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Introduction

Autophagy is a dynamic catabolic process where intra-

Abstract

Autophagy and ER stress participated in the inhibition of MPPa-PDT on tumor
growth, but the molecular links between them remain undefined. We just ex-
plore the molecular mechanism between them in vitro and vivo. CCK-8 assay
and flow cytometer were used to detect the cytotoxicity and mode of cell death
after MPPa-PDT. Furthermore, the role of autophagy was verified in MPPa-
PDT. Confocal microscopy was used to show the intracellular distribution of
MPPa. ER stress markers and PERK signaling pathway were detected by western
blot. While in vivo, tumor histology and immunohistochemistry were performed
to show the effect of MPPa-PDT in mice. After MPPa-PDT, cells viability de-
creased in dose-dependent manner. Besides, the cell apoptosis increased along
with the increasing of Beclin-land LC3B II but declining of P62. When pre-
treated with 3-MA, LC3B 1II formation and the cytotoxicity declined. MPPa-PDT
caused increasing of ER stress markers (GRP78, CHOP) as MPPa accumulated
in ER. However, pretreatment with ER stress inhibitor 4PBA, the expression of
GRP78 and LC3B II was blocked but the PERK signaling pathway activated
and the expression of P62 increased. In vivo, the tumor growth was significantly
inhibited by MPPa-PDT. Besides, the appearance of ER stress and autophagy
was further demonstrated by immunohistochemistry. Our findings demonstrate
that autophagy mediated by MPPa-PDT was regulated by ER stress, via PERK
signaling pathway, to kill MDA-MB-231 cells in vitro and vivo.

lysosomes to transform autolysosomes, which then aim
to degrade and renew their components [1, 2]. Various

physiological and pathological conditions trigger

cellular membrane structures including damaged cyto-
plasmic organelles and protein complexes are engulfed
within membrane-bound autophagosomes that fuse with
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autophagy, such as nutrient deprivation, hypoxia, and
drug exposure [3]. As reported, the role of autophagy
is complex, which can resist or promote cancer cell
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death under different stress conditions [4]. When the
autophagy process is activated by stress stimulate, the
fate of cells is highly dependent on the cellular context
and the strength and duration of the stress [5]. During
the last decade, there has been focused attention on
the important role of autophagy in cancer research
especially in anticancer therapy [6—8]. Thus, a better
understanding of the role autophagy takes and its
mechanism in anticancer therapy would help us to
devise more efficient therapies in the treatment of
cancer.

The endoplasmic reticulum (ER) is a vital organelle
required for Ca’" homeostasis and proteins synthesis,
folding, and modification [9]. ER is also a highly sensi-
tive organelle, and its complex functions can be signifi-
cantly altered by a multitude of parameters including
hypoxia, ER-Ca?* depletion, oxidative injury, and other
factors, leading to ER stress. And then cells react to ER
stress by activate a complex intracellular signal transduc-
tion pathway, known as the Unfolded Protein Response
(UPR), which aimed at to reestablish ER homeostasis to
adaption and safeguarding cellular survival or elimination
of the damaged cell [10]. Several studies have shown
that severe ER stress via complex signal transduction
pathway activates the autophagy, and furthermore, the
autophagy can determine survival of cells concurrently
with ER stress [11]. Recently researches emphasized the
importance of the ER stress and autophagy induced by
anticancer therapies.

Although arising public awareness and advancement in
medical science, breast cancer remains one of the leading
causes of death in women [12]. Less harmful, more effec-
tive and safe therapeutics are needed. Comparing to other
breast cancer subtypes, triple-negative breast cancer
(TNBC) had limited choices of treatment. It is meaningful
to find an effective treatment method.

Photodynamic therapy (PDT) is an anticancer therapy
that relies on the selective photosensitizing of tumor cells,
followed by visible light irradiation at the appropriate
wavelength. The end result is formation of reactive oxygen
species (ROS) that can cause photodamage to the cell
[13, 14]. Methyl pyropheophenylchlorin (MPPa), one of
the derivatives, is a novel second-generation photosensitizer
and has been shown to be a potent photosensitizer. A
number of studies have demonstrated that MPPa-PDT
can have a good anti-cancer effect in most tumor cell
lines [15-17].

The purpose of this study was to determine the pho-
todamage function of MPPa—PDT in breast cancer cells
and further investigate the effect of the interlink between
autophagy and ER stress on the potential mechanism of
MPPa-PDT-induced cell death in MDA-MB-231 cell in
vitro and in vivo.
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Materials and Methods
Major reagents

A stock solution of MPPa (Sigma-Aldrich, St Louis, MA)
was prepared by suspending it in a solution of DMSO at
the concentration of 10 nmol/L and was sterilized by filtra-
tion with a 0.22-ym membrane (Millipore, Bedford, MA)
stored at- 40°C. A stock solution of 3-methyladenine
(3-MA) (Sigma-Aldrich) and 4 phenylburyric acid (4PBA)
(Sigma-Aldrich) were prepared in PBS at the stock solution
concentration of 50 mmol/L and 100 mmol/L, respectively.
As required for individual experiments, the stock solutions
were diluted by medium at the work concentration.

Cell culture

The human breast cell line MDA-MB-231 (Shanghai
Institute of cell biology China) was cultured in DMEM
(HyClone, Logan, UT) supplemented with 10% fetal bovine
serum and 1% penicillin and streptomycin (HyClone),
and the cells were maintain in a humidified atmosphere
containing 5% CO, at 37°C.

Photodynamic treatment

The MDA-MB-231 cells were randomly divided into four
groups including control group (free drug and free light),
single MPPa group, single light group, and MPPa-PDT
group. The cells of single MPPa group and MPPa-PDT
group were incubated with MPPa for 24 h, and then, the
cells of MPPa-PDT group and single light group were placed
in the free drug medium followed by a red light-emitting
diode (LED) irradiation at the wavelength of 630 nm with
a fluence rate of 30 mW/cm? (total light dose (J/cm?) = flu-
ence rate (mW/cm?2) X treatment time (s).

Cell viability assay

The MDA-MB-231 cells were seeded in 96-well culture
plates at a density of 1 x 10* cells/well and incubated
overnight at 37°C. The cells were divided into different
treatment groups. At indicated time points, the viability
of MDA-MB-231 cells was detected with the CCK-8 assay
(Beyotime, China) and absorbance of each sample was
measured using a microplate reader (Tecan Group Ltd,
Mannedorf, Switzerland) at 450 nm. Cell viability was
calculated by percentage compared to the control group.

Annexin V-fluorescein isothiocyanate (FITC)/
Propidium iodide (PI) staining

Flow cytometry was used to determine whether MDA-
MB-231 cells treated with MPPa-PDT underwent apoptosis
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or necrosis .Annexin V-fluorescein isothiocyanate (FITC)/
propidium iodide (PI) staining (Beyotime, China) was
performed to detect early or late apoptosis. The MDA-
MB-231 cells were seeded in 6-well plates at 1 x 10°
cells per well and incubated with medium for a 24 h.
Then the cells were divided into different treatment groups.
At post-treatment 24 h, the cells were harvested and cen-
trifuged. The cells were incubated with Annexin
V-fluorescein isothiocyanate (FITC)/Propidium iodide (PI)
for 5 min in the dark. The cell death was analyzed using
flow cytometry (Becton Dickinson, San Joes, CA).

Monodansylcadaverine staining

To assessment whether MDA-MB-231 cell treated with MPPa-
PDT induce autophagy, we observed autophagic vacuoles
by monodansylcadaverine (MDC) staining. In 24-well plates,
MDA-MB-231 cells were seeded at a density of 5 x 10°
cells and cultured for 24 h. Then, the cells were treated
with MPPa-PDT and incubated for a 24 h. The cells were
treated with 0.05 mmol/L MDC staining for 15 min and
observed by fluorescence microscope (NIKON, Japan) and
fluorspectrophotometer (Tecan Group Ltd) at indicated time.

Western blot analysis

In order to observe the protein expressions level, MDA-
MB-231cells were treated with PDT for 0-24 h and then
were lysed in RIPA buffer (Beyotime, China) supplemented
with protease inhibitors (PMSF) to extract total protein.
And proteins were loaded on 15% (for light chain LC-3,
CHOP EIFA antibody), 8% (for PERK and GRP78/Bip
antibody), or 10% (for P-acting and atgl2-5 antibody)
moeratuDS-polyacrylamide gel and transferred to nitrocel-
lulose membrane (Millipore). The blot was incubated in
5% nonfat milk for 2 h at room temperature and with
the primary antibodies (Sigma-Aldrich: LC3BB;.Cell
Signaling Technologies: P62, PERK, elF2a, ATG12-5, CHOP,
BIP and GAPDH) overnight at 4°C. The blot was then
incubated with respective horseradish peroxidase-conjugated
secondary antibody(Cell Signaling Technologies) for 1 h
at room temperature. The chemiluminescence reaction was
detected by an ECL detection kit (Kaiji Bio Co., Nanjing,
China)) using the LAS 3000 Luminoimage Analyzer.

Clonogenic survival assay

To determine long-term effect of inhibition, cells were
cultured overnight in a 6-well plate (1500 cells per well)
and received different treatments. After 7 days of post-
treatment, the cells were fixed with 4% paraformaldehyde
and stained with crystal violet (Sigma-Aldrich) to observe
and count cell colonies.

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Subcellular staining

For localization of photosensitizer (MPPa), at first the
cells were incubated with MPPa for 24 h and then upload
ER-Tracker” green (Invitrogen, Paisley, UK) at a final
concentration of 500 nmol/L to label the endoplasmic
reticulum (ER). Finally, the nuclei were stained with DAPI,
and the stained cells were observed using a laser confocal
microscope (TCS SP5; Leica).

Xenograft model and PDT therapy

To investigate PDT therapy had anticancer function in
vivo as well as in vitro, the athymic female nude mice
(4 mice/group, 4—6 weeks old) were used for the tumor
xenograft models. All animal experiments were approved
by the Ethical Committee of Chongqing Medical
University. The purchased from the
Experimental Animal Center of Chongqing Medical
University [Certificate: SCXK (Yu) 2012-0001]. 1 x 10°
MDA-MB-231 cells in 100 yL of PBS were injected sub-
cutaneously into the back of mice (where it is convenient
for light irradiation). When the diameter of tumor was
about 0.5 £ 0.1 ¢cm, nude mice were randomly divided
into four groups including control group (free drug and
free light), single MPPa group, single light group, and
MPPa-PDT group. MPPa was administered at a dose of
15 mg/kg 18 h before illumination with 120 J/cm? light
at 630 nm wavelength every other day for 10 days [16].
Tumor measurement was performed for 30 days after
PDT treatment. Tumor volume was measured every three
days and calculated by the formula Tumor Volume
(TV) = Length x Width?/2.

mice were

Tumor histology and Immunohistochemistry

After treatment with MPPa-PDT, the tumor samples were
removed and fixed with 4% paraformaldehyde for 2 days.
The tumor samples were sectioned into five slices, and
these were embedded in paraffin. Ten-micrometer-thick
tumor sections were stained with hematoxylin—eosin rea-
gent or set aside for IHC analysis .The sliders for THC
study were dewaxed, hydrated through graded alcohols
and microwaved in 100 mmol/L sodium citrate for 5 min
on high power and 10 min on low power for antigen
retrieval. IHC analysis was performed following the pro-
tocol for the DakoCytomation EnVision + Dual Link
System (Carpinteria, CA). Sections were incubated over-
night at 4°C with rabbit polyclonal anti-BIP and anti-
LC3B (1:100 dilution; Oxford Biomedical Research). BIP
and LC3B positive cells were counted using MetaMorph
Imaging Software (Universal Imaging Corporation;
Downington, PA).
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Figure 1. MPPa-PDT produced cytotoxicity and apoptosis in MDA-MB-231 cells. (A) Cell viability of MPPa at different concentrations detected by the
CCK-8 assay. (A) Cell viability of MPPa at 2 uM and different does of light detected by the CCK-8 assay. (C) Apoptosis detected by annexin V/PI
double-staining. (D) Percentage of apoptosis. *P < 0.05, MPPa-PDT vs. control. #P < 0.05, MPPa-PDT vs. Single MPPa; &P < 0.05 MPPa-PDT vs. Single

light. Values are mean + SD of three independent determinations.

Statistical analysis

The statistical analysis was conducted using SPSS 20.0 for
Windows software. Data were present as mean *+ SD in
different experiments and were analyzed by one-way analysis
of variance (ANOVA) or two-tailed Student’s t-test. A
difference of P < 0.05 was considered statistically
significant.

Results

PDT suppresses cell viability and induces cell
apoptosis

Cells were incubated for 24 h with various concentra-
tions of MPPa in dark for 24 h. Cell cytotoxicity was
evaluated using CCK-8 reduction assay. No significant
dark cytotoxicity was observed at the dose range of
0.5-8 pmol/L (Fig. 1A). So we chose the MPPa at the
concentration of 2 ymol/L base on results obtained in
the literature [15, 18]. Then, the cytotoxic effects of
MPPa-PDT were evaluated. After incubation with
2 pmol/L MPPa for 24 h, the cells were irradiated by
a series of light doses induced a decrease in cell viability
in dose-dependent manner (Fig. 1B). The median level
of cytotoxicity of cells exposed to MPPa-PDT was found
at the light dose of 2.7 J/cm? (Fig. 1B). So, we chose
the concentration of MPPa at 2 pymol/L and light dose
at 2.7 J/cm? for the subsequent experiments. The results
of flow cytometry shown that the apoptotic rate of LC50
(2 pymol/L + 2.7 J/cm?) was 25.853 * 4.36% in MPPa-
PDT group, which was significant higher than other
three groups (P < 0.05), However, these was no dif-
ferences among the other three groups (P > 0.05)
(Fig. 1G,D).

PDT induces autophagy

As shown in Figure 2A, it is suggested that MPPa-PDT
caused a relatively large increase in positive MDC fluo-
rescent staining, visualized as a green fluorescent signal.
Western blot analysis showed that when exposure to
MPPa-PDT, the protein expression of LC3 B and Beclin-1
was significantly increased; however, the protein expres-
sion of P62 was significantly declined when compared to
cells in control groups (Fig. 2B,C). These data suggest
that autophagy was induced during MPPa-PDT in MDA-
MB-231 cells.

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

Autophagy plays a role in the death of
MDA-MB-231 cells treated with PDT

As shown in Figure 3, the MDA-MB-231 cells pretreated
with 5 mmol/L 3-MA for 1 h prior to PDT had a decrease
expression in LC3B 1II protein level and a significantly decline
in cytotoxicity and apoptosis, but with an increase in colonies
formation when compared to cells treated with PDT alone
(Fig. 3). In summary, autophagy can be playing a role as
a death mechanism in MPPa-PDT in MDA-MB-231 cells.

PDT induces ER Stress

As shown in Figure 4, MPPa entered into MDA-MB-231
cells and was localized to the cytoplasm around the nucleus.
The red fluorescent signal of MPPa overlapped with the
green fluorescent signal of ER suggested that MPPa accu-
mulated in ER of the cells after 24-h incubation. And
the study shows that treatment with PDT induced a time-
dependent increase in the protein expression levels of ER
stress markers BIP and CHOP in MDA-MB-231 cells
(Fig. 4B,C).

The PERK/elF2a Signaling Pathway Is
Required for PDT induced Autophagy in
MDA-MB-231 cells

When MDA-MB-231 cells pretreated with 10 mmol/L
4PBA for 12 h before exposed to PDT, there was a large
decrease in the protein expression levels of LC3B and
BIP when compared to cells in control groups, but increase
of P62 (Fig. 5A-D). It also showed that treatment with
PDT induced an increase in the protein expression levels
of PERK/elF2a signaling pathway proteins including
p-PERK, p-elF2a, ATG12-5 (Fig. 5E,F).This results dem-
onstrates that ER stress plays an important role in regu-
lating autophagy in PDT treatment .

PDT inhibits growth of MDA-MB-231 cells

In this present study, it suggested that PDT activated the
ER stress autophagy signal pathway in MDA-MB-231 cell
lines in vitro. To further evaluate these findings in vivo,
we explored the antitumor effect of PDT in mice harbor-
ing MDA-MB-231 cell lines xenografts. Mice were treated
with MPPa alone, light irradiation alone and both agents
together, respectively. MPPa-PDT suppressed tumor vol-
ume by 2 times compared with control group (Fig. 6A,B).
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And many necrosis cells could be seen in MPPa-PDT
group by histopathological examinations (Fig. 6C). The
proteins of LC3B and BIP were significantly expressed in
MPPa-PDT group (Fig. 6C). These results suggest that
PDT suppresses the growth of MDA-MB-231 human breast
cancer cell in vivo.

Discussion

PDT, an anticancer method with minimal toxicity to
normal tissues, is effective in most tumor cells [19-21].
Apoptosis is a major type of programmed cell death uti-
lized in anticancer treatment. A research demonstrated
that PDT could lead to the initiation of the apoptotic

death processes [14]. This study demonstrated the effect

of MPPa-PDT in human MDA-MB-231 breast cancer cells
in vitro .The results showed that PDT can inhibit the
growth of the MDA-MB-231 breast cancer cell. And then
apoptotic rate analysis also proved the effectiveness of
PDT.

Interestingly, the apoptotic rate (25.853 + 4.36%) was
significantly lower compared to the cytotoxicity rate
(44.306 = 11.779%) in MPPa-PDT group detected by
CCK-8 assay, so we speculate that there may be other
pathways leading to the cell death. As a death mechanism
implicated in cancer research [22], autophagy was inves-
tigated to uncover its role in MPPa-PDT in MDA-MB-231
cells. Standard test for autophagy include MDC staining
and the expression of microtubule-associated protein 1
light chain 3 (LC3) and BECLIN 1 [23, 24]. Accumulation

Figure 3. Effects of 3-MA on MPPa-PDT induced cell death. (A) Expression of LC3B Il proteins Lanes; (B) Relative Grey volume of LC3B II; (C) Cell
viability of MPPa-PDT + 3 MA at different hours post PDT, detected by the CCK-8 assay; (D) The long proliferation was detected by colony-forming
assay staining with crystal violet; (E) The number of colony-forming unit; (F) Apoptosis detected by annexin V/PI double-staining; (G) Percentage of
apoptosis *P < 0.05, MPPa-PDT + 3MA vs. control. #P < 0.05, MPPa-PDT+3MA vs. 3 MA; &P < 0.05 MPPa-PDT + 3MA vs. MPPa-PDT. Values are

mean = SD of three independent determinations.
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of autofluorescent monodansylcadaverine (MDC) in
mature autophagic vacuoles (autolysosomes) is an impor-
tant marker for autophagy, and it is directly related to
induction of autophagy (25, 26]. The conversion of LC3B-I
to LC3B-II has been thought to be a vital role in elonga-
tion of the isolation membrane and eventual closure of
the autophagosomal membrane, so it is used as a marker
for monitoring the autophagic process [23]. The other
autophagy protein, Beclin 1, is a central regulator of
autophagy and functions through its interaction with the
Class III PI3K VPS34, VPS15 to regulate autophagy process
[24]. Our data showed that treatment with a cytotoxic
dose of PDT caused a decrease in autophagy markers
(Fig. 2). The final outcome of activation of the autophagy
program is highly dependent on the cellular context and
the stress signals. Furthermore, our study showed that
cells pretreated with 5 mmol/L 3-MA, an inhibitor of
autophagy, which blocked the conversion of LC3B-I to
LC3B-II, and thus, it revealed a reduction cytotoxicity of
MPPa-PDT in short and long observation period by CCK-8
experiment and Clonogenic survival assay and a lower
apoptosis rate compared to cells with MPPa-PDT alone
(Fig. 3). These findings indicated autophagy played an

important role in anticancer effect via enhancing apoptosis
to cause cells death induced by MPPa-PDT in MDA-
MB-231 cells.

Autophagy as a catabolic process is induced by stress
to regulate cellular homeostasis [2]. Different situations
induce autophagy also can induce ER stress. Furthermore,
the activation of ER stress leads to autophagy [27]. To
understand the mechanisms by which ER stress and
autophagy are interconnected under PDT treatment, further
studies were conducted to assess the ER stress level with
PDT treatment. In PDT, the precise subcellular localiza-
tion of the photosensitizer is attributed to the oxidative
damage in cellular compartments including mitochondria,
endoplasmic reticulum (ER), lysosomes, and Golgi appa-
ratus [28, 29]. Recent research has identified ER is a
crucial regulator of cell death [30, 31]. Our study dem-
onstrated that MPPa can selectively accumulate in ER
(Fig. 4). When ER is stimulated, there are a large number
of regulatory components involved to cope with the change
of microenvironment in ER. Among the many factors,
the chaperone GRP78 (BIP) and CHOP are two key ele-
ments that stand out in stress stimulation. GRP78 (BIP)
as an initiator of early ER stress/UPR signaling is

Figure 5. The relationship between autophagy and ER stress. (A) Expression of BIP and LC3B proteins Lanes; (B) Relative gray volume of BIP and LC3B
II; (C) Expression of P 62 proteins Lanes; (D) Relative Grey volume of P 62; *P < 0.05, MPPa-PDT + 4PBA vs. Control. #P < 0.05, MPPa-PDT + 4PBA vs.
4PBA. &P < 0.05 MPPa-PDT + 4PBA vs. MPPa-PDT. (E) Expression of PERK/elF2a Signaling Pathway protein Lanes; (F) Relative gray volume. *P < 0.05,
MPPa-PDT vs. Control. #P < 0.05, MPPa-PDT vs. Single MPPa; &P < 0.05 MPPa-PDT vs. Single light. Values are mean + SD of three independent

determinations.

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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influenced by the cellular and micro-environmental dis-
turbances, and it can activate and elevate along with
aggravated ER stress [32]. Indeed, GRP78 (BIP) has become
an indicator and marker for the ER stresses [32]. CHOP
(C/EBP homologous protein) is a pro-apoptotic factor
that is kept very low in nonstressed cells but also not
conspicuously expressed in tumor tissues or tumor cell

10

line. But aggravated ER stress, CHOP expression is strongly
stimulated through IRE1- and PERK-mediated signaling
and regulated the downstream transcription factors to
carry out the apoptotic program [33, 34]. There were
consistent with the present findings in increase of BIP
and CHOP in our study to demonstrated ER stress induced
by MPPa-PDT.

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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This study has demonstrated that PDT-induced cyto-
toxicity was associated with the concurrent induction of
autophagy and ER stress. Moreover, the lever of BIP was
blocked with ER stress inhibitor 4PBA and accompanied
by a reduction in autophagy (Fig. 5). Our findings showed
that there is a connection between autophagy and ER
stress. When ER stress is activated, the cells react to ER
stress by activation of a complex intracellular signal trans-
duction pathway named the unfolded protein response
(UPR). UPR in mammalian cells is governed by three
transmembrane ER stress sensors, namely PKR-like ER
kinase (PERK), inositol requiring enzyme 1 (IRE1), and
activating transcription factor 6 (ATF6). Those transmem-
brane ER stress sensors are kept in an inactive state by
binding GRP78 in nonstressed cells. When ER homeostasis
is disrupted, accumulating misfolded proteins make more
burden on ER function and UPR is activated by depart
away BIP to regulated downstream transcription factors
[31, 35, 36]. In these three sensors, PERK single pathway
of ER stress plays an important role in the activation of
autophagy in response to UPR [37, 38]. PERK is a type
I transmembrane protein with a luminal sensing domain
and a cytosolic kinase domain that cause transautophos-
phorylation by activating downstream transcription factors
eukaryotic initiation factor 2 alpha (elF2c.) [37, 39, 40].
Some studies show that when cells are exposed to a nega-
tive form of PERK or genetic substitution of Serine of
elF2q, it can block formation of autophagy [41], which
strongly suggests that PERK depends the phosphorylation
of elF20. to activate autophagy. It is still not clear how
the signal pathways by which elF2o phosphorylation can
modulate autophagy work. But previous research has shown
that the phosphorylation process of eIlF20. regulates tran-
scription factor 4 (ATF4), a transcription factor that
stimulates a set of genes involved in supporting recovery
and adaptation, causing the conjugation of LC3B I to
Atg5-Atgl2 [42, 43]. Our study suggests that ER stress
induced by MPPa-PDT had been shown to be involved
in activating the PERK-elF20. pathway and stimulating
autophagy in MDA-MB-231 cells.

In vivo studies, the PDT effect on tumor was similar
to that in vitro. A difference between treatment and con-
trol groups in tumor size was observed. Interestingly,
MPPa-PDT also induced necrosis along with autophagy
and ER stress in vivo. Necrosis causing more cell death
program inside of tumor was due to hypoxia and meta-
bolic stress [44]. These results suggest that the anticancer
effect of PDT treatment was associated with multiple vital
factors such as ER stress, autophagy, and necrosis in vivo.

In conclusion, we demonstrated that autophagy could
represent a promising target in cancer treatment and ER
stress may be a therapeutic regulator to influence autophagy
to enhance the anticancer effect of PDT in human breast

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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cancer cell. There is a good theoretical basis for the appli-
cation of MPPa-PDT in clinical setting.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (81101692, 81171859).

Conflict of Interest

The author(s) confirm that this article content has no
conflict of interest.

References

1. Ozpolat, B., and D. M. Benbrook. 2015. Targeting
autophagy in cancer management - strategies and
developments. Cancer Manag Res. 7:291-299.

2. Kondo, Y., and S. Kondo. 2006. Autophagy and cancer
therapy. Autophagy 2:85-90.

3. Rikiishi, H. 2012. Novel Insights into the Interplay
between Apoptosis and Autophagy. Int. J. Cell Biol.
2012:317645.

4. Codogno, P., and A. J. Meijer. 2005. Autophagy and
signaling: their role in cell survival and cell death. Cell
Death Differ. 12(Suppl 2):1509-1518.

5. Lorin, S., P. Codogno, and M. Djavaheri-Mergny. 2008.
Autophagy: a new concept in cancer research. Bull.
Cancer 95:43-50.

6. Villanueva, M. T. 2015. Autophagy: exploring the
anticancer effects of autophagy inhibition. Nat. Rev.
Cancer 15:512-513.

7. Vijayarathna, S., S. L. Jothy, Y. Chen, J. R. Kanwar,
and S. Sasidharan. 2015. Anti-Cancer natural products
inducing cross-talk between apoptosis and autophagy
mutual proteins to regulate cancer cell death: design of
future green anticancer therapies. Asian Pac. J. Cancer
Prev. 16:6175-6176.

8. Tiwari, R. V., P. Parajuli, and P. W. Sylvester. 2015.
gamma-Tocotrienol-induced endoplasmic reticulum stress
and autophagy act concurrently to promote breast
cancer cell death. Biochem. Cell Biol. 93:306-320.

9. Berridge, M. J. 2002. The endoplasmic reticulum: a
multifunctional signaling organelle. Cell Calcium
32:235-249.

10. Gorlach, A., P. Klappa, and T. Kietzmann. 2006. The
endoplasmic reticulum: folding, calcium homeostasis,
signaling, and redox control. Antioxid. Redox Signal.
8:1391-1418.

11. Patergnani, S., S. Missiroli, S. Marchi, and C. Giorgi.
2015. Mitochondria-associated endoplasmic reticulum
membranes microenvironment: targeting autophagic and
apoptotic pathways in cancer therapy. Front Oncol.
5:173.

1



Inhibition of Breast Cancer Cell Growth by MPPa-PDT though Autophagy

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

12

Ye, J. C., W. Yan, P. Christos, D. Nori, K. S. Chao,
and A. Ravi. 2015. Second cancer, breast cancer, and
cardiac mortality in stage T1aNO breast cancer patients
with or without external beam radiation therapy: a
national registry study. Clin. Breast Cancer 15:54-59.
Dougherty, T. J., C. J. Gomer, B. W. Henderson, G.
Jori, D. Kessel, M. Korbelik, et al. 1998. Photodynamic
therapy. J. Natl Cancer Inst. 90:889-905.

Agarwal, M. L, M. E. Clay, E. J. Harvey, H. H. Evans,
A. R. Antunez, and N. L. Oleinick. 1991. Photodynamic
therapy induces rapid cell death by apoptosis in L5178Y
mouse lymphoma cells. Cancer Res. 51:5993-5996.

Xu, C. S, and A. W. Leung. 2006. Photodynamic
effects of pyropheophorbide-a methyl ester in
nasopharyngeal carcinoma cells. Med. Sci. Monit.
12:BR257-BR262.

Tian, Y., W. Leung, K. Yue, and N. Mak. 2006. Cell
death induced by MPPa-PDT in prostate carcinoma in
vitro and in vivo. Biochem. Biophys. Res. Commun.
348:413-420.

Sun, X., and W. N. Leung. 2002. Photodynamic
therapy with pyropheophorbide-a methyl ester in
human lung carcinoma cancer cell: efficacy, localization
and apoptosis. Photochem. Photobiol. 75:644-651.

Li, K. M., X. Sun, H. K. Koon, W. N. Leung, M. C.
Fung, R. N. Wong, et al. 2006. Apoptosis and
expression of cytokines triggered by pyropheophorbide-a
methyl ester-mediated photodynamic therapy in
nasopharyngeal carcinoma cells. Photodiagnosis
Photodyn Ther. 3:247-258.

Shams, M., B. Owczarczak, P. Manderscheid-Kern, D.
A. Bellnier, and S. O. Gollnick. 2015. Development of
photodynamic therapy regimens that control primary
tumor growth and inhibit secondary disease. Cancer
Immunol. Immunother. 64:287-297.

Panzarini, E., V. Inguscio, and L. Dini. 2011. Timing
the multiple cell death pathways initiated by Rose
Bengal acetate photodynamic therapy. Cell Death Dis.
2:e169.

Ascencio, M., P. Collinet, M. Cosson, D. Vinatier,

and S. Mordon. 2007. The place of photodynamic
therapy in gynecology. Gynecol. Obstet Fertil.
35:1155-1165.

Garcia-Escudero, V., and R. Gargini. 2008. Autophagy
induction as an efficient strategy to eradicate tumors.
Autophagy 4:923-925.

Satoh, J., N. Motohashi, Y. Kino, T. Ishida, S. Yagishita,
K. Jinnai, et al. 2014. LC3, an autophagosome marker,
is expressed on oligodendrocytes in Nasu-Hakola disease
brains. Orphanet J. Rare Dis. 9:68.

Chen, Z., Y. Li, C. Zhang, H. Yi, C. Wu, J. Wang,

et al. 2013. Downregulation of Beclin 1 and impairment
of autophagy in a small population of colorectal cancer.
Dig. Dis. Sci. 58:2887-2894.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

J. Zhu et al.

Munafo, D. B., and M. I. Colombo. 2001. A novel
assay to study autophagy: regulation of autophagosome
vacuole size by amino acid deprivation. J. Cell Sci.
114:3619-3629.

Biederbick, A., H. F. Kern, and H. P. Elsasser. 1995.
Monodansylcadaverine (MDC) is a specific in vivo marker
for autophagic vacuoles. Eur. J. Cell Biol. 66:3-14.
Rashid, H. O., R. K. Yadav, H. R. Kim, and H. J.
Chae. 2015. ER stress: autophagy induction, inhibition
and selection. Autophagy 11:1956-1977.

Firczuk, M., M. Gabrysiak, J. Barankiewicz, A.
Domagala, D. Nowis, M. Kujawa, et al. 2013. GRP78-
targeting subtilase cytotoxin sensitizes cancer cells to
photodynamic therapy. Cell Death Dis. 4:e741.

Kessel, D., Y. Luo, Y. Deng, and C. K. Chang. 1997.
The role of subcellular localization in initiation of
apoptosis by photodynamic therapy. Photochem.
Photobiol. 65:422-426.

Zhu, X., J. Caplan, P. Mamillapalli, K. Czymmek, and
S. P. Dinesh-Kumar. 2010. Function of endoplasmic
reticulum calcium ATPase in innate immunity-mediated
programmed cell death. EMBO J. 29:1007-1018.

Sano, R., and J. C. Reed. 1833. 2013, ER stress-induced
cell death mechanisms. Biochim. Biophys. Acta
12:3460-3470.

Kaira, K., M. Toyoda, A. Shimizu, M. Shino, K.
Sakakura, Y. Takayasu, et al. 2016. Expression of ER
stress markers (GRP78/BiP and PERK) in adenoid cystic
carcinoma. Acta Otolaryngol. 136:1-7.

Dalton, L. E., H. J. Clarke, J. Knight, M. H. Lawson,

J. Wason, D. A. Lomas, et al. 2013. The endoplasmic
reticulum stress marker CHOP predicts survival

in malignant mesothelioma. Br. J. Cancer
108:1340-1347.

Marciniak, S. J., C. Y. Yun, S. Oyadomari, I. Novoa, Y.
Zhang, R. Jungreis, et al. 2004. CHOP induces death by
promoting protein synthesis and oxidation in the
stressed endoplasmic reticulum. Genes Dev.
18:3066-3077.

Sanderson, T. H., M. Gallaway, and R. Kumar. 2015.
Unfolding the unfolded protein response: unique insights
into brain ischemia. Int. J. Mol. Sci. 16:7133-7142.
Jager, R., M. J. Bertrand, A. M. Gorman, P.
Vandenabeele, and A. Samali. 2012. The unfolded
protein response at the crossroads of cellular life and
death during endoplasmic reticulum stress. Biol. Cell
104:259-270.

Dey, S., F. Tameire, and C. Koumenis. 2013. PERK-ing
up autophagy during MYC-induced tumorigenesis.
Autophagy 9:612-614.

Vidal, R. L., and C. Hetz. 2012. Crosstalk between the
UPR and autophagy pathway contributes to handling
cellular stress in neurodegenerative disease. Autophagy
8:970-972.

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.



J. Zhu et al. Inhibition of Breast Cancer Cell Growth by MPPa-PDT though Autophagy

39. Duan, Z., J. Zhao, X. Fan, C. Tang, L. Liang, X. Nie, PERK-elF2alpha effectively relieve the radiation myelitis
et al. 2014. The PERK-elF2alpha signaling pathway is induced by iodine-125. PLoS ONE 8:e76819.
involved in TCDD-induced ER stress in PC12 cells. 42. Lee, W. S., W. H. Yoo, and H. J. Chae. 2015. ER stress
Neurotoxicology 44:149-159. and autophagy. Curr. Mol. Med. 15:735-745.

40. Rouschop, K. M., L. J. Dubois, T. G. Keulers, T. Van 43. Rzymski, T., M. Milani, D. C. Singleton, and A. L.
Den Beucken, P. Lambin, J. Bussink, et al. 2013. PERK/ Harris. 2009. Role of ATF4 in regulation of autophagy
elF2alpha signaling protects therapy resistant hypoxic and resistance to drugs and hypoxia. Cell Cycle
cells through induction of glutathione synthesis and 8:3838-3847.
protection against ROS. Proc. Natl Acad. Sci. USA 44. Kim, C. H., H. M. Jeon, S. Y. Lee, E. K. Jeong, M. K.
110:4622-4627. Ju, B. J. Park, et al. 2010. Role of reactive oxygen

41. Yang, Z., Y. Xu, L. Xu, G. Maccauro, B. Rossi, Y. species-dependent protein aggregation in metabolic
Chen, et al. 2013. Regulation of autophagy via stress-induced necrosis. Int. J. Oncol. 37:97-102.

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. 13



fR&EHS: 201904-081

frw® R

TUH 48R @ SCHGERAR DLIE B

Z 7t AN WERRZFER AR

S ik
= :

PR
L

— O —LEH



WEIH

PE R KA ER ARTLIR AT IR 3CH SCTYLRAF L

e
% B | HE AR E R L {ER NO8 s %% | 400715
R
o kb | ERTATALEE X A R B 1% | 023-68253283
TN | mRAEER RIT (BERARIE: 18523806731
1. Inhibition of breast cancer cell growth by methyl pyropheophenylchlorin
I 7 photodynamic therapy is mediated though endoplasmic reticulum stress-induced
Ha autophagy in vitro and vivo {E#: Zhu, Jiang; Tian, Si; Li, Kai-Ting; Zf.CANCER
MEDICINE #:7 #:5 71:1908-1920  HHfR4E: MAY 2018
Z4EHE 2 | 1. Science Citation Index Expanded (SCIE) --1900 fE £ 4>
M#dEE | 2. JCR
30 [ 3. TR XREL TS
RERES | W3 SCTHR. 20 E 714 X (i
= .\c__'." TUno '\"}
1% %&%,Mm@ﬁ‘;i } i SCLG. BRI |
AR 20, £ o, : e
SREW | BN (%:gb- @aﬁf
¥
#HiE AiEF 4T CEHED

A
o,
DML,

HH -



Vn-. ,\f\-. oy

W

z
OAIA
m pue oma ur AJeydojne paonpul-ssals
X € m ) wnynonel orwsejdopua :w:o |
Ay 810C | 3 ~| T0TE=TRL | €€0006TLOIEKO00 | o g p—
X€ B ADOTOONO 3¢ | PRiEIp . o ﬁrw i
| uno[yo[Ausydoaydoiid EE \A/h N
YIMO0IT [[90 JOoUBD JSBAIq JO I
+ A7
(LA | dE X4 [ 36 2 ek ch & B ETEXH 108 W

¥or




B4 2.

1.SCI YT 15

¥R Inhibition of breast cancer cell growth by methyl pyropheophenylchlorin photodynamic therapy is
mediated though endoplasmic reticulum stress-induced autophagy in vitro and vivo

{E#: Zhu, J (Zhu, Jiang); Tian, S (Tian, Si); Li, KT (Li, Kai-Ting); Chen, Q (Chen, Qing); Jiang, Y (Jiang,
Yuan); Lin, HD (Lin, Hai-Dan); Yu, LH (Yu, Le-Hua); Bai, DQ (Bai, Ding-Qun)

K R): CANCER MEDICINE  #:7 #:5 71:1908-1920 DOI: 10.1002/cam4.1418  H fR4F:
MAY 2018

Web of Science #Z /L& R "HLI K" 4

WEI IR A1t 4

NG5 WOS:000431972900033

PubMed ID: 29577663

&5 : English

SCHRZEAY: Article

{E & K4#217: Autophagy; endoplasmic reticulum stress; methyl pyropheophenylchlorin; photodynamic
therapy

KeyWords Plus: NASOPHARYNGEAL CARCINOMA-CELLS; UNFOLDED PROTEIN RESPONSE;
ER STRESS; DEATH; APOPTOSIS; INDUCTION; DISEASE; MARKER; ESTER; LOCALIZATION
Hitik: [Zhu, Jiang; Tian, Si; Li, Kai-Ting; Chen, Qing; Lin, Hai-Dan; Bai, Ding-Qun] Chongqing Med
Univ, Affiliated Hosp 1, Dept Rehabil, 1 Youyi Rd, Chongqing, Peoples R China.

[Zhu, Jiang] Southwest Univ Hosp, Dept Rehabil, Chongqing, Peoples R China.

[Jiang, Yuan; Yu, Le-Hua] Chongqing Med Univ, Affiliated Hosp 2, Dept Rehabil, Chonggqing, Peoples R
China.

W RAEE bk Bai, DQ (GEHEH), Chongging Med Univ, Affiliated Hosp 1, Dept Rehabil, 1 Youyi Rd,
Chongging, Peoples R China.

Yu, LH (JEiH{E#), Chongging Med Univ, Affiliated Hosp 2, Dept Rehabil, Chongqing, Peoples R China.
HLF M b bk : yulehua@egmu.edu.cn; baidingqun2014@163.com

H AR : WILEY

H AR HEE: 111 RIVER ST, HOBOKEN 07030-5774, NJ USA

Web of Science ZE%!: Oncology

it 5 /7 I7]: Oncology

IDS =: GF4ZG

ISSN: 2045-7634

29 TFRFHSRUER H AR 4 7R 485 : CANCER MED-US

ISO KiFH MUI4ES : Cancer Med.

IR AR T RS T E: 13

L}

e

P



