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Abstract

:

Ovarian cancer (OC) ranks first in cancer-related deaths out of all female reproductive malignancies with high-pitched tumor relapse and chemoresistance. Several reports correlate cancer occurrences with exposure to xenobiotics via induction of a protein receptor named aryl hydrocarbon receptor (AhR). However, the effect of AhR on OC proliferation, expansion, and chemoresistance remains unrevealed. For this purpose, OC cells A2780 and A2780cis cells were treated with AhR activator, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and the effects were determined by Real-Time Cell Analyzer, clonogenic assay, flow cytometry, immunoblotting and wound healing assay. Our results showed that activation of AhR by TCDD in A2780 cells induced the PI3K/AKT pathway followed by induction of anti-apoptotic proteins BCL-2, BCL-xl, and MCL-1. In addition, a significant increase in stemness marker aldehyde dehydrogenase (ALDH1) was observed. This effect was also associated with an accumulation of β-catenin, a Wnt transcription factor. Moreover, we observed induction of epithelial to mesenchymal transition (EMT) upon AhR activation. In conclusion, the results from the current study confirm that AhR mediates OC progression, stemness characteristics, and metastatic potential via activation of PI3K/Akt, Wnt/β-catenin, and EMT. This study provides a better insight into the modulatory role of AhR that might help in developing novel therapeutic strategies for OC treatment.
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1. Introduction


Ovarian cancer (OC), globally the most lethal gynecological malignancy, ranks fifth in terms of cancer-related deaths [1]. Regardless of an efficient treatment regimen, including cytoreductive surgery followed by chemotherapy, OC exhibits high tumor relapse and chemoresistance [2]. Unfortunately, Stage IV OC’s relative five-year survival rate is only 17%, which can be highly correlated to chemoresistance [3]. The major risk factors associated with OC include genetic mutations [4], family history, reproductive factors, lifestyle [5], and environmental factors [6]. Previous reports have related exposure to xenobiotics to cancer initiation [7,8]. Reports suggest that a major pathway that regulates xenobiotic detoxification is the aryl hydrocarbon receptor (AhR) pathway, whose involvement in several cancer and cancer stem cells (CSCs) was recently demonstrated [9].



AhR is a cytoplasmic ligand-activated transcriptional factor associated with several cellular and physiological processes in the cell [10]. Upon binding to its ligands, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), AhR transcriptionally activates several genes, including the cytochrome P4501A1 (CYP1A1) and CYP1B1 involved in the bioactivation of several environmental procarcinogens into ultimate carcinogens [7]. A correlation between the AhR expression and cancer initiation and its potential use as a therapeutic target has been explained by several researchers in breast [11], glioblastoma [12], gastric [13], and lymphoma [14], colon [15], and melanoma [16]. In OC, a previous study has evidenced that OC patients with lower AhR expression in the cytoplasm have a better prognosis [17]. However, its role in ovarian cancer development and chemoresistance remains uninvestigated.



Therefore, in our study, we examined the role and involvement of AhR in OC progression and chemoresistance and the underlying mechanisms of AhR in the pathogenesis of ovarian cancer. We observed that AhR induction by a potent activator TCDD promoted cell proliferation in A2780 cells by activating the PI3K/AKT pathway. We also observed an upregulation of anti-apoptotic and stemness markers further confirming AhR mediated induction of chemoresistance (by evading apoptosis) and stemness-like characteristics. Moreover, AhR induction also promoted EMT in A2780 cells. The results from our study provide a better insight into the modulatory role of AhR that might help in developing novel therapeutic strategies for OC treatment.




2. Results


2.1. Constitutive and Inducible Expression of AhR and BCL Family Proteins in OC Cells


2.1.1. Basal Expression of AhR and BCL-2 Proteins in OC Cell Lines


We first identified the basal expression of AhR and its regulatory proteins, CYP1A1 and CYP1B1, in all seven human OC cells. Figure 1A shows that all OC cells exhibited a differential expression, in which SKOV-3 cells exhibited the highest basal expression of AhR, while A2780cis and A2780 expressed the highest basal expression of CYP1A1 and CYP1B1 proteins, respectively. We further linked the expression of AhR and its genes with the levels of chemoresistance-mediated BCL-2 family proteins. Figure 1B shows that the basal expression of Bax (pro-apoptotic) was the highest in A2780 cells, whereas SW626 expressed the highest level of BCL-xl (anti-apoptotic) protein.




2.1.2. TCDD-Inducible Expression of AhR and BCL-2 Proteins in OC Cells


The TCDD-inducible expression levels of AhR and BCL-2 proteins were analyzed by immunoblotting in three OC OVCAR3, SKOV3, and A2780 cells, which showed the highest basal expression, treated with TCDD (10 nM, 24 h). Figure 1C shows that AhR inducer TCDD significantly induced the protein level of AhR in all cells, CYP1A1 in OVCAR-3 and SKOV-3 cells, and CYP1B1 in SKOV-3 and A2780 cells. Importantly, a similar pattern of expression was also observed for BCL-2 proteins, BCL-xl, and BAX (Figure 1D). Although TCDD induced both BAX, a pro-apoptotic protein, and BCL-xl, an anti-apoptotic protein, the ratio of Bcl-xl to Bax that showcases the apoptosis hindrance rate was higher in all three cell lines (Figure 1E).





2.2. Effect of AhR Activation on the Chemoresistance of OC


2.2.1. Effect of AhR Activation on Cell Viability and Clonogenicity of Wild-Type and Resistant A2780 Cells


Initially, we examined the impact of AhR induction using TCDD on the cell viability of both wild-type A2780 and resistant A2780cis cells. For this purpose, both cells were treated with wide doses of TCDD (0.1, 1, 2, 5, 10, and 20 nM); thereafter, RTCA analysis and clonogenic assay were conducted. RTCA analysis (Figure 2A) and clonogenic assay (Figure 2B) showed that all tested concentrations significantly increased cell viability and clonogenicity of both cells in a dose- as well as time-dependent manner. While the peak cell viability was achieved at 80 h and then decreased to normal at 120 h for A2780, A20780cis cell viability was more resistant and maintained at 120 h. Based on these studies, the TCDD concentration (10 nM) was chosen for all subsequent experiments.




2.2.2. Constitutive and TCDD-Inducible Expression of AhR and BCL-2 Family Proteins in Wild Type and Resistant A2780 Cells


Next, we assessed the effect of AhR activation by TCDD 10 nM for 24 h on the expression patterns of AhR and BCL-2 genes in both wild-type and resistant cells. Interestingly, we observed a differential expression of AhR and its regulatory proteins in A2780 and A2780cis cells. At the basal levels, Figure 2C showed that A2780 cells only express AhR and CYP1B1 but do not express CYP1A1, whereas A2780cis cells expressed only high basal expression of CYP1A1 but no expression for AhR and CYP1B1. At the inducible levels, TCDD treatment markedly induced AhR and CYP1B1 in A2780 cells, while no changes were observed in A2780cis cells. We further explored the expression pattern of BCL-2 family proteins in both cells as illustrated in Figure 2C. While MCL-1, BCL-2, and BCL-xl proteins were expressed at the basal levels in both cells, TCDD (10 nM) treatment induced MCL-1 and BCL-xl in A2780 cells, and did not alter the expression in resistant A2780cis cells.




2.2.3. Effect of AhR Induction on Apoptosis, Cell Cycle Phases, and DNA Breaks in Wild-Type and Resistant A2780 Cells


To explore the mechanisms of AhR-mediated chemoresistance in OC, we investigated TCDD-mediated effects in modulating apoptosis, cell cycle phases, and level of DNA damage in n both cells. Flow cytometric analysis revealed that treatment of A2780 cells with TCDD 10 nM decreased the percentage of cells undergoing early/late apoptosis to 21.4% (Figure 3A) and increased the percentage of cells in the SubG0-G1 (Figure 3B), while decreased expression levels of DNA double-strand breaks (DSBs) marker, phosphoH2AX (Figure 3C). Interestingly, TCDD treatment of resistant A2780cis cells did not alter the levels of apoptosis, cell cycle, and DNA break (Figure 3A–C).





2.3. Molecular Mechanisms Regulating the Effect and Involvement of AhR in OC Chemoresistance


To investigate whether AhR induction would regulate the PI3K/Akt/Cyclin D1 pathway, we measured the protein expression of PI3K, AKT, and cyclin D1 in both A2780 and resistant A2780cis cells. As shown in Figure 4A, both cells showed a basal expression of these proteins, whereas TCDD treatment induced the expression of phosphorylated p-PI3K, p-AKT, and cyclin D1. On the other hand, treatment of resistant A2780cis cells with TCDD did not induce any of these genes.



To further explore whether AhR is mediating CSCs properties, self-renewal, and maintenance, in OC A2780 and A2780cis cells, we examined the expression of three proteins, GLI-1, NOTCH1, and β-catenin, the downstream proteins for Hedgehog, NOTCH, and WNT pathways, respectively [18,19]. Figure 4B shows that while the three proteins were expressed in both cells at the basal levels, TCDD treatment only induced β-catenin levels in wild-type A2780 cells and slightly induced NOTCH1, but not the others in resistant A2780cis cells. To further validate these results, we examined the expression of several stemness markers, ALDH1, CD133, OCT4, and NANOG in both cells in response to TCDD. At the basal levels, all these proteins are expressed in A2780 cells, while only ALDH1 and Oct4 are expressed in resistant cells. At the inducible levels, AhR activation by TCDD increased the expression of ALDH1A1 in A2780 cells but in resistant A2780cis cells (Figure 4C).



We then inspected the involvement of EMT and invasion in response to AhR activation by measuring the epithelial/mesenchymal markers and the metastasis potential. As illustrated in Figure 5A, resistant cells express higher mesenchymal marker vimentin as compared to A2780 cells. Importantly, AhR activation by TCDD in A2780 cells decreased E-cadherin, an epithelial marker, while increased vimentin and snail, major mesenchymal markers. Moreover, TCDD treatment in resistant cells did not alter the expression of any of these proteins (Figure 5A). Furthermore, cell migration of both the cell lines was analyzed by scratch assay, which showed that TCDD increased the rate of wound closure in both cells, which was more observed in resistant A2780cis than A2780 cells (Figure 5B).





3. Discussion


Despite the fact that most patients respond to primary therapy in OC, a higher rate of relapse due to chemoresistance is unfortunately observed at a surprising 70% occurrence rate in OC, leading to an inevitable death rate of 90% of patients with relapse [20]. Environmental factors, such as exposure to certain pollutants, such as TCDD, play a major role in the initiation and succession of OC [21]. Given that TCDD and other environmental pollutants mediate their carcinogenic effect through the activation of AhR, there is a lack of information about the role of AhR in OC progression and chemoresistance. In our study, we intended to study the role of AhR in OC progression and chemoresistance and explore the underlying mechanisms.



Seven human OC cell lines have been utilized in the current study to initially investigate and correlate the expression patent of AhR and regulated genes with the aggressiveness of cancer. Among these cells, OVCAR3, SKOV3, and A2780 cells exhibited higher protein expression levels of AhR, CYP1A1, and CYP1B1, which was associated with a proportional increase in the expression of anti-apoptotic proteins, BCL-2, BCL-xl, and MCL-1. To the best of our knowledge, this is the first report that describes the crosstalk between AhR and BCL-2 in OC and proposes a role of the AhR/CYP1 pathway in OC chemoresistance. The anti-apoptotic role of AhR was previously reported in breast cancer [22], UVB-irradiated human keratinocytes [23], and primary rat hepatocytes by inhibiting pro-apoptotic proteins [24].



The availability of resistant OC cells (A2780cis) allows us to further assess the involvement of AhR in the chemoresistance of OC cells which showed a differential expression of the downstream proteins of AhR and BCL-2 pathways in cisplatin-resistant A2780cis. AhR induction by TCDD in wild-type A2780 cells induced both AhR as well as BCL-2 family proteins, suggesting crosstalk between AhR and BCL-2 in chemoresistance. These results were further confirmed by our observations that AhR induction reduced the proportion of apoptotic OC cells, increased the cells in the G0–G1 phase, and decreased the DNA double-strand breaks. Surprisingly, A2780cis cells were resistant to the anti-apoptotic effect of AhR activation as evidenced by no induction of the levels of BCL-2 proteins, cell cycle phases, and DNA strand break. Although the mechanisms of resistance are not fully understood, this effect could be correlated to the property of drug efflux mechanisms carried out by chemoresistant cell lines [25].



Perhaps the most interesting part of the study is exploring the molecular mechanisms modulating the AhR chemoresistance in OC. In this study, we specifically explored three pathways, PI3k/Akt, stemness, and EMT. The PI3K/AKT pathway is one of the most frequently upregulated pathways in several cancers and is found to contribute to cancer cell proliferation, invasion, metastasis, and drug resistance [26,27]. In leukemia, upregulation of the PI3K/AKT pathway is linked to poor prognosis [28]. In this regard, although the PI3K/Akt/cyclin D1 proteins are constitutively expressed in both cells, TCDD only induced these proteins in A2780 but not in resistant cells. This could be attributed to the property of drug efflux mechanisms carried out by chemoresistant cell lines [25].



A previous study in breast cancer MCF-7 cells showed that activation of AhR/CYP1A1 increased the chemoresistance by activating the Wnt/β-catenin and ALDH pathways [8], pathways that mediate CSCs development, maintenance, and self-renewal [29]. Thus, we questioned the involvement of these pathways in AhR-BCL-2 crosstalk in OC. In the current study, we observed that AhR activation induced Wnt/β-catenin, Notch, and ALDH pathways in wild-type A2780 cells, but not in the resistant A2780cis cells, indicating that other pathways might be involved. Studies have shown that activation of β-catenin and Akt pathways by Twist, an important transcriptional factor involved in EMT, is crucial for the maintenance of EMT-associated, CSC-like features in cervical and breast cancer cells [30]. EMT is a highly dynamic biological process, where epithelial cells lose their apical–basal polarity, and their adhesive property and gain a mesenchymal phenotype with enhanced migratory properties, invasiveness, and metastasis [31]. Since our previous results confirmed that the cells were attaining stemness-like properties, and resistance to apoptosis, we questioned whether EMT could be one of the involved mechanisms. We report here, for the first time, that resistant cells express higher levels of mesenchymal markers and have high migration metastatic potentials as compared to wild-type A2780 cells, indicating that EMT could be the main pathway that mediates the chemoresistance of these cells (Figure 6).




4. Materials and Methods


4.1. Chemicals and Reagents


TCDD was procured from Toronto Research Chemicals (Toronto, ON, Canada). The antibodies against AhR, CYP1A1, CYP1B1, BCL−2, MCL−1, BCL−xl, and ALDH1A1 were purchased from Santacruz Biotechnology (Heidelberg, Germany), while antibodies against Bax, Oct−4, Nanog, CD−133, E−Cadherin, Vimentin, β−Catenin, PI3K, phospho−PI3K, AKT, phospho−AKT, cyclin D1, GLI−1, NOTCH−1, and GAPDH were bought from Cell Signaling Technologies (Beverly, MA, USA). All kits for flow cytometric analysis were obtained from BD Biosciences (Franklin Lakes, NJ, USA).




4.2. OC Cell Lines and Cell Culture


Human OC cell lines, PA-1 (ATCC CRL-1572TM), OVCAR-3 (ATCC HTB-161TM), CAOV-3 (ATCC HTB-75TM), SKOV-3 (ATCC HTB-77TM), SW 626 (ATCC HTB-78TM) were obtained from the American Type Culture Collection (ATCC, Rockville, MD). A2780 (ECACC 93112519), and cisplatin resistant A2780cis (ECACC 93112519) human OC cells were ordered from European Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK). The cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 20% serum (FBS), and 1% antibiotic solution (penicillin 100 mg/mL/streptomycin 10 mg/mL). The cell lines were cultured at 370C in a humidified 5% CO2- 95% air atmosphere.




4.3. Protein Extraction and Western Blot Analysis


Protein extraction was carried out as described previously [32]. Fifty micrograms of protein were separated on an SDS polyacrylamide gel followed by immunoblotting as described before [33]. The protein bands were then detected by ECL chemiluminescent substrate (BioRad Western ECL Substrate) and imaged on ChemiDoc Imaging System (Bio-Rad, Hercules, CA, USA). The protein panels shown in the figures are a composite of different blots and are representative blots for the indicated proteins and the loading control. Densitometric analysis was performed using ImageJ software (https://imagej.nih.gov/ij/ accessed on 1 May 2022).




4.4. Real-Time Cell Analyzer (RTCA) Analysis


The real-time cell analyzer was used to analyze the cell index of untreated and TCDD treated A2780 and A2780cis cells. Briefly, 50,000 cells were seeded in electrodes containing E-Plate 16 as reported before [34]. After 24 h of incubation, cells were treated with varying doses of TCDD and were monitored in real-time for 120 h. The impedance is measured by electronic sensors and expressed as the cell index value.




4.5. Clonogenic Assay


Approximately 4000 cells/well seeded in 12-well plates, with and without varying concentrations of TCDD, and grown for two weeks for developing colonies. Upon incubation, the wells were first washed gently with PBS followed by fixing using glutaraldehyde (6.0% v/v) solution. The colonies in each well were then stained with crystal violet (0.5% w/v) for 1 h. The colonies were then washed gently in the water, dried, and imaged by a charged-coupled device camera (Nikon D3200).




4.6. Apoptosis Assay


The presence of apoptotic cells was analyzed using Annexin-V/Propidium Iodide Dual Staining (BD Biosciences, San Jose, CA, USA) as per the manufacturer’s protocol on BD LSRFortessa analyzer (BD Biosciences) as explained previously [35].




4.7. Cell Cycle Analysis


A2780 and A2780cis cells untreated and treated with TCDD were trypsinized, washed, and stained with PI/RNAase solution (25 μg/mL), and the cell cycle stages were examined by flow cytometry by BD LSRFortessa analyzer as explained before [36].




4.8. H2AX Phosphorylation Assay


A2780 and A2780cis cells untreated and treated with TCDD were fixed, permeabilized, and then stained with 3 μL of pH2AX (pS139)-Alexa Fluor 647 antibody for 30 min. The cells were then washed with FBS and the content and expression of phosphorylated H2AX were determined by the BD LSRFortessa cell analyzer [37].




4.9. Wound Healing/Scratch Assay


Approximately 90% of confluent A2780 and A2780cis cells were scratched from one end of the wall to the other using a sterile 200 μL pipette tip. After washing out the detached cells carefully using PBS, the cells were incubated in fresh media for 24 h without and with 10 nM TCDD. Migration of cells was observed at 0 and 24 h using an Evos microscope, and images were captured at 4× magnification. The experiment was performed in triplicate.




4.10. Statistical Analysis


Statistical analysis was carried out using Graph Pad Prism 9.0 software. The differences between control and treatment groups were evaluated using one-way ANOVA, and Dunnett’s test. p ≤ 0.05 was considered statistically significant. Data are shown as mean ± SD from three different experiments.





5. Conclusions


Taken into account, the current study provides the first evidence that the AhR/CYP1A pathway regulates OC progression via the activation of PI3K/AKT, stemness characteristics via the activation of Wnt/β-catenin and NOTCH pathways, and induces metastasis via inducing epithelial to mesenchymal transition (Figure 5). A further mechanistic study involving the AhR inhibitor would further validate the involvement of AhR in regulating carcinogenesis, proliferation, metastasis, and chemoresistance in OC cells.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms23126395/s1.





Author Contributions


Conceptualization, H.M.K. and S.U.; methodology, L.T., J.M.M., F.A.; software, L.T., F.A.; validation, L.T., S.U., R.K. and H.M.K.; formal analysis, L.T., R.K., S.U. and H.M.K.; investigation, L.T. and S.U.; resources, S.U. and H.M.K.; writing—original draft preparation, L.T., S.U. and H.M.K.; writing—review and editing, L.T., R.K., S.U. and H.M.K.; visualization, L.T., R.K., F.A., S.U. and H.M.K.; supervision, H.M.K., S.U. and R.K.; project administration, H.M.K.; funding acquisition, H.M.K. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Medical Research center (MRC), Hamad Medical Corporation (MRC-01-21-820), Doha, Qatar, and Office of Research Support, Qatar University (QUST-1-CPH-2019-18), Doha, Qatar.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


Authors clarify no conflict of interest.




References


	



Society, A.C. Key Statistics for Ovarian Cancer. Am. Cancer Soc. 2021. Available online: https://www.cancer.org/cancer/ovarian-cancer/about/key-statistics.html (accessed on 1 May 2022).

	



Guo, C.; Song, C.; Zhang, J.; Gao, Y.; Qi, Y.; Zhao, Z.; Yuan, C. Revisiting chemoresistance in ovarian cancer: Mechanism, biomarkers, and precision medicine. Genes Dis. 2020, 3, 668–681. [Google Scholar] [CrossRef]

	



Ahmed, N.; Abubaker, K.; Findlay, J.K. Ovarian cancer stem cells: Molecular concepts and relevance as therapeutic targets. Mol. Asp. Med. 2014, 39, 110–125. [Google Scholar] [CrossRef] [PubMed]

	



Hurtado-De-Mendoza, A.; Graves, K.D.; Gómez-Trillos, S.; Song, M.; Anderson, L.; Campos, C.; Carrera, P.; Ostrove, N.; Peshkin, B.N.; Schwartz, M.D.; et al. Developing a culturally targeted video to enhance the use of genetic counseling in Latina women at increased risk for hereditary breast and ovarian cancer. J. Community Genet. 2019, 11, 85–99. [Google Scholar] [CrossRef]

	



Mosgaard, B.J.; Meaidi, A.; Høgdall, C.; Noer, M.C. Risk factors for early death among ovarian cancer patients: A nationwide cohort study. J. Gynecol. Oncol. 2020, 31, e30. [Google Scholar] [CrossRef]

	



Zheng, G.; Yu, H.; Kanerva, A.; Försti, A.; Sundquist, K.; Hemminki, K. Familial Ovarian Cancer Clusters with Other Cancers. Sci. Rep. 2018, 8, 11561. [Google Scholar] [CrossRef]

	



Wu, C.; Yu, S.; Tan, Q.; Guo, P.; Liu, H. Role of AhR in regulating cancer stem cell–like characteristics in choriocarcinoma. Cell Cycle 2018, 17, 2309–2320. [Google Scholar] [CrossRef]

	



Al-Dhfyan, A.; Alhoshani, A.; Korashy, H.M. Aryl hydrocarbon receptor/cytochrome P450 1A1 pathway mediates breast cancer stem cells expansion through PTEN inhibition and β-Catenin and Akt activation. Mol. Cancer 2017, 16, 1–18. [Google Scholar] [CrossRef]

	



Stanford, E.A.; Wang, Z.; Novikov, O.; Mulas, F.; Landesman-Bollag, E.; Monti, S.; Smith, B.W.; Seldin, D.C.; Murphy, G.J.; Sherr, D.H. The role of the aryl hydrocarbon receptor in the development of cells with the molecular and functional characteristics of cancer stem-like cells. BMC Biol. 2016, 14, 20. [Google Scholar] [CrossRef]

	



Juricek, L.; Coumoul, X. The Aryl Hydrocarbon Receptor and the Nervous System. Int. J. Mol. Sci. 2018, 19, 2504. [Google Scholar] [CrossRef]

	



Vacher, S.; Castagnet, P.; Chemlali, W.; Lallemand, F.; Meseure, D.; Pocard, M.; Bieche, I.; Perrot-Applanat, M. High AHR expression in breast tumors correlates with expression of genes from several signaling pathways namely inflammation and endogenous tryptophan metabolism. PLoS ONE 2018, 13, e0190619. [Google Scholar] [CrossRef]

	



Silginer, M.; Burghardt, I.; Gramatzki, D.; Bunse, L.; Leske, H.; Rushing, E.J.; Hao, N.; Platten, M.; Weller, M.; Roth, P. The aryl hydrocarbon receptor links integrin signaling to the TGF-β pathway. Oncogene 2016, 35, 3260–3271. [Google Scholar] [CrossRef]

	



Díaz-Díaz, C.J.; Ronnekleiv-Kelly, S.; Nukaya, M.; Geiger, P.G.; Balbo, S.; Dator, R.; Megna, B.; Carney, P.; Bradfield, C.A.; Kennedy, G.D. The Aryl Hydrocarbon Receptor is a Repressor of Inflammation-associated Colorectal Tumorigenesis in Mouse. Ann. Surg. 2016, 264, 429–436. [Google Scholar] [CrossRef]

	



Bunaciu, R.P.; Yen, A. Activation of the aryl hydrocarbon receptor ahr promotes retinoic acid-induced differentiation of myelo-blastic leukemia cells by restricting expression of the stem cell transcription factor Oct4. Cancer Res. 2011, 71, 2371–2380. [Google Scholar] [CrossRef]

	



Ronnekleiv-Kelly, S.M.; Nukaya, M.; Díaz-Díaz, C.J.; Megna, B.W.; Carney, P.R.; Geiger, P.G.; Kennedy, G.D. Aryl hydrocarbon receptor-dependent apoptotic cell death induced by the flavonoid chrysin in human colorectal cancer cells. Cancer Lett. 2016, 370, 91–99. [Google Scholar] [CrossRef]

	



Contador-Troca, M.; Alvarez-Barrientos, A.; Barrasa, E.; Rico-Leo, E.M.; Catalina-Fernández, I.; Menacho-Márquez, M.; Bustelo, X.R.; Garcia-Borron, J.C.; Gómez-Durán, A.; Sáenz-Santamaría, J.; et al. The dioxin receptor has tumor suppressor activity in melanoma growth and metastasis. Carcinogenesis 2013, 34, 2683–2693. [Google Scholar] [CrossRef] [PubMed]

	



Deuster, E.; Mayr, D.; Hester, A.; Kolben, T.; Zeder-Göß, C.; Burges, A.; Mahner, S.; Jeschke, U.; Trillsch, F.; Czogalla, B. Correlation of the Aryl Hydrocarbon Receptor with FSHR in Ovarian Cancer Patients. Int. J. Mol. Sci. 2019, 20, 2862. [Google Scholar] [CrossRef]

	



Saygin, C.; Samour, M.; Chumakova, A.; Jarrar, A.; Lathia, J.D.; Reizes, O. Reporter Systems to Study Cancer Stem Cells. Methods Mol. Biol. 2016, 1516, 319–333. [Google Scholar] [CrossRef]

	



Sari, I.N.; Phi, L.T.H.; Jun, N.; Wijaya, Y.T.; Lee, S.; Kwon, H.Y. Hedgehog Signaling in Cancer: A Prospective Therapeutic Target for Eradicating Cancer Stem Cells. Cells 2018, 7, 208. [Google Scholar] [CrossRef]

	



Li, S.-S.; Ma, J.; Wong, A.S.T. Chemoresistance in ovarian cancer: Exploiting cancer stem cell metabolism. J. Gynecol. Oncol. 2018, 29, e32. [Google Scholar] [CrossRef]

	



Salehi, F.; Dunfield, L.; Phillips, K.P.; Krewski, D.; Vanderhyden, B.C. Risk Factors for Ovarian Cancer: An Overview with Emphasis on Hormonal Factors. J. Toxicol. Environ. Health B 2008, 11, 301–321. [Google Scholar] [CrossRef]

	



Bekki, K.; Vogel, H.; Li, W.; Ito, T.; Sweeney, C.; Haarmann-Stemmann, T.; Matsumura, F.; Vogel, C.F.A. The aryl hydrocarbon receptor (AhR) mediates re-sistance to apoptosis induced in breast cancer cells. Pestic. Biochem. Physiol. 2015, 120, 5–13. [Google Scholar] [CrossRef]

	



Frauenstein, K.; Sydlik, U.; Tigges, J.; Majora, M.; Wiek, C.; Hanenberg, H.; Abel, J.; Esser, C.; Fritsche, E.; Krutmann, J.; et al. Evidence for a novel anti-apoptotic pathway in human keratinocytes involving the aryl hydrocarbon receptor, E2F1, and checkpoint kinase 1. Cell Death Differ. 2013, 20, 1425–1434. [Google Scholar] [CrossRef] [PubMed]

	



Chopra, M.; Gährs, M.; Haben, M.; Michels, C.; Schrenk, D. Inhibition of apoptosis by 2,3,7,8-tetrachlorodibenzo-p-dioxin depends on protein biosynthesis. Cell Biol. Toxicol. 2010, 26, 391–401. [Google Scholar] [CrossRef] [PubMed]

	



Koshkin, V.; De Oliveira, M.B.; Peng, C.; Ailles, L.E.; Liu, G.; Covens, A.; Krylov, S.N. Multi-drug-resistance efflux in cisplatin-naive and cisplatin-exposed A2780 ovarian cancer cells responds differently to cell culture dimensionality. Mol. Clin. Oncol. 2021, 15, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Dong, C.; Wu, J.; Chen, Y.; Nie, J.; Chen, C. Activation of PI3K/AKT/mTOR Pathway Causes Drug Resistance in Breast Cancer. Front. Pharmacol. 2021, 12, 628690. [Google Scholar] [CrossRef] [PubMed]

	



Rascio, F.; Spadaccino, F.; Rocchetti, M.; Castellano, G.; Stallone, G.; Netti, G.; Ranieri, E. The Pathogenic Role of PI3K/AKT Pathway in Cancer Onset and Drug Resistance: An Updated Review. Cancers 2021, 13, 3949. [Google Scholar] [CrossRef]

	



Min, Y.H.; Eom, J.; Cheong, J.W.; Maeng, H.; Kim, J.Y.; Jeung, H.K.; Lee, S.T.; Lee, M.H.; Hahn, J.S.; Ko, Y.W. Constitutive phosphorylation of Akt/PKB protein in acute myeloid leukemia: Its significance as a prognostic variable. Leukemia 2003, 17, 995–997. [Google Scholar] [CrossRef]

	



Kumar, V.; Vashishta, M.; Kong, L.; Wu, X.; Lu, J.J.; Guha, C.; Dwarakanath, B.S. The Role of Notch, Hedgehog, and Wnt Signaling Pathways in the Resistance of Tumors to Anticancer Therapies. Front. Cell Dev. Biol. 2021, 9, 650772. [Google Scholar] [CrossRef]

	



Li, J.; Zhou, B.P. Activation of β-catenin and Akt pathways by Twist are critical for the maintenance of EMT associated cancer stem cell-like characters. BMC Cancer 2011, 11, 49. [Google Scholar] [CrossRef]

	



Lai, X.; Li, Q.; Wu, F.; Lin, J.; Chen, J.; Zheng, H.; Guo, L. Epithelial-Mesenchymal Transition and Metabolic Switching in Cancer: Lessons from Somatic Cell Reprogramming. Front. Cell Dev. Biol. 2020, 8, 760. [Google Scholar] [CrossRef]

	



Therachiyil, L.; Haroon, J.; Sahir, F.; Siveen, K.S.; Uddin, S.; Kulinski, M.; Buddenkotte, J.; Steinhoff, M.; Krishnankutty, R. Dysregulated Phosphorylation of p53, Autophagy and Stemness Attributes the Mutant p53 Harboring Colon Cancer Cells Impaired Sensitivity to Oxaliplatin. Front. Oncol. 2020, 10, 1744. [Google Scholar] [CrossRef] [PubMed]

	



Leo, R.; Therachiyil, L.; Siveen, S.K.; Uddin, S.; Kulinski, M.; Buddenkotte, J.; Steinhoff, M.; Krishnankutty, R. Protein Expression Profiling Identifies Key Proteins and Pathways Involved in Growth Inhibitory Effects Exerted by Guggulsterone in Human Colorectal Cancer Cells. Cancers 2019, 11, 1478. [Google Scholar] [CrossRef] [PubMed]

	



Oberg, H.-H.; Peters, C.; Kabelitz, D.; Wesch, D. Real-time cell analysis (RTCA) to measure killer cell activity against adherent tumor cells in vitro. Methods Enzym. 2019, 631, 429–441. [Google Scholar] [CrossRef]

	



Siveen, K.S.; Mustafa, N.; Li, F.; Kannaiyan, R.; Ahn, K.S.; Kumar, A.P.; Chgn, W.J. Thymoquinone overcomes chemoresistance and enhances the anticancer effects of bortezomib through abrogation of NF-κB regulated gene products in multiple myeloma xenograft mouse model. Oncotarget 2014, 5, 634. [Google Scholar] [CrossRef]

	



Kuttikrishnan, S.; Siveen, K.S.; Prabhu, K.S.; Khan, A.Q.; Akhtar, S.; Mateo, J.M.; Merhi, M.; Taha, R.; El Omri, H.; Mraiche, F.; et al. Sanguinarine suppresses growth and induces apoptosis in childhood acute lymphoblastic leukemia. Leuk. Lymphoma 2019, 60, 782–794. [Google Scholar] [CrossRef]

	



Krishnankutty, R.; Iskandarani, A.; Therachiyil, L.; Uddin, S.; Azizi, F.; Kulinski, M.; Bhat, A.A.; Mohammad, R.M. Anticancer Activity of Camel Milk via Induction of Autophagic Death in Human Colorectal and Breast Cancer Cells. Asian Pac. J. Cancer Prev. 2018, 19, 3501–3509. [Google Scholar] [CrossRef]








[image: Ijms 23 06395 g001 550] 





Figure 1. Constitutive and inducible expression of AhR and BCL family proteins in OC cells. Immunoblot analysis of (A,B) constitutive and (C,D) TCDD-inducible protein expression levels of the target genes in OC cells using GAPDH as a housekeeping gene. The protein panels are a composite of different blots and are representative blots for the indicated proteins and the loading control. (E) Fold change of Bcl-xl to BAX ratio in constitutive and TCDD-inducible OC. Intensities of each bad were quantified using ImageJ software mean ±SD (n = 3). *; p < 0.05 compared to the corresponding control. 
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Figure 2. Effect of AhR activation on cell growth, cell survival, and AhR and BCL-2 family proteins in A2780 and A2780cis cell lines. A2780 and A2780cis cells were treated with wide concentrations of TCDD at different time intervals. (A) Cell growth was real-time monitored for 120 h. (B) Cell survival was determined by colony formation assay analysis. Protein expression levels of (C) AhR, CYP1A1, CYP1B1, MCL−1, BCL−2, and BCL−xl proteins in response to 24 h TCDD treatment were determined by Western blot analysis. The protein panels are a composite of different blots and are representative blots for the indicated proteins and the loading control. 
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Figure 3. Effect of AhR activation on apoptosis, cell cycle, and phoshoH2AX levels in A2780 and A2780cis cell lines. A2780 and A2780cis cells were treated with wide concentrations of TCDD at different time intervals. (A) apoptosis, (B) cell cycle phases, and (C) phoshoH2AX levels in both A2780 and A2780cis cells were determined by flow cytometric analysis. 
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Figure 4. Effect of AhR activation on transcription factors and stemness markers in A2780 and A2780cis cells. A2780 and A2780cis cells were treated for 24 h with 10 nM TCDD. Protein expression levels of (A) PI3K, p−PI3K, Akt, p-Akt, and Cyclin D1, (B) GLI−1, NOTCH1, and β−catenin, (C) ALDH1A1, CD−133, Oct−4, and Nanog were determined by Western blot analysis. The protein panels are a composite of different blots and are representative blots for the indicated proteins and the loading control. The semi−quantitative analysis of the expression of the target proteins is presented in Figure S1. 
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Figure 5. Effect of AhR activation on EMT levels and metastasis potential in A2780 and A2780cis cells. A2780 and A2780cis cells were treated for 24 h with 10 nM TCDD. (A) Protein expression levels of E−cadherin, vimentin, and snail were determined by Western blot analysis. The protein panels are a composite of different blots and are representative blots for the indicated proteins and the loading control. (B) Migratory behavior was performed using a wound−healing assay. The semi−quantitative analysis of the expression of the target proteins is presented in Figure S2. 
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Figure 6. The graphical postulation of the proposed mechanisms (created with Biorender.com). 
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