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Introduction: 5-ethylamino-9-diethylaminobenzo[a]phenoselenazinium (EtNBSe) is a novel 

synthetic bipolar photosensitizer with many promising applications. This study investigated 

the impact of EtNBSe-mediated photodynamic therapy (EtNBSe-PDT) on the autophagy and 

endoplasmic reticulum (ER) stress of squamous carcinoma cells (A-431 cells), as well as the 

related molecular mechanisms.

Methods: The potency of EtNBSe-PDT against squamous cell carcinoma was evaluated in BALB/c 

nude mice. Cell viability was evaluated using MTT. Western blotting and immunofluorescence 

were used to determine the expression levels of ER stress- and autophagy-related proteins. 

Results: Both morphological and microscopic findings showed that the tumor on the xenograft 

mice exhibited an apparent reduction in volume and was replaced with fibrosis 20 days after 

EtNBSe-PDT. Additionally, in an in vitro study using A-431 cells, EtNBSe-PDT was found to 

inhibit A-431 cell survival in an EtNBSe concentration- and light dose- dependent manner, and 

to induce ER stress via the PERK-eIF2α signaling pathway. Additionally, EtNBSe-PDT could 

also induce autophagy of A-431 cells. Furthermore, the ER stress inhibitor 4-PBA and the eIF2α 

inhibitor salubrinal were found to inhibit the autophagy induced by EtNBSe-PDT. 

Conclusion: This study demonstrated that the PERK-eIF2α signaling pathway was involved in 

the ER stress induced by EtNBSe-PDT. Meanwhile, the ER stress via the PERK-eIF2α pathway 

promoted the occurrence of autophagy in A-431 cells.

Keywords: photodynamic therapy, endoplasmic reticulum stress, squamous cell carcinoma, 

autophagy

Introduction
Nonmelanoma is the most prevalent skin cancer worldwide, and the incidence rate is 

still increasing.1 Additionally, cutaneous squamous cell carcinoma (SCC) is the most 

deadly of the common forms of nonmelanoma skin cancer.1 It significantly affects the 

quality of life, causing anxiety and isolating behaviors, particularly in patients with 

facial lesions. Surgery, chemotherapy, and radiotherapy have become the primary 

treatments for SCC.2,3 However, recurring highly invasive cancers, chemoresistance, 

and metastasis remain serious problems.4–6 Moreover, the marked scars resulting from 

extended resection significantly affect the quality of life and radio- or chemotherapy 

often lead to severe side effects. Therefore, there is an urgent need to develop a novel 
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treatment with strong antitumor effects, and fewer side 

effects, to improve the prognosis of skin SCC patients.

Photodynamic therapy (PDT) has become an established 

efficacious, safe, and affordable method for the treatment of 

tumors.7 It is based on a photosensitizer being located in the 

target tissue, along with appropriated light, resulting in the 

oxidation of various biological components and induction of 

several biological processes.8 Previous studies have revealed 

that the following mechanisms contribute to PDT by promoting 

the destruction of tumor cells: direct cytotoxicity to the tumor 

cells, induction of cell stress responses, and damage to tumor 

vessels.9,10 Furthermore, it has been reported that endoplasmic 

reticulum (ER) stress is regarded as one of the main mechanisms 

mediating PDT-induced tumor cell death.11 The intracellular 

stimulations induced by PDT could lead to the accumulation 

of unfolded or misfolded proteins in the ER lumen and lead to 

ER stress. This adaptation response relieves the burden on the 

ER and directly regulates the survival of the stressed cells. In 

addition, PDT could induce autophagy in cells.12 In autophagy, 

cells break down and recycle their cytoplasmic contents. Thus, 

the severely damaged cells are relieved or eliminated. Although 

ER stress and autophagy could function independently, they 

share a number of common features, including protecting cells 

and inducing cell death under extreme conditions. However, 

the relationships between these two complicated systems are 

controversial and ER stress has been found to have the ability 

to induce, inhibit, or select autophagy.13

The photosensitizer is regarded as the key factor in PDT. 

The effectiveness and safety of this promising treatment 

relies on the availability of photosensitizers that have a high 

degree of specificity, phototoxicity, and low dark toxicity. 

5-Ethylamino-9-diethylaminobenzo[a]phenoselenazinium 

(EtNBSe) is a novel synthetic bipolar photosensitizer 

and its chemical structure is shown in Figure 1. It has 

been proven to exceed .10,000 times the phototoxicity 

of photofrin, and other photosensitizers in the chalcogen 

series, in microorganisms and parasites.14,15 However, the 

antitumor effects of EtNBSe have not been testified and 

the detailed mechanism of the cell destruction induced by 

this promising photosensitizer remains to be demonstrated. 

In this study, we explored the effect of this novel photo-

sensitizer, EtNBSe, on ER stress and autophagy of SCC 

cells and explored the related molecular mechanisms and 

relationships between autophagy and ER stress induced by 

EtNBSe-mediated PDT.

Materials and methods
reagents
EtNBSe was synthesized by the Department of Chemistry of 

Central South University (Changsha, People’s Republic of 

China) using the synthetic method reported in our previous 

study.14 Fetal bovine serum (FBS) and Dulbecco’s Modified 

Eagle’s Medium (DMEM) were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA). The anti-GRP78 

(sc-13968), anti-GADD153 (sc-7351), anti-ATF4 (sc-22800), 

anti-Beclin-1 (sc-48341), anti-LC3-I (sc-134226), anti-LC3-II 

(sc-28266), anti-Lamp (sc-5570), anti-PERK (sc-13073), 

anti-p-PERK (sc-32577), anti-eIF2α (sc-11386), anti-p-eIF2α 

(sc-12412), and anti-GAPDH (sc-293335) antibodies were 

purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, 

USA). The anti-IRE1 (ab-37037) and anti-p-IRE1 (ab-124945) 

antibodies were purchased from Abcam (Cambridge, MA, 

USA). 3-(4,5-Dimethylthiazol-2yl)-2,5-diphenyltetrazolium 

bromide (MTT; M2128) was purchased from Sigma-Aldrich 

Co. (St Louis, MO, USA). Detailed information about the 

antibodies is listed and characterized in Table 1. Salubrinal 

(sc-3506) and 4-phenylbutyrate (4-PBA; sc-200652) were 

purchased from Santa Cruz Biotechnology Inc. The autophagy 

activator rapamycin (#9004) was purchased from Cell Sig-

naling Technology (Shanghai, People’s Republic of China).

Figure 1 The chemical structure of etnBse.
Abbreviation: etnBse, 5-ethylamino-9-diethylaminobenzo[a]phenoselenazinium.

Table 1 antibodies used in the present study

Target Source Dilution Host Secondary 
antibody

grP78 santa graz Biotechnology 1:500 rabbit antirabbit
gaDD153 santa cruz Biotechnology 1:500 Mouse antimouse
aTF4 santa cruz Biotechnology 1:500 rabbit antirabbit
Total PerK santa cruz Biotechnology 1:500 rabbit antirabbit
Total eiF2α santa cruz Biotechnology 1:500 rabbit antirabbit
p-PerK santa cruz Biotechnology 1:500 rabbit antirabbit
p-eiF2α santa cruz Biotechnology 1:500 goat antigoat
Total ire1 abcam 1:500 rabbit antirabbit
p-irel abcam 1:500 rabbit antirabbit
Beclin-1 santa cruz Biotechnology 1:500 rabbit antirabbit
lc3-1 santa cruz Biotechnology 1:500 rabbit antirabbit
lc3-ii santa cruz Biotechnology 1:500 rabbit antirabbit
lamp santa cruz Biotechnology 1:500 rabbit antirabbit
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cell culture
A-431 cells were purchased from Shanghai Cell Bank of the 

Chinese Academy of Science (Shanghai, People’s Republic 

of China). The tumor cells were cultured in 25 cm2 culture 

dishes supplemented with 10% FBS, 100 U/mL penicillin, 

and 0.1 mg/mL streptomycin and maintained at 37°C under 

a 5% CO
2
 atmosphere.

PDT protocol in vitro
A-431 cells were transplanted to six-well culture plates 

at 5×105 cells/well and were incubated for 24 h. For the 

cell-viability assay and some protein expression levels, 

A-431 cells were randomly divided into the following 

seven groups: the blank control group, the photosensitizer 

alone group, the LED alone group, and four EtNBSe-PDT 

groups. The cells, in the photosensitizer alone group and the 

LED alone group, were exposed to only EtNBSe or LED 

light. The cells in the EtNBSe-PDT groups were treated 

with various concentrations of EtNBSe (100, 200, 400, 

and 600 nmol/L). After washing three times with PBS and 

replacing the culture medium, the cells in the LED alone 

group and EtNBSe-PDT groups were irradiated with LED 

light (635 nm, 2.8 J/cm2).

Tumor xenograft mouse model
All animal experiments were approved by the Institu-

tional Animal Care and Use Committee of Third Xiangya 

Hospital, Central South University, and all procedures 

were performed according to the guidelines approved by 

the regulation of the Institutional Animal Care and Use 

Committee of Third Xiangya Hospital, Central South 

University. Six-week-old female mice (BALB/c nude 

mice) were obtained from the Laboratory Animal Center 

of Xiangya Medical School, Central South University 

(Changsha, People’s Republic of China). Animals were 

maintained at 22°C under specific pathogen-free condi-

tions and fed with standard food and water ad libitum. 

A-431 cells (8.0×106) re-suspended in 200 μL of PBS were 

injected into the hypodermis of both axillary fossae of the 

mice. The tumors were allowed to grow for 2 weeks, and 

then, the left underarm site received EtNBSe-PDT. In the 

EtNBSe-PDT groups, 100 μL of EtNBSe (500 μmol/L) 

was injected into the tumor tissue and the treated site was 

irradiated with LED light (635 nm, 4.8 J/cm2) 1 h later. 

The initial administration was set as day 1. The size of the 

tumor was measured and photographed every day, and the 

mean volume was calculated according to the formulation: 

volume = width × high × length ×0.5328.

histological assay
For the histological assay, tumors in the xenograft mice models 

were removed and subjected to pathological examinations. The 

tumors were transected as serial sections and embedded in 

paraffin. After routine dewaxing, hematoxylin and eosin (H&E) 

staining was carried out and the microscopic findings were 

captured with appropriate objective lenses (20× or 40×).

Immunofluorescent staining
The cells were grown on coverslips, and at indicated time 

points after PDT, the cells were washed with PBS for 2 min, 

fixed with 4% PFA for 20 min, and gently rinsed in 0.3% 

Triton X-100 for 15 min at room temperature. After washing 

with PBS for 3 min, the cells were blocked with 5% BSA 

for 1 h. The cells were then incubated with anti-Lamp2 and 

anti-LC3-II antibodies (dilution 1:500) overnight at 4°C and 

washed with PBS for 5 min. Afterward, Alexa Fluor 488-

labeled (AB150073; Abcam) and Alexa Fluor 647-labeled 

(AB150131; Abcam) secondary antibodies (dilution 1:200) 

were added to develop the fluorescence staining at room tem-

perature. The fluorescence intensity and the co-localization 

between Lamp2 and LC3-II were observed under a fluores-

cence microscope (BX41; Olympus Corporation, Tokyo, 

Japan) and quantitatively analyzed by Image-Pro Plus 6.0.

MTT
A-431 cells were plated in 96-well plates at 5×103 cells/well, 

followed by incubation for 24 h. After the attachment, the 

cells were treated according to the corresponding require-

ments. The cells were then incubated for another 24 h at 37°C 

under a 5% CO
2
 atmosphere, and 10 μL of MTT solution 

(5 mg/mL) was added to each well. The crystals of formazan 

precipitate were dissolved using 150 μL of DMSO, and the 

absorbance was then detected using a Microplate Reader 

(Bio-Rad Laboratories Inc., Hercules, CA, USA). Cell 

viability compared with the DMSO control was calculated.

Western blotting analysis
For the Western blotting assay, the cells were washed three 

times with precooled PBS and then lysed in buffer contain-

ing 20 mM Tris-HCl (pH 8.8), 2.5 mM EDTA, 150 mM 

NaCl, 10% glycerine, 10% SDS, 1% Triton X-100, 10 mM 

sodium pyrophosphate, and 1 mM PMSF for 30 min. The 

samples were separated by 10% SDS-PAGE and transferred 

onto a polyvinylidene difluoride (PVDF) membrane. The 

resulting membrane was blocked with 5% BSA for 1 h 

and then incubated with the designated primary antibody 

at 4°C overnight, followed by HRP-conjugated secondary 
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antibodies. The signals were detected using the Quantity One 

1-D Analysis Software (Bio-Rad Laboratories Inc.).

statistical analyses
All quantitative data were presented as the mean ± SD from 

at least three independent experiments. The SPSS 19.0 

software package was used to perform all statistical analyses. 

Comparisons between two groups were performed using the 

Student’s t-test, and comparisons between multiple groups 

were performed using ANOVA. A value of P,0.05 was 

considered statistically significant.

Results
etnBse-PDT inhibited a-431 cell survival
The influence of the EtNBSe-PDT irradiated with 635 nm 

light on the survival of A-431 cells is shown in Figure 2, from 

which the EtNBSe concentration– and light dose–response 

curve can be observed. Compared with the control group 

(0 nmol/L EtNBSe, 0 J/cm2), the EtNBSe alone group and 

the LED alone group did not significantly inhibit A-431 cell 

survival (P.0.05). In the EtNBSe-PDT group, different 

concentrations (100, 200, 400, 600, and 800 nmol/L) of 

EtNBSe combined with LED light exposure at different light 

energy densities (1.4, 2.8, and 5.6 J/cm2) were used to treat 

the A-431 cells. The viability of the A-431 cell was signifi-

cantly inhibited in all EtNBSe-PDT groups, except for those 

treated with 100 nmol/L of EtNBSe and the group treated 

with 200 nmol/L of EtNBSe combined with the 1.4 J/cm2 

light dose. Additionally, the inhibition rate in the group that 

was exposed to 400 nmol/L EtNBSe combined with a light 

dose of 2.8 J/cm2 was 51.24%±2.33%. Therefore, an EtNBSe 

concentration of 400 nmol/L and a light dose of 2.8 J/cm2 

were chosen for the subsequent experiments.

etnBse-PDT inhibited tumor growth 
in vivo
The antitumor effects of EtNBSe-PDT in vivo were investi-

gated using a xenograft mice model. The apparent necrosis 

and fibrosis of the tumor treated with EtNBSe-PDT are 

shown in Figure 3A. The volume of tumor in the blank 

control group gradually increased from 347.21±38.17 to 

407.94±62.67 mm3. However, the volume of tumor treated 

with EtNBSe-PDT decreased by 77.26%±9.72% (from 

332.75±46.58 to 75.66±18.91 mm3) 20 days after receiv-

ing PDT (Figure 3B and Table 2). In addition, a significant 

tumor-suppressing effect was observed 5 days after the initial 

administration versus the blank control group (Figure 3B).

All tumors in the mice models were removed and subjected 

to pathological examination. At 1 day post-treatment, several 

blue granules were observed throughout the cytoplasm of the 

A-431 cells in the EtNBSe alone and EtNBSe-PDT groups. 

The tumor tissue exhibited a significant reduction in volume 

and was replaced with fibrosis 20 days after PDT (Figure 3C). 

Comparatively, the tumor cells were tightly packed in the 

control group and showed no apparent changes. These results 

showed that EtNBSe-PDT had antitumor effects in vivo.

etnBse-PDT induced autophagy in 
a-431 cells
To detect whether EtNBSe-PDT induced autophagy in A-431 

cells, the expression levels of autophagy-related proteins 

were measured. LC3 is a reliable autophagy marker and has 

two subtypes, such as LC3-I and LC3-II. Upon the induction 

of autophagy, LC3-I was transformed into LC3-II, which 

was involved in the formation of autophagosome. Thus, 

the expression of LC3-I and LC3-II indicated the level of 

autophagy. Lamp and Beclin-1 played an important role in 

inducing autophagy, and the increasing expression levels 

of these proteins also revealed the initiation of autophagy.16 

The autophagy activator rapamycin was used as the positive 

control. In this study, the Western blotting showed that the 

protein levels of Lamp, LC3-II/LC3-I, and Beclin-1 were 

notably increased in the groups treated with 200, 400, and 

600 nmol/L EtNBSe combined with a 2.8 J/cm2 light dose 

Figure 2 etnBse-PDT inhibited a-431 cell survival.
Notes: a-431 cells were treated with different concentrations of etnBse (0, 100, 
200, 400, 600, and 800 nmol/l) and were exposed to various light doses (0, 1.4, 
2.8, and 5.6 J/cm2). at 24 h after irradiation, cell viability was determined using the 
MTT assay. Data are presented as mean ± sD from three independent experiments. 
*P,0.05 versus the control group.
Abbreviations: etnBse, 5-ethylamino-9-diethylaminobenzo[a]phenoselenazinium; 
MTT, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide; PDT, photo-
dynamic therapy.
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Figure 3 The effects of etnBse-PDT in vivo.
Notes: (A) Morphological changes in mice inoculated with a-431 cells. a total of 100 μl of etnBse (500 μmol/l) was injected into the tumor tissue, and the experimental 
group was irradiated with 635 nm light (4.8 J/cm2). (B) The mean volume of tumor was calculated according to the formulation: volume = width × height × length ×0.5328. 
*P,0.05 versus the control group. (C) Tumor tissue sections of the control, leD, etnBse and etnBse-PDT groups were subjected to pathological examination at different 
times after PDT. The etnBse particles are indicated by red arrows. The scale bar represents 50 μm.
Abbreviations: etnBse, 5-ethylamino-9-diethylaminobenzo[a]phenoselenazinium; PDT, photodynamic therapy.

Table 2 The effects of etnBse-PDT on tumor growth

Time 
(days)

Control LED EtNBSe EtNBSe-PDT

Mean 
(mm3)

SD 
(mm3)

Mean 
(mm3)

SD 
(mm3)

Mean 
(mm3)

SD 
(mm3)

Mean 
(mm3)

SD 
(mm3)

1 347.21 38.17 332.21 25.27 316.10 31.31 332.75 46.58
5 357.25 26.77 365.19 25.99 385.15 40.87 240.08 17.28
10 363.79 29.04 430.65 43.87 410.71 43.56 178.01 28.48
15 388.65 46.94 483.38 46.69 456.62 46.49 98.04 16.66
20 407.94 62.67 540.72 68.45 599.36 73.24 75.66 18.91

Abbreviations: etnBse, 5-ethylamino-9-diethylaminobenzo[a]phenoselenazinium; PDT, photodynamic therapy.
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(Figure 4A and B). Additionally, the relative fluorescence 

level of LC3-II was evaluated to monitor autophagosome 

formation. As shown in Figure 4C and D, the staining of 

LC3-II was distributed evenly throughout the cell in the 

control group, whereas EtNBSe-PDT and rapamycin resulted 

in more distinctive LC3-II spots and a significant increase 

in the relative fluorescence intensity of LC3-II in the A-431 

cells. Moreover, Lamp2 staining was significantly colocal-

ized with LC3-II-positive staining 2 h after EtNBSe-PDT, 

indicating the occurrence of autophagic flux (Figure 4C). 

Figure 4 etnBse-PDT induced autophagy in a-431 cells.
Notes: (A) a-431 cells were treated with different concentrations of etnBse (0, 100, 200, 400, and 600 nmol/l) and then irradiated with light (635 nm, 2.8 J/cm2). The 
expression levels of the autophagy-related protein lamp, lc3-i, lc3-ii, and Beclin-1 were detected by Western blotting. (B) Quantitative analysis of relative protein levels. 
Data represents the mean ± sD from three different experiments. *P,0.05 versus the control group. (C) The effect of etnBse-PDT on lc3-ii and lamp co-localization at 
2 h after PDT. The scale bar represents 25 μm. (D) Quantitative analysis of relative fluorescence intensity of LC3-II. Data represents the mean ± sD from three different 
experiments. *P,0.05 versus the control group.
Abbreviations: etnBse, 5-ethylamino-9-diethylaminobenzo[a]phenoselenazinium; gaPDh, glyceraldehyde-3-phosphate dehydrogenase; lamp, lysosomal-associated 
membrane protein; lc3, autophagy marker light chain 3; PDT, photodynamic therapy.
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These findings suggested that EtNBSe-PDT could induce 

autophagy in A-431 cells.

etnBse-PDT induced er stress via the 
PerK–eiF2α pathway
Previous studies have reported that ER stress serves as an impor-

tant mechanism for mediating PDT-induced tumor cell death. It 

is well documented that the PERK–eIF2α signaling pathway is 

an important mechanism in the process of ER stress induction.17 

To determine whether the PERK–eIF2α signaling pathway was 

involved in the ER stress in A-431 cells induced by EtNBSe-

PDT, the expression levels of several ER stress-related proteins 

and PERK–eIF2α signaling pathway activation were evaluated. 

As shown in Figure 5A and B, the expression levels of GRP78, 

GADD153, p-eIF2α, and p-PERK were significantly increased 

in the 200, 400, and 600 nmol/L EtNBSe-PDT-treated groups, 

compared with the controls. Furthermore, the expression of 

upstream and downstream signals of the PERK–eIF2α pathway 

was assessed. In 100, 200, 400, and 600 nmol/L EtNBSe-PDT-

treated groups, the protein expression of ATF4 and p-IRE1 

was significantly increased (Figure 5A and B) revealing an 

EtNBSe-PDT-induced activation of the IRE1–PERK–eIF2α 

signaling pathway. Meanwhile, we examined the expression 

levels of total IRE1, PERK, and eIF2α. As shown in Figure 5C 

and D, there was no significant change in the expression of 

these proteins after EtNBSe-PDT treatment. Taken together, 

these results demonstrated that EtNBSe-PDT could induce ER 

stress via the PERK–eIF2α pathway.

Figure 5 etnBse-PDT induced er stress via the PerK–eiF2α pathway.
Notes: (A) a-431 cells were treated with different concentrations of etnBse (0, 100, 200, 400, and 600 nmol/l) and then irradiated with light (635 nm, 2.8 J/cm2). The 
expression levels of the er stress-related proteins, such as grP78, gaDD153, aTF4, p-ire1, p-eiF2α, and p-PerK, were detected by Western blotting. (B) Quantitative 
analysis of relative protein levels. Data represents the mean ± sD from three different experiments. *P,0.05 versus the control group. (C) a-431 cells were treated with 
different concentrations of etnBse (0, 100, 200, 400, and 600 nmol/l) and then irradiated with light (635 nm, 2.8 J/cm2). The expression levels of total ire1, PerK, and eiF2α 
were detected by Western blotting. (D) Quantitative analysis of relative protein levels. Data represent the mean ± sD from three different experiments. *P,0.05 versus 
the control group.
Abbreviations: aTF4, activating transcription factor 4; eiF, eukaryotic translation initiation factor; er, endoplasmic reticulum; etnBse, 5-ethylamino-9-diethylaminobenzo[a]
phenoselenazinium; gaDD153, growth arrest and Dna damage 153; gaPDh, glyceraldehyde-3-phosphate dehydrogenase; grP78, glucose-regulated protein 78; ire1, 
inositol-requiring enzyme-1; p, phospho; PDT, photodynamic therapy; PerK, protein kinase r-like er kinase.
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relationship between er stress and 
autophagy induced by etnBse-PDT 
in a-431 cells
The relationship between ER stress and autophagy is 

complicated and differs with cellular genotype, photo-

sensitizer, and stimulus types. To determine whether the 

EtNBSe-PDT-induced ER stress promoted or inhibited 

autophagy, we pretreated some A-431 cells with 20 μmol/L 

of 4-PBA, which inhibited ER stress and then performed 

EtNBSe-PDT. Western blotting was used to detect the 

influence of 4-PBA pretreatment on the expression levels 

of autophagy-related proteins induced by EtNBSe-PDT. 

The results showed that the autophagy level was signifi-

cantly inhibited, in contrast to the EtNBSe-PDT group after 

pretreatment with 4-PBA (Figure 6A and C). Based on the 

above results, we decided to further explore the relation-

ship between the PERK–eIF2α signaling pathway and 

autophagy in A-431 cells. We adapted the same method as 

earlier while salubrinal was used to inhibit eIF2α. It was 

demonstrated that salubrinal had an apparent inhibitory effect 

on the phosphorylation of eIF2α and PERK. Additionally, 

LC3-II, Beclin1, and Lamp were significantly suppressed by 

salubrinal, in contrast to the EtNBSe-PDT group (Figure 6B 

and D). Taken together, these results demonstrated that the 

inhibition of ER stress in A-431 cells had the potential to 

reduce EtNBSe-PDT-induced autophagy.

Discussion
EtNBSe is a novel synthetic water soluble, lipophilic pho-

tosensitizer. Recently, this selenium dye has been proven 

Figure 6 relationship between er stress and autophagy induced by etnBse-PDT in a-431 cells.
Notes: (A) a-431 cells were pretreated with 4-PBa (20 μmol/l) for 1 h in the presence or absence of etnBse-PDT. The expression levels of autophagy associated proteins 
were measured by Western blotting. (B) a-431 cells were pretreated with salubrinal (50 μmol/l) for 1 h in the presence or absence of etnBse-PDT. The expression levels 
of autophagy related proteins, such as p-PerK and p-eiF2α, were measured by Western blotting. *P,0.05 versus the control group. #P,0.05 versus the etnBse-PDT group. 
(C) Quantitative analysis of relative protein levels. Data represent the mean ± sD from three different experiments. *P,0.05 versus the control group. #P,0.05 versus the 
etnBse-PDT group. (D) Quantitative analysis of relative protein levels. Data represent the mean ± sD from three different experiments. *P,0.05 versus the control group. 
#P,0.05 versus the etnBse-PDT group.
Abbreviations: eiF, eukaryotic translation initiation factor; er, endoplasmic reticulum; etnBse, 5-ethylamino-9-diethylaminobenzo[a]phenoselenazinium; p, phospho; 
PDT, photodynamic therapy; PerK, protein kinase r-like er kinase.
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to be highly effective as a broad-spectrum antimicrobial 

photosensitizer.14,18 However, it remains to be elucidated as to 

whether EtNBSe-PDT is also efficacious and safe for human 

malignancies and if so, the precise molecular mechanisms 

that occur. In this study, the antitumor effects of EtNBSe 

were observed for the first time in vivo. Significantly, on 

the first day after treatment, several blue granules in the 

cytoplasm of A-431 cells showed the ability of EtNBSe to 

accumulate in cancer cells. This result was consistent with 

previous findings that the benzophenoxazinium family, to 

which EtNBSe belongs, can strongly and specifically stain 

solid murine tumors.19,20 Moreover, in the in vitro study, the 

results showed that EtNBSe-PDT significantly decreased 

A-431 cells’ viability in an EtNBSe concentration- and light 

dose-dependent manner. Additionally, it was proven that this 

leads to much more oxidative stress than 5-ALA, which is 

a frequently used clinical photosensitizer in tumor cells.21 

In contrast, the treatment with EtNBSe or light alone did not 

reduce A-431 cell viability. All of these results indicated that 

EtNBSe possessed the ability for specific tissue accumula-

tion, high phototoxicity, and low dark toxicity, which makes 

it a promising photosensitizer.

Next, we studied the effects of the combination of 

400 nmol/L EtNBSe and a light dose of 2.8 J/cm2 on A-431 

cells and found that EtNBSe-PDT induced ER stress and 

autophagy in A-431 cells. Both ER stress and autophagy are 

important biological cell processes. They can be induced by 

the same stimulus, including PDT. However, the relation-

ship between ER stress and autophagy, as well as the related 

molecular mechanisms, was complicated and remains to 

be understood. The clarification of how autophagy could 

be manipulated via ER stress to favor prosurvival or 

prodeath signaling is necessary to improve the antitumor 

effects of PDT.

Previous studies by us and others have shown that the ER 

is an important target for PDT. During the course of PDT, 

a large amount of proteins are synthesized and accumulate 

in the ER, increasing the demand for proteins supporting 

the folding machinery.22,23 PERK is one of the ER-localized 

transmembrane proteins with luminal stress-sensing domains. 

In the unstressed state, it combines with the abundant ER 

chaperone immunoglobulin-binding protein (GRP78/Bip), 

which locks PERK into the inactive state and is regarded 

as an important ER stress marker. ER stress dissociates the 

inhibited complex and incorporates PERK into active com-

plexes, which can phosphorylate the α-subunit of eukaryotic 

translation initiation factor-2 (eIF2α). This phosphorylation 

inactivates the eIF2 required for protein synthesis, thereby 

resulting in lower levels of translation initiation and reducing 

the ER stress.24 Furthermore, recent studies have identified 

that the phosphorylation of eIF2α induces the activation of 

ATF4 that directly regulates the survival of the stressed cells. 

In addition, this phosphorylation provokes a paradoxical 

increase in the translation of the selected mRNAs and the 

CCAAT/enhancer-binding protein homology protein (CHOP/

GADD153) is one of the most induced.17 In this study, the ER 

stress-related proteins, such as GRP78 and GADD153, were 

found to increase in an EtNBSe dose-dependent manner. Fur-

thermore, the levels of ATF4, p-IRE1, p-PERK, and p-eIF2α 

significantly increased after EtNBSe-PDT. All these results 

suggested that EtNBSe-PDT could induce ER stress in A-431 

cells via the PERK–eIF2α pathway, which was consistent 

with previous studies.32,33 However, in the present study, 

there was no significant increase in the expression levels 

of total IRE1, PERK, and eIF2α after EtNBSe-PDT. This 

demonstrated that EtNBSe-PDT activated the PERK–eIF2α 

signaling pathway through upregulating the phosphorylation 

of signaling proteins and had little impact on total expression 

levels, which was different from the ER stress induced by 

some antitumor drugs and heavy metal ion.25,26

Autophagy-dependent cell death is one of the regulated 

cell deaths when cells are subjected to environmental stress. 

It is reported that proficient autophagic responses could 

mediate cytoprotective effects. However, in numerous patho-

logical conditions, the molecular machinery for autophagy 

contributes to cellular demise responding to stress. And it is 

largely dependent on the complicated autophagic machinery 

and related components.27 In autophagy, LC3-I is transformed 

into LC3-II. Together with the lysosome membrane protein 

Lamp2, LC3-II is involved in the formation of autophago-

somes. Additionally, the stress results in the upregulation of 

free Beclin-1 levels by releasing it from the Beclin-1/Bcl-2 

complex. In our study, obvious Lamp2–LC3-II merged 

staining was observed 2 h after PDT and Western blotting 

showed that EtNBSe-PDT could significantly increase the 

levels of LC3-II, Lamp and Beclin-1. These results suggested 

that obvious autophagy was induced by EtNBSe-PDT in 

A-431 cells.

Thus, we proved that EtNBSe-PDT could induce ER 

stress and autophagy in A-431 cells. However, both of the 

two complicated processes with opposing theories of their 

involvements in carcinogenesis and tumor progression are 

controversial areas of investigation in cancer and the rela-

tionship between them is still unclear.28 Lin et al29 found 

that severe ER stress induced by hypericin-PDT could lead 

to the induction of CHOP and triggered autophagic flux and 

cell death. However, a growing body of evidence has begun 

to shed light on the mechanisms of ER stress-mediated 
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inhibition of autophagy. Lee et al30 reported that the pharma-

cological induction of ER stress via thapsigargin or tunicamy-

cin inhibited ERN1-mediated autophagy, suggesting that the 

ER stress had an antiautophagy effect. In our study, the pre-

treatment of salubrinal, which inhibited the phosphorylation 

of eIF2α, significantly decreased the EtNBSe-PDT-induced 

autophagy. Furthermore, a previous study has suggested that 

4-PBA could act as a chemical chaperone by causing a reduc-

tion in the load of mutant and misfolded proteins retained 

in the ER.31 In this study, when the ER stress was inhibited 

by 4-PBA, we observed that the activation of autophagy 

was also inhibited. These results were consistent with the 

hypothesis that adequate ER stress results in the inhibition of 

protein synthesis and critical adaptation responses, including 

autophagy that lessens protein folding in the ER. In addition, 

these results were consistent with the findings of Liu et al25 

who reported that the inhibition of ER stress decreased the 

Mn-induced autophagy in neuronal cells, indicating that the 

autophagy was ER stress dependent.

Conclusion
We found that EtNBSe was an effective antineoplastic 

PDT agent with specific tissue accumulation and high 

phototoxicity. We found that EtNBSe-PDT could induce 

ER stress and autophagy, meanwhile the PERK–eIF2α 

signaling pathway was involved in ER stress induced by 

EtNBSe-PDT, which in turn further promoted autophagy in 

A-431 cells. These results will enrich our understanding of 

the mechanisms mediating EtNBSe-PDT-induced tumor cell 

death and the relationships between ER stress and autophagy. 

Further investigation is required to determine how to regulate 

autophagy and ER stress in order to improve the antitumor 

effects of EtNBSe-PDT.
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