Apoptotic effect of homobrassinin and thiazino[6,5-b]indol is associated with downregulation of heat shock proteins in human ovarian adenocarcinoma cells
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Abstract
[bookmark: _GoBack]Phytoalexins are substances with antimicrobial properties and are produced by plants after being attacked by microorganisms, especially phytopathogenic fungi and viruses. They are also currently being studied for their antitumor effect. We aimed to study apoptosis-stimulating effect of homobrassinin and thiazino[6,5-b]indol and their effect on the response of heat shock proteins in human ovarian adenocarcinoma cells. Indeed, thiazino[6,5-b]indol revealed more pronounced sensitizing and/or proapoptotic effect compared to homobrassinin associated with significant irreversible downregulation of HSP40, HSP57 (PDI), HSP70 and HSP90 more in A2780 than in A2780cis cells. On the other hand, cisplatin induced the apoptosis of A2780 cells with reversible downregulation of HSP40 and HSP57.
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1. Introduction
Ovarian cancer has the highest mortality rate of all gynecologic neoplasms among woman in Western Europe and United States. The origin has long been investigated but still poorly understood. These cancers are often found at advanced stages, partly because they may not cause early signs or symptoms and there are no good screening tests for them. Although significant progress has been made, the majority of patients receive second-line and sometimes several lines of the treatment. Women who have one first-degree relative with ovarian cancer but without known genetic mutation still have an increased risk (5 %) of developing ovarian cancer (the average woman’s lifetime risk is 1.4 %). Family history of any of the following cancers may indicate an increased risk:  breast cancer, ovarian cancer, colon cancer, uterine cancer. 1 For most women the standard of care remains surgery and platinum-based cytotoxic chemotherapy. Platinum-based drugs are the most active and it can be curative for most patients with early stage disease. In this regard, women with advanced disease will develop many episodes of recurrent disease with progressively shorter disease-free intervals. Finally the tumour is declared platinum resistant. Although, paclitaxel chemotherapy have improved very little over the last two decades, the progression-free survival has remained fairly constant at about 18 months. Significant advances in the treatment over the last decade led to a significant prolongation in 5-year survival while the incidence of the disease has remained constant. 2 
Platinum resistance can occur in almost all patients with recurrent ovarian cancer. But many patients with “platinum-resistant“ dissease respond to further treatment with platinum-based therapy. Platinum, either cisplatin or carboplatin was given weekly with the addition of  etoposide or paclitaxel 3, or platinum combined with gemcitabine in a two out of three week schedule. 4 In the setting of platinum-resistance, there is also used nonplatinum-based therapy. These are pegylated liposomal doxorubicin, paclitaxel, topotecan and gemcitabine. Paclitaxel is one of the most active nonplatinum drugs used in this setting. Progression free survival and overall survival were significantly increased by weekly paclitaxel. 5 Weekly paclitaxel is considered as a standard regimen in platinum-resistant disease in combination with a variety of molecularly targeted agents. In woman with platinum-resistant ovarian cancer, antiangiogenic agents like bevacizumab might play also an important role. Indeed, it was used single or in the combination with  low dose cyclophosphamide. 6 Other drug, aflibercept (VEGF trap) has been proved in controlling of ascites. 7 
Except of anticancer chemotherapeutics, there are number of natural substances with antitumour effects, such as indole phytoalexins, which synthetic analogues were also tested at our institute. In this regard, phytoalexins are substances with antimicrobial properties and are produced by plants after being attacked by microorganisms, especially phytopathogenic fungi and viruses. We have tested indole phytoalexins on human ovarian adenocarcinoma cell lines A2780 and A2780cis and compared the response of these cells to indole phytoalexin 2-(4’- fluorophenylamino)- 4H-1,3-thiazine[6,5-b]indole (K157) to assess the resistance level of A2780cis cells. We found that A2780cis cells are only 3.2 times more resistant to indole phytoalexin K157 than the parent cell line. 8 Thus, the fold resistance of A2780cis cells compared to parental and sensitive A2780 ones was surprisingly low means A2780cis cells have much lower resistance to K157 than to cisplatin. Interestingly, resveratrol decreased the level of Hsp70 protein in K562 cells after 48 hours. 9 Moreover, 1-methoxybrasinine at a concentration of 1 µM induced in Jurkat cells significant apoptosis associated with DNA fragmentation, externalization of phosphatidylserine and accumulation of cells in subG0/G1 fraction. In addition, phytoalexins brasinin and spirobrasinin potentiated the effect of vincristine. 10 
In the current work we aimed to study the sensitizing effect of two selected indoles on cisplatin-resistant human ovarian adenocarcinoma A2780cis cells. In addition to apoptosis-stimulating effect of indoles, we were also interested in their effect on the response of selected heat shock proteins in these cells.

2. Experimental

2.1. Cell culture and treatment
Human ovarian adenocarcinoma cell lines A2780 and A2780cis were obtained from European Collection of Animal Culture (ECAC, Salisbury, UK). Cells were grown as monolayers in RPMI1640 medium with L-glutamine (GibcoBRL, Paisley, UK) supplemented with 10% fetal calf serum (GibcoBRL) and antibiotic/antimycotic solution (100 U/ml of penicillin, 100 µg/ml of streptomycin and 0.25 µg/ml of amphotericin B; GibcoBRL) and were maintained under standard tissue culture conditions at 37 °C and 5% humidified atmosphere of CO2. The acquired resistance of A2780cis cells was maintained by supplementation of media with 1mM of cisplatin (Sigma-Aldrich Co., St. Louis, MI, USA) every second passage. IC50 concentrations of homobrassinin (K1; N-[2-(indol-3-yl)ethyl]-S-methyldithiocarbamate), thiazino[6,5-b]indol (K157; 2-(4´-fluorphenylamino)-4H-1,3-tiazino[6,5-b]indol) (Fig. 1) and cisplatin determined in our previous studies 11, 8 on resistant A2780cis cells were applied in all assays.
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Figure 1. Structure of homobrassinin (K1; N-[2-(indol-3-yl)ethyl]-S-methyldithiocarbamate) and thiazino[6,5-b]indol (K157; 2-(4´-fluorphenylamino)-4H-1,3-tiazino[6,5-b]indol).



2.2. Flow Cytometric Analysis (FCM)
Human ovarian adenocarcinoma cells A2780 and A2780cis (1 × 106) were seeded for FCM analyses in Petri dishes and treated with homobrassinin, thiazino[6,5-b]indol and cisplatin at IC50 concentrations for 24, 48 or 72 h depending on experimental scheme. Floating and adherent cells were harvested, washed in PBS, divided for particular analysis and stained prior to analysis. Fluorescence was detected after 15–30 min incubation at room temperature in the dark using a BD FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA). A minimum of 1 × 104 cells were analysed per analysis. All experiments were performed in triplicate.

2.3. Apoptosis detection via annexin V/PI staining
For apoptosis detection, floating and adherent A2780 and A2780cis cells (1 × 106) were harvested 24, 48 and 72 h after homobrassinin, thiazino[6,5-b]indol and cisplatin treatment (IC50 concentrations). Complete cell population was washed in PBS and stained using annexin V Alexa Fluor® 647 conjugate (Thermo Fisher, Waltham, MA, USA) for 15 min at room temperature in the dark followed by incubation with propidium iodide (PI; Sigma-Aldrich, Saint-Louis, MO, USA) and analyses by flow cytometer (BD FACSCalibur).

2.4. Detection of active caspase 3
Activation of executioner caspases (such as caspase 3) subsequently impacts the main structural proteins and activates other enzymes, leading to apoptosis. The changes in caspase 3 activation were analysed with FCM using Active Caspase-3 PE Mab (Cell Signaling Technology, Danvers, MA, USA). The cells were harvested 24, 48 and 72 h after homobrassinin, thiazino[6,5-b]indol and cisplatin treatment (IC50 concentrations). The cell population was stained with phycoerythrin (PE) conjugated antibody and incubated for 30 min at room temperature in the dark. The cells were then washed twice with PBS, resuspended in 500 μM of the total volume, and analysed (1 × 104 cell per sample).

2.5. Detection of Mitochondrial Apoptotic Pathway Associated Proteins
Cytochrome c release, Smac/DIABLO accumulation and caspase-9 activity were analysed with FCM using Cytochrome c antibody (6H2) FITC conjugate; Smac/Diablo Rabbit mAb + goat anti-rabbit IgG (H + L) secondary antibody Alexa Fluor 488 and cleaved Caspase-9 (Asp315) rabbit mAb PE conjugate. The A2780 and A2780cis cells were harvested 24, 48 and 72 h after homobrassinin, thiazino[6,5-b]indol and cisplatin treatment (IC50 concentrations). Cell population was stained with conjugated antibody and incubated for 30 min at room temperature in the dark or stained with primary antibody (30 min), followed by secondary conjugated antibody staining (15 min in dark). The cells were then washed with PBS, resuspended in 500 μL of the total volume in PBS, and analysed (1 × 104 cells per sample) by a BD FACSCalibur flow cytometer.

2.6. Western blotting 
Western blot analysis were carried out according to the standard protocol. 12 The protein sample was separated on 10% SDS-PAGE, electroblotted onto Immobilon-P transfer membrane (Millipore Co., Billerica, MA, USA) and incubated using primary antibodies shown below: anti-HSP40 (#4868, 1:1000; Cell Signaling, Danvers, MA, USA), anti-protein disulfide isomerase (anti-HSP57; #3501, 1:1000; Cell Signaling Technology, Danvers, MA, USA), anti-HSP60 (#12165, 1:1000; Cell Signaling, Danvers, MA, USA), anti-HSP70 (#4873, 1:1000; Cell Signaling Technology, Danvers, MA, USA), anti-HSP90 (#4877, 1:1000; Cell Signaling Technology, Danvers, MA, USA)  and anti-α-tubulin (sc-5286, 1:200; Santa Cruz Biotechnology, Dallas, Texas, USA). Subsequently, the membranes were incubated with secondary horseradish peroxidase-conjugated antibodies (PI-31461, 1:10.000, goat anti-rabbit IgG F(AB’)2 or PI-31436, 1:10.000, goat anti-mouse IgG F(AB’)2; Thermo Fisher Scientific, Waltham, MA, USA) for 1 h, and the antibody reactivity was visualized with ECL Western blotting substrate (PI-32106, Thermo Fisher Scientific) using Kodak Biomax films (#1788207, Sigma-Aldrich Co.). 

2.7. Statistical analysis 
Data were processed using scientific graphing and ORIGIN analysis software (OriginLab Co., Northampton, MA, USA) and statistically analysed using one-way ANOVA followed by Tukey’s multiple comparison tests. 


3. Results and Discussion

Both indoles induced strong apoptosis of A2780 and A2780cis cells already at 24 h compared to cisplatin, which revealed proapoptotic effect later (at 48 and 72 h) but only in A2780 not A2780cis cells (Fig. 2). Indeed, annexin V was increased in A2780 and A2780cis cells already 24 h after the addition of both indoles (Fig. 2). On the contrary, only K157 induced positive annexin V/PI staining result was followed by caspase 3 and 9, smac-diablo and cytochrome c changes (Fig. 2). In this regard, K157 induced more pronounced externalization of phosphatidylserine in A2780cis cells compared to parental ones at 72 h time point. However, this effect of K157 did not correlate well with other markers of apoptosis monitored in parallel (Fig. 2). On the other hand, K157 increased smac-diablo accumulation in A2780cis cells at earlier time intervals (Fig. 2).
[image: C:\Users\Peter Solár\Desktop\Zuzana_Acta_2020.Data\Apoptoza.tif]
Figure 2. Effects of IC50 concentrations of homobrassinin (K1), thiazino[6,5-b]indol (K157) and cisplatin (Cis) on annexin V, caspase 3, caspase 9, smac-diablo and cytochrome C in A2780 and A2780cis cell lines. The cells were grown in standard growth media for 24 h and then treated with mentioned above substances for 24, 48 and 72 h (untreated control - C). *P<0.05; **P<0.01; ***P<0.001 vs. C and +P<0.05; ++P<0.01; +++P<0.001 vs. Cis (three independent experiments).

The changes in other selected markers of apoptosis such as caspase 3 and 9, smac-diablo and cytochrome C actually confirmed the proapoptotic potential of both indoles tested, more pronounced in the case of K157 than in K1 (Fig. 2). Indeed, K157 increased both caspase 3 and 9 activities, increased also the accumulation of smac-diablo and induced the release of cytochrome C in both cell lines and all time points monitored (Fig. 2). On the other hand, cisplatin induced release of cytochrome C but just in A2780 cells not in A2780cis ones (Fig. 2). This effect of cisplatin correlated well with mentioned above externalization of phosphatidylserine (annexin V/PI staining) and apoptosis in A2780 cells. 
Moreover, indoles reduced the level of HSP40, protein disulfide isomerase (HSP57), HSP70 and HSP90 in A2780 cells irreversibly and HSP40 and HSP57 in A2780cis cells reversibly (Fig. 3A, B; Tab. 1A, B). In this regard, indole K1 downregulated HSP70 in both cell lines at 24 h and HSP40 and HSP90 in A2780 cells at 48 h (Fig. 3A, B; Tab. 1A, B). On the other hand, indole K157 downregulated HSP40 and HSP70 in both A2780 and A2780cis cells and HSP57 and HSP90 in A2780 cells already at 24 h (Fig. 3A, B; Tab. 1A, B). However, cisplatin did modify the level of monitored HSPs more pronounced in A2780 cells (Fig. 3A, B; Tab. 1A, B). It downregulated reversibly both HSP40 and HSP57 in A2780 cells at 48 h and 24 h, respectivelly (Fig. 3A; Tab. 1A) and HSP57 in A2780cis cells at 48h (Fig. 3B; Tab. 1B). Indeed, the only HSP whose level did not change neither in A2780, nor in A2780cis cells after the indole or cisplatin administration was HSP60 (Fig. 3A, B; Tab. 1A, B). In general, a more significant reduction in the level of HSPs in A2780 cells compared to A2780cis cells was observed (Fig. 3A, B; Tab. 1A, B). 
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Figure 3. Effects of IC50 concentrations of homobrassinin (K1), thiazino[6,5-b]indol (K157) and cisplatin (CIS) on HSP40, HSP57 (PDI), HSP60, HSP70 and HSP90 in A2780 (A) and A2780cis (B) cell lines. The cells were grown in standard growth media for 24 h and then treated with mentioned above substances for 24, 48 and 72 h (untreated control - C). Equal loading was confirmed by detection of α-tubulin. Representative image of three independent experiments is shown. 


	A
	
	Hsp40
	Hsp57
	Hsp60
	Hsp70
	Hsp90

	24 h
	C
	1.0±0.1
	1.0±0.1
	1.0±0.2
	1.0±0.1
	1.0±0.1

	
	K1
	1.3±0.3
	0.7±0.3
	1.3±0.2
	0.1±0.1**
	0.7±0.3

	
	K157
	0.0±0.1**
	0.3±0.1*
	1.3±0.3
	0.0±0.1**
	0.1±0.1**

	
	Cis
	1.6±0.3
	0.5±0.1*
	1.1±0.1
	0.8±0.3
	0.7±0.3

	
	
	Hsp40
	Hsp57
	Hsp60
	Hsp70
	Hsp90

	48 h
	C
	1.0±0.1
	1.0±0.2
	1.0±0.3
	1.0±0.2
	1.0±0.1

	
	K1
	0.0±0.1**
	1.0±0.3
	1.1±0.2
	0.0±0.1**
	0.5±0.1*

	
	K157
	0.0±0.2**
	0.9±0.1
	1.3±0.2
	0.0±0.1**
	0.3±0.1*

	
	Cis
	0.1±0.1**
	1.2±0.3
	1.0±0.3
	0.7±0.3
	1.1±0.3

	
	
	Hsp40
	Hsp57
	Hsp60
	Hsp70
	Hsp90

	72 h
	C
	1.0±0.1
	1.0±0.1
	1.0±0.2
	1.0±0.2
	1.0±0.1

	
	K1
	0.0±0.2**
	0.9±0.2
	1.1±0.3
	0.0±0.1**
	0.5±0.1*

	
	K157
	0.0±0.1**
	0.4±0.1*
	0.8±0.2
	0.0±0.1**
	0.0±0.1**

	
	Cis
	1.1±0.1
	0.8±0.3
	0.9±0.2
	1.1±0.3
	0.9±0.3



	B
	
	Hsp40
	Hsp57
	Hsp60
	Hsp70
	Hsp90

	24 h
	C
	1.0±0.1
	1.0±0.2
	1.0±0.2
	1.0±0.1
	1.0±0.2

	
	K1
	0.8±0.2
	1.1±0.3
	0.9±0.2
	0.6±0.3
	0.8±0.2

	
	K157
	0.5±0.1*
	1.1±0.2
	1.3±0.3
	0.0±0.1**
	0.7±0.2

	
	Cis
	0.8±0.3
	0.7±0.2
	1.2±0.2
	0.7±0.2
	0.7±0.2

	
	
	Hsp40
	Hsp57
	Hsp60
	Hsp70
	Hsp90

	48 h
	C
	1.0±0.1
	1.0±0.2
	1.0±0.2
	1.0±0.1
	1.0±0.1

	
	K1
	0.6±0.2
	1.3±0.3
	1.0±0.3
	0.4±0.1*
	1.0±0.2

	
	K157
	0.4±0.1*
	0.6±0.2
	0.8±0.2
	0.0±0.1**
	0.5±0.1*

	
	Cis
	1.3±0.3
	0.7±0.2
	1.0±0.3
	1.0±0.2
	0.9±0.2

	
	
	Hsp40
	Hsp57
	Hsp60
	Hsp70
	Hsp90

	72 h
	C
	1.0±0.2
	1.0±0.3
	1.0±0.2
	1.0±0.1
	1.0±0.1

	
	K1
	1.0±0.3
	1.0±0.3
	1.0±0.3
	0.1±0.1**
	0.8±0.2

	
	K157
	1.0±0.2
	1.4±0.3
	1.8±0.4
	0.0±0.1**
	0.4±0.1*

	
	Cis
	1.0±0.1
	1.0±0.2
	0.7±0.2
	1.4±0.2
	1.1±0.3



Table I.  Effects of IC50 concentrations of homobrassinin (K1), thiazino[6,5-b]indol (K157) and cisplatin (CIS) on HSP40, HSP57 (PDI), HSP60, HSP70 and HSP90 in A2780 (A) and A2780cis (B) cell lines. Ratios ± standard deviation from quantitative densitometric analysis of HSP40, HSP57, HSP60, HSP70 and HSP90 were normalized to α-tubulin. Ratios at untreated control (C) were arbitrarily set to 1. *P<0.05; **P<0.01 vs. C (three independent experiments; one-way ANOVA tests).

Homobrassinin (K1) had the most pronounced antiproliferative activity of the seven tested brassinin derivatives. This compound accumulated human colorectal adenocarcinoma Caco2 cells in the G2/M phase of the cell cycle and inhibited microtubule formation through the dysregulation of α-tubulin, α 1 -tubulin and β 5 -tubulin expression. 13 Moreover, the apoptosis of Caco2 cells induced by K1 was associated with DNA fragmentation, loss of mitochondrial membrane potential and intracellular reactive oxygen species production. 13 Our results demonstrate, that K1 induced the apoptosis of cisplatin-sensitive human ovarian adenocarcinoma A2780 cells and cisplatin-resistant derivative A2780cis cells, both associated with annexin V/PI positivity, increased caspase 3 and 9 activities and released cytochrome C. Indeed, thiazine[6,5-b]indole (K157) showed even more pronounced apoptosis stimulating effect compared to K1 with increased annexin V/PI positivity, caspase 3 and 9 activities, the accumulation of smac-diablo and the release of cytochrome C in both cisplatin-sensitive as well as cisplatin-resistant cells in time dependent manner. In this regard, K157 induced apoptosis of A2780cis cells has already been confirmed by the lower concentration than IC50 and through the detection of increased pro-apoptotic Bad protein. 8 On the contrary, cisplatin increased the release of cytochrome C and the externalization of phosphatidylserine but only in the sensitive A2780 cells not in the resistant ones.
Hsp90 is one of the most abundant molecular chaperones and highly conserved protein whose association is required for the stability and function of multiple mutated, chimeric and overexpressed signalling proteins that promote the growth and/or survival of cancer cells. 14 Interestingly, anti-proliferative and pro-apoptotic effects of K157 were potentiated by HSP90 inhibitor 17-DMAG in A2780cis cells and therefore represents new strategy in cancer resistance therapy. 8 Similarly, greater than additive cytotoxic effect after combined exposure of A2780cis cells to HSP90 inhibitor geldanamycin and cisplatin  was also observed. 11 We have already shown that cisplatin-resistant CP70 and C200 cells (derivatives of parental A2780 cells) revealed significantly higher expression of HSPCA (HSP90α) and TRA1 (GRP94) proteins. 15 Overexpressed GRP94 and HSP90α might protect CP70 and C200 cells from cisplatin toxicity and render them more resistant. 15 Indeed, the role of HSPs in cisplatin resistance has been demonstrated in Yamamoto et al 16 where HSP27, mtHSP75 and HSP70 were upregulated in the cisplatin-resistant ovarian tumor cell line 2008/C13*5.25 in contrast to the sensitive 2008 one. Therefore, in the present study, we decided to test the effect of indoles on the level of selected HSPs, which can play significant cytoprotective activities under pathological conditions through the initiation of protein folding, repair, refolding of misfolded peptides, and possible degradation of irreparable proteins. 17 Although some HSPs are constitutively produced, most are molecular chaperones that are normally overexpressed by cells in response to inducible signals that may lead to protein denaturation. 18 HSPs appear to have also a large number of functions in apoptosis itself, which in most cases leads to suppression of apoptotic pathways. 17 In our case, the apoptosis-stimulating effects of indoles were associated with an irreversible decrease in HSP90 and HSP7 in both A2780 as well as A2780cis cells, while cisplatin did not cause any change in HSP90 and HSP70. 
Moreover, Beere et al 19 demonstrated that Hsp70, together with its co-chaperone Hsp40, inhibits nitric oxide-induced apoptosis by blocking the mitochondrial translocation of Bax, a pro-apoptotic member of the Bcl-2 family in both ATPase and chaperoning-dependent manner. 19 HSP70 and HSP40 were irreversibly downregulated as a result of the effect of both K1 and K157 indoles in A2780 and A2780cis cells. On the other hand, HSP40 protein was reversibly downregulated as a result of cisplatin in A2780 cells. Indeed, downregulation of HSP70 and/or HSP40 correlated well with the apoptosis induced either by indoles in both cell lines or cisplatin in A2780 cells. Despite all the negative functions of HSPs in attenuating apoptosis, Hsp60 found in mitochondria complexed with Hsp10 are involved in a signaling complex that leads to pro-caspase-3 activation and to cytochrome-dependent apoptosis. In addition, several studies have shown that cytosolic Hsp60 associates with the pre-apoptotic protein Bax, leading to its activation as well as to apoptosis mediated by this protein. 20, 21 Indeed, neither indoles nor cisplatin caused a change in the level of HSP60 protein and are unlikely to be related to the process of apoptosis induced by indoles or cisplatin in A2780 or A2780cis cells.
Moreover, HSP57 (PDI) protein is highly expressed in many tumor cell types, including melanoma, prostate, lung, renal, brain, male germ cell tumors and ovarian. 22 Conversely, decreased PDI levels are also associated with higher survival rates in patients with breast cancer and glioblastoma. 23 Although PDI promotes cancer cell survival, its silencing causes greater cytotoxicity in human breast cancer and neuroblastoma cell lines due to caspase activation. 24 The suppression of apoptosis by PDI itself is explained as a mechanism to promote tumor growth and metastasis. In this regard, K157 induced both irreversible and reversible downregulation of HSP57 in A2780 and A2780cis cells, respectively, while cisplatin caused a reversible decrease in HSP57 in both cell lines monitored.

4. Conclusions

Our results signify more pronounced sensitizing and/or proapoptotic potential of thiazino[6,5-b]indol compared to homobrassinin which was associated with significant irreversible downregulation of HSP40, HSP57, HSP70 and HSP90 more in cisplatin-sensitive A2780 than in cisplatin-resistant A2780cis cells. On the other hand, cisplatin induced the apoptosis of sensitive A2780 cells with reversible downregulation of HSP40 and HSP57 and no apoptosis of resistant A2780cis cells with reversible downregulation of HSP57.   
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