

[image: Withaferin A Acts as a Novel Regulator of Liver X Receptor-α in HCC]
Withaferin A Acts as a Novel Regulator of Liver X Receptor-α in HCC





ORIGINAL RESEARCH

published: 29 January 2021

doi: 10.3389/fonc.2020.628506

[image: image2]


Withaferin A Acts as a Novel Regulator of Liver X Receptor-α in HCC


Varsha D. Shiragannavar 1, Nirmala G. Sannappa Gowda 1, Divya P. Kumar 1, Faridoddin Mirshahi 2 and Prasanna K. Santhekadur 1*


1 Department of Biochemistry, Center of Excellence in Molecular Biology & Regenerative Medicine, JSS Medical College, JSS Academy of Higher Education and Research, Mysore, India, 2 Division of Gastroenterology, Hepatology and Nutrition, Virginia Commonwealth University, Richmond, VA, United States




Edited by:
 Kanjoormana Aryan Manu, Amala Cancer Research Centre, India

Reviewed by:
 Krishna M. Boini, University of Houston, United States
 Prashant Khare, All India Institute of Medical Sciences Bhopal, India
 Senthilkumar Rajagopal, Rayalaseema University, India

*Correspondence:
 Prasanna K. Santhekadur
 prasannakumars@jssuni.edu.in

Specialty section: 
 This article was submitted to Gastrointestinal Cancers, a section of the journal Frontiers in Oncology


Received: 12 November 2020

Accepted: 04 December 2020

Published: 29 January 2021

Citation:
Shiragannavar VD, Gowda NGS, Kumar DP, Mirshahi F and Santhekadur PK (2021) Withaferin A Acts as a Novel Regulator of Liver X Receptor-α in HCC. Front. Oncol. 10:628506. doi: 10.3389/fonc.2020.628506



Withaferin A, a steroidal lactone derived from the Withania somnifera plant has been known for its anti-cancerous effects on various types of cancer cells. However, its effect on the hallmarks of cancer such as proliferation, migration, invasion, and angiogenesis is still poorly understood. The antitumor property of Withaferin A and its molecular mechanism of action on hepatocellular carcinoma (HCC) cells is not yet completely established. In this study, we aimed to elucidate the novel molecular function of Withaferin A on HCC cells and its effect on various gene expression. Our results clearly showed that Withaferin A treatment to HCC cells inhibited proliferation, migration, invasion, and anchorage-independent growth. Further, we explored the Withaferin A target genes by blotting human angiogenesis, and cytokine arrays using conditioned media of Withaferin A treated QGY-7703 cells. We found that many of Nuclear factor kappa B (NF-κB), angiogenesis and inflammation associated proteins secretion is downregulated upon Withaferin A treatment. Interestingly, all these genes expression is also negatively regulated by nuclear receptor Liver X receptor-α (LXR-α). Here, we explored a novel mechanism that Withaferin-A activated LXR-α inhibits NF-κB transcriptional activity and suppressed the proliferation, migration, invasion, and anchorage-independent growth of these HCC cells. All these data strongly confirmed that Withaferin A is a potent anticancer compound and suppresses various angiogenesis and inflammatory markers which are associated with the development and progression of HCC. This beneficial and potential therapeutic property of Withaferin A will be very useful for the treatment of HCC.
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Introduction

Hepatocellular Carcinoma is one of the menacing and most common types of primary liver cancers and it is the third most leading cause of cancer-related deaths across the globe (1, 2). Commonly known HCC causes include Hepatitis B Virus, Hepatitis C Virus, exposure to dietary and environmental toxins, and carcinogens such as Aflatoxins and aristolochic acid, also chronic and excess alcoholism. Recently, due to lifestyle modifications, lack of physical activity or exercise is leading to obesity, type 2 diabetes, cardiovascular diseases, and non-alcoholic fatty liver disease (NAFLD) associated HCC (3). HCC has a direct link with excess intake of high calorie diet, dyslipidemia, insulin resistance, endoplasmic reticulum stress, oxidative stress, and adiposity (4). There are various signaling pathways associated with the initiation, development, and progression of hepatocellular carcinoma (5). Some of these signaling pathways are involved in proliferation, invasion, migration, anchorage-independent growth, and resistance to apoptotic stimuli (6). Targeting these pathways with suitable and specific drugs to treat HCC is the urgent need of the hour.

Angiogenesis is one of the important hallmarks of all types of cancer and is also involved in growth, development, and metastasis of HCC (7). There are many angiogenic factors involved in this HCC associated tumor angiogenesis (8). Along with these angiogenic factors many inflammatory cytokines are also known to play a major role in this disease progression (9). It is also known that many natural compounds have exhibited their inhibitory effect on the secretion of angiogenic factors and inflammatory cytokines in various types of cancers including HCC (10, 11).

Withaferin A, a natural steroidal lactone and dietary phytochemical from Indian medicinal plant Ashwagandha (Withania Somnifera) are very well studied for its antiangiogenic potential and anti-inflammatory properties (12). Withaferin A inhibits NF-κB, Specificity protein 1 (Sp1) transcription factors, and downregulates Vascular Endothelial Growth Factor (VEGF) gene expression (13, 14). It also acts as a ligand for nuclear receptor LXR-α and activates and regulates LXR-α mediated metabolic functions (15, 16). A recent study showed the leptin sensitizing property of Withaferin-A with strong antidiabetic properties on diet induced obesity mice (17). All these studies have demonstrated the anti-metabolic syndrome effect of Withaferin A (18, 19). However, the exact molecular mechanism behind its role in the inhibition of important hallmarks of hepatocellular carcinoma is not well established and is yet to be explored.

To explore and elucidate the molecular mechanism of action of Withaferin A on HCC cells, we examined the effect of Withaferin A on proliferation, anchorage-independent growth ability, migration, invasion using HCC cells. Here, we established a very strong link between angiogenic factors and inflammatory cytokines secretion and their role in controlling cancer hallmarks upon Withaferin A treatment. We found that Withaferin A modulates the secretion of angiogenic factors and inflammatory cytokines and also inhibits proliferation, migration, invasion, and anchorage-independent growth of these cells through the activation of LXR-α and LXR-α mediated suppression of NF-κB transcription factor. Based on all these beneficial effects along with the multifaceted function of this wonder compound (19), it can also be used as a therapeutic drug in the treatment of hepatocellular carcinoma.



Materials and Methods


Cell Culture

HepG2 cells, Hep3B cells, Huh-7 cells, QGY-7703 cells, which are very well studied human hepatoma and hepatocellular carcinoma cell lines are used in this study. HepG2 and Hep3B were obtained from the American Type Culture Collection, Manassas, VA, USA. Huh-7 and QGY-7703 cells were a kind gift from Dr. Devanand Sarkar, Virginia Commonwealth University, Richmond, VA, USA. HepG2 cells, Huh-7 cells, QGY-7703 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal calf serum supplemented with 10% FBS and 1% penicillin/streptomycin, and Hep3B cells were grown in MEM alpha with 10% FBS, 5% Sodium Pyruvate, 5% Non-essential amino acids, and 1% penicillin/streptomycin at 37°C in a humidified atmosphere containing 5% CO2 and 18% O2. When cells reached 80–90% confluence of growth, they were trypsinized and seeded in different culture plates or flasks based on our experimental needs.



Proliferation Assay

Cell proliferation was evaluated by Water Soluble Tetrazolium-1 (WST-1) Cell Proliferation Assay System (Roche Diagnostics, Rotkreuz, Switzerland). HCC cells were seeded in 96-well plates at 5 × 103 cells per well and treated with Withaferin A (5 µM) at 37°C under 5% CO2 for 24 h. At the end of the 24 h period, 10 µl premixed WST-1 reagent was added to each well, and the plates were incubated further for 2 h at 37°C under 5% CO2. Thereafter, absorbance was measured at 450 nm using a Turner-Biosystems microplate reader.



Colony Formation Assay

Colony formation assay was carried out using Huh-7 and QGY-7703 cells. The cells were seeded in 6 cm dishes at a density of 500 cells per plate and treated with Withaferin A (5 µM) and cultured for about 14–16 days until the colonies were visible. The cells were fixed in formaldehyde for 20 mins and washed with running tap water and stained with 10% Giemsa (Sigma-Aldrich, St. Louis, MO, USA). After rinsing and washing with running tap water, the plates were air dried, visualized under the microscope, and photographed. The images were analyzed using NIH ImageJ software and colonies counted and numbers showed in the bar graph.



Wound Healing Assay

Wound healing assay was carried out using Huh-7 and QGY-7703 cells (2 × 105 cells/3 ml). The cells were seeded in a six-well plate and incubated at 37°C until cells were 90% confluent. A scratch was made using a 100–200 ml pipette tip, followed by washing with PBS to remove cell debris, and then treated with 5 μM Withaferin A in a complete medium. After 24 h of incubation, the cells were observed under a light microscope and randomly chosen fields were photographed at 20× objective. The percentage of Huh-7 and QGY-7703 cells migrated into the scratched area was calculated using ImageJ software.



Transwell Invasion Assay

Transwell Invasion assay was conducted using BD BioCoat Matrigel Invasion Chamber (BD Biosciences, Franklin Lakes, NJ, USA) as suggested in the manufacturer’s instructions. Pre warmed serum free media was added to the bottom side of the transwell as well as the upper chamber above the matrigel for 2 h at room temperature for rehydration. Huh-7 and QGY-7703 cells (5 × 104 cells) were seeded in the upper chamber in serum free medium (with or without 5µM Withaferin A) while the wells of the lower chamber were filled with complete medium (5% FBS). After 22 h of incubation at 37°C and 5% CO2, the cells on the upper surface of the transwell filters were removed by gentle wiping with a cotton swab and the cells attached on the lower surface of the filters were fixed and stained with Diff-Quick stain (IMEB Inc., San Marcos, CA, USA). After staining the invaded cells on the transwell filter were photographed using a microscope and invasion was determined by counting the cells using ImageJ software (6).



Soft Agar Colony Formation Assay

Anchorage-independent growth ability of HCC cells was measured by conducting soft agar colony formation assay using highly aggressive QGY-7703 cells. These cells were pretreated with vehicle control and Withaferin A for 4 h and cells were trypsinized, counted, and seeded at 105 cells/plate in 6 cm dishes with culture media containing 0.4% noble agar (Sigma-Aldrich, St. Louis, MO, USA) over a 0.8% agar base layer at 37°C with 5% CO2 for 15 days. The colonies formed were counted manually under the microscope and photographed.



Human Angiogenesis and Cytokine Arrays

Human Angiogenesis and Cytokine Arrays were carried out to measure the secreted angiogenic and cytokine markers. The QGY-7703 cells were cultured up to 70% confluence and Withaferin A was treated for 24 h and the media was changed to serum free media for further 24 h. Supernatants of cells cultured in serum free media (conditioned media) were collected, centrifuged, cell debris was separated, and the only supernatant was used to check the expression and secretion of angiogenesis associated growth factors, cytokines, and other related molecules using commercially available human angiogenesis antibody array and Human Cytokine Array kit following the manufacturer’s instructions sheets (R&D Systems, Minneapolis, MN, USA).



Quantitative Real-Time PCR

Total RNA was extracted from HepG2 cells treated with or without Withaferin A using TRIzol reagent (Thermos Scientific, Waltham, MA, USA). The experimental procedure was followed as described previously (6) and the primer sequences for the selected and validated LXR-α target genes are given in Table 1.


Table 1 | Primer sequences for the selected LXR-α target genes were used for validation after Withaferin A treatment to HepG2 cells.





Statistical Analysis

All the data are presented as means ± SEM (n = 3). Statistical significance was analyzed using a two-tailed unpaired Student’s t-test. GraphPad Prism software (version 6) was used for all statistical analyses and p values <0.05 were considered significant.




Results


Withaferin A Inhibits Proliferation, Migration, and Invasion of HCC Cells

In this study, we explored the therapeutic potential of Withaferin A on proliferation, migration, and invasion of HCC cells. HCC cells (Hep3B, HepG2, Huh-7, and QGY-7703) were treated with various doses (1, 5, and 10 µM) of Withaferin A for 24 h. The results of the WST-1 cell proliferation assay conducted at the end of the treatment period, showed that Withaferin A significantly inhibited the proliferation of HCC cells (Figure 1A) and the images were photographed under the microscope after the treatment of 5 µM Withaferin A to these cells (Figure 1B). Further, we validated the effect of Withaferin A on the colony formation ability of these cells and the results showed that more than 50% inhibition of colony formation was observed in Withaferin A treated cells compared to control cells. Colony formation assay (Figure 1D) and Soft agar colony formation assay (Figures 1C, E). Next, we determined the effects of Withaferin A (2.5 µM) on migration and invasion of QGY-7703 and Huh-7 cells by employing scratch wound-healing assay and transwell invasion assay. As shown, both the assays demonstrated that Withaferin A attenuated the migration (Figures 2A–C) and invasion (Figure 2D) of QGY-7703 and Huh-7 cells.




Figure 1 | Withaferin A inhibits proliferation of HCC cells. Cell death was induced in HCC cells by Withaferin A Cells (HepG2, Huh7, Hep3B, and QGY-7703 cells) were treated with/without Withaferin A (5 µM) for 24 h and then observed under inverted microscope (n = 3) (A). Withaferin A suppressed the proliferation of HCC cells, absorbance was measured at 48 h (n = 3) (B). Withaferin A (2.5 µM) inhibited the anchorage-independent growth of QGY-7703 cells (n = 3) (C, E) and colony formation ability (n = 3) (D).






Figure 2 | Withaferin A inhibits migration and invasion of QGY-7703 and Huh-7 cells. Cells were treated with Withaferin A (2.5 µM) for 24 h and pictures were taken before and after the treatment and the migration distance was measured using ImageJ software and percentage inhibition was measured (n = 3) (A–C) and transwell invasion was measured by staining and counting the number of invaded QGY-7703 and Huh-7 cells (n = 3) (D). *p value is less than 0.05.





Withaferin A Activates LXR-α and Inhibits NF-κB Signaling in QGY-7703 Cells

Here, we evaluated the effect of Withaferin A on the secretion of various angiogenesis markers and cytokines by QGY-7703 cells. Recently, few studies have shown that Withaferin A has LXR-α agonist property and it acts as a specific ligand for LXR-α (16–19). However, the significance of this property of Withaferin A and its molecular action is not studied in cancer cells. Withaferin A is also known for its anti-inflammatory properties via inhibiting the NF-κB transcription factor (20). LXR-α, a nuclear receptor family member is known to play a pivotal role in the various biological process which includes inflammation, cholesterol homeostasis, lipogenesis, cellular reprogramming, and decisions (16). Therefore, we focused our study on LXR-α/NF-κB signaling pathway, and the data supported our hypothesis. Withaferin A (2.5 µM) treatment decreased the secretion of various angiogenesis-related markers, growth factors, and cytokines (Serpin F1(PEDF), uPA, PDGF-AA, Angiogenin, Endothelin-1, Macrophage migration inhibitory factor (MIF), PAI-1, MCP1, ICAM-1 in QGY-7703 cells (Figures 3A, B). These factors are very well known for their pivotal role in proliferation, migration, invasion, angiogenesis, inflammation, and metastasis (21–23). It is also a known fact that NF-κB is a master regulator of various inflammatory signaling pathways (24). All these factors are directly or indirectly regulated by both NF-κB and LXR-α (25, 26). LXR-α is a negative regulator of NF-κB signaling and in this study activation of LXR-α by Withaferin A may downregulate the secretion of all these molecules via suppressing NF-κB activity.




Figure 3 | Withaferin A inhibited the secretion of angiogenesis factors and cytokines production in HCC cells. QGY-7703 cells were grown in serum free media for 24 h along with or without Withaferin A (2.5 µM). The conditioned media was used to detect the secretary angiogenic factors and cytokines (n = 3) (A, B).





Withaferin A Induces LXR-α Target Genes in HepG2 Cells

Further, to confirm the agonistic role of Withaferin A we thought of validating some of the LXR-α target genes in HCC cells. Therefore, we treated HepG2 cells with Withaferin A (2.5 µM) for 4 h and isolated total RNA from these cells, and measured the expression of ATP-binding cassette sub-family A member 1 (ABCA1), ATP-binding cassette sub-family G member 1(ABCG1), and Apolipoprotein E(ApoE). These three genes are commonly known LXR-α target genes and were found to be significantly increased in Withaferin A treated cells in comparison with vehicle controls cells (Figure 4).




Figure 4 | Withaferin A activates LXR-α and induces its target genes. HepG2 cells were grown in regular media for 4 h along with or without Withaferin A (2.5 µM). The gene expression of ABCA1, ABCG1, and ApoE were measured (n = 3) (A–C). **p value is less than 0.005 and ***p value is less than 0.001.






Discussion

Natural compounds are gaining increasing popularity in recent years as pharmaceutical drugs due to their pleiotropic effects and multifaceted beneficial properties (17, 27, 28). Dietary natural compounds are even more popular, and they lack toxic side effects, and also, they can be consumed very easily as a tonic or oral pill (29). In this study, we demonstrated the novel function of Withaferin A, a natural compound from the roots and leaves of Indian winter cherry, on the growth and aggressive behavior of HCC cells and their reprogramming via LXR-α activation (16, 17). Many previous studies have documented the medicinal properties of this miracle compound including anti-cancer activity (12, 14, 16). Withaferin A induces apoptosis by generating reactive oxygen species and down-regulating B-cell lymphoma 2 (Bcl-2) protein in human melanoma cells and breast cancer cells (30). Withaferin A suppressed human endothelial cells proliferation and tube forming ability (12, 14). It also upregulates the Nuclear factor erythroid 2-related factor 2 (Nrf2) transcription factor and protects from Acetaminophen-induced hepatotoxicity and liver injury (31). In this work, we showed that Withaferin A significantly inhibited hepatic cancer cell proliferation, migration, invasion, colony formation, and induced apoptosis as well as suppressed the secretion of angiogenic markers and inflammatory cytokines suggesting its beneficial effects on HCC cells.

Here, we tried to explore the molecular mechanism behind the inhibitory action of Withaferin-A on proliferation, migration, invasion, and anchorage-independent growth of HCC cells. The possible action of Withaferin A and its mechanism of inhibition may be by suppressing the NF-κB pathway. Inhibition of NF-κB by Withaferin A also suppressed the anchorage-independent growth, invasion, and migration (Figures 1C, E and Figures 2A–D).

Based on our angiogenesis and cytokine arrays data, we found that many LXR-α and NF-κB target genes secretion were downregulated. Some of the important angiogenic factors which are downregulated include Angiogenin, Serpin F1, or pigment epithelium-derived factor (PEDF), Platelet-Derived Growth Factor-AA (PDGF-AA), Endothelin-1, and Urokinase-type plasminogen activator (uPA). All these factors are known to be directly regulated by NF-κB signaling (32). LXR-α was known to inhibit the expression of Endothelin-1 and also suppresses the PDGF-induced proliferation and regulates uPA gene expression (33–35). Also, a previously reported study on gene regulation by LXR agonist treatment shows that synthetic LXR-ligands downregulates Angiogenin expression in the liver (36). Our Bioinformatics analysis using Champion ChiP Transcription Factor Search Portal of SA Biosciences database known as DECODE (DECipherment of DNA Elements) revealed that human Endothelin-1, Angiogenin, uPA, PDGFA, CCL2 (MCP-1), ICAM1(CD54), Serpin E1(PAI-1), and macrophage migration inhibitory factor (MIF) gene promoter regions have NF-κB binding sites. Many LXR-α agonists were also known for their effective inhibitory action on MCP-1, ICAM1, PAI-1, and other inflammatory markers (37). To confirm our experimental evidence, we further validated some of the LXR-α target genes and found that these target genes were significantly increased after Withaferin A treatment. Based on this strong and convincing evidence from our data and already known information from few reports on LXR-α and its negative regulatory role on NF-κB signaling (26), we are proposing the possible novel mechanistic model that Withaferin A may negatively regulate NF-κB transcription factor via activating LXR-α (Figure 5). There are many elegant studies, which support our evidence-based claim and have shown that activation of LXR-α results in suppression of HCC growth and development (38, 39).




Figure 5 | Schematic representation of withaferin A mediated regulation of LXR-α and NF-κB signaling in HCC. The negative regulatory role of LXR-α on NF-κB activation and Withaferin A mediated expression of LXR-α target genes.



In conclusion, Withaferin A inhibited the secretion of various angiogenic factors and cytokines secreted from human HCC cells. In this study, we also showed that Withaferin A inhibited principal hallmarks of HCC cells, such as proliferation, invasion, migration, and anchorage independent growth. Our findings provide additional evidence that this well-known dietary phytochemical has a novel function and it can be used as a promising anticancer compound in the treatment of highly aggressive HCC.
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