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Abstract

Photodynamic therapy (PDT) is a rising and hopeful treatment for solid tumors and
others malignancies. PDT uses harmless visible light to activate a tumor-associated
photosensitizer (PS). The excited PS generates cytotoxic reactive oxygen species (ROS) that
induce damage and death of tumor cells. It is known that certain phytoalexins and
phytoanticipins derived from plants often display a PS-like activity due to a phenalenone (PN)
moiety -an efficient singlet oxygen photosensitizer- in its skeleton. The aim of this study is to
explore the phototoxic properties of PN on the human cell line tumor-derived HL60 (acute
promyelocytic leukemia) and to identify the cell-specific targets of ROS involved in the tumor cell
death. Our results reveal that PN acts as an excellent PS, showing a potent antitumor cell
activity in presence of light. PN-PDT generates intracellular ROS, via oxidation reaction
mechanisms type | and Il, resulting in an induction of apoptosis. Moreover, both extrinsic
(through direct activation of caspase-3) and intrinsic (through mitochondrial depolarization)
pathways of apoptosis are induced by PN-PDT. Using pharmacologic inhibitors, we also find
that PN-PDT activates caspase-8/tBid and p38-MAPK, triggering the activation of the apoptotic
pathways. Although, survival pathways are also promoted through PI3K/Akt and JNK activation,
the net result of PN-PDT is the tumor cell death. The present work identifies to PN, for the first
time, as a potent photosensitizer in human tumor cell lines and proposes a mechanism by which
ROS induces apoptosis of tumor cell. This article is protected by copyright. All rights

reserved
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Introduction

Photodynamic therapy (PDT) is a promising and minimally invasive therapeutic modality
for treatment of a variety of solid tumors and certain non-oncological diseases. The process
involves uptake of a photosensitizer (PS) drug into target cells followed by localized light
irradiation in the visible wavelength (400-750 nm). Neither of these components alone display
cytotoxic effects but when they are combined, in presence of molecular oxygen, they generate
reactive oxygen species (ROS) inducing tumor cells death *. The specific light delivery to tumor
cells provides a better selectivity for the targeting of cancers compared to conventional chemo-
and radiotherapy. This aspect is important in the cancer treatment because PDT allows
eradicate the maximum number of malignant cell types without unacceptable adverse effects
produced by other types of therapies 2. A PS is a light-absorbing molecule that is activated by
light of an appropriate wavelength. The excited PS is able to promote radicals oxidation
reactions (type | mechanism) from cellular targets to generate various reactive oxygen
derivatives such as hydroxyl radical (HO"), superoxide radical anion (O2" 7) or peroxyl radical
(ROO". The excited PS can also transfer its energy to molecular oxygen (type Il mechanism) to
form the highly oxidizer singlet oxygen (*O2) 3. ROS generation causes an oxidative damage to
a variety of subcellular targets, carrying inevitably to cell death and resulting in the ablation of
the tumor 4. In addition, other mechanisms have been shown to be involved in the anti-
carcinogenic effects of PDT, as shutting down of the tumor vasculature, starving of oxygen or

nutrients to the tumor and the induction of a host immune response 5¢.

PDT-induced cell death may occur by apoptosis, autophagy or necrosis, however
apoptosis is the mechanism mainly activated *"2. Apoptosis is a physiological event, which can
also be triggered by external stimuli such as oxidative stress attributable to photosensitization.
The involvement of apoptosis as mechanism of cell death has been shown to be an early
response of PDT, both in vitro as in vivo ®°. Two major apoptotic pathways have been
characterized in PDT: the death receptor-mediated or extrinsic pathway and the mitochondria-
mediated or intrinsic pathway. In the first pathway, cell surface receptors related with tumor
necrosis factor (TNF) gene family are stimulated, activating the initiator caspase-8 via adaptor
and scaffolding proteins. The second process is triggered by disruption of mitochondrial
function, which causes release of cytochrome c. Cytosolic cytochrome c binds to Apaf-1
inducing Apaf-1 oligomerization in presence of dATP. This complex, termed apoptosome,
recruits and activates the initiator caspase-9. In both pathways, the activation of initiator
caspases (caspase-8 or caspase-9) leads to the activation of effector caspases (caspase-3, -6
and -7) and cell death by apoptosis +1*. In addition, other signalling molecules involved in stress
or survival pathways may be activated in PDT 213, In fact, modulating of this signalling
molecules can increase photokilling of cancer cells with defects in apoptotic pathways, which is

a crucial step in carcinogenesis and therapy resistance 4.
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Since the hematoporphyrin derivative Photofrin® was approved in 1993 as a PDT-
sensitizer for treating bladder cancer, the development of new PS have improved PDT efficacy
15 Second-generation PSs for clinical treatment include porphyrin and non-porphyrin
derivatives. Porphyrin derivatives as 5-aminolevulinic acid (ALA), chlorins (benzoporphyrins),
phthalocyanines,  texaphyrins,  pheophorbides  (derived from  chlorophyll)  and
bacteriopheophorbides (derived from bacteriochlorophyll) are being used for PDT of a great
variety of solid tumors or it have been approved for use in clinical trials for different types of
cancer. Non-porphyrin derivatives as anthraquinones (hypericin), phenothiazines (methylene
blue), xanthenes (rose bengal), cyanines and curcuminoids are being evaluated in clinical trials
for treatment of different types of cancer, or are used for treatment of no-oncological diseases.
In addition, some of non-porphyrin PS are used in other fields of the medicine due to their
antibacterial, antiviral and antimicrobial activities, or staining properties on tumor tissues 1.
Currently, new or derivatives PSs with improved spectroscopic, photochemical and tumor-
localizing properties are being tested, expanding the scope of the PDT in the treatment against

cancer.

Phenalenone or 1-H-phenalen-1-one (Fig.1A), also known as perinaphthenone (PN), is
an efficient 'Oz PS, which is distinguished by a quantum yield close to unity in solvents of very
different polarity "' This tricyclic aromatic ketone is a unique class of bioactive natural
products with diverse structural features and widely distributed in the nature. In the last years,
numerous and new classes of natural products based on the PN skeleton has been isolated
from plants and fungi or has been chemically synthesized. These molecules are of special
interest owing to their significant roles as phytoalexins and phytoanticipins in the protection of
plants against potentially harmful microorganisms such as fungus !°-?2 and protozoans #*24, In
addition, these compounds display ROS-mediated activity against disease vector mosquito
larvae and plant-parasitic nematodes, which is strongly enhanced in the presence of light 252,
This phenomenon is in accordance with the presence of PN in the skeleton of these molecules.
In addition, PN derivatives have also been developed as dental drugs for photodynamic
inactivation of oral key bacteria ?”. These previous data led us to investigate the photobiological
properties of phenanelone, since novel molecules or natural compounds derived from plants,

based on PN moiety, might be used as potential PS agents in PDT for cancer treatments.

Here, using human promyelocytic leukemia cells HL60 as tumor cell model we prove
that PN-PDT exerts a strong phototoxic action as consequence of a ROS-mediated apoptosis.
We also found that ROS generated during PN-PDT activate caspase-8, driving the apoptotic
signal through both extrinsic (activating directly caspase-3) and intrinsic (through tBid activation
and mitochondrial depolarization) pathways. Besides, we demonstrate that ROS generation by
PN-PDT activate the stress pathways p38MAPK and JNK, and promote the survival pathway
PI3K/Akt. Interestingly, p38MAPK and JNK play opposing effects on cell survival. Blocking the
activation of these kinases after PN-PDT with suitable inhibitors showed that the p38MAPK play
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a role as a death signal, whereas the JNK serves as a rescue signal. Although survival
pathways are activated, the net result of PN-PDT is a potent oxidative burst that finalizes

irremediably with the apoptotic death of the tumor cell.

Materials and methods

Chemicals

All chemicals were of reagent grade and used as received. PN was purchased from
Sigma Chemical Co. (St. Louis, MO), dissolved in dimetilsulféxido (DMSO) and stored at -20 °C.
Cell culture media, animal serum, supplements and disposable cell culture equipment were
purchased from Thermo Scientific (Grand Island, NY). Ascorbic acid, sodium azide, bis-
benzimide trihydrochloride (Hoechst 33258), propidium iodide, 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), labelled substrates for caspase-3 (Ac-DEVD-pNA),
caspase-9 (Ac-LEHD-pNA) and caspase-8 (Ac-IETD-pNA), permeable inhibitors for caspase-3
(z-DEVD-fmk), caspase-9 (LEHD-CHO), caspase-8 (z-IETD-fmk), P38-MAPK (SB203580), JNK
(SP600125), MEK1 (PD98059) and PI3K (LY294002) were from Sigma Chemical. Carbonyl
cyanide m-chlorophenylhydrazone (CccpP) and fluorescent probes 2'7'-
dichlorodihydrofluorescein diacetate  (H2-DCF-DA) and 5,5',6,6’-tetrachloro-1,1’,3,3’-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) were purchased from Thermo Scientific.
Antibodies against human p38-MAPK, phospho-p38-MAPK, JNK, Akt, phospho-Akt (Ser 473)
and horseradish peroxidase-conjugated IgG secondary antibodies were from Cell Signalling
Technologies (Danvers, MA). Antibodies against phospho-JNK, cytochrome ¢ and COX IV were
from abCAM (Cambridge, UK), caspase-8 from Enzo Life Sciences, Inc. (Farmingdale, NY) and
Bid from BD Biosciences (Franklin Lakes (NJ). Pierce Chemical Co. (Rockford, IL) supplied
reagents for the SuperSignal West Pico chemiluminescence detection of proteins on

immunoblots.

Cell culture

HL-60 cells were cultured in RPMI 1640 medium supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL streptomycin at 37°C
in a humidified atmosphere containing 5% CO2. A431 and A549 cells were grown in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 units/ml
penicillin and 100 pg/ml. These cell lines were obtained from the American Type Culture
Collection (LGC Standards, Barcelona, Spain). The cultures exhibited characteristic doubling
times of approximately 24 h and the growth medium was changed on the day before the

experiment.

Photodinamic treatments

The cells were seeded out in 96-well or 10-cm plates and treated with different
concentrations of PN at 37 °C for 30 min, before light exposure from a CAMAG Reprostar Il.
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The irradiance of the lamps was set at 2.77, 8.33 or 11.15 mW cm? and was measured using a
luxmeter Mavolux (Gossen, Nirnberg, Germany). The fluence or light dose delivered to the cells
(5, 15 and 20 J cm?) was determined from the product of the irradiance and the duration of
irradiation. After light exposure, cells were washed with PBS and incubated at 37 °C in growth
medium for the specified time in each experiment. In the experiments where inhibitors were
tested the cells were pre-incubated with the specified inhibitor for 1 h and then treated with PN
for 30 min before irradiation. In this case, the cells were washed with PBS and incubated with

fresh growth medium containing the inhibitors.

Cell viability assay

Cells were seeded in 96-well plates at a density of 10* cells per well and the metabolic
activity of the cells was determined on the basis of their ability to metabolize 3-(4,5-
dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) into formazan crystals. After
treatments, the plates were centrifuged (1000 g, 10 min at room temperature) and the cells
were incubated with 100 yL of MTT solution (0.5 mg/mL in RPMI medium) at 37 °C for 4 h. The
reaction was stopped with 100 pL of lysis buffer [20% sodium dodecyl! sulfate (SDS) in 20 mM
HCI] and formazan crystals were dissolved by incubation at 37 °C overnight. Optical density was
measured in a microplate reader Ceres 900C (Bio-Tek Instruments, Winooski, UT, USA) at 570
nm and results were expressed as percentage of cell viability relative to the untreated control.

Three independent experiments were carried out in quadruplicates.

Quantitative fluorescent microscopy

Cells (~5x10°) were collected, washed twice with PBS, and incubated with 75 pl 3%
(w/v) paraformaldehyde at room temperature for 10 min. The fixative was removed and the cells
were resuspended in 15 pl of PBS containing 20 pg/ml bis-benzimide trihydrochloride and
incubated at room temperature for 15 min. Aliquots of cell suspension were placed on glass
slides and triplicate samples of 500 cells each were counted and scored for the incidence of
apoptotic chromatin condensation using a Zeiss fluorescent microscopy. Nuclei with condensed
chromatin (supercondensed chromatin at the nuclear periphery) or nuclei that were fragmented
into multiple smaller dense bodies were considered as apoptotic. Nuclei with uncondensed and

dispersed chromatin were considered as non-apoptotic.

Detection of ROS generation

Intracellular ROS were determined by flow cytometry using H2-DCF-DA, which is
deacetylated by intracellular esterases and oxidized by peroxides into the fluorogenic probe
DCF. After treatment, cells were further incubated for 30 min with H2-DCF-DA (8 uM), washed
twice with PBS, resuspended in 1 ml PBS and analyzed using a Coulter EPICS XL-MCL
cytometer (Beckman-Coulter, Fullerton, CA, USA) with an excitation setting of 488 nm. The
specific DCF-derived fluorescence was detected using a 525+20 nm band-pass filter. In each

study, 10,000 cells were analyzed.
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Assay of caspase activity

The cells were centrifuged at 500 g for 10 min at 4 °C, washed twice with ice-cold PBS
and lysed in caspase extraction buffer [50 mM HEPES (pH 7.4), 1 mM DTT, 0.1 mM EDTA,
0.1% Chaps] by pushing them several times through a 22-gauge needle. After centrifugation at
16,000 g for 10 minutes at 4 °C the supernatants were analyzed for protein concentration by the
bicinchoninic acid (BCA) dye-binding assay using bovine serum albumin (BSA) as a standard
and aliquots containing ~20 pg of protein were evaluated for caspase activity. Labelled
substrates for caspase-3, caspase-9 and caspase-8 activities were N-acetyl-Asp-Glu-Val-Asp-
para-nitroaniline (Ac-DEVD-pNA), N-acetyl-Leu-Glu-His-Asp-para-nitroaniline (Ac-LEHD-pNA)
and N-acetyl-lle-Glu-Thr-Asp-para-nitroaniline (Ac-IETD-pNA), respectively. Caspase-catalyzed
release of the chromophore para-nitroaniline (pNA) from the substrate was measured at 405 nm
in a microplate reader Ceres 900C (Bio-Tek Instruments, Winooski, UT, USA) and specific
activity was expressed as pmol pNA per minute and per microgram protein. Blanks containing
the substrate alone were also included.

Quantification of apoptotic cells by flow cytometry

The cells were centrifuged at 500 g for 10 minutes at 4°C, washed twice with 1 ml ice-
cold PBS and resuspended in 50 yl PBS. Following drop-wise addition of 1 ml ice-cold 75%
ethanol, fixed cells were stored at —20°C for at least 1 hour. Samples were then centrifuged and
washed as above. The cell pellets were resuspended with 1 ml PBS containing 50 pg/mi
propidium iodide and 100 pg/ml RNase A, and incubated for 1 h at room temperature. The cell
cycle phase distribution was analyzed by flow cytometry using a Coulter EPICS XL-MCL
cytometer (Beckman-Coulter, Fullerton, CA, USA) with an excitation setting of 488 nm. The
propidium iodide-derived fluorescence was detected using a 620+15 nm band-pass filter. A
minimum of 10,000 cells per experimental condition was evaluated. Cell debris was excluded
from analysis. The cells with reduced DNA staining (hypodiploid cells), resulting from either

fragmentation or decreased chromatin, were considered apoptotic cells.

DNA fragmentation assay

The cells were washed twice with ice-cold PBS and incubated with 50 uL extraction
buffer [10 mm Tris-HCI (pH 7.5), 1 mm EDTA, 0.2% Triton-X-100] for 15 min at 4 °C. Cellular
debris was removed by centrifugation (16,000 g for 10 min at 4 °C) and the supernatants
containing low molecular weight fragmented DNA were collected. Five microliters of RNase A
(10 pg/ul) was then added and the mixture was incubated for 1 h at 37 °C. The addition of 5 pl
of proteinase K (10 ug/ul) was followed by an additional 1 h incubation at 37 °C. DNA was
extracted twice with 50 pL of phenol (pH 7.4) and once with 50 ul of phenol:chloroform:isoamilic
alcohol (25:24:1). Aliquots of the aqueous phase (5-10 pl) was analyzed by electrophoresis on
2% agarose gel containing ethidium bromide (0.5 pg/ul) for 4 hr at 40 V in TAE buffer [40 mm
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Tris-acetate (pH 8.0), 1 mm EDTA]. The gel was exposed to UV illumination and the image was
captured (Digi-Doc, Bio-Rad Laboratories, Richmond, CA, USA).

Analysis of mitochondrial membrane potential (A ¥m)

Cells were incubated with 10 uM of fluorescent probe 5,5’,6,6'-tetrachloro-1,1’,3,3’-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) for the last 30 min of recovery, collected by
centrifugation at 500 g for 10 min at room temperature and washed with PBS. JC-1 is a cationic
dye that accumulates and aggregates into energized mitochondria (high AW¥m) in healthy cells.
After excitation JC-1 aggregates emit fluorescence at 590 nm. Upon cell injury, as mitochondrial
membrane potential decreases, JC-1 aggregates are transformed back into JC-1 monomers,
which emit fluorescence at 529 nm. Consequently, mitochondrial depolarization is indicated by
a reduction in the red fluorescence. Cells were analyzed using a Coulter EPICS XL-MCL
cytometer (Beckman-Coulter, Fullerton, CA, USA) with an excitation setting of 488 nm.
Monomers- and aggregates-derived fluorescence were detected using 525+20 nm and 620+15
nm band-pass filters. A minimum of 10,000 cells per experimental condition was evaluated. Cell
debris was excluded from analysis. Cells treated with 10 uM of the depolarizing agent carbonyl
cyanide m-chlorophenylhydrazone (CCCP) for 30 min were used as a positive control; in these
conditions >60% of cells exhibited low mitochondrial membrane potential.

Western blot analysis

The cells were centrifuged at 1,000 g for 10 min at 4 °C and washed with ice-cold PBS.
To obtain total cellular protein extracts, cell pellets were resuspended in lysis buffer [20 mM
Tris-HCI (pH 7.4), 2 mM ethylenediaminetetraacetic acid (EDTA), 137 mM NacCl, 10% glycerol,
1% Triton X-100, 2 mM tetrasodium pyrophosphate, 20 mM sodium B-glycerophosphate, 10 mM
sodium fluoride, 2 mM sodium orthovanadate] supplemented with protease inhibitors
phenylmethylsulfonyl fluoride (PMSF, 1 mM), leupeptin (2 ug ml?), aprotinin (5 pg ml?) and
pepstatin A (2 pg mlt). After incubation at 4 °C for 15 min, the lysates were sonicated on ice
and centrifuged at 12,000 g for 10 min at 4°C and the soluble fraction (whole cell lysate) was
stored at -70 °C until used. To obtain subcellular fractions, cell pellets were resuspended in ice-
cold isotonic buffer 20 mM HEPES (pH 7.5), 250 mM sucrose, 10 mM KCI, 1.5 mM MgClz, 1
mM EDTA, 1 mM ethylene glycol-bis(f-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 1
mM dithiothreitol (DTT)] supplemented with protease inhibitors as above. After 15 min
incubation on ice, cells were lysed by pushing them several times through a 22-gauge needle
and the lysates spun down at 1,000 g for 5 min at 4 °C to remove nuclei. The supernatant was
centrifuged at 100,000 g for 15 min at 4 °C and the resulting supernatant (cytosolic fraction) and
the precipitate (mitochondrial fraction) were stored at -70 °C until used. Protein concentration
was measured by the BCA method and samples containing equal amounts of proteins were
boiled in SDS sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis. Proteins
were electrotransferred to PVDF membranes which were blocked with 5% fat-free dry milk in
Tris-buffered saline [50 mM Tris-HCI (pH 7.4), 150 mM NacCl] with 0.1% Tween 20 and then
incubated with specific antibodies against caspase-3, caspase-8, Bid, cytochrome ¢, COX-IV,
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p38-MAPK, phospho-p38-MAPK, JNK, phospho-JNK, Akt and phospho-Akt for 24 h at 4°C.
After washing and incubation with an appropriate horseradish peroxidase-conjugated secondary

antibody, the antigen-antibody complexes were visualized by enhanced chemiluminescence.

Statistical analysis

Data are presented as mean + SE. All determinations were performed in triplicate and
the data shown are representative results from at least three independent experiments.
Statistical differences between means were tested using (i) Student’s t test (two samples) or (ii)
one-way analysis of variance (ANOVA; three or more samples) with a posteriori pairwise

comparisons of means carried out using Tukey’s test. A significance level of P<0.05 was used.

Results

PN-PDT inhibits the cell viability of human tumor cell lines

Preliminary experiments were designed to determine whether PN presented phototoxic
effects on human cancerous cells and to select the optimum conditions for PDT. For this
purpose, we tested the photobiological activity of PN on the human tumor-derived cell lines
HL60 (acute promyelocytic leukemia), A431 (epidermoid carcinoma) and A549 (lung
adenocarcinoma). The cells were preincubated with increasing concentrations of PN for 30 min
in darkness and then illuminated with broadband white light (11.15 mW cm?) for 30 min
(fluence, 20 J cm2). Following a 24 h incubation period in fresh growth medium without PN, the
effect of PDT on cell viability was analyzed using the MTT assay. As shown in Fig. 1B, in
presence of white light PN showed concentration-dependent phototoxic properties in all cell
lines evaluated, being HL-60 cells especially sensitive, with an ICso as low as 5 uM. In contrast,
in absence of white light, PN at the maximum concentration employed (30 uM) did not display
toxicity on neither of cell lines. To confirm that the antiproliferative activity of PN was light-
dependent, HL-60 cells were treated with PN and subjected to increasing doses of light or
subjected to different exposure times to the light. The results clearly demonstrate that the
reduction of cell viability in response to PN is dependent on the degree of fluence administrated
to the cells (Fig. 1C) and on the exposure time to the light (Fig. 1D). The maximal effect was
obtained with a fluence of 20 J cm and 30 min of exposure to light. These results demonstrate
that PN behave as an efficient PS since it decreases cell viability only in presence of light.
Therefore, the following studies were performed on HL-60 cells as experimental model, using 5
UM PN for 30 min and subsequent illumination with broadband white light to a fluence of 20 J

cm=2,

PN induces apoptosis on human myeloid leukemia cells via intracellular ROS generation
In order to elucidate whether PN-PDT decreases cell viability through apoptosis
activation, morphological changes characteristic of apoptotic cells were analyzed and quantified

by fluorescent microscopy. As shown in Fig. 2A, the cells subjected to PN-PDT exhibited
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condensed and fragmented chromatin (apoptotic bodies) in contrast to control cells treated with
PN in absence of light that presented unfragmented and rounded nuclei. The quantification
revealed that the percentage of apoptotic cells increased until 40,7% (8-fold) and 52,2% (10-
fold) in PN-PDT treated cells, compared to control, after 6 h and 12 h of exposure, respectively
(Fig. 2B). Consistent with these results PN-PDT caused DNA cleavage with the characteristic
pattern of internucleosomal fragmentation, which is considered a hallmark of apoptosis (Fig.
2C). DNA fragmentation was detected at 2 h after photosensitization and increased
progressively along the incubation time, whereas DNA from cells exposed to PN without
irradiation remained unfragmented. Maximum levels of fragmented DNA were appreciated at 6
h of treatment. Apoptotic cells were also analyzed and quantified by flow cytometry after
staining with propidium iodide (Fig. 2D and 2E). The results demonstrate that the percentage of
hypodiploid cells (i.e. apoptotic cells) markedly raised from 2.6% to 25.6% (10-fold) in PDT-
treated cells, compared to control, determined 2 h after exposure to light, and from 2.2% to
40.3% (20-fold) at 6 h post-exposure to light. Together, these results demonstrate that in
presence of light PN is an inducer of cell death by apoptosis.

A recent study has described to PN as an effective PS, in organic solvents and in
aqueous and lipid media, through the single electron transfer reactions 28. To determine whether
PN acts through generation of ROS in HL-60 cells, the levels of intracellular ROS were analyzed
by flow cytometry. For this objective, the cells were incubated with the ROS-sensitive
fluorescent probe H2-DCF-DA during the last 30 min of PDT. This probe reacts with different
intracellular ROS, mainly hydrogen peroxide (H202) and its radical derivatives, HO® and
peroxynitrites (ROO'/NO"2) 2. As shown in Fig. 3A and 3B, PN-PDT stimulates the generation of
ROS in a concentration-dependent fashion of the PS (1-30 pM), suggesting that PN-induced
apoptotic cell death could be mediated by the reactive oxygen derived species. To clarify this
point, we examined ROS levels in HL60 cells subjected to PN-PDT pretreated with increasing
concentrations (25-100 uM) of ascorbic acid, a natural antioxidant which act as a scavenger of
superoxide radical anion (O2" 7) and hydroxyl radical (HO") . The results indicate that the
intracellular ROS levels were reduced ~50% by 50 uM ascorbic acid (Fig. 3C) and that this
antioxidant partially abolishes apoptotic cell death triggered by PN-PDT, as evidenced by an
important reduction in the DNA cleavage (Fig. 3D). The fact that ascorbic acid did not decrease
completely ROS levels, suggests that some radical oxygen species that are not reduced by the
antioxidant, such as singlet oxygen (*O2), are also generated upon the photo-activation of
PN?830, To ascertain whether 'O2 is generated by the photoactivation of PN, the cells were
preincubated with increasing concentrations of sodium azide, a specific scavenger of 02 3%, As
shown (Fig. 3E), sodium azide decreased in a concentration-dependent manner the ROS levels
in cells exposed to PN-PDT. This is consistent with our previous results and it suggests that
O2" 7, HO® and 'O2 probably are generated by PN-PDT, and indicates that PN behaves as a type

I as well as and type Il PS 28,
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Involvement of the mitochondrial pathway in the PN-PDT-induced apoptosis

Mitochondria are organelles that play a pivotal role in cell signalling, integrating survival
and cell death 3233, Mitochondria are also key targets of ROS generated by numerous PSs that
induce cell death mainly through an apoptotic mechanism 3435, Therefore, we examined
whether mitochondria are involved in PN-PDT-induced apoptosis on HL-60 cells. For this
purpose, we analyzed the mitochondrial transmembrane potential (A¥m) since numerous
physiological and pathological stimuli trigger an increase in the inner mitochondrial membrane
permeability and the consequent dissipation of A¥m 3. The flow cytometry studies using the
fluorescent probe JC-1 revealed that PN-PDT promotes dissipation of the A¥Ym (Fig. 4A). This
effect was early detected after light exposure (1 h) and the percentage of cells with low A¥m in
response to PN-PDT increased in a time dependent-fashion. Four hours after exposure to light,
the percentage of cells with low AYm was ~70%, a 30-fold increase as compared to the control
(Fig. 4B).

A consequence of an increase in the permeability of mitochondrial membranes is the
release of apoptogenic factors, located in the mitochondrial intermembrane space, towards the
cytosol. To determine whether cytochrome c is released from mitochondria to cytosol in
response to PN-PDT, the levels of this proapoptotic factor were determined by immunoblot
assay. As shown in Fig. 4C, cytochrome ¢ was detected in the cytosolic fraction from cells
treated with PN-PDT after a short time period of recovery (2 h) and its levels increased with the
incubation time. Maximum levels of cytochrome c in the cytosol were observed 4 h after light
exposure and accompanied by a parallel reduction in the mitochondrial levels. Together, these
results indicate that PN-PDT activate the intrinsic pathway of apoptosis in HL-60 cells, causing

mitochondrial membrane depolarization and cytochrome c release from mitochondria.

Caspase-3 and -9, are usually activated in response to numerous PS that focus their
actions on the mitochondria. Thus, the role of executer caspase-3 on PN-PDT-induced
apoptosis was evaluated by using the specific caspase-3 inhibitor z-DEVD-fmk. As shown in
Fig. 5A, when HL-60 cells were preincubated with the inhibitor, the percentage of hypodiploid
cells induced by PN-PDT decreased in a concentration-dependent manner. Apoptotic cell death
was completely suppressed in presence of the higher concentration of the inhibitor (100 pM),
suggesting that caspase-3 is the primary executioner caspase involved in the PN-PDT-induced
apoptosis. No impact on the percentage of hypodiploid cells was detected when the cells were
treated only with z-DEVD-fmk (data not shown). Because caspase-3 activation is an event prior
to DNA fragmentation and PN-PDT induces significant DNA fragmentation at 4 h (see Fig. 2C),
we measured caspase-3 activity before to that time. Cytosolic fractions from HL-60 cells treated
with PN-PDT at different times were assayed for cleaving of the tetrapeptide Ac-DEVD-pNA, a
specific substrate of caspase-3. As shown in Fig. 5B, PN-PDT induced caspase-3 activity in a
time dependent-fashion. This was detected 1h after photosensitization and increased

progressively along the incubation time. Consistent with above result, the pretreatment of the
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cells with ascorbic acid (50 uM) or with the specific inhibitor of caspase-9 LEHD-CHO (50 uM)
reduced PN-PDT-stimulated caspase-3 activity (Fig. 5B). These results suggest that PN-PDT-
generated ROS induces apoptosis by caspase-3 activation through mitochondrial intrinsic
pathway. Since the initiator caspase-9 is key to activate caspase-3, we next evaluated the
caspase-9 activity after PN-PDT and in the presence of ascorbic acid. Cytosolic fractions from
HL-60 cells treated with PN-PDT at 2 and 4 hours were assayed for cleaving of Ac-LEHD-pNA,
a specific substrate of caspase-9. As shown in Fig 5C, PN-PDT induced caspase-9 activity
since 2 h of treatment. In addition, the pretreatment of the cells with ascorbic acid (50 uM)
reduced drastically PN-PDT-stimulated caspase-9 activity at all assayed times, which indicates
that intrinsic pathway is activated by PN-PDT-generated ROS. Nevertheless, a total lack of
caspase-3 activity after 4h post-PN-PDT was not observed with the pretreatment with LEHD-
CHO, which indicates that caspase-3 could be also activated through alternative apoptotic

pathways.

Caspase-8 activation is critical for PN-PDT-induced apoptosis

It has been reported that the photodynamic treatments may activate caspase-8 prior to
the induction of apoptosis. This initiator caspase can directly activate caspase-3 through the so-
called extrinsic pathway or indirectly via activation of the intrinsic pathway. In order to elucidate
whether caspase-8 was implicated in the PN-PDT-induced apoptosis, cytosolic fractions were
assayed for cleaving of the tetrapeptide Ac-IETD-pNA, a specific substrate for caspase-8. As
shown in Fig. 6A, PN-PDT induced caspase-8 activity 1h after photosensitization and increased
progressively along the incubation time. Consistent with this result, the specific inhibitor for
caspase-8 z-IETD-fmk reduced, in a concentration-dependent manner, the percentage of
apoptotic cells detected in response to PN-PDT (Fig. 6B). A reduction of ~80% in the frequency
of apoptotic cells was observed with the higher concentration of the inhibitor used (200 uM). No
impact on basal apoptosis was observed in cells incubated only with z-IETD-fmk (data not
shown). We also analyzed the significance of caspase-8 on the activity of caspase-3 triggered
by PN-PDT. As shown in the Fig. 6C, caspase-3 activity was notably inhibited (~70%) in
presence of z-IETD-fmk (200 uM), confirming that the activation of caspase-3 by caspase-8 is

an essential event in PN-PDT-induced apoptosis.

The activation of caspase-3 by the initiator caspase-8 (see Fig. 6C) and the lack of a
total inhibition of caspase-3 activity when the cells were pretreated with the specific inhibitor of
caspase-9 (see Fig. 5B), suggest a direct activation of caspase-3 by caspase-8. However,
caspase-8 can also address the signal toward the mitochondria, activating the intrinsic pathway.
To clarify this point, we analyzed caspase-9 activity and AWn after pretreatment of cells with the
caspase-8 inhibitor z-IETD-fmk. After 4 h PN-PDT, both caspase-9 activity (Fig. 6D) and
dissipation of the mitochondrial transmembrane potential (Fig. 6E) were abrogated when the
cells were preincubated with z-IETD-fmk, indicating that caspase-8 activation by PN-PDT is key
to induce the intrinsic pathway. We next examined whether caspase-8 activates the
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mitochondrial pathway through Bid protein translocation, a proapoptotic member of the Bcl-2
family and a well-characterized caspase-8 substrate which is cleaved into an active form (i.e.,
truncated Bid [tBid]) and plays a key role as a link between the extrinsic and intrinsic pathways
of apoptosis. Therefore, cytosolic and mitochondrial fractions obtained from HL-60 cells treated
with PN-PDT were subjected to immunoblot analysis with antibodies which recognize the
processed caspase-8 fragments or the truncated Bid protein. As shown in Fig. 6E, and in
accordance with above results, a significant increase in processed caspase-8 was observed in
the cytosolic fraction 1 hour after PN-PDT and increased progressively along the incubation
time. Simultaneously, PN-PDT induced Bid cleavage mediated by caspase-8 activation, as
demonstrated by the presence of tBid in the mitochondrial fraction. Maximum levels of tBid were
observed at 2 h and the protein remained elevated for at least 4 h. The pretreatment of HL-60
cells with the caspase-8 inhibitor decreased the translocation of tBid to the mitochondrion in
response to PN-PDT (Fig. 6F), confirming that caspase-8 mediates Bid cleavage in PN-PDT-
induced apoptosis. Taken together, these results suggest that caspase-8 led the apoptosis
through the mitochondrial intrinsic pathway by tBid induction and through the extrinsic pathway
activating directly caspase-3. The failure of caspase-8 inhibitor to prevent completely the
development of apoptosis, the caspase-3 activity and the mitochondrial transmembrane
potential induced by PN-PDT, suggests that others signalling pathways can be implicated in the

induction of apoptosis by PN-PDT.

PN-PDT activates intracellular signalling pathways with opposite effects on the cellular viability

It is known that PDT is able to activate signalling pathways implicated in apoptosis and
cell survival, such as MAPKs (ERK1/2, P38-MAPK and JNK) or PI3K/Akt. To test whether these
pathways are involved in PN-PDT-induced apoptosis, HL-60 cells were pretreated with specific
inhibitors of these kinases and the apoptotic cells determined by flow cytometry. As shown in
Fig. 7A, the percentage of hypodiploid cells detected in response to PN-PDT treatment
diminished in presence of P38-MAPK inhibitor SB203580 (32% vs. 22%), whereas it augmented
in presence of JNK inhibitor SP600125 (32% vs. 48%) and PI3K inhibitor LY2940002 (32% vs.
47%). No effect was appreciated when the cells were cultured in presence of PD98059, a
specific inhibitor of mitogen-activated extracellular kinase 1/2 (MEK1/2) that is used to block the
activation of ERK1/2. In consonance with the above results, the activity of caspase-3 increased
by the pretreatment with SP600125 and LY2940002, and diminished with the inhibitor
SB203580 (Fig. 7B). On the other hand, the inhibitor PD98059 did not have any impact on
caspase-3 activity triggered by PN-PDT. Together, these results suggest that PN-PDT-induced
apoptosis is modulated positively by p38-MAPK and negatively by JNK and PI3K/Akt, while
ERKZ1/2 does not play any role.

Taking into account that cell death was detected 2-4 h after PN-PDT treatment (see Fig.
2E), the changes in the phosphorylation state of the above kinases was analyzed prior to that

time, at the 2-60 min period. For this purpose, the cells were harvested at different times after
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light exposure and p38-MAPK, JNK and Akt were analyzed by Western blot using antibodies
that recognize the phosphorylated (activated) forms of each kinase. As shown in Fig. 7C,
irradiation of HL-60 cells in presence of PN resulted in a quick increase (<2 min) in the
phosphorylation of p38-MAPK, JNK and Akt. Although phosphorylation of p38-MAPK and JNK
remained in phosphorylated stated at least 60 min, the signal of phospho-Akt decayed after de
15 min. As expected, due to its function in cell survival, phospho-Akt was also detected in
lysates from control cells. Equivalent levels of total p38-MAPK, JNK and Akt were detected
between experimental groups, indicating that the increasing in the levels of phosphorylation
induced by PN-PDT was not due to changes in the expression of the kinases. Together, these
results indicate that PN-PDT simultaneously actives intracellular signalling pathways with
opposite effects on apoptosis. Thus, p38-MAPK acts as a death signal since it plays a

significant role in PN-PDT-induced apoptosis, while INK and PI3K/Akt act as survival signals.

Activation of P38-MAPK by PN-PDT triggers apoptosis through the mitochondrial pathway but
independently of caspase-8

Because the intrinsic pathway is critical in the activation of apoptosis by PN-PDT in HL-
60 cells, we determine whether p38-MAPK, JNK and Akt display a regulatory role on
mitochondrial function. For this purpose, the cells were pretreated for 1h with the specific
inhibitors of these kinases and A¥m was analyzed by flow cytometry after the photodynamic
treatment. Consistent with the effect on apoptosis and on caspase-3 activity (see Fig. 7A,B),
mitochondrial membrane depolarization triggered by PN-PDT was partially abrogated by p38-
MAPK inhibitor SB203580 and strongly enhanced by JNK inhibitor SP600121 (Fig. 8A). In
contrast, PI3K inhibitor LY2940002 had not effect on AWm. These results indicate that p38-
MAPK and JNK, but not PI3K/Akt, activated by PN-PDT act through the mitochondria.

Taking into account that apoptosis induced by PN-PDT is initiated by caspase-8
activation, we further investigated the regulatory relationship between p38-MAPK and JNK with
signalling pathways upstream of mitochondrion. To determinate the role of these kinases on
caspase-8 activity and Bid translocation to mitochondria, HL-60 cells were treated with inhibitors
of p38-MAPK or JNK before PN-PDT. The results indicate that inhibition of JNK enhanced
significantly caspasa-8 activity (Fig. 8B) and, consequently, the levels of the active form of Bid
(Fig. 8C). Nevertheless, inhibition of p38-MAPK did not have any effect on caspase-8 activity
neither on t-Bid levels. These results suggest that although JNK and p38-MAPK drive through
the mitochondria the activated signals by PN-PDT, only JNK acts upstream of mitochondria by
means of caspase-8 activation and Bid translocation. Together, these results indicate that PN
behaves as an efficient type | as well as and type Il PS able to generate ROS and to activate
p38-MAPK and caspase-8. This activation is enough to induce apoptosis through the intrinsic
and extrinsic signalling pathways despite survival signals (Akt and JNK) are also activated by
PN-PDT.
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Discussion

Apoptosis is a crucial event extremely regulated in multiple physiological processes,
and its loss of control underlies to many clinical pathologies including cancer. PDT, a treatment
modality for many cancer types and for certain non-malignant diseases, has been shown to
induce apoptosis of cancer cells both in vitro and in vivo *°. PDT might become a major weapon
to treat cancer but the small number of molecules known that behave as efficient
photosensitizers limit the potential of this treatment. In this study, we evaluate the effectiveness
of PN as PS to exert PDT-mediated apoptosis on tumor cells and subsequently we investigate
its mechanism of action. The experimental results presented clearly show to PN as a potential

PS agent in PDT for the cancer treatment.

It is well known that PN is an efficient 02 PS in no biological systems due to its
excellent quantum vyield, close to unity in solvents of very different polarity 7. In addition, it
has good photostability under the irradiation of light and low ability to deactivate 1O. Also,
enhanced antiparasitic activity by light is exhibited in many natural products based on the PN
skeleton that have been isolated from plants ?°. However, photobiological studies with PN on
tumor cells have not been performed to date. Our results demonstrate that PN, in presence of
light, induces cell death of human tumor-derived cell lines and it does not display toxicity, with
the maximum dose employed, in absence of light. In addition, citotoxicity due to PN-PDT
depends on concentration of PN and light employed suggesting that PN behaves as an efficient
photosensitizer. However, the level of sensibility of the cell lines to PN-PDT was different, being
HL60 the most sensitive. This could be due to several factors such as differences in the
activation of repairing mechanisms of the cell, permeability of cell membranes or intracellular

localization of PN 2,

In PDT the induction of cell death through apoptosis is preferred over necrosis for
several reasons. Apoptosis can be activated with low doses of irradiation, it does not trigger an
exacerbated inflammatory process as side effect and it stimulates the host immune response.
The induction of apoptosis may be determined by multiple factors such as the photochemical
mechanism (type | or 1) or the cell type, although the subcellular localization, the concentration
of photosensitizer and the dose of light are the most deciding parameters 24814, In this way, 5
UM of PN and a light dose of 20 J/cm? promoted ~50% of HL-60 cell death 24 hours after PN-
PDT. This aspect is important to induce apoptosis by the photodynamic treatment, the damage
must be enough severe to avoid cell repairing but sufficiently mild to produce energy, otherwise
the cell will die through necrosis. In our experiments, the percentage of cells that exhibit some
early hallmark of apoptosis raised significantly since 2-4 hours, reaching ~50% at 6 hours after

the treatment, which indicates that PN-PDT is a potent and rapid inductor of apoptosis.
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We also demonstrate that PN-PDT induces ROS generation and that these chemical
species are involved in the cell death since ascorbic acid reduced its levels and partially blocked
apoptosis. Failure of this antioxidant to prevent completely the apoptosis induced by PN-PDT
appear to be consequence of its inability to scavenge all the ROS generated. It is well known
that ascorbic acid is a good scavenger of O2" -~ and HO’, both generated in type | reaction
mechanism, and in lesser extent of 'Oz generated in type Il reaction mechanism 3C. It is for this
reason that PN-PDT can be generating 'Oz by a type Il mechanism in addition to the ROS
generated in type I. This is supported by the fact that sodium azide, a specific scavenger of 02,
reduces the generation of ROS by PN-PDT. Although, the H.DCFDA is not oxidized by 'O, the
effect of azide on ROS levels may be explained because peroxy products and peroxyl radicals
are yielded from interaction of singlet oxygen with different biomolecules . In accordance with
the photophysical and photochemical data of the PN, the generation of 'Oz could be the
triggering factor that lead up the cell to the apoptosis. However, we cannot exclude the
possibility that O2" ~ is also formed together to 'Oz in PN-PDT. This is consistent with the results
of Espinoza et al. 3%, who prove that phenanelone behaves like a type | as well as type I

photosensitizer.

A common feature of apoptosis initiated by the PDT is the acute stress response
through the generation of ROS, causing a rapid release of cytochrome ¢ from the mitochondria
to the cytosol and caspase-9 activation 4. The data shown in this work suggest that
mitochondrion is a target for ROS generated by PN-PDT. Depolarization of the mitochondrial
membrane by PN-PDT and the consequent release of cytochrome ¢ was an early event (2h),
indicating that ROS rapidly cause mitochondrial damage. Furthermore, the blockage of
apoptotic cell death caused by inhibition of caspase-3 is in accordance with several studies
which prove that many photosensitizers activate the intrinsic pathway and caspase-3 to
execute the apoptotic process *. The direct relationship between ROS generation and caspase-
9 and -3 activation was established using ascorbic acid, which proves that mitochondrial
intrinsic pathway is induced by PN-PDT-generated ROS. Although the blockage of caspase-3
activity was not total, it is in accordance with a decrease of ROS levels (50%) and supports the

idea that PN generates Oz, a radical that is not reduced by the ascorbic acid.

All data present herein demonstrate the involvement of the intrinsic pathway in the PN-
PDT-induced apoptosis; however, the inability of caspase-9 inhibitor to prevent completely
caspase-3 activity suggest that this executer caspase is also activated independently of intrinsic
pathway. Several studies on PDT have revealed that the activation and mobilization of death
receptors stimulates caspase-3 activity through the activation of caspase-8 ®°. Interestingly, we
found that generation of ROS and the consequent induction of apoptosis by PN-PDT is
accompanied by a quick activation (1h) of caspase-8. Besides, we demonstrated that the
inhibition of this activity decreases drastically the percentage of apoptotic cells and caspase-3

activity, indicating that direct activation of caspase-3 by caspase-8 is important for the cell death
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induced by PN-PDT. It is widely known that the proapoptotic protein Bid can connect to both
intrinsic and extrinsic apoptotic pathways L. In this way, we have not only shown that cytosolic
Bid undergoes proteolysis in the HL-60 cells exposed to PN-PDT but also that this is induced by
caspase-8 activation. This finding is in accordance to the earlier work of Zhuang et al 42, which
demonstrates hydrolysis of Bid and caspase-8 activation in response to Oz generated by
photosensitization of HL-60 cells with rose Bengal. Also, it is interesting to underline, in our
study, that caspase-8 activation is detected subsequently to the early detection of ROS (30min)
but before the depolarization of mitochondrial membrane, cytochrome c release, caspase-9 and
-3 activation. Our results -consistent with work of Zhuang et al- lead us to argue that PN-PDT-
generated ROS possibly could be activating caspase-8 and consequently to provoke the
mitochondrial depolarization. This is supported by the fact that the dissipation of mitochondrial
transmembrane potential is also blocked by the inhibition of this caspase. In addition, in
absence of light PN did not display cytotoxicity neither activated caspase-8, consequently we
could assume that changes on caspase-8 activity produced by PN-PDT are likely caused by
ROS generation.

A stage where are activated extrinsic and mitochondrial pathways in response to an
apoptotic stimulate has been shown previously in the cells known as type Il 444, In these cells,
caspase-8 is not sufficient to trigger the apoptosis through the direct activation of caspase-3, as
a result the mitochondria is used as organelle amplifier of the apoptotic signal. On the other
hand, the failure of caspase-8 inhibitor to prevent completely mitochondrial depolarization,
caspase-3 activity and apoptosis induced by PN-PDT, suggests that other signaling pathways
may be implicated in the activation of mitochondrial pathway. We find that cell stress (p38-
MAPK and JNK) and survival (PI3K/Akt) pathways, which are susceptible of modulation by ROS
445 are activated by the PN-PDT on HL60 cells. These kinases are activated earlier than
caspase-8, which could indicates initially that p38-MAPK, JNK and Akt act upstream of
mitochondrial pathway.

Inhibition of p38-MAPK block partially mitochondrial depolarization, caspase-3 activity
and apoptosis induced by PN-PDT, which is consistent with the report of Zhuang et al “2.
However, the inability of p38-MAPK inhibitor to prevent caspase-8 and Bid activation induced by
PN-PDT suggests that p38-MAPK signaling converge on the mitochondria, independently of
caspase-8. In this way, p38-MAPK is able to phosphorylate the pro-apoptotic protein BAX,
causing its translocation from cytosol to the mitochondria, and also the anti-apoptotic proteins
Bcl-X. and Bcl-2, preventing they accumulate into the mitochondrial membrane 4647,
Surprisingly, the inhibition of JNK increases activity of caspase-8 and translocation of Bid, and
enhances mitochondrial depolarization, caspase-3 activity and apoptosis, revealing an anti-
apoptotic role of INK in PN-PDT and suggesting that this kinase acts upstream of mitochondria,
through caspase-8. This is reinforced by the fact that phosphorylation of JNK starts previously

to the activation of caspase-8. A priori, these results could be in disagreement with a classical
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pro-apoptotic role of INK, however, PDT studies on gastrointestinal tumor cells or on HelLa cells

have proven that INK protects to the cells from apoptosis 484°,

We also find that the suppression of Akt activity enhances the apoptosis induced by PN-
PDT, which is consistent with previous PDT reports that show a decrease of cell viability despite
Akt is activated 505!, Moreover, it is known that PI3K/Akt pathway activation modulates
negatively the apoptotic mitochondrial pathway through the phosphorylation and inactivation of
proapoptotic protein Bad 52°*. However, we do not observe inhibition of mitochondrial
depolarization in the cells treated with the PI3K inhibitor prior PN-PDT, indicating that Akt acts
downstream the mitochondria. Although the mechanism by which Akt inhibits the apoptotic
cascade remains to be elucidated, previous studies show that Akt may induce expression of
inhibitors of apoptosis proteins (IAPs) through phosphorylation and activation of NF-kB 5° or
even it may directly phosphorylate and inactivate caspase-9 3%, Further studies will be need to
identify the molecular elements of cell death and survival pathways that are involved in the PN-
PDT.

Because of the optical properties of tissues, red light is preferred in PDT since longer
wavelengths have better penetration in tissues. Although the broadband white light used to
carry out PN-PDT was sufficient to induce apoptosis on cancer cells, the absorbance of PN
does not extend beyond 450 nm, wavelength that not penetrate in tissues beyond 0.5
millimeters depth. Therefore, for an ideal PDT, it would be necessary to prepare analogs or to
isolate compounds derived from plants, based on PN moiety, with longer wavelength
absorbance profiles. However, this not must be an impediment to apply PN-PDT in vivo, since
the use of white light source after intravesicular administration of 5-aminolevulinic acid (5-ALA)
have achieved to eliminate urothelial carcinoma 7. Protoporphyrin IX, synthesized from 5-ALA
in the mitochondria, have a maximum peak of absorption at 410 nm and very smaller peaks
near 510, 545, 580 and 630 nm. Moreover, it have been proven, in vitro and in vivo, that ALA-
PDT using blue and white LEDs have greater antitumor effects compared to the red LEDs %%,
Regardless, PN might be used for treatment of superficial skin cancer or internal cancers as
esophagus, lungs, stomach, or bladder that present affected superficial regions. Also, the use of
shorter wavelength light might help to reduce the rate of severe side effects as transmural
necrosis leading to perforation or stenosis via transmural fibrosis caused when red light is used
59.

In conclusion, the results obtained here provides solid evidences that oxidative stress
generated by the PN-PDT induces apoptosis, on human tumor cells, through caspase-8 and
p38-MAPK activation. This finding would supports future research directed to develop novel
molecules based on PN moiety that improve the effectiveness of PDT in the treatment of cancer

and others nononcological malignancies.
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Figure legends

Figure 1. Effect of PN-PDT on cell viability. (A) Chemical structure of Phenalenone. (B)
Photoactivation of PN decreases cell viability in HL-60, A431 and A549 cells. The cells were
incubated for 30 min with the indicated concentrations of PN before exposure to light (20 J cm-
2)- Cell viability was determined 24 h after light exposure by the MTT assay. Data represent the
mean of three experiments each performed by triplicates. Cells treated with vehicle, V, or with
30 uM PN in absence of light exposure, C, were used as controls. (C) Phototoxicity of PN is
dependent of light fluence. HL-60 cells were cultured for 30 min with the specified
concentrations of PN before exposure to light (5, 15 and 20 J cm). Cell viability was evaluated
24 h following exposure to light. Non irradiated cells treated with 30 yM PN were used as
control. Data represent the mean of three experiments each performed by triplicates. (D)
Phototoxicity is dependent of light exposure length. HL-60 cells were incubated for 30 min with
PN before exposure to 11 mW cm of light intensity for the indicated time periods. The cells
were allowed to recover for 24 h and cell viability was measured by the MTT assay. Data
represent the mean of three experiments each performed by triplicates. Cells treated with 30 yM

PN but not exposed to light were used as control.

Figure 2. PN-PDT induces apoptotic cell death in HL-60 cells. (A) The cells were incubated
with 5 uM PN in absence (control) or presence of light (PDT; fluence: 20 J cm?) and allowed to
recover for 6 h. The cells were collected, stained with bisbenzimide trihydrochloride and
visualized by fluorescent microscopy; photomicrographs of representative fields of cells to
evaluate nuclear chromatin condensation (i.e., apoptosis) are shown. (B) The cells were treated
as above and apoptotic nuclei were quantified by fluorescent microscopy at the indicated time
periods after PDT. *P<0.05 compared to control. (C) Effect on DNA fragmentation assessed by
agarose gel electrophoresis (D) The cells were harvested 6 h after PN-PDT and cell distribution
according to their DNA content was determined by flow cytometry using the propidium iodide
staining procedure; the position of cells with hypodiploid (Sub-G1) DNA content (i.e., apoptotic
cells) is indicated by a dotted line. Representative histograms are shown. (E) Quantitation of

hypodiploid cells as a function of time after PN-PDT. *P<0.05 compared to control, C.
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Figure 3. PN-PDT induces ROS generation in HL-60 cells. (A) The cells were incubated with
H2-DCF and the indicated concentrations of PN in absence (control, C) or presence of light
(fluence: 20 J cm?) for 30 min, and harvested immediately after light exposure. The
fluorescence of oxidized H2-DCF was determined by flow cytometry. A representative histogram
(n=3) is shown. (B) ROS levels were determined as above and bar graph represents the median
of oxidized H>-DCF fluorescence. *P<0.05 compared to control. (C) Effect of increasing
concentrations of ascorbate (Asc) on intracellular ROS levels determined immediately after PN-
PDT (fluence: 20 J cm?). The bar graph represents the median of oxidized H2:-DCF
fluorescence. *P<0.05 compared to control, C; #P<0.05 compared to ascorbate untreated group.
(D) Ascorbate reduces DNA fragmentation in cells subjected to PN-PDT (fluence: 20 J cm™)
after 6h of light exposure. (E) Effect of sodium azide on intracellular ROS levels, determined by
flow cytometry immediately after light exposure (fluence: 20 J cm). The bar graph represents
the median of oxidized H2-DCF fluorescence. *P<0.05 compared to control, C; #P<0.05

compared to azide untreated group.

Figure 4. PN-PDT induces mitochondrial membrane potential dissipation and cytochrome
¢ release from mitochondria in HL-60 cells. (A) The cells were incubated with 5 uM PN in
absence (control) or presence of light (fluence: 20 J cm™) and allowed to recover for 4 h.
Mitochondrial transmembrane potential was evaluated by flow cytometry after staining with the
fluorescent probe JC-1; the value into the right low square represents the percentage of cells
with a low A¥m. A representative histogram (n=3) is shown. (B) The cells were treated as
above and harvested at the indicated time points after PN-PDT. *P<0.05 compared to control.
(C) Cytosolic and mitochondrial levels of cytochrome ¢ were determined as a function of time
after exposure to light (fluence: 20 J cm?) by western blot; COX IV was used as a loading

control. A representative western blot (n=3) is shown.

Figure 5. PN-PDT-generated ROS activates caspase-3 and caspase-9 in HL-60 cells. (A)
The cells were pre-incubated with the indicated concentrations of z-DEVD-fmk for 1 h and then
exposed to 5 yM PN in absence (control) or presence of light (fluence: 20 J cm). The cells

were harvested 4 h after irradiation and cell distribution according to their DNA content was
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determined by flow cytometry using the propidium iodide staining procedure. *P<0.05 compared
to control, C; #P<0.05 compared to z-DEVD-fmk untreated group. (B) Effect of ascorbate and
LEHD-CHO on caspase-3 activity in cells subjected to PN-PDT. The cells were pre-incubated
with 50 uM ascorbate, 50 yM of caspase-9 inhibitor LEHD-CHO or vehicle for 1 h and harvested
at the indicated time points after PN-PDT. Caspase-3 activity was determined from lysates
using the specific colorimetric substrate Ac-DEVD-pNA. (C) Effect of ascorbate on caspase-9
activity in cells subjected to PN-PDT. The cells were pre-incubated with 50 yM ascorbate, or
vehicle for 1 h and harvested at the indicated time points after PN-PDT. Caspase-9 activity was
determined from lysates using the specific colorimetric substrate Ac-LEHD-pNA. *P<0.05

compared to control, C; #P<0.05 compared to vehicle-treated alone.

Figure 6. Caspase-8 is activated by PN-PDT and induces proteolytic cleavage of Bid in
HL-60 cells. (A) The cells were incubated with 5 uM PN in absence (control) or presence of
light (fluence: 20 J cm™) and allowed to recover for the indicate time points. Caspase-8 activity
was determined from lysates using the specific colorimetric substrate Ac-IETD-pNA. *P<0.05
compared to control. (B, C, D, E) Inhibition of caspase-8 activity blocks apoptosis, caspase-3
activity, caspase-9 activity and mitochondrial potential dissipation triggered by PN-PDT. The
cells were pre-incubated with the specified concentrations of caspase-8 inhibitor z-IETD-fmk for
1 h, then subjected to 5 uM PN in absence (control) or presence of light (fluence: 20 J cm™) and
harvested 4 h after light exposure. Hypodiploid cells were determined by flow cytometry using
the propidium iodide staining procedure, caspase-3 activity was evaluated from lysates using
Ac-DEVD-pNA as colorimetric substrate, caspase-9 activity was evaluated from lysates using
Ac-LEHD-pNA as colorimetric substrate and A¥m was analyzed by flow cytometry after staining
with the fluorescent probe JC-1. *P<0.05 compared to control; #P<0.05 compared to z-IETD-
fmk untreated group. (E) PN-PDT induces proteolytic cleavage of caspase-8 and Bid. Levels of
active caspase-8 (cytosolic fractions) and t-Bid (mitochondrial fractions) were analyzed by
western blot. COX-IV was used as a loading control. A representative western blot (n=3) is
shown. (F) Inhibition of caspase-8 blocks cleavage of Bid triggered by PN-PDT. The cells were
pre-incubated with the indicated concentrations of z-IETD-fmk for 1 h and then subjected to 5

puM PN in absence (control) or presence of light (fluence: 20 J cm), and harvested 2 h after
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light exposure. Mitochondrial fractions were analyzed by western blot to determine the levels of

tBid. COX-IV was used as a loading control. A representative western blot (n=3) is shown.

Figure 7. P38-MAPK, JNK and Akt are activated in response to PN-PDT in HL-60 cells. (A,
B) The cells were pre-incubated with 10 yuM SB203580 (SB, p38-MAPK inhibitor), 1 uM
SP600125 (SP, JNK inhibitor), 5 uM PD98059 (PD, MEK1 inhibitor), 20 uM LY294002 (LY, Akt
inhibitor) or vehicle (V) for 1 h and then treated with 5 uM PN in presence of light (fluence: 20 J
cm?). Non irradiated cells treated with 5 pM PN were used as control, C. Four hours after light
exposure, hypodiploid cells were determined by flow cytometry using the propidium iodide
staining method, and caspase-3 activity was evaluated from lysates using Ac-DEVD-pNA as
colorimetric substrate. *P<0.05 significantly different from control. #P<0.05 compared to vehicle
(C) The cells were incubated with 5 yM PN in absence (control) or presence of light (fluence: 20
J cm?) and harvested at the indicate time points after PN-PDT. Protein extracts were prepared
and analyzed by western blot with specific antibodies to ascertain the phosphorylation of p38-
MAPK, JNK and Akt. Membranes were stripped and reprobed with total p38-MAPK, JNK and

Akt antibodies as loading controls. A representative western blot (n=3) is shown.

Figure 8. Effect of MAPKs inhibitors on mitochondrial transmembrane potential and on
caspase-8 activity in HL-60 cells. (A) The cells were pre-incubated with 10 yM SB203580
(SB, p38-MAPK inhibitor), 1 uM SP600125 (SP, JNK inhibitor), 20 pM LY294002 (LY, Akt
inhibitor) or vehicle (V) for 1 h, and then cultured with 5 yM PN in presence of light (fluence: 20
J cm2). Non irradiated cells treated with 5 uM PN were used as control, C. Two hours after
exposure to light, AWYm was evaluated by flow cytometry using the fluorescent probe JC-1.
*P<0.05 compared to control, C; #P<0.05 compared to vehicle. (B, C) The cells were treated as
above and harvested 1 h after light exposure. Caspase-8 activity was determined from lysates
using the colorimetric tetrapeptidic substrate Ac-IETD-pNA. *P<0.05 compared to control, C;
#P<0.05 compared to vehicle, V. Mitochondrial fractions were analyzed by western blot to
determine the levels of tBid and COX-IV was used as a loading control. A representative

western blot (n=3) is shown.
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