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Efforts to overcome multidrug resistance in cancer have led to the development of several novel strategies including
photodynamic therapy (PDT). PDT is based on the use of photosensitizers (PSs) photoactivation, which causes the formation
of reactive oxygen species that can induce cell death. In the last decade, the development of new PSs has been significantly
accelerated. Recently, acridine-3,6-dialkyldithiourea hydrochlorides (AcrDTUs) have been investigated as a new group of
PSs and we have shown that PDT/AcrDTUs caused cell death of mouse leukemic cells L1210. In this study, we investigated
the efficacy of PDT/AcrDTUs for the treatment of L1210/VCR cells as a model of chemoresistant cells (overexpressing
P-glycoprotein, P-gp). The photoactivation (365 nm, 1.05 J/cm?) increased the cytotoxicity of AcrDTUs 10-15 times. Inhibi-
tion of P-gp (verapamil) has been shown to have no significant effect on the accumulation of propyl-AcrDTU (the most
potent derivative) in L1210/VCR cells. The intracellular distribution of this acridine derivative has been studied. Prior to
irradiation of the resistant cells, propyl-AcrDTU was sequestered mainly in the cytosol, partly in the mitochondria, and,
unlike in the sensitive cells, the AcrDTU was not found in the lysosomes. PDT with 1uM propyl-AcrDTU induced cell
shrinkage and “ladder DNA” formation, and although a drastic decrease of the intracellular ATP level was observed at the
same time, there was no increase in extracellular LDH activity. AIF in the nucleus can induce DNA fragmentation and
we have actually observed a mitochondrio-nuclear translocation of AIF. We concluded that AcrDTUs are photocytotoxic

against L1210/VCR cells and that mitochondria play an important role in cell death induced by PDT.
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The major complication of cancer chemotherapy is the
development of multidrug resistance (MDR). MDR is a
phenomenon that involves a number of factors, including
the overexpression of drug efflux transporters [1-5]. Efforts
to overcome multidrug resistance in cancer have led to the
development of several new strategies and results obtained
by several research teams have shown the possibility of
treating MDR tumors with photodynamic therapy (PDT)
[6-9]. PDT involves the administration of a photosensi-
tizer (PS), followed by irradiation of the tumor with visible
or UV-A light. The main group of photosensitizers (PSs)
used today in clinical PDT are porphyrins, yet the number
of non-porphyrin PDT candidates continues to increase.
A group of non-porphyrin PSs is acridine derivatives.
Although UV-A light is not preferred in conventional PDT,
the emission property of acridines has been used for cellular
imaging to study their localization inside the cells [10]. MDR

involves a number of factors, and this phenomenon is most
commonly associated with the uptake of drugs. Overproduc-
tion of the ABC transporters can export drugs from cells or
accumulate them in vesicles. In particular, overproduction
of P-glycoprotein (P-gp), multidrug resistance-associated
protein 1 (MRP1), and BCRP (breast cancer resistance
protein)/ABCG2 transporter are related to MDR [11-14].
The photocytotoxicity of many PSs against MDR cells was
evaluated. Some of them (e.g., methylene blue, pheophorbide
a, acridine orange (AO), and some of the porphyrin deriva-
tives) were effective in removing P-gp-expressing tumor cells
and even act as reversers of MDR [7-10, 15-18].

Some of the selective and potent anticancer acridine deriv-
atives synthesized in the last decades [19-23] also exhibited
photosensitizing properties [24-28]. For example, photo-
cytotoxicity of AO [29, 30] allowed the in vivo treatment
of musculoskeletal sarcoma [31-35]. Recently, antitumor
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activities and photocytotoxicity of novel acridine derivatives,
3,6-bis(alkylthiourea)acridine hydrochlorides (AcrDTUs),
have been studied [36]. The superoxide radical anion formed
after irradiation of AcrDTU with UV-A light above 300 nm
has been confirmed by an EPR study and we confirmed that
AcrDTUs are photocytotoxic against L1210 mouse leukemia
cells. Photocytotoxicity of propyl-AcrDTU against the
NIH-3T3 line was approximately 8-times lower than against
the leukemia cells L1210 [36]. The IC,, of the most photo-
cytotoxic propyl-AcrDTU was 0.48+0.03 uM. After irradia-
tion (365 nm, 1.05 J/cm?), ROS production led to lysosomal
photodestruction and spillage of lysosomal enzymes into the
cytoplasm, resulting in cellular death. L1210/S cells can be
turned into a multidrug resistant L1210/VCR cell line that
expresses P-glycoprotein (P-gp) by stepwise adaptation to
vincristine (VCR) [37-39]. In this study, the multidrug resis-
tant L1210/VCR subline of mouse leukemic cells was used as
a model for studying the in vitro efficacy of acridine deriva-
tives against MDR cells. The cytotoxic effects of AcrDTUs
against drug resistant L1210/VCR mouse leukemic cells
were evaluated without irradiation and after irradiation
with UV-A light at 365 nm. The mechanism of photocyto-
toxicity of propyl-AcrDTU as the most potent derivative was
investigated. ROS generation in irradiated L1210/VCR was
monitored without and after AcrDTU treatment. Cellular
uptake of propyl-AcrDTU and the effect of P-gp transport
activity on propyl-AcrDTU photocytotoxicity were evalu-
ated. Finally, our attention was focused on the intracel-
lular localization of propyl-AcrDTU in order to explain the
mechanism of the photocytotoxic effect of these PSs against
resistant cells.

Materials and methods

Materials. Dimethyl sulfoxide (DMSO), Triton X-100,
propidium iodide (PI), (dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT), RPMI-1640 medium,
agarose, MitoRed, dihydroethidium (DHE), penicillin,
streptomycin, fetal bovine serum (FBS), phosphate buffered
saline (PBS), Trolox, 2-amino-2-hydroxymethyl-1,3-pro-
panediol (TRIS), ethylenedinitrilotetraacetic acid (EDTA),
proteinase K, RNase A, ATP bioluminescence assay Kkit,
B-nicotinamide adenine dinucleotide (NADH), Hoechst
33342, glycerol, verapamil, bromophenol blue, Tri Reagent,
primary antibody anti-rabbit AIF, and secondary antibody
anti-rabbit IgG Texas Red” were all obtained from Sigma-
Aldrich (Germany). A Tetro cDNA Synthesis Kit and
a SensiFAST™ SYBR°-No-ROX Kit were obtained from
Bioline (USA). Nuclease-free water was from MP Biomedi-
cals (USA). A FlowCellect Annexin Red Kit was bought
from Merck-Millipore, a SytoRed, LysoTracker Deep Red
from Life Technologies™, GelRED from Biotium (USA),
vincristine from Gedeon Richter Plc., and sodium chloride,
methanol, ethanol, chloroform, isopropanol, pyruvate, and
hydrochloric acid from Lachema (Czech Republic). Primers

(GAPDH, cathepsin B, and cathepsin D) were obtained
from Ecoli (Slovakia). The studied 3,6-bis(alkylthiourea)
acridine hydrochlorides (AcrDTUs) were prepared in our
laboratory [40].

Cell culture conditions. The L1210/S mouse leukemia
cell line and L1210/VCR resistance subline were grown
in RPMI-1640 medium. The medium was supplemented
with 10% FBS, penicillin (100 U/ml), and streptomycin
(100 pug/ml). The cells were maintained at 37°C in a humidi-
fied 5% CO, atmosphere. The L1210/S and L1210/VCR
cells were obtained from Dr. Z. Sulovd, Institute of Molec-
ular Physiology and Genetics, Slovak Academy of Sciences,
Bratislava.

Irradiation of the cells. In all experiments, cells were
irradiated with UV-A light (Philips UV lamp, 15 W) after
1 h incubation with AcrDTUs with a light dose of 1.05 J/cm?.
Cells were irradiated directly in Petri dishes or culture plates.
The same dose of light was used for all cell lines studied.

MTT assay. Cell viability (metabolic activity status) was
determined using the MTT microculture tetrazolium assay
as previously described [41]. Cells (2x10°/ml) were incubated
with AcrDTUs (0-20pM) in a 96-well culture plate in
medium and irradiated after 1 h incubation (UV-A, 365nm,
1.05 J/cm?) or stored in the dark. Then the incubation was
continued in the dark for 48 h and finally cell viability was
determined.

Cytotoxic effect of verapamil. Cells (2x10°/ml) were
preincubated with verapamil (1 uM) for 1 h. Propyl-AcrDTU
(0-1.5puM) was then added and after 1 h incubation, the cells
were irradiated or stored in the dark. Viability after 48 h was
determined by the MTT assay.

Intracellular accumulation of propyl-AcrDTU. Cells
(0.5 x 10°/ml) were incubated with propyl-AcrDTU (1uM)
for 15 min, 1 h, and 6 h. After incubation with AcrDTU, cells
were washed with PBS and visualized with a fluorescence
microscope (Carl Zeiss, Axio ANO Imager Al, Germany).

ROS detection. ROS production in irradiated cells
was determined by dihydroethidium (DHE). Cells
(1x10%/ml) were incubated for 24 h at 37°C in Petri dishes
in the medium. Propyl-AcrDTU (1 uM) and Trolox (100 uM)
were then added. After 1 h, Petri dishes were stored in the
dark or exposed to UV-A light (365 nm, 1.05 J/cm?). After
irradiation, DHE (20puM) was added to each Petri dish
and incubated at 37°C for 20 min. Subsequently, cells were
washed with PBS, and fluorescence was observed with the
Carl Zeiss Axio ANO Imager Al fluorescence microscope
(Germany).

Detection of nuclear DNA fragmentation. Cells
(1x10°/ml) were incubated without (control) or with propyl-
AcrDTU (1 pM) and irradiated. After 2, 4, and 6 h, cells were
washed with PBS and centrifuged (100xg, 4 min). A lytic
solution (10 mM Tris, pH 8, 1 mM EDTA, 0.5% Triton-X)
was added to the pellet and the samples were frozen for 3 min
at —20°C. Cellular lysates were incubated with proteinase
K (1 mg/ml) for 30 min at 50°C. After heating at 70°C for
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Table 1. Primer sequences.

Gene Forward primer Reverse primer

GAPDH GTGTCCGTCGTGGATCTGAC GGAGACAACCTGGTCCTCAG
Cathepsin B CTTCCCATGTCGGCAATCAGAAC AAGACATCTAGAGTACCCCCAAG
Cathepsin D CACGTCCTTTGACATCCACTACG CAGCTCCTTCACCTCTTCCACAG

10 min, RNase (300 ug/ml) was added at 50°C for 10 min.
NaCl/EDTA solution (1 M NaCl, 2 mM EDTA) and isopro-
panol were then added for precipitation and stored at -20°C
for 12 h. After centrifugation (14,100x g, 20 min), the pellet
was washed with 70% ethanol and dissolved in TE buffer
(Tris-EDTA). The DNA was analyzed by electrophoresis on
1% agarose gel stained with GelRED (2 ul/50 ml). The gel was
visualized with a UV transilluminator using a Kodak EasyS-
hare Z612 camera.

LDH assay. The lactate dehydrogenase (LDH) assay was
performed according to the method of Grivell and Berry
[42]. Cells were treated with propyl-AcrDTU (0-2puM) for
1h and then irradiated (365 nm, 1.05 J/cm?). After 6 or 24h
of incubation, the cell medium (100 pl) was transferred to a
cuvette containing 0.9 ml of the reaction mixture to give a
final concentration of 1 mM pyruvate, 0.15 mM NADH, and
104 mM phosphate buffer (pH7.4). Maximum LDH release
was determined by the lysis of cells. Absorbance at 366 nm
was recorded using an Analytic Jena Specord 250 spectro-
photometer.

Determination of ATP levels. The level of intracellular
ATP was determined using a bioluminescence kit measuring
the light output from the luciferin-luciferase reaction. Cells
(I1x10%/ml) were treated with propyl-AcrDTU (1pM) and
irradiated. After 2, 4, and 6 h, the cells were washed and ATP
content was measured in quadruplicate (1x10° cells/100 pl)
according to the manufacturer’s protocol. Results were
expressed as a percentage of the control.

Co-localization of AcrDIM with cell organelles. L1210/
VCR cells (0.5x10°) were treated with 2uM propyl-AcrDTU
(37°C) for 1 h and then irradiated or stored in the dark.
After incubation with AcrDTU, samples were labeled with
SytoRed (0.1 uM, 35 min) to visualize cell nuclei, or MitoRed
(0.1 uM, 15 min) to label mitochondria or LysoTracker Deep
Red (0.1uM, 25 min) to label lysosomes. After incubation
with the fluorescence dyes, cells were washed twice with
PBS and immediately visualized with an Amnis ImageS-
tream Imaging Flow Cytometer: VIS (channel 1), AcrDTU
(channel 2), MitoRed (channel 3), Lysotracker (channel 11),
SytoRed (channel 11). The Bright Detail Similarity Functions
were calculated for a double-positive, single, and focused cell
population.

Analysis of AIF translocation to nuclei. Cells (2x10°/ml)
were treated with 1 pM propyl-AcrDTU for 1 h and exposed
to UV-A light (365 nm, 1.05 J/cm?). After 2 and 4 h incuba-
tion, cells were washed with PBS and embedded on poly-L-
lysine coated microscope slides. The cells were then washed
and fixed with methanol (4 °C, 20 min). After 24 h of incuba-

tion with anti-AIF antibody, cells were labeled with the
secondary antibody (IgG Texas Red’) for 2 h at 4°C. Cell
nuclei were labeled with Hoechst 33342 and monitored using
a Zeiss Axiovert 200M confocal microscope (63x/1.4 oil
objective).

Cathepsins expression - RT-PCR. Total RNA was
extracted and purified from a homogenate of L1210/S and
L1210/VCR cells (2x10°). Cells were lysed in Tri Reagent
(300 ul), nuclease-free water (300 ul), and chloroform (100 ul)
for 3 min. The samples were centrifuged (14,100xg, 15 min,
4°C) and the aqueous phase containing RNA was then
incubated with isopropanol for 10 min. After further centrif-
ugation (14,100xg, 10 min), the pellet was washed with 75%
ethanol and stored at -20°C. The amount, integrity, and
purity of the RNA were determined with a NanoDrop2000
spectrophotometer. RNA was reverse transcribed to cDNA
using a Tetro cDNA Synthesis Kit according to the manufac-
turer’s protocol in 20 pl volume by incubation at 45 °C for 30
min and 85°C for 5 min, followed by maintenance at 4°C.
The first-strand cDNA was stored at —20 °C until use. Quanti-
tative RT-PCR was performed on AB7900 using a Sensi-
FAST™ SYBR® No-ROX Kit. The reaction solution contained
a master mix (20 pl), 0.3 umol/l for each forward and reverse
primer (Table 1), a 2uM ROX reference dye, and a cDNA
template (10 ng). PCR was performed for 50 cycles according
to the following protocol: activation of Taq polymerase
at 95°C for 15 min, followed by 50 cycles of denaturation
at 95°C for 15 s, annealing at 60°C for 1 min, and exten-
sion at 72°C for 1 min, followed by fluorescence measure-
ment (SYBR Green and ROX, respectively). A melting curve
analysis was performed to identify the reaction products.
Relative mRNA expression was calculated by the Livak
method [43] for analysis of relative gene expression with a
comparative threshold of 2-44%, The data from gene expres-
sion analysis are reported as the ratio of the target gene in
L1210/VCR cells to that in L1210/S cells and normalized to
express the reference gene, GAPDH. The baseline expression
level of L1210/S cells was set to 1.

Statistical analysis. Data are expressed as a mean *
standard error (SD). Statistical data analyzes were performed
using standard one-way ANOVA procedures. The differences
between the mean values were considered significant when
p-values were <0.05.

Results

Cytotoxicity and photocytotoxicity. Photocytotoxicity of
AcrDTUs against L1210/VCR and L1210/S mouse leukemia
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cells was evaluated by MTT assay. Since irradiation of cells
without AcrDTUs with UV-A light (1.05 J/cm?) for 5 min had
no effect on cell viability, this dose was used in all subsequent
experiments. The irradiation increased the cytotoxicity of
all AcrDTU derivatives against resistant cells about 10 times
acromolecules leads to damages of the subcellular structures.
The superoxide radical is formed after irradiation of AcrDTU
[36] and DHE can be used as a probe of the formation of ROS
in the treated cells. As shown in Figure 1A, PDT/propyl-
AcrDTU induced oxidative stress in L1210/VCR cells and
the addition of Trolox, a soluble form of vitamin E, reduced
superoxide radical levels (Figure 1A) and consequently the
photocytotoxicity of propyl-AcrDTU decreased (Figure 1B),
but only by 11%. Thus, Trolox could not completely eliminate
the ROS photoproduction.

Intranucleosomal fragmentation. Oxidative cytotoxicity
includes apoptosis and autophagy as well as cellular necrosis.
PDT-mediated oxidative stress is negatively modulated by
intracellular antioxidant defense by superoxide dismutase,
catalase, or glutathione. L1210/VCR resistance is not associ-
ated with the overproduction of glutathione or antioxidant
enzymes [44], and PDT-mediated oxidative stress can cause
cell cycle arrest and cell death [45-48]. We found that the
irradiation dose (1.05 J/cm?) had no effect on the viability of
L1210/VCR and analysis of intranucleosomal DNA fragmen-
tation after PDT/propyl-AcrDTU confirmed the formation
of a DNA ladder 6 h after the irradiation of L1210/VCR cells
(Figure 2A).

Extracellular LDH and intracellular ATP levels. PDT
induces several types of cell death (depending on PS and
cancer cell lines) including apoptosis and necrosis, and
previous evidence suggests the potential for these forms of cell
death to coexist. Necrosis is characterized by a loss of plasma
membrane integrity and, as shown in Figure 2B, the induc-
tion of necrosis was also confirmed by the observed release
of the intracellular lactate dehydrogenase (LDH) enzyme.
PDT with 1 puM propyl-AcrDTU increased the LDH activity

A

in the medium by approximately 17% 24 h after irradiation
and at a higher concentration, 2uM propyl-AcrDTU, LDH
activity in the medium increased by about 32% compared
to control (Figure 2B). In addition, PDT with 1 uM propyl-
AcrDTU reduced the ATP level by about 60% (Figure 2C).
Since a substantial decrease in ATP levels is a typical sign of
necrosis, propyl-AcrDTU after irradiation of the cells may
hypothetically damage OXPHOS (oxidative phosphoryla-
tion system) in mitochondria. Since intracellular ATP levels
may modulate externalization of phosphatidylserine during
apoptosis, we supposed that drastic reduction in intracellular
ATP levels after PDT (Figure 2C) could encourage necrotic
rather than apoptotic cell death or apoptosis without typical
symptoms occurred.

Accumulation of propyl-AcrDTU in L1210/VCR cells.
Since AcrDTUs are fluorescent compounds [40], the intra-
cellular uptake of propyl-AcrDTU, which can be rapid due
to its hydrophobicity [40], was monitored by fluorescence
microscopy. L1210/VCR cells were incubated with propyl-
AcrDTU for 6 h and as shown in representative micropho-
tographs (Figure 3A), the fluorescence signal was strong

Table 2. Cytotoxicity and photocytotoxicity of AcrDTUs against resistant
L1210/VCR and sensitive L1210/S cells.

ICs, (uM) 48 h
L1210/VCR L1210/8*
Dark UV-A Dark UV-A
Propyl-AcrDTU  9.15+1.54 1.3240.21 5.70+1.03 0.48+0.03
Butyl-AcrDTU 13.30+2.04  1.58+0.40 6.60+0.93  0.52+0.09
Pentyl-AcrDTU  16.50+2.11  1.65+0.12 9.20+1.31  0.60+0.05

Notes: AcrDTU stock solutions were dissolved in DMSO and an equal
volume of DMSO was added to control cells (final DMSO concentration
was <0.2%). Cells were irradiated (1.05 J/cm?) after 1 h incubation with
AcrDTUs in the dark and viability was determined 48 h after addition of
AcrDTUs by MTT assay. ICs, values (uM) are concentrations that produce
50% inhibition of cell viability. Results are expressed as a mean + SD (n=3).
* - Published in [36].
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Figure 1. Oxidative stress induced by propyl-AcrDTU in L1210/VCR cells after cell irradiation. Oxidative stress was monitored by DHE staining im-
mediately after cell irradiation (365 nm, 1.05 J/cm?) A) Cells were treated with PDT/propyl-AcrDTU (1 uM) without (a) or with 100 uM Trolox (b).
Microphotographs of the cells were obtained using the Carl Zeiss ANO Imager Al fluorescence microscope (excitation 535 nm; emission 620 nm).
Magnification: 40x10. Cell viability in the presence of Trolox (B) was determined using the MTT assay 24 h after the addition of propyl-AcrDTU. Sig-
nificant differences between the cells treated without and with Trolox were indicated as *p<0.005, **p<0.0001.
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Figure 2. Analysis of cellular death induced by propyl-AcrDTU in L1210/ VCR cells after cell irradiation. Detection of intranucleosomal fragmentation.
A) L1210/VCR cells were treated with 1 uM propyl-AcrDTU for 1 h and exposed to UV-A light (365 nm, 1.05 J/cm?). DNA fragmentation was visualized
in a 1% agarose gel 6 h after the addition of propyl-AcrDTU. Control: irradiated cells without propyl-AcrDTU. LDH activity in medium and viability of
L1210/VCR cells. B) Cells were treated with propyl-AcrDTU (1-2uM) for 1 h and then irradiated (365 nm, 1.05 J/cm?). LDH activity and cell viability
(MTT assay) were determined after 6 h and 24 h of incubation. ATP levels in L1210/ VCR cells. Significant differences between LDH activity in the me-
dium of control cells and treated cells were indicated as **p<0.001. C) Cells were treated with 1 uM propyl-AcrDTU for 1 h and exposed to UV-A light
(365 nm, 1.05 J/cm?). Changes in ATP levels were assessed after 2, 4, and 6 h after the addition of propyl-AcrDTU. Results are expressed as a percent of
control (mean + SD). Significant differences between irradiated control cells and treated cells were indicated as *p<0.005.

even after 1 h of cell incubation and did not change after its
prolongation. Overexpression of P-gp, which can effectively
remove vincristine from cells, has been confirmed in L1210/
VCR [37]. Drug exports may be inhibited by verapamil, a
well-known inhibitor of P-gp activity [49]. To verify whether
the intracellular accumulation of propyl-AcrDTU depends
on P-gp activity, L1210/VCR cells were incubated with
verapamil. As shown in Figure 3B, brightly shining AcrDTU
microgranules were formed in the cytoplasm of resistant cells
and the intensity of the propyl-AcrDTU fluorescence signal
did not change significantly in the presence of verapamil
(Figures 3Ba, 3Bb). Probably, as in resistant cells, verapamil
had no effect on the number of fluorescent microgranules in
sensitive L1210 cells (Figures 3Bc, 3Bd).

Verapamil is a potent inhibitor of P-gp and can almost
completely reverse the drug resistance of L1210/VCR to
vincristine [49]. However, we found that this P-gp inhibitor
had a weak effect on propyl-AcrDTU photocytotoxicity and
increased the photocytotoxicity of 1.5uM propyl-AcrDTU
by only about 10% (Figure 3C).

Mechanism of photocytotoxicity and intracellular
distribution of propyl-AcrDTU. PS can be localized in
different organs, and it is this subcellular sequestration of PS
that designates many signaling pathways that occur after PDT.
To explain the mechanism of propyl-AcrDTU photocytotox-
icity, its intracellular distribution was examined using the
Amnis ImageStream Imaging Flow Cytometer using a green
fluorescence derivative. Co-localizations of propyl-AcrDTU
with the mitochondrial dye MitoRed, the lysosomal dye
LysoTracker, and SytoRed nucleic acid stain were monitored.
A Bright Detail Similarity R3 Feature reflects co-localization
of two probes; no co-localization is characterized by values
around 1, and perfect co-localization is represented by values
close to 3.

First, co-localization of propyl-AcrDTU with the MitoRed
mitochondrial probe was monitored and Bright Detail
Similarity R3 Feature was calculated. The fluorescence of
propyl-AcrDTU and MitoRed overlapped in resistant cells
already before irradiation and their partial co-localization
was demonstrated (Figure 4) by the Bright Similarity R3
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Figure 3. Accumulation of propyl-AcrDTU in the cells and the effect of verapamil on photocytotoxicity of propyl-AcrDTU. Uptake of propyl-AcrDTU
into sensitive L1210/S and resistant L1210/VCR cells. A) Cells were incubated with 1 uM propyl-AcrDTU for 15 min, 1 h, and 6 h. Microphotographs
of the cells were obtained using the Carl Zeiss ANO Imager Al fluorescence microscope. Magnification: 40x10. Propyl-AcrDTU accumulation in the
sensitive and resistant cells in the absence and presence of verapamil. B) L1210/VCR and L1210/S cells were preincubated with 1 uM verapamil for 1 h
and then 2 uM propyl-AcrDTU was added. The accumulation of propyl-AcrDTU in the cells was analyzed after 48 h with the Carl Zeiss ANO Imager
Al fluorescence microscope. Magnification: 40x10. Photocytotoxicity of propyl-AcrDTU against the L1210/VCR cells in the presence of verapamil.
C) Cells were treated with 1 uM verapamil for 1 h, then propyl-ArcDTU (1 and 1.5 uM) was added and after 1 h the cells were irradiated (365 nm, 1.05
J/cm?). Cell viability was determined after 48 h by MTT assay. Significant differences between treated cells without and with verapamil were indicated

as *p<0.05.

Feature in the range 1-1.5. Analysis of co-localization of
propyl-AcrDTU and MitoRed in the irradiated cells showed
that nearly 61% of the focused L1210/VCR cells were positive
for both fluorescence dyes (the Bright Similarity R3 Feature
was about 2.5).

The localization of propyl-AcrDTU in the L1210/VCR cell
mitochondria (Figure 4) and a significant reduction in ATP
levels after irradiation (Figure 2D) showed that mitochon-
drial membranes and/or OXPHOS complexes could be
damaged by ROS. Together with the transfer of propyl-
AcrDTU to the mitochondria, the release of pro-apoptotic
mitochondrial proteins could occur. However, no activa-
tion of caspase-9 and caspase-3 was confirmed (results
not shown), but relocalization of AIF into the nucleus was
recorded (Figure 5).

Based on our previous results, we expected that propyl-
AcrDTU would be trapped in acidic vesicles — lysosomes

in the protonated form, similar to L1210 sensitive cells
[36]. Surprisingly, the propyl-AcrDTU fluorescence did not
overlap with the LysoTracker fluorescence probe in L1210/
VCR, where the Bright Similarity R3 Feature was about
1 (Figure 4). After irradiation of resistant cells, the reloca-
tion of propyl-AcrDTU to lysosomes was recorded (Bright
Similarity R3 Feature was about 2.0; Figure 4).

In contrast to the sensitive cell line, sequestration of
propyl-AcrDTU in lysosomes of the resistant L1210/VCR
cells was not confirmed. For this reason, differences in
lysosome biogenesis were expected between resistant L1210/
VCR cells and sensitive L1210/S cells. Therefore, cathepsin
B and D expression in resistant cells was compared to that
in sensitive cells. RT-PCR analysis of cathepsin B and D
expression in L1210/VCR and L1210/S cells showed that the
cathepsin levels in resistant cells were several times lower
than in parental L1210/S cells (Table 3).Noteworthy, propyl-
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Figure 4. Localization of propyl-AcrDTU in L1210/VCR without (A) or with irradiation (B). Cells were treated with 2 uM propyl-AcrDTU (green) for 1
h and exposed to UV-A light (365 nm, 1.05 J/cm?), mitochondria were labeled with the MitoRed (red), the lysosomes were labeled with the LysoTracker
(red), and the nuclei were labeled with the SytoRed (red). Corresponding Bright Similarity R3 Features are shown below the photomicrographs. The

R4 marker represents colocalized cells.
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Figure 5. Mitochondrio-nuclear AIF translocation after PDT/propyl-AcrDTU. Cells were left untreated (control) or treated with 1 uM propyl-AcrDTU
for 1 h and irradiated (365 nm, 1.05 J/cm?). Cells were then cultured for 2 and 4 h, fixed with methanol, and stained with an antibody specific for AIF,
followed by labeling with the secondary antibody (IgG TexasRed, red fluorescence). The nuclei were stained with Hoechst 33342 (blue fluorescence).
Nuclear translocation of AIF is manifested by the overlap of AIF and nuclear staining in blue-violet. Representative examples of cells displaying trans-
location of AIF into the nucleus in treated cells (confocal microscopy, 63x/1.4 oil objective) are shown.

Table 3. Comparison of cathepsin B and D gene expression* in L1210/S
and L1210/VCR cells.

cathepsin B cathepsin D
L12310/S 1 1
L1210/VCR 0.007089 0.115244

Note: *Expression of cathepsins was compared by the Livak method (see
Materials and methods).

AcrDTU was not detected in the nuclei of non-irradiated
cells (Figure 4). Only after irradiation, it was partly found in
the nuclei of L1210/VCR cells (Figure 4).

Discussion

Despite the success of PDT against cancer cells, new
compounds are still under investigation to improve the use
of PDT in clinical oncology. The photo-inducible properties
of acridine orange have been known for decades and it is not
surprising that PDT using acridine orange to treat synovial

sarcoma, malignant musculoskeletal tumors, and even
mouse osteosarcoma MDR [30-35] stimulated the prepara-
tion of new acridine derivatives as potential photosensitizers
[21-28, 50]. We have recently reported that acridine deriva-
tives, AcrDTUs, have photocytotoxic activity against mouse
leukemia L1210 cells [36]. Our current research efforts
have been directed to overcoming the resistance of mouse
leukemia cells using the L1210/VCR cell subline as a chemo-
resistant cell model. Cytotoxicity monitoring clearly showed
that overexpression of P-gp (L1210/VCR) reduced the
vincristine cytotoxicity by about 25-fold, while the cytotox-
icity of AcrDTUs was only 1.5-2-fold, and the photocytotox-
icity of AcrDTUs against resistant cells was 2-3-fold less than
against L1210/S.

AcrDTU photocytotoxicity against L1210/VCR cells was
slightly lower than against L1210/S cells. Recently, nestin
expression was confirmed only in resistant L1210/VCR,
but not in the sensitive cells [51]. Nestin (an intermediate
filament protein) was involved as an organizer of signaling
molecules and exhibited a distinct cytoprotective effect.
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Nestin expression was related to the sensitivity of cells to
oxidatively induced cell death [52]. Hypothetically, nestin
could protect cells from cell death caused by oxidative stress.
L1210/VCR resistant cells were prepared by stepwise
adaptation of the parental L1210 cell line to vincristine
[37]. Unlike vincristine, propyl-AcrDTU was not effectively
exported from the cells by a P-gp pump. Verapamil (a P-gp
inhibitor) had only a modest effect on the photocytotoxicity
of propyl-AcrDTUs. Vincristine induces not only overex-
pression of P-gp but also remodeling of cell surface saccha-
rides. The sensitive cells were shown to have a more negative
cell surface (probably higher sialic acid content) than the
resistant L1210/VCR cells [53]. Although AcrDTUs may
exist in a protonated form, we conclude that differences in
cell surfaces between sensitive and resistant cells have no
significant effect on the cellular uptake of these acridines.
Although the accumulation of propyl-AcrDTU was similar
in sensitive and resistant cells, the intracellular localization
of AcrDTU was different. PSs for oncological PDTs sequester
mainly in lysosomes or mitochondria [15, 33, 54-58] and
it has been confirmed that PDT/AO targets lysosomes in
cancer cells [29, 34]. Our previous studies have shown that
propyl-AcrDTU was sequestered mainly in the lysosomes
of L1210/S cells and partially in mitochondria [36], PDT/
AcrDTU of the sensitive cells resulted in caspase-indepen-
dent cell death, and release of cathepsins into the cytosol
(due to damage of the lysosomal membrane after ROS forma-
tion) was crucial for the initiation of cell death. MDR may be
associated with the lysosomal sequestration of chemothera-
peutic agents. Zhitomirsky and Assaraf [58] showed that the
number of drug-storing lysosomes per cell correlated directly
with the extent of cellular resistance to these drugs. However,
unlike the sensitive cell line L1210, sequestration of propyl-
AcrDTU in the lysosomes of resistant L1210/VCR cells was
not confirmed by flow cytometry. Since lysosomal cathepsins
play an important role in cell death following PDT/propyl-
AcrDTU in L1210/S [36], the expression of cathepsins (B and
D) in the sensitive and resistant cells was evaluated. Surpris-
ingly, RT-PCR analysis showed that the cathepsin mRNAs
level in L1210/VCR cells was very low compared to that in
sensitive L1210 cells. We conclude that, unlike sensitive cells,
lysosomes are not a target organelle in resistant cells.
Asmentioned above, the mitochondrionis considered to be
a target for anticancer drugs including photosensitizers [59].
Our study of intracellular distribution of propyl-AcrDTUs
confirmed the localization of this drug in mitochondria of
sensitive L1210 cells and resistant cells. After irradiation, the
overload of MitoRed with propyl-AcrDTU reached almost
62% of resistant cells. As expected, ROS generation led to
mitochondrial membrane damage and ATP levels showed
a rapid decrease: ATP levels decreased by about 60% in
resistant cells (6 h after PDT). Necrosis was expected after
the PDT, but surprisingly a decrease in ATP levels was not
associated with the release of LDH from cells. Morphological
changes in treated cells (cell shrinkage) and the formation of

a “DNA ladder” suggest that PDT can induce apoptotic cell
death. But, activation of caspases was not observed (results
not shown). We hypothesized that the observed intranu-
cleosomal DNA fragmentation could be stimulated by the
mitochondrial AIF protein (apoptosis inducing factor).
ATF is a caspase-independent death effector and oxidative
damage can induce nuclear translocation of AIE, which may
represent an alternative route of death in absence of caspase
activity [60]. The mitochondrio-nuclear translocation of
AIF after PDT/propyl-AcrDTU was indeed confirmed by
confocal microscopy. We suppose that a lower concentration
of propyl-AcrDTU (<1uM) can inhibit metabolic activity
and cell proliferation, and other signs of cell death will be
detectable only after application of a higher concentration of
AcrDTU or prolonged cell treatment (>24 h).

Although acridine derivatives are known as mutagens
[61-62], not all of them can enter the nuclei [28, 63-66].
Propyl-AcrDTU was not located in the nuclei of L1210/VCR
cells, although partial relocalization of AcrDTU to the nuclei
was observed after irradiation of the treated cells.

In summary, AcrDTUs is a family of photosensitizers also
suitable for PDT of resistant L1210/VCR cells. The mecha-
nism of cell death induced by AcrDTU is associated with
its intracellular distribution and there is clear evidence that
nuclei are not the target of these photosensitizers. Localiza-
tion of propyl-AcrDTU in mitochondria, ATP depletion,
mitochondrio-nuclear translocation of AIF followed by
cell shrinkage, and intranucleosomal DNA fragmentation
suggest that mitochondria play an important role in the cell
death induced by PDT with propyl-AcrDTU. PDT/AcrDTU
can lead to several types of cell death (necrosis or caspase-
independent apoptosis).
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