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Spatiotemporal autophagic degradation
of oxidatively damaged organelles after
photodynamic stress is amplified by
mitochondrial reactive oxygen species
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Although reactive oxygen species (ROS) have been reported to evoke different autophagic pathways, how ROS or their
secondary products modulate the selective clearance of oxidatively damaged organelles is less explored. To investigate
the signaling role of ROS and the impact of their compartmentalization in autophagy pathways, we used murine
fibrosarcoma L929 cells overexpressing different antioxidant enzymes targeted to the cytosol or mitochondria and
subjected them to photodynamic (PD) stress with the endoplasmic reticulum (ER)-associated photosensitizer hypericin.
We show that following apical ROS-mediated damage to the ER, predominantly cells overexpressing mitochondria-
associated glutathione peroxidase 4 (GPX4) and manganese superoxide dismutase (SOD2) displayed attenuated kinetics
of autophagosome formation and overall cell death, as detected by computerized time-lapse microscopy. Consistent
with a primary ER photodamage, kinetics and colocalization studies revealed that photogenerated ROS induced an initial
reticulophagy, followed by morphological changesin the mitochondrial network that preceded clearance of mitochondria
by mitophagy. Overexpression of cytosolic and mitochondria-associated GPX4 retained the tubular mitochondrial
network in response to PD stress and concomitantly blocked the progression toward mitophagy. Preventing the
formation of phospholipid hydroperoxides and H,0, in the cytosol as well as in the mitochondria significantly reduced
cardiolipin peroxidation and apoptosis. All together, these results show that in response to apical ER photodamage ROS
propagate to mitochondria, which in turn amplify ROS production, thereby contributing to two antagonizing processes,

mitophagy and apoptosis.

Introduction

Accumulating evidence indicates that loss of cellular redox
homeostasis is associated to cancer initiation and progression
and is crucial in mediating the cellular response to various ROS-
based therapeutic agents, including chemo-, radio- and photo-
dynamic therapy (PDT)."* These anticancer modalities impose
cancer cell death by generating lethal levels of ROS that alter
cancer cell’s resistance mechanisms of adaptation to oxidative-
injury. While it is well established that excessive ROS can insti-
gate apoptosis, emerging data have also revealed a signaling role
for ROS in the activation of macroautophagy (hereafter referred
to as autophagy), a major lysosomal pathway for the degradation

and recycling of proteins and organelles with prosurvival func-

tion.>°

During autophagy, cytoplasmic material is sequestered
into a double-membrane structure called the autophagosome for
subsequent delivery to lysosomes for degradation.”® Activation of
autophagy in response to the increased status of oxidative stress
during cancer progression and in response to anticancer therapy
plays a role in the modulation of cellular redox homeostasis with
consequences that depend on the genetic background of the can-
cer cells, their ability to undergo apoptosis, progression stage and
type of ROS insults.”!!

At the molecular level, both hydrogen peroxide (H,0,) and
superoxide radical (O,™) have been proposed as signaling media-
tors in autophagy."" Scherz-Shouval et al.'> showed that H O,
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accumulation in the mitochondria as result of nutrient starva-
tion was essential for the activation of autophagy. Other studies
showed that increased levels of O, produced by inhibition of
superoxide dismutase (SOD), addition of exogeneous H,O,, star-
vation or blockade of the electron transport chain, were involved

in the regulation of autophagy.’'¢

Jiang et al.,"”” however, have
reported that although mitochondrial ROS may act as a cause
and indirect initiators of autophagy, they are not required in the
execution of this process.

The systematic characterization of ROS as molecular media-
tors of autophagy and apoptosis pathways is complex since these
species can be rapidly neutralized or interconverted from one
to another by the action of, e.g., endogenous antioxidants. For
example, O,™, a membrane impermeable and thus more spatially
confined type of ROS, can be converted by SOD into H,O,,
a less reactive molecule with ability to diffuse and cross mem-
branes. In turn, H,O, can be neutralized to H,O and O, by cata-
lase or peroxidases or can be further converted into the highly
reactive "OH, by metal ions.”®

It is largely accepted that the primary ROS produced in PDT
by the combination of a photosensitizer, molecular oxygen and
visible light, is singlet oxygen (O,, IAg). This species has an inher-
ent lifetime of few microseconds which limits the primary photo-
oxidation reactions of 'O, with biomolecules in the close vicinity
to the site of the photosensitizer accumulation.” Photodynamic
(PD) stress has been the subject of intense research in recent
decades due to its therapeutic applications in PDT of can-
cer, age-related macular degeneration, microbial infections or
dermatological diseases, such as actinic keratosis or acne vul-
garis.”*® Several of the cellular events that occur in the phase
comprised between the primary photo-oxidative damage and
the final therapeutic effect, which is cell death and eradication
of diseased tissue, are modulated by secondary ROS. Secondary
ROS can extend the initial photodamage intracellularly, as seen
by Ouedrago et al.*® where lipid hydroperoxides produced in the
cell membrane after photooxidation using deuteroporphyrin can
spread the oxidative damage within the cells and produce nuclear
DNA damage. Furthermore, secondary ROS such as H,O, pro-
duced via NADPH-oxidase activation after PD stress using DP
and benzoporphyrin derivative, membrane- and mitochondrial-
localized photosensitizers, respectively, had a signaling role in the
amplification of the oxidative damage and cell death within the
treated cell population.”” This ROS was found to extend the lev-
els of oxidative stress to greater distances reaching neighboring
nontreated cells, by a so-called “bystander effect.”?**

In our previous studies, we showed that light activation of the
endoplasmic reticulum (ER)-associated hypericin (Hyp) induces
a rapid drop in sarco(endo)plasmic-reticulum Ca?*-ATPase
(SERCA) pump protein levels, as the primary event mediated
by locally generated 'O,.** SERCA photodamage causes disrup-
tion of Ca®* homeostasis, ER stress and eventual mitochondrial
apoptosis.’*® However, Hyp-mediated photodynamic (Hyp-PD)
stress also activates autophagy and the more selective chaperone-
mediated autophagy, whereby oxidized soluble proteins are tar-
30,31 and

both pathways have been shown to increase the resistance against

geted for degradation in a protein-by-protein fashion,
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PD stress.” The alleviation of both autophagic and apoptotic
processes by overexpression of the cytosolic membrane-associated
antioxidant enzyme GPX4 (phospholipid glutathione peroxidase)
already revealed a role for ROS originated at the ER in the fur-
ther propagation of oxidative damage. Nevertheless, the nature of
the different intracellular ROS produced in response to the initial
'0,-mediated insult at the ER is still unknown. In addition, the
way these ROS further modulate the autophagy-apoptosis cross-
talk is still unclear.

In this work, we addressed these questions by using 1.929
murine fibrosarcoma cells overexpressing different antioxidant
enzymes (phospholipid glutathione peroxidase (GPX4), cata-
lase (CAT) and superoxide dismutase (SOD) targeted at differ-
ent locations (cytosol and mitochondria). We found that while
lipid hydroperoxides or their metabolites produced following the
initial ROS insult at the ER stimulate ER-selective autophagy
(reticulophagy), this oxidative damage is being rapidly conveyed
to the mitochondrial phospholipid cardiolipin. The subsequent
generation of ROS by the mitochondria is a key event which
coordinates both the selective removal of mitochondria through
mitophagy and the initiation of apoptotic cell death.

Results

Hyp-PD mediated ER photodamage propagates ROS and
autophagy in 1929 cells. Hyp is a photosensitizer that localizes
preferentially in the ER of different cell lines including 1929
cells,?® while is excluded from mitochondria, thereby ensuring
that primary Hyp-mediated photodamage is confined to the ER
(Fig. S1A and S1B). This is also confirmed by the rapid SERCA
photo-oxidation (Fig. S1C) following Hyp-PD exposure of 1.929
cells, in line with previous results.?® In order to study the cellular
responses to Hyp-PD stress, we first monitored the levels of ROS
produced as a function of time using computerized time-lapse
microscopy (CTLM). L929 cells continuously produced ROS
long after the initial PD insult, with a peak at around 9-10 h
(Fig. 1A), as also reflected by a corresponding time-dependent
accumulation of carbonylated (oxidized) proteins (Fig. 1B).

We recently reported that ROS generated by Hyp-PD stress
stimulate autophagy pathways in both fibroblasts and HeLa cells,
in the attempt to limit the propagation of oxidative damage and
protecting the cells from mitochondrial apoptosis.” Likewise
in 1929 cells Hyp-PD stress led to a dose- and time-dependent
accumulation of lipidated LC3-II as measured by western blot-
ting and as quantified through analysis of LC3 puncta formation
by CTLM in GFP-LC3 stably transfected 1929 cells (Fig. 1C
and D). Moreover, consistent with previous works,* the presence
of 3-methyladenine (3-MA), an inhibitor of the class III PtdIns
3-kinase complex required for autophagic vacuole formation,* or
the siRNA mediated knockdown of the essential autophagy gene
ATGS, increased the cytotoxic effects of Hyp-PD stress, suggest-
ing that autophagy stimulation has a similar cytoprotective role
in 1929 cells (Fig. SID-G).

Unirradiated control cells containing Hyp did not display
changes in autophagosome number over time, measured by
CTLM, therefore ruling out the contribution of the imaging
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Figure 1. Localized ER photodamage promotes ROS production and stimulation of autophagy in L929 cells. (A) Background-subtracted intracellular
DCF fluorescence measured as a function of time for a population after photodynamic treatment with Hyp (25 nM) and (®) 7.8 J«cm? or (O) 0 Je.cm™?
(control) of 572 + 12-nm light. In the absence of photosensitizer or initial energy dose, negligible changes in DFC fluorescence were observed. The
values plotted correspond to the intracellular DCF fluorescence values corrected by the background, since the oxidized probe gradually leaks out the
cell with time. (B) Protein carbonylation quantification (nmol of carbonylated protein/mg protein) as a function of time after Hyp-PD stress with an
energy dose of 1.1 Je«cm? (white light) compared with control. (C) LC3-I-to-LC3-Il conversion determined by western blot analysis of whole cell lysates

as a function of the initial energy dose (white light), detected 6 h after initia
are performed as the ratio of LC3-Il over actin. A representative western blo

| PD insult and quantification of the western blot analysis. Quantifications
t (n = 3) is shown. (Inset) Levels of ROS detected in the empty-vector trans-

fected cells (i.e., Neo cells), measured by DCF-fluorescence using FACS, at different energy doses (white light). (D) Kinetics of GFP-LC3 puncta formation
in a L929 Neo population challenged with 4.5 Je«cm? (®) of 572 + 12-nm light delivered by microscopic PDT, monitored by CTLM, compared with the
control (O), i.e., cells with Hyp, but with no initial excitation. (E) Confocal microscopy images corresponding to the formation of GFP-LC3 labeled auto-
phagosomes in L929 Neo(NaSe) cells taken at 6 and 16 h after PD stress (1.1 Jecm, white light) ([CQ] = 5 wM). Scale bar: 10 wm.

process to the detection of this cellular response. PD-treated cells
overexpressing GFP-only did not show puncta formation (data
not shown), confirming that the puncta observed in GFP-LC3
treated cells are due to autophagosome formation rather than
unspecific GFP aggregation.

The accumulation of LC3-II (Fig. 1C) or GFP-LC3 puncta
(Fig. 1D) correlated well with the increased ROS production
detected at different energy doses (Fig. 1C, inset) and times
(Fig. 1A) and was increased by the addition of the lysosomotric
agent chloroquine (CQ), which inhibits the fusion between
autophagosomes and lysosomes.” Presence of CQ increased the
number of GFP-labeled autophagosomes (Fig. 1E; see Fig. 2B for
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quantification), which is more evident at 16 h due to the higher
accumulation of oxidative damage, thereby confirming that
Hyp-PD stress also stimulates autophagic flux in 1929 cells.

All together these results point to a close correlation between
the progression/propagation of the oxidative damage after the
initial Hyp-PD stress at the ER and autophagy stimulation in
1929 cells.

Hyp-PD stress activates reticulophagy and mitophagy in
a spatiotemporal manner. Our previous studies indicated that
although oxidative damage is initiated at the ER and induces
immediate loss of ER-Ca?* homeostasis, mitochondrial apop-
tosis is rapidly engaged.’® This suggests the existence of a close
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Figure 2. Spatio-temporal evolution of autophagy (A) Confocal microscopy images corresponding to the analysis of the autophagic flux for Neo(Nase)
cells, taken at 6 and 16 h after PD stress (1.1 J«cm?, white light), and for the colocalization of the autophagosomes with ER- and mitochondria-
fragments. Calreticulin (CALR) was labeled with the Texas Red fluorophore, whereas TOMM20 with AlexaFluor 647; for clarity of the merged images,
images corresponding to TOMM20 are shown in false color red. Arrows indicate ring-shaped autophagosomes. Scale bar: 10 wm. (B) Fluorescence mi-
croscopy analysis of the autophagic flux for Neo(NaSe) cells. The graph plots the average of GFP-labeled autophagosomes per cell. Each bar includes
the number of autophagosomes that contain/colocalize with ER and mitochondria fragments. Data represent mean + SD of 4 independent experi-

ments; in each experiment 30 cells were scored per condition.

crosstalk between ER and mitochondria, which uses ROS as sec-
ond messengers.

Since autophagy can be used for the removal/clearance of defec-
tive/damaged organelles, we next investigated whether activation
of autophagy by Hyp-PD stress could involve the selective clear-
ance of the ER (reticulophagy) and/or mitochondria (mitophagy).
To this end, we used immunofluorescence techniques to monitor
whether autophagosomes colocalized or contained fragments of
ER (immunolabeled with an anti-calreticulin antibody) or mito-
chondria (immunolabeled with anti-TOMM20 antibody), thus
revealing the presence of reticulophagy and mitophagy. Confocal
microscopy analysis confirmed that after Hyp-PD stress the num-
ber of autophagosomes co-localizing with the ER luminal chaper-
one calreticulin, relative to the total number of autophagosomes
accumulating in the cell, was initially higher than those contain-
ing mitochondrial fragments, but decreased at later time points
(i.e., 16 h). Intriguingly, at longer time points (i.e., 16 h) this situ-
ation was reversed and the amount of autophagosomes containing
mitochondria fragments relative to the total number of auto-
phagosomes became predominant (Fig. 2). Organelle-containing
autophagosomes, which appear as rings-containing mitochon-
drial or ER fragments, were also clearly detected (Fig. 2A; Fig.
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§2). Moreover, blockage of the autophagic flux by CQ further
evidenced the temporal transition between these two forms of
organelle-selective autophagy, since blockage of lysosomal degra-
dation by CQ addition at the different phases of the autophagic
process, caused the accumulation of undigested autophagosomes
with different cargo (Fig. 2). Interestingly, the transition between
these two types of selected autophagy was accompanied by a
noticeable change in mitochondrial morphology (Fig. 2A). At
shorter times, i.e., 6 h after PD stress when reticulophagy was
predominant, mitochondria appeared elongated forming a reticu-
lar network. On the other hand, at the time when mitophagy
was prevalently stimulated (i.e., 16 h after irradiation) mitochon-
dria appeared more fragmented. These observations are consis-
tent with recent works reporting that during starvation elongated
mitochondria are protected from autophagic elimination, whereas
mitochondrial fragmentation precedes mitophagy.**

All together these results suggest that the ER localized photo-
generation of ROS by Hyp-PD stimulates a spatio-temporal and
organelle-specific autophagic degradation, which involves first
reticulophagy and then mitophagy.

Hyp-PD mediated apoptosis is blocked by protecting mito-
chondria from oxidative damage. To further identify the nature,
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localization and signaling role of the ROS produced following
Hyp-PD stress, we overexpressed different antioxidant enzymes
(Fig. S3) in 1.929 cells at different subcellular locations: cytosolic
catalase (CAT), cytosolic membranes-associated phospholipid
glutathione peroxidase (GPX4),” and mitochondrial superox-
ide dismutase (SOD2). Cytosolic GPX4 is present in the cytosol
where it is associated with plasma, nuclear or other organelle mem-
branes, including the ER.%** Moreover, we engineered mutants
of CAT and GPx4 to enable their forced expression (mt-CAT
and mt-GPX4, respectively) in the mitochondria. Since oxidative
stress is the initial trigger of all cellular responses in our para-
digm, we first analyzed the impact of these antioxidant enzymes
on different cell death parameters. While all cells accumulated
Hyp to similar levels within the ER (Fig. S4A), the increased
level of cell death observed at 24 h with increasing PD doses in
the empty-vector transfected cells (i.e., Neo cells), was attenu-
ated by the overexpression of the antioxidant enzymes, although
clearly to a different extent (Fig. 3A). Interestingly, while the
protection provided by cytosolic CAT and GPX4 vanished after
24 h at higher PD doses, overexpression of mitochondrial anti-
oxidants, predominantly SOD2 and mt-GPX4, was visibly more
cytoprotective within the range of PD dose used. Moreover,
CTLM analysis showed that overexpression of SOD2 slowed
down the rate of cell death in a dose-dependent way (Fig. 3B;
Fig. S4B). It should be noted that the Neo-L929 cells that were
cultured in medium containing sodium selenite (NaSe) required
for the functions of GPX4 (i.e., NeoNaSe), displayed a reduced
sensitivity to PD-mediated stress, likely due to an enhancement
of the antioxidant activity of the basal levels of the seleno-depen-
dent enzymes GPX within the range of concentration used.*!

To evaluate the propagation of the oxidative damage from the
ER to the mitochondria, we next examined the levels of cardiolipin
(CL) peroxidation produced after PD stress in the different 1.929
cell lines. CL is a mitochondrial-specific anionic phospholipid that
is located in the inner and outer leaflets of the mitochondrial inner
membrane where it interacts with cytochrome C (Cyt C) forming
a complex with peroxidase activity.”** CL-peroxidation is one of
the earliest apoptotic events occurring in response to different
pro-oxidant insults, thereby providing a marker for redox-regu-
lated mitochondrial events linked to cell death.** Photodamage
at the ER yields CL peroxidation in 1.929 Neo cells, indicative of
mitochondrial damage (Fig. 3C). Overexpression of mitochon-
drial antioxidant enzymes, like SOD2 and me-CAT attenuated
CL peroxidation following Hyp-PD stress suggesting that pro-
duction of O, and H,O, by mitochondria contributes to this
event. Interestingly, overexpression of mt-GPX4, which reduces
CL-peroxides to the corresponding alcohols in situ, yielded the
predominant protection (Fig. 3C). Moreover, the strong protec-
tion displayed by the cytosolic membranes-associated GPX4 and
CAT suggests that ER-photogenerated phospholipid hydroperox-
ides and H,O, can propagate oxidative damage to the mitochon-
drial CL (Fig. 3C). Consistent with a role of CL peroxidation
in Cyt C release,** immunocytochemistry analysis showed that
the redistribution of Cyt C in the cytosol after PD stress and loss
of transmembrane potential, were prevented by the overexpres-

sion of cytosolic GPX4 or SOD2 (Fig. S4C and S4D). Moreover,
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caspase-3 activation after PD stress was significantly blocked by
both cytosolic GPX4 and CAT, but also by mitochondrial antiox-
idants (Fig. 3D). Nevertheless, because overexpression of SOD2
and mt-GPX4 was overall more cytoprotective (Fig. 3A), these
data suggest that through a 'O,-induced ROS-release, mitochon-
drial ROS and mitochondria lipid hydroperoxides amplify cell
death pathways.

All together, these results reveal that the delocalization of oxi-
dative damage from ER to the mitochondria via phospholipid
hydroperoxides and H,O, generates secondary mitochondrial
ROS, which amplify cell death.

Organelle-specific autophagy is modulated by secondary
ROS. We next studied the effect of the overexpression of antioxi-
dant enzymes on different autophagic parameters. As expected,
overexpression of different antioxidants alleviated the oxidative
burden and significantly reduced LC3-II accumulation and the
number of GFP-labeled autophagosomes detected after Hyp-PD
stress (Fig. 4). Furthermore, using CTLM after microscopic PD
stress, we were able to compare the kinetics of autophagosome
formation in the absence and presence of the antioxidant
enzymes (Fig. 4B). The increased expression of cytosolic GPX4
or mitochondrial SOD2 slowed down the kinetics of auto-
phagosome formation compared with the PD-treated Neo popu-
lation, consistent with the attenuation of LC3-II levels detected
by western blot (Fig. 4A). The CTLM analysis confirmed the
higher efficiency of mt-GPX4 in mitigating autophagy induction
by Hyp-PD stress (Fig. 4B), therefore confirming a major role
for mitochondrial PhLOOH in the amplification of this ROS-
mediated autophagy.

Overexpression of antioxidants not only reduced the kinet-
ics of autophagosome formation, but it also affected the levels of
reticulophagy and mitophagy detected after Hyp-PD stress, thus
providing information on the predominant ROS contributing to
these processes.

Confocal microscopy analysis (Fig. 4C and D) indicated that
overexpression of cytosolic GPX4 curbed mostly the selective
reticulophagy (relative to the total number of autophagosomes)
occurring 6 h after Hyp-PD of Neo cells and which preceded
the clearance of mitochondria at later time points (see also Fig.
2). Mitigation of reticulophagy resulted in a reduction of the
number of mitochondria colocalizing with the autophagosomes
over time (i.e., 16 h), thus suggesting that following the apical
ER photodamage, PhLOOH propagate the oxidative wave to
mitochondria. In contrast, while overexpression of mitochon-
drial antioxidants reduced the total number of autophagosomes
formed after Hyp-PD (Fig. 4C), it did not affect the relative frac-
tion of ER-containing autophagosomes at 6 h after irradiation,
when compared with Neo(NaSe) cells. As expected, the fraction
of autophagosomes colocalizing with mitochondria at 16 h was
significantly reduced by mitochondrial antioxidants.

Intriguingly, the overexpression of cytosolic GPX4 and
mitochondria-associated enzymes, mt-GPX4 and SOD2, also
prevented the Hyp-PD induced morphological changes in the
mitochondrial network (Fig. 4D and E).

These results strongly suggest that after the initial photo-
oxidative stress to the ER, PhLOOHs propagate to the adjacent
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mitochondria and trigger the disruption of the reticular mito-
chondrial network, which favors subsequent mitochondria ROS

generation and mitophagy.

Recent studies have reported that the local photogeneration of
ROS (i.e., photodynamic or PD stress) initiated by photosensi-

tization is a trigger of autophagy pathways. 4%

Discussion
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Figure 3. Protecting mitochondria from
oxidative damage blocks Hyp-PD apoptosis.
(A) Hyp-induced PD cell death (trypan-blue-
positive cells) in L929 Neo or L929 cells over-
expressing different antioxidants as a function
of the energy dose (white light), 24 after the
initial PD insult. (*p < 0.05, **p < 0.01 and ***p
< 0.001). (B) Effect of overexpression of SOD2
on the kinetics of cell death, measured by PI
uptake using CTLM, as a function of energy
dose (572 £ 12-nm light), compared with Neo
cells. (C) Effect of antioxidants on cardiolipin
peroxidation detected at 6 h after an energy
dose of 1.1 Js«cm™ (white light), measured as
percentage of cell population showing loss of
NAO fluorescence. (D) Measurement of cas-
pase-3 activity detected at 6 h after an energy
dose of 1.1 J«cm? (white light), measured as
fluorescence AMC released after caspase-
3-fluorescent substrate cleavage. (*p < 0.05,
**p < 0.01 and ***p < 0.001). L929 cells over-
expressing the selenium dependent enzyme
GPX4 were grown in media supplemented
with sodium selenite (NaSe) required for the
enzyme activity.

we recently reported that PD stress with
hypericin activates (macro)autophagy, as
well as chaperone-mediated autophagy and
found that both pathways are functionally
involved in mitigating ROS-damage and
apoptotic cell death.?! Although autophagy
stimulation was associated with the rapid
ROS-mediated downregulation of the Akt
mTOR pathway and not with the loss of
function of BCL2 by direct photodam-
age,s()ﬁl
clearance by (macro)autophagy have not

the effects of PD stress on organelle

been investigated thus far. Since PD stress
induces a primary boost of ROS that is ini-
tially confined to the subcellular sites or the
organelle where the photosensitizer pref-

erentially accumulates,'”>

it provides an
interesting paradigm to study the impact of
ROS-mediated organelle damage and the
involvement of selective organelle degrada-
tion by autophagy.

In chis study, we used 1.929 cells overex-
pressing antioxidant enzymes located at the
cytosol/cytosolic membranes or targeted to

the mitochondria to evaluate the type of

ROS and the impact of their compartmentalization on the clear-
ance of the ER and mitochondria in response to Hyp-PD stress.

Since initially Hyp-photosensitized 'O, generation is spatially

confined in the ER membranes, but secondary ROS are ulti-

mately conveyed to the mitochondria, we evaluated the kinetics

of selective autophagy (i.e., reticulophagy and mitophagy) as well

particular,

Autophagy

as apoptotic/cell death parameters in these different cell lines.
This study highlights that the major contribution to cellular
oxidative damage, which is the trigger of both autophagy and
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cell death mechanisms, is due to secondary mitochondrial ROS
generation, rather than direct ER-photo-oxidation. Indeed, cyto-
solic antioxidants, and especially GPX4, can attenuate initial
ER-photodamage, which is the event triggering the selective and
apical clearance of this organelle (reticulophagy), but are less effi-
cient in preventing overall cell death, when compared with the
more long-lasting cytoprotective effects conferred by the mito-
chondria-associated antioxidant enzymes.

Because Hyp is excluded from mitochondria, mitochondrial
ROS production can only be a downstream process occurring
after primary ER-photodamage and for which a signaling media-
tor is required. We hypothesized that hydroperoxides (or their sec-
ondary metabolites) initially photogenerated at the ER or H,O,
could have this signaling role. In fact, overexpression of cytosolic
GPX4 and CAT reduced both autophagy (reticulophagy first and
later on mitophagy) and mitochondrial apoptotic responses, thus
assigning to PhALOOH (or PhALOOH-derived metabolites) and
H,O, asignaling role as oxidative mediators in the propagation of
the initial photo-oxidative damage. Interestingly, 4-hydroxynon-
enal (4-HNE), an end product of lipid peroxidation that quickly
forms adducts with proteins, has been shown to participate in the
activation of both processes in other cellular systems.”>
Different studies have shown that PALOOH:s can translocate/

transfer between membranes,?*>¢>

through the cellular aque-
ous compartments, to expand their signaling oxidative range
throughout the cell, at locations remote from the initial site of
photo-oxidation. The occurrence of these events is consistent
with the generation of long-lived species such as hydroperoxides,
including H,O,. Moreover, PALOOH intermembrane transfer
is in some cases facilitated by proteins. Under oxidative stress
conditions, the sterol carrier protein-2 (SCP-2), which has been
implicated in the cholesterol (Ch) movement from the ER to
mitochondria,®”®" was involved in transferring ChOOHs and
PhLOOHSs to the mitochondria, which exacerbated oxidative
damage resulting in a significant loss of AW . PhLOOH trans-
location between ER- and mitochondria could be mediated by
the mitochondrial-associated membranes (MAMs). MAMs are
the proteinaceous structures tethering the ER and mitochondria,
which allow regulation of Ca?* fluxes and phospholipids transfer
between these organelles (10-25 nm).® Interestingly, we have
recently observed that MAMs disruption prevents the propa-
gation of ROS to the mitochondrial apoptotic machinery after
Hyp-PD stress (Verfaillie et al., unpublished data), therefore
suggesting that MAM:s could facilitate hydroperoxides transloca-
tion/dissemination between these organelles after PD stress.
This study also shows that as a result of this ROS event, dam-
aged mitochondria amplify ROS generation in the form of O,",
which easily dismutates into H,O,. H,O, is thought to be the
ROS mediating CL-peroxidation, which is catalyzed by the per-
oxidase activity of the complex CL-Cyt C.**% A recent work by
Belikova et al.,® however, revealed that fatty acid hydroperoxides
can also provide the oxidizing equivalents to the peroxidase com-
plex that results in CL-peroxidation. Therefore, it is possible that
fatty acid hydroperoxides hydrolyzed by phospholipase-mediated
hydrolysis once translocated from the ER to the mitochondria,
can directly mediate CL-peroxidation. Our CTLM experiments

1318 Autophagy

show that deactivation of O, by SOD2 decreases drastically
the rate of cell death, thus confirming the contribution of these
mitochondrially-generated secondary ROS in Hyp-PD mediated
photokilling. Moreover, the observation that SOD2 (and also mt-
CAT) expression results in a major attenuation of Hyp-PD medi-
ated autophagy by reducing predominantly mitophagy, reveals
the contribution of mitochondrial O, (and H,O,) production
to autophagy stimulation, as reported in other ROS paradigms
or after starvation.'*¢
accumulate preferentially in the mitochondria and which, there-

Recent studies using photosensitizers that

fore, initiate photo-oxidation in these organelles, report the clear-
ance of photodamaged mitochondria by mitophagy.*4®

In our study, since the initial ROS damage occurs at the ER,
we could evaluate the spatio-temporal transition from reticu-
lophagy to mitophagy, and show that this process is accompa-
nied by changes in mitochondrial morphology. The reticular
mitochondrial network observed 6 h after Hyp-PD stress, where
selective reticulophagy is the dominant process, becomes frag-
mented at longer times, (i.e., 16 h) when mitophagy takes over.
Overexpression of GPX4 and mt-GPX4, both reducing the lev-
els of mitophagy after PD stress, keeps the highly fused mito-
chondrial network. These observations are consistent with recent
works showing that induction of autophagy by starvation leads
to mitochondrial elongation to maintain mitochondrial mass,**
3¢ although, when mitochondrial integrity is compromised and
these organelles become autophagosomal targets, their frag-
mentations precedes their engulfment by selective mitophagy.
Furthermore, our observations are consistent with those of Twigg

1.* reporting that mitochondrial fission is linked to mitoph-

eta
agy, but not to reticulophagy.

On the other hand, our study further identifies in the down-
stream products of mitochondrial ROS, mainly in the form of
CLOOH, the major ROS-derived molecules produced in the
mitochondria are still able to have an effect on cellular responses
induced by PD-mediated oxidative damage. Indeed, detoxifi-
cation of CLOOH by mt-GPX4 reduces the oxidative damage
amplified by mitochondria ROS production and consequently
also slows down the kinetics of autophagosome formation, espe-
cially by reducing mitophagy.

These results are consistent with the study of Kissovd et a
which reported that inhibition of the mitochondrial lipids oxi-
dation slows down autophagy in yeasts. Likewise, reduction of
CLOOH to the corresponding alcohol decreases caspase-3 acti-
vation and eventual cell death (Fig. 3A and D), thus confirming
previous studies defining the anti-apoptotic role of mt-GPX4.4¢7

CLOOH has been reported to be an upstream event in apop-
tosis activation when initial 'O, mediated photo-oxidation is
targeted/localized in the mitochondria by using ALA- or pho-
tofrin-photosensitized PD stress.®*® Although the protective
effect shown by mt-GPX4 is expected to be against CLOOH, it
cannot be excluded that PALOOH produced immediately after
initial photodamage at the ER is able to translocate into the mito-
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chondria and results in further peroxidation of mitochondrial
components.

Processes downstream of CL-peroxidation lead to Cyt C- and
other pro-apoptotic factors- release, which is considered as the
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Figure 4A-C. Secondary ROS modulate organelle-specific autophagy. (A) Effect of overexpression of antioxidant enzymes on LC3-I-to-LC3-Il conver-
sion determined by western blot analysis of whole cell lysates detected 6 h after initial PD insult (1.1 Jecm?, white light). A representative western blot
(n =3) is shown. The upper panel is a composite of 3 different lanes (same exposure) of the same gel. (B) Effect of cytosolic membranes-associated and
mitochondrial GPX4 (left) and SOD2 (right) on the kinetics of GFP-LC3 puncta formation, compared with the Neo(NaSe) population, in populations
challenged with 4.5 J.cm? of 572 + 12-nm light delivered by microscopic PDT, monitored by CTLM. (C) (Left) Quantification of the number of GFP-
labeled autophagosomes detected in the images (D), represented as the average of GFP-LC3 puncta per cell (*p < 0.05, **p < 0.01 and ***p < 0.001)
and (right) quantification of the number of autophagosomes that contain/colocalize with ER and mitochondria fragments. Data represent mean + SD
of 4 independent experiments; in each experiment 30 cells were scored per condition.

point of no return in many paradigms of cell death.”® Therefore,
our results support the hypothesis proposed by Kagan et al.®
that CLOOH could act as a ‘molecular switch’ that initiates
the development of pre-apoptotic events when oxidative pres-
sure inside the mitochondria is too high and mitophagy fails to
effectively eliminate oxidatively damaged cellular components.
In line with this, Korytowski et al.” have recently published that
CLOOHs and other CL oxidation products can translocate via
the aqueous intermembrane space from the inner mitochondrial
membrane to the outer mitochondrial membrane of oxidatively
stressed mitochondria in order to sensitize the outer membrane
for pro-apoptotic recruitment of tBID and BAX. This is an
interesting possibility which deserves to be explored in further
studies.

Materials and Methods
Chemicals. Hyp was synthesized and purified as described previ-

ously.”? Antibodies against LC3 (3868) and SERCA2 (4388) were
from Cell Signaling Technology. Anti-Cyt C antibody (556433)

www.landesbioscience.com

was from BD PharMingen. Antibodies against TOMM?20
(ab56783) and calreticulin (ab92516) were from Abcam. DMEM
medium (21969), phenol red-free DMEM medium (31053-028),
DMEM/E-12 (1:1) medium (11039-021), geneticin (10131-019),
puromycin (A11138-03), 3,3'-dihexyloxacarbocyanine iodide
(DioC6(3), D-273), 5-(and-6)-chloromethyl-2',7'-dichloro-
dihydrofluorescein diacetate acetyl ester (CM-H,DCEF-DA,
C6827), 4',6-diamidino-2-phenylindole dihydrochloride (DAPI,
D1306), ER-tracker Blue-WhiteDPX (E12353), Mitolracker
Deep Red (M-22426), ProLong Gold antifade reagent (P36934),
Texas Red goat anti-rabbit IgG(H*L) (T2767) and Alexa Fluor
647 goat anti-mouse IgG(H*L) (A21235) were purchased from
Invitrogen. Fetal bovine serum (FBS, Hyclone, triple 0.1 pm
sterile filtered, SV30160.03), DyLight 800 conjugated goat anti-
rabbit IgG(H*L) (35571) and DyLight 680B conjugated goat
anti-mouse IgG(H'L) (35525) were from Thermo Scientific.
Penicillin/streptomycin  (P0781), /[-glutamine (G7513), try-
pan blue (TB, T-0776), 10-nonylacridine orange bromide
(NAO, A-1372), 2,4-dinitrophenylhydrazine (97%, reagent
grade, D199303), 3-MA (M9281), chloroquine diphosphate
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Figure 4D and E. Secondary ROS modulate organelle-specific autophagy. (D) Confocal microscopy images corresponding to the effect of antioxidants
on the number of GFP-labeled autophagosomes detected at 6 and 16 h after Hyp-PD stress as well as the colocalization of the autophagosomes with
ER- and mitochondria fragments. Calreticulin (CALR) antibody was labeled with the Texas Red fluorophore, whereas TOMM20 antibody with Alexa-
Fluor 647; for clarity of the merged images, images corresponding to TOMM20 are shown in false color red. (E) Confocal microscopy images corre-
sponding to the changes in mitochondrial morphology that accompany transition from reticulophagy to mitophagy in Neo(NaSe) cells and protection
displayed by GPX4. Scale bar: 10 wm.
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salt (CQ, C6628), dimethylsulfoxide (DMSO, = 99.9%, ACS,
spectrophotometric grade, 154938), ethyl acetate (= 99.5%,
ACS, spectrophotometric grade, 154857), Dulbecco’s phos-
phate buffered saline (PBS, D8537), bovine serum albumin
(BSA, = 96%, essentially fatty acid free, AG003), goat serum
(G9023), NaSe (S5261), propidium iodide (PI, 4170), anti-
actin antibody (A5441) and thiazolyl blue tetrazolium bromide
(MTT reagent) (M5655) were purchased from Sigma-Aldrich.
ON-TARGET plus SMARTpool for Atg5 siRNA (L-064838-
00), the ON-TARGET plus CONTROL POOL nontargeting
siRNA (D001810-10-20) and Dharmafect Transfection Reagent
1 (T-2001-02) were from Dharmacon (Thermo Scientific).

Cell culture. 1929 murine fibrosarcoma cells overexpressing
antioxidants were maintained in DMEM containing 4.5 geL"
glucose and 0.11 geL"! sodium pyruvate and supplemented with
2 mM /[-glutamine, 100 unitssmL" penicillin, 100 pgemL"! strep-
tomycin, 0.5 mgemL™" geneticin and 10% FBS. Media for GPX4-
and mt-GPX4-overexpressing cells was supplemented with NaSe
(43 nM). Stably GFP-LC3 expressing cells were grown in the
previous media supplemented with puromycin (12 pwgemL™).

Cloning of the antioxidant enzyme cDNA sequences in the
pCAGGS expression vector and transfection of 1929 cells.
All antioxidant enzyme ¢cDNA sequences were cloned into the
pCAGGS expression vector under control of a eukaryotic hybrid
B-actin/B-globulin promotor preceded by a human cytomegalo-
virus immediate early promotor. Following constructs were made:
pCAGGS_human-SOD2 (pCAGGS_h-SOD2), _h-SODI, rat-
CAT (r-CAT), mitochondrial CAT_(rh-mt-CAT), pig-cytosolic
GPX4 (_p-cGPX4) and mitochondrial GPX4_(ph-me-GPX4).
The rh-mt-CAT-construct is the genetically modified r-CAT gene
wherein the mitochondrial targeting sequence of h-SOD2 was
inserted N-terminally and the peroxisomal targeting sequence
of r-CAT was deleted. Similarly to th-mt-CAT, the ph-mt-GPX4
construct was obtained by inserting the mitochondrial target-
ing sequence of h-SOD2 N-terminally of the p-GPX4 construct.
Specificity of the primers was established by verifying the length
of the amplicon sequence along with the absence of amplifica-
tion in the empty vector-transfected 1.929 cells (i.e., Neo cells)
and cells overexpressing the antioxidant enzymes. However, as
mt-CAT- and mt-GPX4-constructs were designed by modify-
ing CAT and GPX4 respectively, amplification also occurs when
r_CAT and p_GPX4 primers are used. Conversely, th_mt-CAT
and ph_mt-GPX4 primers were designed to specifically recognize
the mitochondrial targeting sequence and therefore amplification
only occurs with the mitochondrial enzymes. Transfection of the
antioxidant enzyme constructs was performed through cotrans-
fection with a geneticin-resistance construct in a 10:1 ratio using
lipofectamine (Invitrogen) according to the manufacturer’s proto-
col. Stable overexpression of the antioxidant enzymes was obtained
through culturing of the cells in the presence of geneticin.

Transduction of 1929 cells with GFP-LC3 and GFP.
Phoenix-Eco packaging cells (ATCC product SD-3443) were
transfected with pBabe-EGFP-LC3 (obtained from Dr. Debnath;
Department of Pathology and Biomedical Sciences Graduate
Program) using the calcium phosphate precipitation method.”
Twenty-four to 72 h after transfection viral supernatant was
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collected, filtered through a 0.45-pm filter and subsequently used
to transduce 1929 cells. Stable cell lines expressing GFP-LC3
were selected with puromycin (12 pgemL?).

Photosensitization. Photodynamic experiments were per-
formed 24 h after plating cells in 10-cm plates. Cells were
incubated with Hyp [200 nM, diluted from the stock solution
(750 wM in DMSO)] in serum-free DMEM for 2 h. Prior to irra-
diation, Hyp solution was removed and cells were washed with
PBS. Irradiation was performed in PBS. Cell culture plates were
placed on a plastic diffuser sheet which received the light of a
set of seven L18W30 fluorescent lamps (Osram) (white light).
The irradiance of the lamps was 4.5 mWecm™ and was measured
using an IL 1400 radiometer (detector SEL 033) (International
Light, Newburyport, MA). The fluence delivered (Jecm™) to the
cells was determined from the product of the irradiance and the
duration of irradiation. After irradiation, cells were incubated in
DMEM media containing 10% FBS until the time of the experi-
ment. For autophagy monitoring experiments, CQ (5 wM) and
3-MA (5 mM) were added immediately after irradiation.

Computerized time-lapse microscopy (CTLM) and micro-
scopic PDT. For microscopic PDT, cells were plated on Labtek
8-well chambered coverglasses (German borosilicate, Nunc).
Prior to incubation of the photosensitizer, a cell population
(field of view) was selected per well. After being washed in plain
DMEM/F-12 (1:1), cells were incubated with Hyp (25 nM) for
1 hat 37°C in the buffered media in the stage of the microscope.
In these experiments, Hyp concentration is lowered to ensure that
there is not significant PD effect deriving from the imaging pro-
cess that would perturb the study. After removing the excess of
photosensitizer and washing cells with plain media, “live-imag-
ing buffered media” (DMEM/F- 12 (1:1) media containing 10%
FBS, 100 units*mL" penicillin and 100 pwgemL'streptomycin)
was added to each well. The preselected cell population was
illuminated through the objective of an Olympus XSi cell
fluorescence microscope using a 572 + 12 nm bandpass filter
(Fig. S1A). Imaging started just after irradiation. The light irra-
diance was measured with an IL 1400 radiometer (detector SEL
033) (International Light). The detection area of this device is
0.33 cm? and all light was incident into the detector surface. The
measured irradiance was then corrected to the irradiance at the
focal spot produced by the objective used in each experiment.

CTLM was used to follow the responses of the targeted
population after PD treatment. Images were acquired for a
given field at 30 min intervals over the duration of the experi-
ment. Cell viability experiments were performed using the PI
exclusion method, where a PI solution (2.24 uM in “live-imag-
ing buffered media”) was added to the well prior to imaging.
Fluorescence of Pl-positive cells was measured using the Texas
Red filter set (AN_: 572 + 12 nm; AN : 627 + 27 nm). The
kinetics of autophagosome formation was determined by follow-
ing the formation of GFP-LC3 puncta as a function of time. ROS
levels were determined by measuring the oxidized fluorescent
form of CM-H,DCF-DA, DCF. Immediately after irradiation,
CM-H,DCF-DA (was added to each well to a final concentra-
tion of 1.6 wM (in this case the “live-imaging buffered media”
only contains 3% FBS).The green fluorescence of the oxidized

Autophagy 1321

©2012 Landes Bioscience. Do not distribute.



product DCF was imaged over time using a FITC filter set (AN_:
492 + 9 nm; A)\m: 530 + 20 nm).

Immunofluorescence. Cells were grown and treated on
Labtek 2-well chambered coverglasses (German borosilicate,
Nunc). For reticulophagy and mitophagy experiments, cells
overexpressing GFP-LC3 were fixed at 6 and 16 h after treat-
ment with 4% p-formaldehyde at 37°C, permeabilized with
0.1% TritonX-100 at room T for 20 min, blocked (PBS contain-
ing 5% BSA and 1% goat serum) and incubated with anti-calre-
ticulin and anti-TOMM20 antibodies, which were labeled with
Texas Red and AlexaFluor 647, respectively. For Cyt C release
immunodetection, cells were fixed at 6 h after treatment and
permeabilized with 0.1% TriconX-100 at 4°C. After blocking,
cells were incubated with anti-Cyt C antibody and labeled with
secondary antibody (DyLight680) in blocking buffer. In all
experiments, cells were counterstained with DAPI (1 pgemL?),
mounted using Prolong Gold antifade reagent and cured over-
night. Fluorescence images were acquired using a Nikon A1R
confocal unit mounted on a Ti2000 inverted microscope con-
trolled by NIS elements acquisition software (Nikon Instruments
Inc.) (reticulophagy and mitophagy experiments) using a Plan
APO VC 60x 1.4NA oil immersion objective and an Olympus
FluoView FV1000 confocal microscope using a UPlansAPO
60x 1.35NA oil immersion objective (Cyt C experiments).

Image analysis. Images were analyzed using Image] software
from NIH.” For cell viability experiments, a total of 200-300
cells per field were analyzed where the total number of cells and
the number of cells showing red (PI) fluorescence were counted
to determine the percentage of cell death as a function of time.
The kinetics of autophagosome formation was determined by
counting the number of GFP-LC3 puncta produced as a func-
tion of time. The levels of intracellular ROS were determined by
integration of intracellular DCF fluorescence using Image]. The
background fluorescence of the medium proximal to each cell
was also integrated and substracted from the intracellular inten-
sity in order to obtain the corrected intracellular fluorescence.
Colocalization analysis of GFP-labeled autophagosomes with ER
and mitochondria was done with the help of the colocalization
color map plugging of Image].

Cell death assay. Cell death was quantified using the TB
exclusion method, as described previously.?’

Cell viability assay (MTT assay). At the specific times after
treatment, cells were incubated with MTT solution (0.5 mgemL-
') in DMEM media containing 10% FBS for 2 h. Afterwards, the
formazan crystals were dissolved in a mixture ethanol/DMSO
(1:1) and the absorbance of the obtained solutions was deter-
mined at 550 nm.

Caspase-3 activity. Cells were washed twice with ice-cold
PBS, scrapped-off the plate and centrifuged to get a cell pellet
that was resuspended in 60 pL of lysis buffer (100 mM HEPES
pH7.4, 10% sucrose, 1% Triton-X100, 2.5 mM EDTA, 5mM
DTT, 1 mM PMSF, 2 pgemL" pepstatin and 2 pgemL™’ leu-
peptin), 6 h after PD treatment. Samples containing 50 pg of
protein were incubated with AccDEVD-AMC 50pM (Bachem,
[-1660) in 250 pL lysis buffer and incubated at 37°C for 30 min.
Fluorescence (N, =360 nm; N\ = 460 nm) was measured in
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a Flexstation 3 Plate Reader (Molecular Devices) using a black
96-well (w-clear) plate (Greiner Bio-One).

Cardiolipin peroxidation and mitochondria membrane
potential (A¥ ). Cardiolipin peroxidation and loss of AW were
measured by following the loss of NAO and DioC6(3) fluo-
rescence, respectively, using fluorescence-activated cell sorting
(FACS). At the specific times after treatment, cells were washed
twice with pre-heated PBS at 37°C, trypsinized, neutralized with
DMEM medium containing 10% FBS and centrifuged. The cell
pellet was then resuspended in either NAO (5 nM) or DioC6(3)
(10 nM) solutions in phenol red-free DMEM medium and incu-
bated for 20 min. Afterwards, cell suspension was centrifuged and
cell pellet resuspended in fresh phenol red-free DMEM medium.

Western blots. Preparation of cell lysates, determination of
protein concentration and sample preparation forwestern blot-
ting were described in a previous work.”> Samples were processed
on the Criterion ™ system (Bio-Rad Laboratories) on 4-12%
Bis-Tris gels and Protan 2 pwm-pored nitrocellulose paper (Perkin-
Elmer). Li-Cor Odissey IR imager was used as western blot detec-
tion system for scanning and quantification of immunoblots.

Activity assays. SOD-activity was analyzed on native 10%
PAGE and staining with nitro-blue tetrazolium chloride accord-
ing to Beauchamps and Fridovich.”* CAT-activity was determined
by analyzing the H,O,-mediated oxidation of CM-H,DCF-DA
through FACS analysis. CM-H,DCF-DA (final concentration
of 5 uM) and H,O, (final concentration of 1 mM) were added
simultaneously to the cell suspension and incubated for 30 min.
Oxidation of the probe by H,O, was determined by measuring
the green fluorescence of the oxidized form DCF. GPx4-activity
was measured by the coupled test procedure developed for mea-
suring GPx-activity but with phosphatidylcholine hydroperoxide
(PCOOH) as substrate.”” PCOOH was prepared as described
earlier.”® One unit of activity is the amount of enzyme catalyzing
the reduction of 1 pmol of PCOOH/min at 37°C and pH 7.4.

Protein carbonylation. Protein carbonylation was detected
spectrophotometrically by following the absorption band (370
nm) of the hydrazone generated by reaction of the protein car-
bonyls with 2,4-dinitrophenylhydrazine, according to the
method described by Hawkins et al.”

siRNA transfection. Cells were transfected by adding
485 pL serum-free DMEM media with 10 pL Dharmafect
1 transfection reagent and a final concentration of 40 nM SiRNA
to 10-cm dishes with 2 mL of DMEM media containing 1%
EBS. Four hours after transfection 2.5 mL DMEM containing
10% FBS were added. A second transfection was performed
24 h later. Cells were re-plated and photosensitization experi-
ments were performed 24 and 48 h, respectively, after the second
transfection.

Statistical analysis. Results represent the mean + SD of at
least three independent experiments. Statistical analysis was per-
formed using GraphPad Prism 5.03 and p values were calculated
using the unpaired ttest with p < 0.05 considered statistically
significant.
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