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Photodynamic therapy with TBZPy regulates the PI3K/AKT and endoplasmic reticulum stress-related PERK/eIF2α pathways in HeLa cells
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Abstract: Background: ((1-triphenylaminebenzo[c][1,2,5] thiadiazole-4-yl) styryl)-1-methylpyridin methylpyridin-1-ium iodide salt (TBZPy) is a novel photosensitizer that displays excellent photodynamic properties. However, There are few reports on the mechanism of action of the TBZPy photodynamic. Previous studies revealed that photodynamic therapy (PDT) could induce endoplasmic reticulum stress by acting on the endoplasmic reticulum. Therefore, in this study, we investigated the effects of endoplasmic reticulum stress induced by TBZPy-PDT in treating High-risk human papillomavirus (HR-HPV) infection and their underlying mechanisms. Methods: The human cervical cancer cell line HeLa (containing whole genome of HR-HPV18) was treated with TBZPy-PDT. Cell migration, invasion, and colony-forming ability were evaluated using wound-healing, Transwell invasion, and colony-forming assays, respectively. Through western blot analysis, we determined the level of expression of the PI3K/AKT and PERK/eIF2α pathway proteins and the proteins associated with calcium trafficking and apoptosis. The calcium levels in the cytoplasm were detected via flow cytometry. Results: The result shows that TBZPy-PDT could inhibite the migration, invasion, and colony forming ability of infected HeLa cells by downregulating the PI3K/AKT pathway in vitro. And we found that TBZPy-PDT induced endoplasmic reticulum stress-specific apoptosis via the PERK/eIF2α pathway. Moreover, TBZPy-PDT increased the levels of calcium and calmodulin, while decreasing the levels of endoplasmic reticulum calcium-binding proteins. Conclusions: TBZPy-PDT is effective on treating human papillomavirus-infected cells. Targeting the PI3K/AKT and PERK/eIF2α pathways and the endoplasmic reticulum stress process may help improve the effects of TBZPy-PDT for treating high-risk human papillomavirus infection.
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Introduction

Cervical cancer is one of the most common cancer types among women. Persistent infection with a high-risk HPV type is a significant risk factor for cervical cancer. HPV-infected individuals are also at risk of developing cervical intraepithelial neoplasia (CIN), which may develop into cervical cancer if left untreated. CIN is typically treated by invasive methods, including large-loop excision of the transformation zone (LEEP/LLETZ), cold knife conization(CKC), laser evaporation, and cryotherapy. However, these treatments carry serious adverse effects such as bleeding, endometriosis, cervical stenosis, and an increased risk of miscarriage. Photodynamic therapy (PDT) has emerged as a highly-selective and non-invasive alternative for CIN treatment; with a low risk of severe systemic complications after treatment, and preservation of reproductive function (Istomin et al., 2010; Unanyan et al., 2021). The efficiency of PDT is directly linked to the efficacy of photosensitizers used in the treatment (Li et al., 2021b). Photosensitizers can selectively accumulate in target lesions, and when excited by laser irradiation, produce reactive oxygen species that cause cytotoxic effects on target cancer cells (Casas, 2020).

Traditional photosensitizers, such as cyanine compounds and porphyrins, were shown to be effective in treatment (Gunaydin et al., 2021; Malacarne et al., 2021). However, some traditional photosensitizers undergo aggregation-induced quenching at high concentrations or are present in an aggregated state in aqueous media, which sharply decreases the photochemical efficiency and significantly weakens the single oxygen generation ability (Hu et al., 2018). In contrast, the aggregation-induced luminescence effect is a phenomenon in which the fluorescence is significantly increased in an aggregated or solid state (Chen et al., 2016). A photosensitizer with aggregation-induced luminescence can produce stronger fluorescence emission (Wan et al., 2020). TBZPy has been recently was developed as a novel photosensitizer with aggregation-induced emission ability. When applied to cancer or CIN models in vitro and in vivo, TBZPy showed good fluorescence emission, produced high levels of reactive oxygen species, and exerted strong cytotoxicity (Li et al., 2022). We previously reported that the use of TBZPy-PDT leads to a reduction in mitochondrial membrane potential, cell viability, and the induction of apoptosis in HeLa cells (Li et al., 2021a). However, the specific mechanisms underlying the effects of TBZPy are still not fully understood.

Endoplasmic reticulum Stress (ERS) has been regarded as a critical mechanism in PDT-mediated cell death (Chen et al., 2020; He et al., 2020), and is required to induce immunogenic cell death (Gomes-da-Silva et al., 2018). The endoplasmic reticulum plays vital roles in protein folding, lipogenesis, and the maintenance of calcium homeostasis. When the endoplasmic reticulum is exposed to stimuli such as hypoxia, oxidative stress, and variations in calcium concentrations, adaptive responses called ERS are initiated (Cao et al., 2021a; Das et al., 2021). Accumulation of unfolded or misfolded proteins in the lumen of the reticulum can induce an unfolded protein stress response. ERS regulates cell proliferation and apoptosis via several pathways, including the protein kinase-like endoplasmic reticulum kinase (PERK) pathway (Cao et al., 2021b).

The endoplasmic reticulum is also a major store of calcium ions (calcium) in cells. Stressors such as reactive oxygen species or ultraviolet radiation may cause calcium release calcium from the reticulum, which subsequently affects cell proliferation and induces apoptosis. Calcium release inhibits the function of calcium-dependent chaperones and thus leads to abnormal accumulation of misfolded or unfolded proteins in the lumen, and further increases the stress on the organelle (Nyberg and Espinosa, 2016; Zhang et al., 2019). Thus, the endoplasmic reticulum mediates inter- and intra-cellular signal transduction by modifying the cytoplasmic calcium concentration and an increase in calcium concentration leads to the activation of downstream signaling pathways (Yong et al., 2021).

The phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) pathway is an essential cell signaling pathway involved in various physiological conditions in mammals. Activation of the PI3K/AKT pathway was previously shown to inhibit ERS and cell apoptosis. In contrast, PERK phosphorylation triggered by PI3K/AKT pathway activation was shown to inhibit the phosphorylation of eIF2α. The phosphorylation of PERK-eIF2α, in turn, inhibits Akt activity.

Here, we investigated the mechanisms involved in the effect of TBZPy-PDT on HeLa cells. Specifically, we aimed to clarify the ERS mechanism upon application of TBZPy-PDT and to assess its potential for clinical use in treating CIN and cervical cancer.

Materials and Methods

Cell culture

HeLa cells, kindly provided by Dr. Chun Cai Gu (Nan Fang Hospital, Southern Medical University, Guangzhou, China). HeLa cells were incubated in RPMI 1640 medium (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA). HeLa cells, and cell culture reagents were prepared following protocols described previously. Fluo-4 AM and Apoptosis Analysis Kit were provided by Beyotime (Shanghai, China); BD Matrigel™ Basement Membrane Matrix (No. 356234) was purchased from BD Biosciences (New Jersey, USA). Anti-BIP, (1:3000), anti-caspase-12 (1:2000), and anti-caspase-3 (1:1000) were purchased from Proteintech (Wuhan, China). Anti-CHOP, (1:2000) and anti-β-actin (1:1000) were obtained from Cell Signaling Technology (Danvers, MA, USA). TBZPy was synthesized using a previously published method.

PDT

HeLa cells were seeded in 6-well plates. Groups of cells were as follows: control (no treatment), light (400–600 nm, light power 30 mW, 5 min), TBZPy, and TBZPy-PDT (TBZPy+Light). TBZPy was first applied to cells in the TBZPy and TBZPy-PDT groups at a final concentration of 10 µM for 24 h. Next, TBZPy-PDT and laser groups were irradiated with a LED light source. After discarding the PBS, HeLa cells were cultured for 24 h in the dark.

Colony formation assay

The cells were placed in control or TBZPy-PDT groups. After the corresponding treatments, HeLa cells were suspended and collected. The cell count was determined, 2 × 103/mL HeLa cells and 200 µL of cell suspension were added to each well in a 96-well plate (400 cells/well), with 300 µL of culture medium. The plates were cultured at 37°C in a humidified incubator containing 5% CO2. After colonies were formed from a single HeLa cell after 10 days, the culture was rinsed with Phosphate Buffer Saline (Beyotime, Shanghai, China), and 200 µL crystal violet dye solution (Beyotime, Shanghai, China) was added to each well. After 20 min, the 96-well plates were washed with slow-flowing tap water and dried. Images of clones formed were taken using an enzyme-linked immunospot instrument (Autoimmun Diagnostika, Strassberg, Germany).

Transwell® invasion assay

First, serum-free IMDM (HyClone, Logan, UT, USA) was diluted with Matrigel at a volume ratio of 1:3. Then, 40 μl of diluted Matrigel was added to the Transwell chamber(Corning, NY, USA). HeLa cells (density of approximately 1 × 106 mL) were digested and placed into a single-cell suspension. Following the determination of the cell density, 1 × 105 cells were extracted. The cells were suspended in 100 μL serum-free IMDM medium, and added to the middle upper chamber, while 600 μL IMDM complete medium was added into the lower chamber. HeLa cells were removed from the upper chamber using cotton swabs 12 h after treatment. The cells were fixed with 4% paraformaldehyde for 15 min and washed once with PBS. The chamber was stained with 0.1% crystal violet for 20 min and cleaned with PBS. Images of cell invasion were taken under a light microscope. Five fields were randomly selected for cell count analysis and comparison.

Wound healing assay and assessment of cell migration rate

Four groups of cells were established: control, Light, TBZPy, and TBZPy-PDT. HeLa cells were seeded into 6-well plates. After scratching the cell layer with the head of the aseptic gun, each group was treated as described in the section “PhotoDynamic Therapy”. After 24 h, wound healing was monitored using an inverted fluorescence microscope. The scratch width of eight sites in each group was measured using Image Pro-Plus software (Image-Pro Plus, v 6.0).

Subcellular staining

First, HeLa cells were incubated with the photosensitizer, (TBZPy) for 24 h to determine the intracellular localization of TBZPy. Subsequently, ER-TrackerTM green (Invitrogen, Paisley, UK) at a concentration of 500 nmol/L was used to label the intracellular localization of the endoplasmic reticulum. Finally, DAPI (Beyotime, Shanghai, China) was used to stain the nuclei. Images of stained cells were taken using laser confocal microscopy (DMI6000B; Leica, Wetzlar, Germany).

Annexin V/PI staining

Cells in control, Light-, TBZPy-, and TBZPy-PDT groups were seeded in 6-well plates at 3 × 105 cells/well concentration, and cultured overnight. After washing with PBS, the cells were collected, stained with an Annexin V-FITC/PI apoptosis assay kit (Becton Dickinson, New Jersey, USA), and analyzed by flow cytometry (BD Biosciences, New Jersey, USA).

Western blotting

This assay was performed according to a previously published protocol. Four groups of cells were established: control, Light, TBZPy, and TBZPy-PDT. Collected cells were placed in a radioimmunoprecipitation assay buffer (Beyotime, Shanghai, China). First, proteins measured using a bicinchoninic acid assay kit (BOSTER, Wuhan, China) were isolated by electrophoresis on a 10% sodium dodecyl sulfate-polyacrylamide gel (Thermofisher, MA, USA). The proteins were then transferred onto polyvinylidene difluoride membranes (Beyotime, Shanghai, China). Next, the membranes were blocked with 5% defatted milk, and then incubated with primary antibodies and gently shaken overnight at 4°C. Then, membranes were washed with PBS three times and further incubated with the 1:5000 diluted HRP-coupled secondary antibody for 1 h. Finally, the protein bands were visualized and analyzed using ImageJ software (version 2.0.0).

Detection of calcium levels

Fluo-4 AM calcium (Thermofisher, MA, USA) indicator was diluted with PBS to a concentration of 2 µM. HeLa cells were collected after each treatment and washed three times with PBS. Fluo-4 AM (200 µL) was added to the working solution, and HeLa cells were incubated at 37°C for 30 min. Each group was washed three times with PBS. Fluorescence (488 nm) was detected using flow cytometry (BD Biosciences, New Jersey, USA).

Statistical analysis

Results were expressed as average ± SD. All experiments were repeated three times. SPSS (version 20.0) was used for statistical analysis. Student’s t-test was used to compare the means of two groups of experimental data. p < 0.05 was considered statistically significant.

Results and Discussion

TBZPy-PDT inhibited migration, invasion, and colony formation activities of HeLa cells

We first examined the effects of TBZPy-PDT on the migration, invasion, and colony formation activities of HeLa cells, which are infected with HR-HPV18. HeLa cells were incubated with TBZPy (5 µM) for 24 h and then irradiated. The migration abilities of HeLa cells were evaluated using a wound healing assay. As shown in Figs. 1A and 1B, TBZPy-PDT significantly reduced the wound closure rate compared to the control (NC) group. The invasion abilities of cells were assessed using the Transwell® invasion assay. The number of HeLa cells that penetrated the Matrigel was significantly lower in the TBZPy-PDT group than that in the NC group (Fig. 1C), indicating that TBZPy-PDT attenuated the invasion ability of HeLa cells. The colony-forming abilities of cells were measured using a colony-forming assay. TBZPy-PDT also markedly inhibited the colony formation of HeLa cells (Figs. 1D and 1E). These results suggest that TBZPy-PDT suppressed the migration, invasion, and colony formation activities of HeLa cells.
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Figure 1: TBZPy-PDT inhibited the migration, invasion, and colony-forming activities of HeLa cells. (A) Representative images of wound-healing in HeLa cells at 0 and 24 h. HeLa cells were divided into four groups: control, TBZPy, Light, and TBZPy-PDT. (B) Quantification of cell migration rates in the four groups at 24 h (mean ± SD, n = 3). Migration rate (%) = (A0–An)/A0 × 100, where A0 is the initial wound width and An is the width at the metering point. (C) Representative images of HeLa cell invasion in the four groups at 24 h. (D) Images showing colony formation. (E) Quantification of colony formation in the above groups (mean ± SD, n = 3). *p < 0.05 compared with the control group; #p < 0.05 compared with the TBZPy group; &p < 0.05 compared with the Light group.

TBZPy-PDT suppressed the PI3K/AKT pathway in HeLa cells

We next investigated the effects of TBZPy-PDT on the PI3K/AKT pathway, which plays a critical role in the proliferation, invasion, and migration of cells (Jiang et al., 2020; Liu et al., 2021; Xie et al., 2019). Moreover, the PI3K/AKT pathway acts as an upstream mechanism mediating the ER stress and PERK/eIF2α signaling pathways, which are involved in TBZPy-PDT-induced apoptosis (Mounir et al., 2011). Therefore, we explored the effects of TBZPy-PDT on key downstream signaling proteins, including p-PI3K, PI3K, p-AKT, and AKT in HeLa cells by western blot analysis. As shown in Figs. 2A and 2B, TBZPy-PDT significantly decreased the expression levels of p-PI3K and p-AKT compared to the NC group. In addition, knockdown of PI3K significantly increased the apoptotic rates in HeLa cells (Fig. 2C). These results indicate that TBZPy-PDT attenuated the PI3K/AKT pathway in HeLa cells, which led to promotion cell apoptosis and inhibition of ER stress and PERK/eIF2α signaling pathways.
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Figure 2: (TBZPy-PDT) suppressed (PI3K/AKT) pathways in HeLa cells. (A) Expression levels of the PI3K, p-PI3K, AKT, and p-AKT in the control, TBZPy, Light, and TBZPy-PDT groups. (B) Quantification of expression levels of the p-PI3K, p-AKT, proteins in the four groups. *p < 0.05 compared with the control group; #p < 0.05 compared with the TBZPy group; &p < 0.05 compared with the Light group. (C) Flow cytometry profile of apoptotic rates in HeLa cells with or without PI3K knockdown.

TBZPy-PDT triggered ERS via the PERK/eIF2α signaling pathway

We then examined the effects of TBZPy-PDT on ER stress, which is a cellular response to various stimuli that disrupt ER homeostasis and cause accumulation of unfolded or misfolded proteins in the ER lumen (Grebenová et al., 2003). ER stress activates three major signaling pathways: PERK/eIF2α, IRE1/XBP1, and ATF6 (Coker-Gurkan et al., 2021; Walter and Ron, 2011). Among them, PERK/eIF2α is considered to be the main pathway involved in PDT-induced apoptosis (Chen et al., 2019). Therefore, we investigated the effects of TBZPy-PDT on this pathway and its downstream targets. First, we observed the co-localization of TBZPy and ER in HeLa cells by fluorescence microscopy. As shown in Fig. 3A, the red fluorescent signal of TBZPy overlapped with the green fluorescent signal of the ER, indicating that TBZPy-PDT acted on the ER. Next, we measured the expression levels of ER stress markers, including BIP and CHOP, by western blot analysis. As shown in Figs. 3B and 3C, TBZPy-PDT significantly increased the expression levels of BIP and CHOP compared to the NC group. We also measured the expression levels of PERK and eIF2α phosphorylation by western blot analysis. As shown in Figs. 3D and 3E, TBZPy-PDT significantly increased the expression levels of p-PERK and p-eIF2α compared to the NC group. These results indicate that TBZPy-PDT triggered ER stress via the PERK/eIF2α signaling pathway. Moreover, we measured the expression levels of cleaved caspase-3 and -12 by western blot analysis. As shown in Figs. 3F and 3G, TBZPy-PDT significantly increased the expression levels of cleaved caspase-3 and -12 compared to the NC group. These results suggest that TBZPy-PDT induced ER stress-specific apoptosis via the PERK/eIF2α pathway. Furthermore, we used the PERK inhibitor GSK2606414 to block the PERK/eIF2α/CHOP pathway and evaluated its effects on TBZPy-PDT-treated HeLa cells. As shown in Fig. 3H, GSK2606414 significantly attenuated the inhibitory effect of TBZPy-PDT on HeLa cells and reduced the apoptosis rate. These results confirm that PERK/eIF2α/CHOP pathway mediated TBZPy-PDT-induced apoptosis.
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Figure 3: TBZPy-PDT triggered endoplasmic reticulum stress (ERS) via PERK/eIF2α/BIP/CHOP signaling pathway, and ERS-specific apoptosis via the activation of caspase-3 and -12. (A) The intracellular localization of TBZPy was observed by ER-Tracker™ green staining (×400). (B, C) Expression levels of BIP and CHOP in control, TBZPy, Light, and TBZPy-PDT groups. (D, E) Expression levels of PERK, p-PERK, eIF2α, p-eIF2α proteins. (F, G) Expression levels of the cleaved caspase-3 and cleaved caspase-12 and cell apoptosis. (H) Pre-treatment with 2 μM GSK2606414 alleviated cell apoptosis in HeLa cells that was increased after treatment with TBZPy-PDT. *p < 0.05 compared with the control group; #p < 0.05 compared with the TBZPy group; &p < 0.05 compared with the Light group.

TBZPy-PDT increased the levels of calmodulin and calcium in the cytoplasm while decreasing levels of calcium-binding proteins in the endoplasmic reticulum

We then examined the effects of TBZPy-PDT on calcium homeostasis, which is an important aspect of ER stress. Calcium is an essential second messenger that regulates various cellular processes such as proliferation, differentiation, migration, and apoptosis (Berridge et al., 2000). The ER is a major intracellular calcium store that maintains calcium balance and modulates calcium signaling. ER stress can cause calcium efflux from the ER to the cytoplasm, which can activate caspase-12 and other apoptotic factors (Nakagawa et al., 2000). Moreover, ER stress can affect the expression levels of calcium-binding chaperones in the ER, such as ERp57 and ERp72, which are critical for protein folding and quality control (Ni and Lee, 2007). Calmodulin is a calcium sensor that detects fluctuations in calcium levels and modulates downstream pathways (Mukherjee et al., 2019). Therefore, we investigated the effects of TBZPy-PDT on cytosolic Ca2+ concentration, endoplasmic calcium-binding chaperones, and calmodulin by western blot analysis and flow cytometry. As shown in Figs. 4A and 4B, TBZPy-PDT significantly increased the expression level of calmodulin and the cytosolic Ca2+ concentration compared to the NC group. In contrast, TBZPy-PDT significantly decreased the expression levels of ERp57 and ERp72 compared to the NC group (Figs. 4C and 4D). These results indicate that TBZPy-PDT modulated the levels of calmodulin and calcium in the cytoplasm while decreasing levels of calcium-binding proteins in the ER.
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Figure 4: TBZPy-PDT led to increases in levels of Ca2+ and calmodulin, and a decrease in levels of ERp57 and ERp72 in HeLa cells. (A) Effects of TBZPy-PDT on calcium concentration in HeLa Cells. Groups were set as control, TBZPy, Light, and TBZPy-PDTgroups. (B) and (C) show western blotting and quantification analysis of ERp57, ERp72, and calmodulin protein expressions after HeLa cells were treatedwith TBZPy-PDT, and then cultured for 24 h. *p < 0.05 compared with the control group; #p < 0.05 compared with the TBZPy group; & p < 0.05 compared with the Light group.

Discussion

TBZPy is a novel photosensitizer that exhibits good fluorescence properties and high levels of singlet oxygen production in anoxic environments. In this study, we investigated the effects and mechanisms of TBZPy-PDT on HR-HPV infection using HeLa cells as a model system. We found that TBZPy-PDT inhibited the migration, invasion, and colony formation activities of HeLa cells by suppressing the PI3K/AKT pathway. We also found that TBZPy-PDT induced ER stress-specific apoptosis via the PERK/eIF2α pathway. Moreover, TBZPy-PDT modulated the levels of calmodulin and calcium in the cytoplasm while decreasing levels of calcium-binding proteins in the ER.

Our findings are consistent with previous studies that showed that PDT could modulate calcium homeostasis and affect calcium-related proteins (Grebenová et al., 2003; Li et al., 2021b; Wang et al., 2021). Calcium is an essential second messenger that regulates various cellular processes such as proliferation, differentiation, migration, and apoptosis (Berridge et al., 2000). The ER is a major intracellular calcium store that maintains calcium balance and modulates calcium signaling. ER stress can cause calcium efflux from the ER to the cytoplasm, which can activate caspase-12 and other apoptotic factors (Nakagawa et al., 2000). Moreover, ER stress can affect the expression levels of calcium-binding chaperones in the ER, such as ERp57 and ERp72, which are critical for protein folding and quality control (Ni and Lee, 2007). Calmodulin is a calcium sensor that detects fluctuations in calcium levels and modulates downstream pathways (Mukherjee et al., 2019). In our study, we demonstrated that TBZPy-PDT increased the expression level of calmodulin and the cytosolic Ca2+ concentration while decreasing the expression levels of ERp57 and ERp72, indicating that TBZPy-PDT modulated the levels of calmodulin and calcium in the cytoplasm while decreasing levels of calcium-binding proteins in the ER. These results suggest that TBZPy-PDT might affect calcium trafficking and apoptosis through modulating calcium-related proteins.

Conclusion

We investigated the mechanisms associated with the effect of TBZPy PDT on ERS in HeLa cells. Our study demonstrates that TBZPy may be used to treat CIN and cervical cancer. Targeting the PI3K/AKT and PERK/eIF2α pathways, and the endoplasmic reticulum stress mechanisms may help improve the effects of TBZPy-PDT for treating CIN and cervical cancer. TBZPy-PDT offers a cervical cancer treatment alternative for patients with fertility issues and specific lesions.
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