacking superoxide dismutase activity [56]; and SOD1gg3a,
a mutant of SOD1 that has been associated with familial amyo-
trophic lateral sclerosis (ALS) [57], and (ii) the effectiveness of
SOD1, (po-)GSTK1, and CAT at preventing mt-KR- and c-KR-
induced cell death. The results of these experiments showed that
the S16A substitution in GSTK1-roGFP2-PTS1 and the H46R and
G93A substitutions in SOD1 abolished protection against po-KR-
induced cell death (Fig. 5A). This outcome was expected for
GSTK1516a-roGFP2-PTS1 and SOD1y46r. However, for SOD1¢g3a
this observation was rather surprising, given that substitution of
glycine to alanine at position 93 has been reported to have little
effect on the enzyme’s activity [57]. Note that overexpression of
(nontagged) SOD1¢g34 caused mitochondrial fragmentation (Sup-
plementary Fig. S8), an observation already reported by others
[58]. Interestingly, only wild-type SOD1 could protect the cells
from mt-KR- and c-KR-induced phototoxic cell death (Figs. 5B and
5C). Here, it should be mentioned that, for c-KR, the light dose
was increased to 72 J/cm? to facilitate the detection of potential
differences between the illuminated control and the test conditions.

Finally, to gain a better understanding of how po-KR-mediated
ROS production triggers mitochondrial-associated cell death path-
ways, we also investigated the protective effects of exclusively
peroxisome- or mitochondria-matrix-targeted variants of CAT,
GSTK1, and SOD1. These experiments yielded two interesting
observations: (i) a targeted overexpression of GSTK1 and SOD1,
but not CAT, to the KR-containing subcellular compartment ren-
dered the cells less sensitive to green-light-induced cell death
(Fig. 6) and (ii) overexpression of mitochondrial, but not perox-
isomal, catalase protected the cells against po-KR-mediated ROS
production (Fig. 6A). Whereas the first observation confirms the
previous finding that H,O, is not the primary ROS released by KR
in cellulo [25], the second clearly shows that the type of ROS
produced by KR inside peroxisomes differs from the type of ROS
that are formed inside mitochondria and cause cell death (Fig. 6A).
To unambiguously prove the correctness of our view that po-KR-
mediated ROS production results in the generation of H,O, in
mitochondria—and not in peroxisomes—we performed additional
experiments in which control cells and cells overexpressing mt-
CAT were cultivated in the presence of 3-amino-1,2,4-triazole, an
inhibitor of catalase activity. These studies clearly showed that
inhibition of endogenous (peroxisomal) catalase activity has no
effect on cell viability (Fig. 7). From this, we can rule out that the
lack of protective benefit of po-CAT overexpression is due to the
fact that endogenous catalase, an enzyme known for its remark-
ably high H,0, turnover number (+ 10° molecules/s) [59], is
already highly abundant in peroxisomes. In addition, these studies
revealed that inhibition of mitochondrial catalase activity resensi-
tizes the cells for po-KR-induced cell death (Fig. 7). From this, we
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Fig. 5. Effects of overexpression of a select set of antioxidant enzymes on KR-
induced cell death. Immortalized mouse embryonic fibroblasts were transiently
transfected with a plasmid encoding (A) peroxisomal (po-KR), (B) mitochondrial
(mt-KR), or (C) cytosolic (c-KR) KR, in combination or not (—) with a plasmid
encoding catalase (CAT), GSTK1-roGFP2-PTS1 (GSTK1wrt), GSTK1s164-T0OGFP2-PTS1
(GSTK1s16a), superoxide dismutase 1 (SOD1), superoxide dismutase 1p4er
(SOD1y4er), Or superoxide dismutase 1ggsza (SOD1gosa), and cultured in standard
growth medium. After 3 days, the cells were exposed or not exposed to green light
(irradiance ~10 mW/cm?). Cell viability was evaluated by MTT assay at 24 h
postillumination and expressed as a percentage of the average value of the
corresponding nonilluminated condition. The transfection efficiencies are indicated
in parentheses. The values obtained from the illuminated and nonilluminated
conditions were evaluated and found to be statistically significant (p <0.01 or
p < 0.05) or nonsignificant (NS). The values from the illuminated overexpression
conditions were also statistically compared with the result from the corresponding
illuminated control (—) condition (*p < 0.01 or cop < 0.05).

can conclude with high certainty that po-KR-induced cell death is
mediated by mitochondrial-derived H,0-.

ROS generated by po-KR promote lipid peroxidation

As (i) there is suggestive evidence that irradiation of KR may
cause cell death through excessive lipid oxidation [60,61] and (ii)
we obtained indirect evidence that activation of po-KR may give
rise to the local production of lipid peroxides (see above), we also



B. Wang et al. / Free Radical Biology and Medicine 65 (2013) 882-894 889

A
180 7 po-KR (> 80%) [ 0Jem? [ 36 Jem?
160 -
~ <0.01 <0.01 NS NS <0.01 <0.01 <0.01
o0 1404 M1 [ [ [ [ [ [
o N
é 5 120
£ ¥ *
s
Z S 100 A
o *
o _ 80 A o]
2 g
s 5 60 A
8 Q
40+
=
20 1
O E
- po mt po mt po mt
catalase GSTK1 SOD1
B
180 1 mt-KR (> 79%) [ 0 Vem? [l 36 J/em?
160 A
~ <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
°”° 1404 1 [ [ [ [ [ [
g s 120
£
Z 2 100 A
D *
o 4
° g 80 %
= g 60 A
8 o
240 A
=
20 A
O 41
- po mt po mt po mt

catalase GSTK1 SOD1

Fig. 6. Effect of the subcellular localization of antioxidant enzymes on KR-induced
cell death. Immortalized mouse embryonic fibroblasts were transiently transfected
with a plasmid encoding (A) peroxisomal (po-KR) or (B) mitochondrial (mt-KR) KR,
in combination or not with a plasmid encoding peroxisomal (po) or mitochondrial
(mt) catalase, GSTK1-roGFP2 (GSTK1), or SOD1, and cultured in standard growth
medium. After 3 days, the cells were exposed or not exposed to green light
(irradiance ~10 mW/cm?). Cell viability was evaluated by MTT assay at 24 h
postillumination and expressed as a percentage of the average value of the
corresponding nonilluminated condition. The transfection efficiencies are indicated
in parentheses. The values obtained from the illuminated and nonilluminated
conditions were evaluated and found to be statistically significant (p <0.01) or
nonsignificant (NS). The values from the illuminated overexpression conditions
were also statistically compared with results from the corresponding illuminated
control (—) condition (*p < 0.01 or cop < 0.05).

tried to find more direct evidence that photoactivation of po-KR
does indeed cause cellular lipid peroxidation.

To visualize this process in living cells, we employed C11-
Bodipy 581/591, a fluorescent fatty acid analogue in which the
Bodipy dye is tethered to a phenol moiety via a diene bond and
whose sensitivity to oxidation is comparable to that of endogenous
polyunsaturated fatty acyl moieties [62]. C11-Bodipy 581/591
rapidly incorporates into phospholipids of all cellular membranes
and—as the red fluorescence (emission peak 595 nm) of the
nonoxidized fatty acid analogue shifts to green fluorescence
(emission peak 520 nm) upon peroxidation—it can be used as a
ratiometric indicator of free radical processes that have the
potential to oxidize lipids in membranes [62,63]. However, this
probe is not suitable for quantifying lipid peroxidation [63].
Importantly, as (i) C11-Bodipy 581/591 and KR display overlapping
red fluorescence emission spectra [23,64] and (ii) peroxidation of
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Fig. 7. Effect of pharmacological inhibition of mitochondrial catalase on po-KR-
induced cell death. Immortalized mouse embryonic fibroblasts were transiently
transfected with a plasmid encoding peroxisomal KR in combination or not with a
plasmid encoding mitochondrial catalase and cultured in standard growth med-
ium. After 3 days, the cells were preincubated for 3 h in medium supplemented or
not with 3-amino-1,2,4-triazole (3-AT; 10 mM), and subsequently exposed or not
exposed to green light (irradiance ~10 mW/cm?). Cell viability was evaluated by
MTT assay at 24 h postillumination and expressed as a percentage of the average
value of the corresponding nonilluminated condition. The values obtained from the
illuminated treated and untreated conditions were evaluated and found to be
statistically significant (p < 0.01) or nonsignificant (NS). The transfection efficiency
is indicated in parentheses.

C11-Bodipy 581/591 is accompanied by a shift in fluorescence
from red to green [62], we monitored lipid peroxidation by
processing the cells for live-cell fluorescence imaging in the green
channel (Fig. 8). We found that, under standard conditions (and
~30 min after illumination), lipid peroxidation could be consis-
tently detected in approximately 10% of the cells (Fig. 8D). This
phenomenon was both KR- and light-dose-dependent (Figs. 8A
and C, respectively). For comparison, we also examined the effect
of mt-KR and c-KR activation on lipid peroxide formation. For mt-
KR, we reliably observed a higher percentage of cells showing a
positive (green) staining for oxidized C11-Bodipy 581/591 than for
po-KR (Figs. 8E and F). For c-KR, no signs of lipid peroxidation
could be detected (Fig. 8H). Note that, as (i) C11-Bodipy 581/591
accumulates in virtually all cellular membranes [64], (ii) this
reporter molecule can be the primary target of lipid peroxidation
or oxidized by lipid radicals as part of (downstream) propagation
reactions [64], and (iii) the activated lipid species may also be
exchanged between membranes [65], our experimental setup did
not allow us to determine unambiguously in which subcellular
compartment the primary lipid radicals are formed and located.
However, to gain more insight into this complex issue, we first
investigated whether overexpression of GSTK1-roGFP2-PTS1 (po-
GSTK1), a green fluorescent protein having the potential to
detoxify lipid peroxides [66], could block po-KR- and/or mt-KR-
induced lipid peroxidation. From these experiments, it is evident
that po-GSTK1 functions only as a lipid peroxidation quencher for
po-KR (compare Figs. 8D and 8] with 8F and 8L). Note that, under
conditions where po-GSTK1 is expressed, peroxisomes are also
visualized in the green channel (Figs. 8I, ], K, and L). However, this
peroxisomal staining pattern is clearly different from that
observed for the oxidized Bodipy probe (compare Figs. 8D and J).
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Fig. 8. Detection of KR-induced lipid peroxidation in live cells. Immortalized mouse embryonic fibroblasts were transiently transfected with a plasmid encoding peroxisomal
(po-KR), mitochondrial (mt-KR), or cytosolic (c-KR) KR, in combination or not with a plasmid encoding GSTK1-roGFP2-PTS1 (po-GSTK1) or mitochondrial catalase (mt-CAT),
and cultured in standard growth medium. After 3 days, the cells were exposed (right) or not exposed (left) to green light (irradiance ~10 mW/cm?). After illumination, the
cells were incubated for 30 min at 37 °C with C11-Bodipy 581/591 (1 uM) in growth medium and processed for fluorescence microscopy (exposure times: red channel,
30 ms; green channel, 200 ms) as described under Materials and methods. Note that (i) C11-Bodipy 581/591 is a lipophilic compound that rapidly incorporates into
phospholipids of all cellular membranes; (ii) the emission spectra of the nonoxidized (red) and oxidized (green) forms of C11-Bodipy 581/591 display spectral overlap with
KR (red) and (roGFP2-tagged) po-GSTK1 (green), respectively; (iii) the peroxisomal staining pattern of (I, ], K) po-GSTK1 (green) can be easily distinguished from that
observed for (D, F, N) the oxidized Bodipy probe (green); and (iv) the green signal in (L) represents a mixture of po-GSTK1 and oxidized C11-Bodipy 581/591.

Next, we also studied the influence of mt-CAT overexpression on
po-KR-induced lipid peroxidation. This treatment did not cause
any observable changes in lipid peroxidation (compare Figs. 8N
and D). As (i) po-GSTK1, but not mt-CAT, can scavenge po-KR-
induced lipid peroxidation and (ii) both po-GSTK1 and mt-CAT
render cells less susceptible to po-KR-induced cell death (Fig. 6A),
these experiments indicate that peroxisome-derived lipid perox-
ides can activate a cell death pathway in which mitochondria and
mitochondrial H,0, production play central roles. This finding is in
agreement with our observations that Bax/Bak-deficient cells and
z-VAD-FMK, a compound acting downstream of mitochondrial
cytochrome c release, can (partially) protect cells against po-KR-
induced apoptosis (Fig. 2A). Once again, these results point to the
idea that the type of oxidative stress generated by po-KR inside

peroxisomes differs from the type of oxidative stress that is
formed inside mitochondria and causes cell death.

Disturbances in peroxisomal metabolism render the cells more
susceptible to KR-induced cell death

In a final series of experiments, we investigated whether a
partial or general loss of peroxisome function sensitized the cells to
KR-induced cell death. The rationale behind these experiments
stems from the observations that (i) Chinese hamster ovary cells
deficient in plasmalogen biosynthesis and fibroblasts from patients
with peroxisome biogenesis disorders are more sensitive to UV-
induced oxidative stress [67,68], (ii) cultured cerebellar neurons
from peroxisome-deficient mice display increased oxidative stress
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Fig. 9. Disturbances in peroxisomal metabolism sensitize cells to KR-induced cell death. Immortalized mouse embryonic fibroblasts (MEFs-T; CT, control cells; gnpat, GNPAT-
deficient cells; pex5, Pex5p-deficient cells) and human skin fibroblasts (HuFs-T; CT, control cells; pex19, Pex19p-deficient cells) were transiently transfected with a plasmid
encoding (A) peroxisomal (po-KR), (B) mitochondrial (mt-KR), or (C) cytosolic (c-KR) KR and cultured in standard growth medium. After 3 days, the cells were exposed or not
to green light (irradiance ~10 mW/cm?). Cell viability was evaluated by MTT assay at 24 h postillumination and expressed as a percentage of the average value under the
corresponding nonilluminated condition. The transfection efficiencies are indicated in parentheses. The values obtained from the illuminated and nonilluminated conditions
were evaluated and found to be statistically significant (p < 0.01). The values from the illuminated pex5, pex19, and gnpat cells were also statistically compared with the

results from the corresponding illuminated CT cells (*p < 0.01).

and apoptosis [69], and (iii) mouse fibroblasts lacking GNPAT (EC
2.3.1.42), a peroxisomal enzyme catalyzing the first step in ether
phospholipid biosynthesis, are more susceptible to 2,2’-azobis(2-
methylpropionamidine) dihydrochloride-induced oxidative stress
[70]. Note that, as (i) human fibroblasts are less sensitive to
KR-induced cell death than mouse fibroblasts (data not shown)
and (ii) the phototoxic effects of c-KR are relatively weak (see
above), the light dose for the human cells expressing c-KR
was increased to 72 J/cm? to facilitate the detection of potential
differences between the control and the peroxisome-deficient
cells.

Our results show that mammalian cells lacking functional
peroxisomes or GNPAT activity exhibit an increased sensitivity to
KR-induced cell death compared to the corresponding control cells
(Fig. 9). To exclude the possibility that the observed differences in
cell viability were due to an overall reduction in cellular fitness, we
also treated the cells with actinomycin D, a non-ROS-based
cytotoxic effector, which can induce cell cycle arrest and apoptosis
[71]. Importantly, these experiments did not reveal any difference
in the cytotoxicity between control cells and cells lacking func-
tional peroxisomes (Fig. 10). Finally, to gain a better insight into
the potential mechanism underlying increased cell mortality,
we treated the Gnpat—/~ cells with z-VAD-FMK or necrostatin-1.

These experiments revealed that, also in these cells, (i) the KR
fusion proteins exert long-term phototoxicity through activation of
both caspase-dependent and -independent cell death pathways
and (ii) KR-mediated caspase-independent cell death is not caused
by a RIPK1-dependent mechanism (Supplementary Fig. S9). Inter-
estingly, in contrast to the control cells (Fig. 2A), we also found
that z-VAD-FMK can partially protect Gnpat—/~ cells against c-KR-
induced cell death (Supplementary Fig. S9). This apparently
different behavior can most probably be explained by the fact that
Gnpat~'~ cells are more sensitive to KR-induced oxidative stress
(Fig. 9) and that therefore potential differences between the values
of the illuminated treated and untreated conditions can be more
easily detected. In summary, these findings further establish the
peroxisome as an organelle that protects the cell against the
adverse effects of ROS from peroxisomal and nonperoxisomal
sources.

Discussion

In recent years, strong arguments have been put forward that
peroxisomal metabolism and cellular oxidative stress are closely
intertwined and that a dysregulation of peroxisome function may
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Fig. 10. Disturbances in peroxisomal metabolism do not sensitize cells to actino-
mycin D-induced cell death. Immortalized mouse embryonic fibroblasts (MEFs-T;
CT, control cells; gnpat, GNPAT-deficient cells; pex5, Pex5p-deficient cells) and
human skin fibroblasts (HuFs-T; CT, control cells; pex19, Pex19p-deficient cells)
were cultured in standard growth medium. After 1 day, the cells were incubated in
medium supplemented or not with actinomycin D (80 nM). Cell viability was
evaluated by MTT assay at 24 h posttreatment and expressed as a percentage of the
average value under the corresponding untreated condition. The values from the
treated pex5, pex19, and gnpat cells were statistically compared with the values
from the corresponding treated CT cells. NS, nonsignificant.

contribute to the initiation and progression of human pathologies
related to oxidative stress [8,11]. However, the extent to which
peroxisomes modulate cytoprotective or cytotoxic responses is not
yet clear and has generated much controversy over the years [4].
Here, we employed a peroxisomal variant of KR to investigate how
mammalian cells respond to increased ROS production within the
peroxisomal matrix.

We found that the production of peroxisomal ROS by the light
activation of KR induced cell death in a light dose-dependent
manner. This finding extends a previous observation by Elsner
et al. [72], who reported that the production of excess H,0, inside
peroxisomes can cause f-cell dysfunction and ultimately cell
death. By employing various reporter assays, cell lines, and
death-preventing agents, we could also show that po-KR-
mediated ROS production predominantly activates the caspase-
dependent mitochondrial apoptotic pathway. Importantly, as
z-VAD-FMK and the absence of both proapoptotic Bax and Bak
proteins could not completely counteract the long-term photo-
toxicity of po-KR, our data also suggest the existence of an
alternative, caspase-independent mechanism of cell killing. Inter-
estingly, similar findings were recently reported for mt-KR [26].

Currently, it is generally accepted that both the beneficial and
the harmful effects of ROS largely depend on the site, type, and
amount of ROS production as well as the activity of the organism’s
antioxidant defense system [73]. Here, we found that the photo-
toxic effects of po-KR were more severe than those observed for
c-KR, but comparable with those observed for mt-KR. This obser-
vation indirectly suggests that the cytotoxic effects of activated po-
KR are not simply mediated by the leakage of ROS from peroxi-
somes into the cytosol. To further analyze the nature and location
of po-KR-induced free radical damage, we also conducted a series
of experiments in which the cytotoxicity of po-KR and mt-KR was
investigated in cells overexpressing a select set of (targeted)
antioxidant enzymes. Three important conclusions could be drawn.
First, as overexpression of SOD1, but not CAT, (partially) protects
the cells from KR-induced phototoxicity when the pro- and
antioxidant proteins display similar spatial expression patterns,
the main reactive oxygen species involved in the propagation of

KR-mediated cell death is most probably O, ~, and not H,0,.
Second, as GSTK1 shows a protective profile similar to that of
SOD1, the O,"~ radicals produced by KR most probably trigger
chain reactions in polyunsaturated fatty acids, which lead to
membrane lipid peroxidation. Third, as overexpression of mt-CAT
—but not po-CAT—can counteract the cytotoxic effects of po-KR,
the initial mitochondrial damage resulting from excess peroxiso-
mal ROS is likely to be caused by intramitochondrial H,O,.
Combined, these results provide a strong foundation for the idea
that the redox communication between peroxisomes and mito-
chondria is part of a complex signaling process and does not
simply involve a diffusion of ROS from one compartment to the
other. Interestingly, our results also show that the cell-based assay
designed here for studying the cytotoxic effects of KR-induced
oxidative stress can also be easily adapted to study the in cellulo
properties of antioxidant enzymes with ill-defined functions or
disease-containing mutations. For example, although human
GSTK1, a protein whose expression level has been negatively
correlated with obesity [74], has already been shown to exhibit
activity toward a number of GST substrates [75], this is—to the best
of our knowledge—the first study showing that this enzyme can
contribute to lipid peroxide detoxification processes in cellulo.
In addition, despite the fact that it has been reported that the ALS-
associated mutation G93A in SOD1 has little effect on enzyme
activity [57], our data demonstrate that, in contrast to the wild-
type protein, SOD1gg34 provides no protection to KR-induced
oxidative stress. This observation stimulates the need to explore
in more depth the mechanisms underlying this and other SOD1
disease-causing mutations.

Over the years, an increasing number of observations have lent
support to the concept that a loss of peroxisome function makes
cells more vulnerable to oxidative stress [68-70,76]. In this study,
we confirm and extend these findings by showing that cells
lacking either GNPAT or peroxisomes are more sensitive toward
KR-induced oxidative stress than the corresponding control cells.
A likely explanation for this difference may be that a partial or
complete decrease in peroxisome function will influence the cell’s
ability to shorten very long chain fatty acids and to synthesize
sufficient amounts of plasmalogens [2,3], two processes that are
likely to alter membrane composition, structure, fluidity, and
function [77,78]. In this context, it is also important to note that
plasmalogens are characterized by the presence of a vinyl ether
linkage at the sn-1 position, and this functionality has been
suggested to serve as a sacrificial trap for free radicals [79].

In summary, our observations present strong novel evidence
that (i) the presence of functional peroxisomes guards cells against
the harmful effects of KR-induced oxidative stress, (ii) excess
peroxisomal ROS production elicits mitochondria-mediated cell
death, and (iii) the redox communication between peroxisomes
and mitochondria involves complex signaling pathways that
extend well beyond the simple diffusion of ROS from peroxisomes
to mitochondria. As mitochondria represent important metabolic
signaling centers that also coordinate various signaling pathways
affecting cellular life span [80], these findings have important
implications for how we integrate peroxisomes into cellular
communication networks during cellular and organismal aging.
In this context, it should also be mentioned that (i) a disturbance in
the peroxisomal oxidative balance coincides with a depolarization
of the mitochondrial inner membrane potential and an increase in
mitochondrial ROS production [17] and (ii) dysfunctional peroxi-
somes impair mitochondrial oxidative phosphorylation and gener-
ate mitochondrial ROS in X-linked adrenoleukodystrophy cells [81].
All together, these findings indicate that mitochondria may act as
dynamic receivers, integrators, and transmitters of peroxisome-
derived oxidative stress. However, many intriguing questions
remain. For example, what is the identity of the peroxisomal
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oxidative stress messengers, how are these messengers transported
from peroxisomes to mitochondria, and how do they trigger
mitochondrial ROS production and mitochondrial stress signaling
pathways? As, among other examples, there is strong evidence that
ER-stress-induced oxidative stress triggers the funneling of Ca®*
from the ER to the mitochondria through mitochondria-associated
membranes, and this in turn can (i) affect the mitochondrial
electron transport chain, (ii) initiate the production of mitochon-
drial 0,°~ and H,0,, and (iii) activate mitochondrial-dependent
apoptotic pathways [82], fruitful ideas for further work may be
gathered from other research disciplines.
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