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ABSTRACT

The aim of this study was to determine whether photodynamic therapy (PDT) alone or combined with cisplatin
(DDP), can deactivate cisplatin-resistant cancer cells. Human cancer cell lines A549 and SKOV3, and
chemoresistant sublines A549/DDP and SKOV3/DDP, were subjected to PDT, DDP, or PDT combined with DDP.
Cell viability and apoptosis were analyzed, and then intracellular reactive oxygen species (ROS) and proteins
related to apoptosis were determined. PDT caused cell death, and PDT combined with DDP led to the highest
percentage of dead cells in 4 cell lines; similar results were detected in ROS; a quantification evaluation manifested
that the combined effect was addition. DDP increased the percentage of apoptotic cells, and the ROS level in A549
and SKOVS3 cells, which was not observed in A549/DDP and SKOV3/DDP cells. Western blot revealed an increase of
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caspase 3 and Bax, and a decrease of Bcl-2, demonstrating the occurrence of apoptosis. The data suggest that PDT
can efficiently deactivate resistant cells and enhance the action of DDP against resistant cancer cells.

Abbreviations: DDP, Cisplatin; MPPa, pyropheophorbide-a methyl ester; PDT, photodynamic therapy

Introduction

Cisplatin (DDP) is the first-line chemotherapeutic agents for
cancers of lung and ovary." However, the gradual increase of
chemoresistance decreases the therapeutic responses, and ulti-
mately leads to a failure of treatments.> Therefore, strategies
that can efficiently deactivate refractory cancer cells should be
developed to improve the prognosis.

Photodynamic therapy (PDT) has been clinically used to treat
cancers, where a photosensitizer is activated under light exposure
producing reactive oxygen species (ROS). ROS causes cytotoxic-
ity, thereby deactivating cancer cells.*> Limited by the poor pen-
etration of light in tissues, PDT is only employed for
managements of superficial lesions in the present regimen.® Uti-
lizing a longer wavelength and tissue-specifically photosensitizers
are considered the potential solution, and combining other ther-
apeutic modalities (e.g., chemotherapy) may be an alternative.”
However, the effects of PDT on DDP-resistant cancers cells (par-
ticularly when combining an anticancer drug) remain unclear.

Here pyropheophorbide-or methyl ester (MPPa) was used as
the photosensitizer, and then responses of DDP-resistant
human lung/ovary cancer cells to PDT alone, or combined
with DDP, were explored. Data suggest that PDT can efficiently
deactivate resistant cells, and enhance the action of DDP
against resistant cells.

Results
Cytotoxicity of DDP, light, or MPPa

Light exposure (0-10 J/cm®) or MPPa (0-16 wmol/L) alone did
not decrease viability of A549, A549/DDP, SKOV3 or SKOV3/

DDP cells (light: p = 0.294, p = 0.217, p = 0.055, p = 0.828,
MPPa: p = 0212, p = 0.066, p = 0.076, p = 0.197) (Fig. 1).
DDP led to a higher percentage of dead cells in A549 cells in
comparison with A549/DDP cells (p < 0.001) and similar
result was observed in SKOV3 and SKOV3/DDP cells (p <
0.001), confirming the resistance phenotype in A549/DDP and
SKOV3/DDP sublines; ICs, was 18.0, 35.3, 19.7 and 35.3 uM,
in A549, A549/DDP, SKOV3, and SKOV3/DDP cells, respec-
tively (Fig. 1). Therefore, 14 uM DDP was chosen for following
trials.

The percentage of survival cells decreased with increasing dose
of light and drug, when combining light and MPPa (Fig. 2). At
2.4 J/cm® of light exposure, ICs, of MPPa was about 2 uM, and
therefore these parameters were employed for PDT.

Combined effect of PDT and DDP was addition

PDT or DDT decreased the percentage of survival cells in 4 cell
lines, and the highest percentage of dead cells was observed in
group PDT + DDP (p = 0.001, p = 0.005, p < 0.001, p <
0.001) (Fig. 3). The combination index (CI) values were 1.11,
1.10, 1.07 and 1.14 in A549, A549/DDP, SKOV3 and SKOV3/
DDP cells, respectively. These data indicated that the combined
effect of PDT and DDP was addition.

Combination of PDT and DDP induced the highest
apoptotic percentage

The percentage of apoptotic cells in group PDT did not differ
from that in group DDP, in A549 cells (p = 0.251). The

CONTACT Prof. Tinghe Yu @ yutinghe@hotmail.com @ Key Medical Laboratory of Obstetrics and Gynecology, The Second Affiliated Hospital, Chongging Medical
University, Chongqing, China, No. 76 Linjiang Road, Yuzhong District, Chongqing City, China, 400010.

© 2017 Taylor & Francis Group, LLC


https://crossmark.crossref.org/dialog/?doi=10.1080/15384047.2017.1385683&domain=pdf&date_stamp=2017-11-30
mailto:yutinghe@hotmail.com
https://doi.org/10.1080/15384047.2017.1385683

CANCER BIOLOGY & THERAPY 985

0 2 4 6 B8 10 12 MU 16
MPPa (pmoliL )

A D
— 1004 — 100434
*® F B
> >
B sod —e— AS49 2 ol —— SKOV3
= --as  ASASIDDP S ) s SKOVIOOP
0 T T T T T T v 1 ﬂ‘ T 1 T T T
0 2 4 6 8 10 0 2 4 6 8 10
light (Jicm?) light (JWem?)
B ] E
100 4 e A549 e SKOV3
\‘l\! ~e— AS4QIDDP 100 4 —e— SKOVIDDP
I -~ 1°
= =
= 1 =2 .
O 504 = ',
S B 504 \
S ? :
o T T T T 0 . : . —
o 20 40 G0 80 160 240 320 0 20 40 60 80 160 240 320
DoP (IJI'TIDM_} DDPtumoUL,‘n
C 1 F
] i S | [T 40 D e .
ﬁwmw i """" % ,..mmM ; i |
R 1 ) T 4
2 2
3 =
o 50 —— AS49 @ 50 —— SKOV3
= -a- ASHODDP s . SKOVIDLP

0

0 2 4 6 8 0 1 U B
MPPa (umoliL)

Figure 1. Cytotoxicity of light (A, D), MPPa (B, E) or DDP (C, F) on A549 and A549/DDP (A-C), and SKOV3 and SKOV3/DDP (D-F) cells. Light or MPPa alone caused no cyto-
toxicity; DDP led to a less percentage of survival cells in A549/DDP or SKOV3/DDP, compared with A549 or SKOV3 cells. Data were mean = standard deviation for 3 inde-

pendent experiments.

apoptotic percentage in group DDP was not higher than that in
group Ctrl in A549/DDP and SKOV3/DDP cells (p = 0.216,
p = 0.448), indicting a failure of apoptosis induction. The high-
est apoptotic percentage was detected in group PDT + DDP in
A549 and SKVO3 cell lines (p < 0.001, p < 0.001) (Fig. 4). CI
was 0.78 in A549 cells, indicating slight antagonism; values
were 0.94, .089 and 0.96 in A549/DDP, SKOV3 and SKOV3/
DDP cells, respectively, demonstrating addition. These data
indicated that the combination of PDT and DDP caused addi-
tion in A549/DDP, SKOV3 and SKOV3/DDP cells.

Combination of PDT and DDP induced the highest
level of ROS

PDT alone or combined with DDP induced the generation of
ROS in 4 cell lines, with the highest level in group PDT +
DDP. Interestingly, DDP caused the production of ROS in
A549 and SKOV3 cells (p = 0.001, p = 0.007), but which
was not detected in A549/DDP and SKOV3/DDP cells (p =
0.970; p = 0.068). When comparing sensitive and resistant
cells, the combination of PDT and DDP led to a higher ROS
level in resistant lung cancer cells A549/DDP (p = 0.022), or
sensitive ovarian cancer cells SKOV3 (p = 0.045) (Fig. 5).

These findings suggest that the production of ROS varied
between cell types.

PDT combined with DDP induced apoptosis via
the mitochondrial pathway

Immunofluorescence microscopy demonstrated that MPPa
localized in mitochondria (Fig. 6). Proteins related to mito-
chondrial apoptosis were analyzed. Western blot demonstrated
an increase of caspase-3 and Bax proteins and a decrease of
Bcl-2 protein after PDT and/or DDP exposure, in 4 cell lines
(Fig. 7). These manifested that PDT and/or DDP induced apo-
ptosis via the mitochondrial pathway.

Discussion

Multiple mechanisms resulted in DDP resistance, and varied
between tissue types; further, the response to a physical fac-
tor depended on cell type.> ° These have been hindered the
development of therapeutic strategies.'’ Therefore, lung and
ovary cancer cells were employed as the model in this
study. MPPa was used as the photosensitizer for a better
safety in humans.'"'?
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Figure 2. Cytotoxicity of the combination of MPPa and light (i.e., PDT) on A549 (A), A549/DDP (B), SKOV3 (C), and SKOV3/DDP (D) cells. Based on the cell-survival curve,
2.4 J/cm? light and 2.0 ;1M MPPa were employed to perform PDT. Data were mean = standard deviation for 3 independent experiments.

The present data manifested that PDT can efficiently
deactivate chemoresistant cells. A higher percentage of dead
cells in A549/DDP indicated that resistant cells were more
sensitive to PDT but this effect was not detected in
SKOV3/DDP cells, indicating the response to PDT varied
between cell types (ie., the therapeutic regimen should be
specifically set for a specific cancer type). The difference
may be related to variation of intracellular behavior of
MPPa, and of the cells’ response to ROS. Interestingly, PDT
combined DDP can decrease cells viability more potently
compared with only PDT, however cells apoptosis were not
increased effectively in A549/DDP and SKOV3/DDP cells.
This suggested that other cell-death mechanisms may be
involved in cells besides apoptosis.

PDT was limited by the poorer penetration of light, and
therefore chemotherapy was used to improve the therapeu-
tic efficacy. A combination of PDT and DDP led to an
additive effect, suggesting the combined modality can be

increase of apoptotic cells and ROS yield. Since MPPa
located in mitochondria, ROS produced under light expo-
sure directly damaged mitochondria to trigger apoptosis.
Cytotoxicity of DDP was mediated frequently via inducing
apoptosis. Thus, the combined modality deactivated more
cells via the mitochondria apoptosis pathway. These were
confirmed with the activation of caspase 3, up-regulation
of Bax, and down-regulation of Bcl-2 (i.e., decreasing the
ratio of Bcl-2 to Bax). Bcl-2 was not decreased in group
DDP in both A549/DDP and SKOV3/DDP cells, which
indicated that the apoptosis deficiency played an important
part in chemoresistance since Bcl-2 was an apoptosis inhib-
itor. PDT decreased the level of Bcl-2 to enhance DDP-
induced apoptosis, thus realizing chemosensitization. Inter-
estingly, CI utilizing apoptotic percentages demonstrated
antagonism between PDT and DDP in A549 cells, but the
value utilizing cell-death fractions indicated the combined
effect was addition; this suggested that other cell-death

used to treat refractory cancers. This was due to an mechanisms may be involved in sensitization. This
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Figure 3. Percentages of dead cells in A549 and A549/DDP (A), and SKOV3 and SKOV3/DDP (B) cells. PDT or DDP deactivated cells, and the highest cell-death fraction was
detected in group PDT + DDP in 4 cell lines. Data were mean = standard deviation for 3 independent experiments. *: vs. group Ctrl, p < 0.05; &: vs. group DDP, p < 0.05;

#: vs. group PDT, p < 0.05.



CANCER BIOLOGY & THERAPY 987

A Control

‘: ﬁ‘ 'i?‘

% 5

na L mole, nQ | nokE
g i e

na " g

Propidium lodide

PDT+DDP

2 Conrol @ DOP
o POT

&3 POT+0DP

oo W g " e LR 20
i r L . nY L ng
" w e » ¥y

w ”

Annexin V-FITC

A549/DDP

Control

[ Contd mm DOP
OO POT @@ POT+DDP

Propidium lodide

ne ,_no-gi

Annexin V-FITC

SKOV3IDDP

Figure 4. Apoptosis in A549 and A549/DDP (A), and SKOV3 and SKOV3/DDP (B) cells. PDT induced apoptosis in 4 cell lines, DDP exposure increased the percentage of
apoptotic cells in A549 and SKOV3 cells, and the highest apoptotic rate was noted in group PDT + DDP in 4 cell lines. Data were mean =+ standard deviation for 3 inde-
pendent experiments. *: vs. group Ctrl, p < 0.05; & vs. group DDP, p < 0.05; #: vs. group PDT, p < 0.05.

inconsistency was not observed in other cell lines, demon-
strating the response to PDT combined with DDP
depended on cell-type, and therefore the therapeutic regi-
men should be specifically set.

Cytotoxicity of DDP was mediated by both nuclear (i.e.,
DNA damages) and cytoplasmic factors."> DDP induced the
formation of ROS, causing insults to organelles; damaging
mitochondria can arouse apoptosis. The present data con-
firmed that either PDT or DDP led to intracellular ROS
and that the highest level occurred in group PDT + DDP.

targeting at the cytoplasmic sites. Most present chemomo-
dulators sensitize DDP via inhibiting DNA repair.'"* There-
fore, PDT should be considered a bypass. This effect was
not detected in A549 cells, suggesting that this alternative
may not exist in non-resistant cells. The response difference
should be considered when formulating a therapeutic
regimen.

In conclusion, the present findings indicated that PDT can
deactivate chemoresistant cells, and the combination of PDT
and DDP produced addition. The combined modality improved

This was the mechanism of chemosensitization due to PDT: the efficacy via enhancing the mitochondria-dependent
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Figure 5. Intracellular level of ROS in A549 and A549/DDP (A), and SKOV3 and SKOV3/DDP (B) cells. PDT increased the level in 4 cell lines, but DDP increased the level in
only A549 and SKOV3 cells; the highest ROS level occurred in group PDT + DDP in 4 cell lines. Data were mean =+ standard deviation for 3 independent experiments. *:

vs. group Ctrl, p < 0.05; &: vs. group DDP, p < 0.05; #: vs. group PDT, p < 0.05.
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Figure 6. Intracellular localization of MPPa. Red fluorescence indicated MPPa
and green fluorescence showed mitochondria; orange appeared in the
merged image, demonstrating that MPPa located in mitochondria (x200).
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Figure 7. Cleaved caspase 3, Bax and Bcl-2 proteins validated by western blot, in
A549 and A549/DDP (A, B), and SKOV3 and SKOV3/DDP (C, D) cells. In 4 cell lines,
caspase 3 and Bax were increased and Bcl-2 decreased, in groups PDT and PDT +
DDP, demonstrating the occurrence of apoptosis. However, Bcl-2/Bax/caspase 3
was not altered in group DDP, in A549/DDP and SKOV3/DDP cells, indicating the
malfunction of apoptosis. Data were mean =+ standard deviation for 3 independent
experiments. *: vs. group Ctrl, p < 0.05; & vs. group DDP, p < 0.05; #: vs. group
PDT, p < 0.05.

apoptosis. This strategy can be developed to treat refractory can-
cers of lung and ovary.

Materials and methods
Cell culture

Human cancer cell lines A549, A549/DDP, SKOV3 and
SKOV3/DDP were cultured in RPMI-1640 (Gibco, Beijing,
China) medium supplemented with 10% fetal bovine serum
(FBS) (Gibco), at 37 °C and 5% CO,. Tissue type of A549
was lung and that of SKOV3 was ovary; A549/DDP and
SKOV3/DDP were the DDP-resistant sublines; 2 or 0.75
png/ml DDP was added into A549/DDP or SKOV3/DDP
medium to maintain the property of chemoresistance. Cells
were transferred into drug-free medium for 7 d before
experiments, thereby avoiding interferences due to residual
DDP."” All experiments were performed in dark to avoid
the activation of MPPa.

Cytotoxicity of MPPa, light or DDP

Cells were seeded in a 96-well plate (5 x 10°/well), and
exposed to light (0-9.6 J/em? with a wavelength of 630 nm;
Wuhan Hi-tech Hengda Photoelectric Co., Ltd., Wuhan,
China), MPPa (0-16 uM; Sigma-Aldrich, St. Louis, MO) or
DDP (0-320 uM; Qilu Pharm. Co. Ltd., Jinan, China). Cells
viability was determined with a CCK-8 assay (Dojindo Lab.,
Kumamoto, Japan).

For determining the parameter for PDT, cells were incu-
bated with MPPa for 24 h, drugs washed away, and then
exposed to light. Cell viability was assayed after 24 h. Based on
the cell-survival curve, 2 M of MPPa and 2.4 J/cm® of light
were employed for PDT.

When determining cytotoxicity of DDP, cells were exposed
to DDP for 4 h, and then drugs washed away; cell viability was
assayed after 24. A level of 14 uM was used in following trials,
based on the percentage of survival cells. This manner indicated
that both the drug peak level and “concentration x time” were
with the range of human pharmacokinetics, thereby having
clinical relevancy.'®"”

Combination of PDT and DDP

Experiments were performed in 4 groups. Cells were exposed
to DDP in group DDP, to PDT in group PDT, and to PDT
combined with DDP in group PDT + DDP; control cells
received sham exposure (i.e., with 0 uM drug and 0 J/cm?
light). In groups DDP and PDT+DDP, DDP was added for
4 h before light exposure. Drugs were washed away, and
then cells were subjected to light. Cell viability was deter-
mined after 24 h, and then the percentage of survival cells
was calculated.

Detection of apoptotic cells

Apoptotic cells were detected using the Annexin V/PI (propi-
dium iodide) assay (Keygen Biotech., Nanjing, China).



Quantifying the combined effect of PDT and DDP

Percentages of dead (1 - percentage of survival cells) or
apoptotic cells were used to (CI), thereby evaluating the
combined effect.'®

E

Cl—= A+
Ex+Ep—Ea-Ep

Eaop was the effect of PDT combined DDP, and E,/Eg was

the effect of PDT/DDP. A CI of >1.15, 0.85-1.15, or <0.85

indicated synergy, addition, or antagonism, respectively.

Measurement of intracellular ROS

Intracellular ROS was detected with the DCFH-DA assay
(2,7'-dichlorodihydrofluorescein diacetate; Keygen Biotech.)."”
Serum-free medium containing 10 uM DCFH-DA was added,
and cells were kept in dark at 37°C for 30 min. Cells were
washed with PBS, and then received flow cytometry; the fluo-
rescence intensity reflected the level of ROS.

Subcellular localization of MPPa

Cells were seeded in a 24-well plate (5 x 10* cells/well).
2 uM MPPa was added after attachment, and cells were
incubated at 37 °C for 24 h. Medium was removed, and the
MitoTracker Green FM dye (Invitrogen, Eugene, OR) was
added. Cells were washed with serum-free media for three
times, and observed under a fluorescence microscope (Ti-E;
Nikon, Tokyo, Japan).

Western blot

Proteins was extracted using RIPA kit (Beyotime Biotechnol.,
Shanghai, China). Total protein (30 pg/well) were separated by
15% SDS-PAGE and transferred onto a PVDF membrane. Rab-
bit monoclonal antibodies against cleaved caspase-3, Bax and
Bcl-2 (Cell Signaling Technol., Danvers, MA) were used;
B-actin served as the reference, with a rabbit polyclonal anti-
body (Cell Signaling Technol.). Proteins were visualized using
an enhanced chemiluminescence kit (Pierce Biotechnol., Rock-
ford, IL).

Statistics

The statistical analysis was performed with the software SPSS
17.0 (Chicago, IL). Data were expressed as means + standard
deviation (SD), and multiple analysis of variance (ANOVA)
was used. the critical value was set p < 0.05.
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