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Abstract

:

Brain and other nervous system cancers are the 10th leading cause of death worldwide. Genome instability, cell cycle deregulation, epigenetic mechanisms, cytoarchitecture disassembly, redox homeostasis as well as apoptosis are involved in carcinogenesis. A diet rich in fruits and vegetables is inversely related with the risk of developing cancer. Several studies report that cruciferous vegetables exhibited antiproliferative effects due to the multi-pharmacological functions of their secondary metabolites such as isothiocyanate sulforaphane deriving from the enzymatic hydrolysis of glucosinolates. We treated human astrocytoma 1321N1 cells for 24 h with different concentrations (0.5, 1.25 and 2.5% v/v) of sulforaphane plus active myrosinase (Rapha Myr®) aqueous extract (10 mg/mL). Cell viability, DNA fragmentation, PARP-1 and γH2AX expression were examined to evaluate genotoxic effects of the treatment. Cell cycle progression, p53 and p21 expression, apoptosis, cytoskeleton morphology and cell migration were also investigated. In addition, global DNA methylation, DNMT1 mRNA levels and nuclear/mitochondrial sirtuins were studied as epigenetic biomarkers. Rapha Myr® exhibited low antioxidant capability and exerted antiproliferative and genotoxic effects on 1321N1 cells by blocking the cell cycle, disarranging cytoskeleton structure and focal adhesions, decreasing the integrin α5 expression, renewing anoikis and modulating some important epigenetic pathways independently of the cellular p53 status. In addition, Rapha Myr® suppresses the expression of the oncogenic p53 mutant protein. These findings promote Rapha Myr® as a promising chemotherapeutic agent for integrated cancer therapy of human astrocytoma.
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1. Introduction


Currently, the strategies involved in the prevention, progression, remission and relapse of cancer represent the key priority aims in public health worldwide [1,2].



Anaplastic astrocytomas and glioblastomas (GBM) represent the most frequent and aggressive primary malignancies of the central nervous system. So far, they are incurable diseases due mostly to their highly invasive phenotype, and the poor efficiency of the available therapies further reduced by the blood brain barrier that limits the delivery of drugs into the brain. Moreover, the current chemotherapy may lead to drug resistance in GBM treatment. Therefore, the treatment of these tumors constitutes a fundamental challenge for neuro-oncology and there is an urgent need to fully understand the molecular background of these cancers and to develop new promising therapeutic strategies [3].



The hallmarks of tumorigenesis and cancer progression are genetic instability, deregulation of epigenetic mechanisms, oxidative homeostasis, cell cycle progression, tumor microenvironment, and cell death program activation (e.g., the apoptotic cascade) [4]. Anoikis, a greek word meaning loss of “home” or “homelessness”, is a specific form of caspase-mediated programmed cell death that occurs when the cell cycle is arrested due to the loss of the normal cell–matrix interactions. Anoikis represents an essential defense for the organism by inhibiting detached cells’ re-adhesion to new matrices in inappropriate environments and their dysplastic growth. As a result, the resistance to anoikis program execution, an emerging hallmark of cancer cells, is a crucial step in the acquisition of malignancy as cancer cells can migrate throughout the body, spread into the surrounding tissues and distant organs, and grow metastatically [5]. A main role in anoikis is played by Integrins, surface receptors composed of two non-covalently associated α and β subunits that sense the extracellular matrix (ECM) and connect it to the cytoskeleton, therefore regulating many important cell processes. In adherent cells, in fact, cell-specific activation of Integrins and their downstream signaling mediators are responsible for anoikis protection by transducing signals, which are necessary for cell proliferation, survival and migration, from the extracellular matrix (ECM) to the cell [5,6]. Moreover, unligated Integrins can also act as cell-death promoters, through a process named ‘integrin-mediated death’ (IMD). In neuroblastoma cells, anoikis obtained by unligated integrin-induced caspase 8 activation prevents metastasis and the caspase-8 suppression is associated with increased invasive capacity in vivo [7].



In addition, a body of literature data highlights that epigenetic aberrations such as alterations in chromatin state, DNA methylation, histone modifications and the posttranscriptional regulation of gene expression by miRNAs play a crucial role in the tumor suppressor silencing, oncogene activation, or in the cell fate transitions, thus giving rise to all of the classic hallmarks of cancer [8,9,10].



All these aspects of cancer biology are widely regulated by environmental and lifestyle factors including physical activity, nutrition, dietary supplements (herbs, nutraceuticals and phytochemicals) and synthetic agents. Many natural bioactive compounds have demonstrated their capability in counteracting tumorigenesis as well as tumor progression in various cancer types, through their impact on genomic instability, tumor-promoting inflammation, dysregulated metabolism, immune system evasion and epigenetics [4,11,12]. These findings have encouraged the research and the use of diet and/or nutraceutical supplementation as new integrated therapies in primary cancer prevention, in improving the efficiency of chemotherapy and in survivors’ management [13].



Cruciferous vegetables (broccoli, broccoli sprouts, cabbage or kale), a rich source of glucosinolates, which are metabolized to isothiocyanate compounds (ITCs), exert many anticancer effects both in vitro and in vivo models [14]. Sulforaphane (1-siothiocyanato-4-methylsulfinylbutane, SFN), obtained from myrosinase-catalyzed hydrolysis of glucoraphanin (GR), is one of the major ITCs that regulates carcinogenesis through the targeting of multiple mechanisms within the cell [15].



Notably, SFN exerts its effects through the Nrf2-mediated induction of phase II detoxification enzymes, with the suppression of oxidative stress-induced DNA damage, inhibition of proliferation, histones modulation, anti-inflammatory and pro-apoptotic activity [15,16,17,18,19]. Moreover, SFN is able to enhance the anticancer activity of chemotherapeutic agents [20,21] and to renew anoikis resistance in many common cancers, e.g., prostate, lung and colorectal cancers [22,23,24].



Although SFN is water-soluble and well absorbed after oral administration both in humans and animals [25,26], the SFN bioavailability from cruciferous vegetables varies widely based upon many factors, mainly stemming from the conversion rate of GR to SNF by the enzyme myrosinase. This plant enzyme is commonly segregated from the glucosinolates until the cells are disrupted and is also produced by gut microbiome [27]. The inactivation of myrosinase, as it may be in extract supplementation, significantly reduces SFN absorption [28].



Sita et al. (2018) reviewed a number of studies reporting the use of adjunctive SFN therapy in GBM for better targeting resistance and synergistically complementing and improving standard treatments as it induces apoptosis, and inhibits both growth and invasion of GBM cells [3].



Moreover, we chose the 1321N1 cell line with mutated cellular tumor antigen p53 (mut p53 R213Q) as a model, because the p53 gene is mutated in approximately 40% of astrocytic tumours and dissection of the molecular pathogenesis of astrocytic tumors has identified defects in the p53 pathway as one of the most common molecular alterations observed in human astrocytoma involved in both the early transforming events and progression from low-grade to high-grade neoplasms. The functional elimination of these critical cell cycle regulatory and apoptosis-inducing factors is believed to contribute to the aggressive and invasive nature of these tumors [29].



For the first time, we utilized Rapha Myr®, a novel blend of broccoli seed extract (Brassica Oleracea s.e., Sulforaphane glucosinolate titer 11%) plus active myrosinase, to treat the human astrocytoma cell line (1321N1). In the present study, we investigated the anticancer activity of Rapha Myr®, demonstrating that Rapha Myr® elicited antiproliferative effects by inducing cell cycle arrest, oxidative stress and genotoxicity accompanied by global DNA hypermethylation and increased levels of DNA methyltransferase 1 (DNMT1), and changes in sirtuins’ expression and activity. Moreover, after Rapha Myr® treatment, the cells lose migratory and proliferative properties as proved by cell migration inhibition, cytoskeleton network destructuration, and the blocking of integrin α5 translocation and expression. As result, the cell cycle is arrested and an anoikis-like death is induced via p53-independent mechanisms and under the epigenetic control of gene expression.




2. Results


2.1. Antioxidant Capability of Rapha Myr®


The results of antioxidant capability refer to different concentrations of Rapha Myr® extract measured by DPPH assay and are reported in Figure 1. The data shows that an important antioxidant activity is exhibited only at a concentration of Rapha Myr® higher than 2.5% v/v.




2.2. MTT Assay, Cell Morphological Analysis, DNA Integrity and Redox Status


We compared the cytotoxicity of Rapha Myr® extract in tumour and non-tumour cells by evaluating the IC50 values and cell morphology in 1321N1 (human astrocytoma cell line), U87 (human glioblastoma cell line), SHSY5Y (human neuroblastoma cell line) and HFF1 (Human Foreskin Fibroblast cell line).



MTT assay was performed on all cell lines treated with Rapha Myr® extract (0.5–10% v/v) for 24 h. The treatment of both glioma cells (1321N1 and U87) and neuroblastoma cells (SHSY5Y) with Rapha Myr® extract results in various degrees of inhibition of cell viability based on the extract concentration. The results highlight that Rapha Myr® extract mainly reduces, in a dose-dependent manner, the viability of both 1321N1 astrocytoma cells and SHSY5Y neuroblastoma cells compared with U87 glioblastoma cells (Figure 2A). The IC50 values of Rapha Myr® extract are 2.95%, 2.72% and 4.66% in these tumour cell lines after 24 h, respectively. The IC50 value of Rapha Myr® extract is 9.93% in the HFF1 non-tumour cell line, suggesting that Rapha Myr® is cytotoxic towards cancer cells.



Moreover, a morphological change in 1321N1 was induced by exposure to Rapha Myr® extract (0.5–1.25–2.5% v/v) for 24 h (Figure 2B). Mainly at 1.25 and 2.5% v/v, the cells did not grow on the plate surface uniformly but were dispersed, showing an altered shape and a reduced proliferation compared with the control cells. Rapha Myr® 2.5% induced the death of cancer cells, with many cells floating in the medium. Besides, the inverted light microscope images of SHSY5Y and U87 tumour cells show dose-dependent morphological modifications (rounding, shrinkage and reduced adhesion) upon 24 h exposure to Rapha Myr® (0.5–1.25–2.5% v/v), which are more evident in SHY5Y (Figures S1 and S2). Conversely, the viability, cell morphology and adhesion of HFF1 normal cells were not affected by the Rapha Myr® concentrations that were effective on cancer cells (1321N1 ≥ SHSY5Y >> U87 > HFF1) (Figure S3).



Taking in to account these preliminary results and considering drug resistance of brain tumours harbouring mutated p53 [29], we selected the human astrocytoma 1321N1 cell line to test the biological effects of Rapha Myr®.



The genotoxicity of Rapha Myr® extract (0.5–1.25–2.5% v/v) was evaluated on 1321N1 by alkaline comet assay in order to assess whether our extract could cause DNA damage responsible for its anti-tumour effects. After 24 h of treatment, a dose-dependent increase in DNA damage was observed, being 16.05%, 22.15% and 56.66%, respectively (Figure 2C).



The involvement of redox status has been investigated by the determination of both ROS (DCFDA assay) and non-protein thiols levels (DTNB method). The data indicates that Rapha Myr® extract increases ROS production and concurrently decreases GSH levels in human astrocytoma 1321N1 cells (Figure 2D,E).




2.3. Cell Migration Inhibition and Cytoskeleton Structure Alteration


Figure 3A shows the results of cell migration analysis by wound healing assay on 1321N1 untreated and treated with different concentrations of Rapha Myr® extract for 72 h. The width and the closure capacity of the wound, relative to initial width, was measured at different time points (0, 24, 48 and 72 h). The results point out that wound healing capacity was severely reduced in Rapha Myr®-treated cells compared with untreated control cells. Particularly, Rapha Myr® extract 1.25% v/v totally inhibited the wound closure. (Figure 3B).



Cell migration is a complex multi-step process, also driven by cytoskeleton proteins, utilized by cancer cells to invade and metastasize other tissues. The structural analysis of the cytoskeleton by immunofluorescence after 24 h and 72 h exposure to Rapha Myr® (0.5% and 1.25%) is reported in Figure 4 and Figure 5. The cytoskeleton of untreated astrocytoma cells shows microfilaments organized in stress fibers, filipodia and lamellipodia, and in the cortex (Figure 4A and Figure 5A). Microtubules are assembled into a fine fibrillary network, and some normal mitotic spindles are also visible (Figure 4D). At 72 h, the cell monolayer still shows an apparently continuous microtubular network that is an evident sign of cell–cell adhesion (Figure 5D).



After 24 h of treatment with Rapha Myr® 0.5% v/v and 1.25% v/v, the cell architecture is strongly altered. In particular, at 0.5% v/v the cell cortex appears more evident around the small nucleus while microfilaments are depolymerized in the cytoplasm of cells flattened onto substratum (Figure 4B). The microtubular network is compact, forming thick bundles above all in the cytoplasmatic protrusion (Figure 4E). The plasma membrane shows some blebs fluorescent in green (FITC-Phalloidin) or red (Alexa Fluor 594).



After treatment with Rapha Myr® 1.25% v/v, the microfilaments thicken in the cell cortex and in the numerous thin filopodia protruding radially from the cell body, indicating that the cell migratory capacity and the adhesion onto the substrate are impaired. Spread cells show a pale-green cytoplasmic fluorescence, an evident sign of F-actin depolymerization (Figure 4C). Conversely, microtubules are irregularly localized in the cytoplasm and around the nucleus (Figure 4F). The inhibition of microtubule function results in abnormal mitotic spindles (Figure S4), multinucleated cells and decondensed nuclei (Figure 4F).



All concentrations of Rapha Myr® extract cause strong changes in the cytoskeleton at 72 h (Figure 5B,C,E,F). At 0.5%, microfilaments and microtubules appear strictly condensed around nuclei that are smaller than control cells (Figure 5B,E). After Rapha Myr® 1.25%, the actin cortex is well-organized only in rounded cells while the green fluorescence is weak and widespread in the cytoplasm of spreading cells (Figure 5C). The microtubule network is totally disarranged and tubulin appears like bright fluorescent spots instead of microtubules (Figure 5F). Moreover, nuclei of different shapes and sizes were observed and nuclear chromatin fragmentation was detected, a clear feature of apoptosis (Figure S5).




2.4. ECM–Cell Adhesion and Integrin α5 Expression as Hallmark of Anoikis


Integrins and their interaction with ECM fibrous components play a pivotal role in regulating the death/survival balance and anoikis, an apoptotic process also activated by unligated-integrins [6]. 1321N1 cell adhesion on DPSC-derived extracellular matrix (ECM) after treatment with 2.5% v/v Rapha Mir® was evaluated. Figure 6 shows two representative images of 1321N1 cells (control and 2.5%) after 24 h of culture on the ECM. Control cells show a more fibroblastic-like shape, due to the effect of the matrix components that promote directional orientation along the matrix fibrils (Figure 6a). Conversely, few cells are attached and most of them are roundish and in suspension in the 2.5% Rapha Mir®-treated sample (Figure 6).



To better investigate cells’ adhesion of 1321N1 onto the ECM, the behavior of both Integrin α5 and microfilaments after 72 h of treatment with 2.5% Rapha Mir® were evaluated by double indirect immunofluorescence (Figure 6). In untreated 1321N1 (Figure 6c,e), Integrin α5 is clearly evident at both magnifications, while microfilaments are hardly visible at 20×. The receptor for fibronectin shows the characteristic rod-like structure, all oriented in the same direction corresponding to the microfilaments’ arrangement that is now observable as evident stress fibers; they are also localized on the cell surface and adhere on the extracellular matrix coating, indicating a correct process of adhesion to the ECM fibronectin (Figure 6e). As previously mentioned, Rapha Mir® depolymerizes microfilaments, in fact, we observe an almost total absence of green fluorescence and an intense red fluorescence around the nucleus as well as in the cytoplasmatic body in Rapha Mir®-treated cells (Figure 6d,f). The absence of stress fibers does not allow integrins translocation toward the peripheral region of the cell, resulting in a poor and weak adhesion. Integrins, not being unable to move, remain blocked in the cytoplasm.



Significant changes in cell migration, cytoskeleton structure and adhesion to ECM are observed in 1321N1 cells treated with Rapha Myr®. Therefore, the expression of integrin α5, which is associated with adhesion to fibronectin, was examined by immunoblotting. Our data points out that Rapha Myr® induces a dose-dependent decrease in α5 integrins mainly after the 2.5% treatment, which shows the lowest alpha5 expression (Figure 7).




2.5. Cell Cycle Progression, Apoptosis and Related Protein Expression


The cell cycle analysis by flow cytometry shows a different cell distribution after Rapha Myr® treatment for 24 h (Figure 8A and Figure S6). A significant blockage in the S phase at 0.5% v/v and in G0/G1 phase at 1.25% v/v is observed. However, both treatments induce a progressive reduction in cells in the G2/M phase compared to the untreated cells, with a decrease of 16.5 and 36.93% in the DNA content, respectively. Conversely, the treatment with Rapha Myr® extract 2.5% v/v induces an arrest in the G2/M phase with an increase of 18.53% compared with control cells (Figure 8A and Figure S6).



The induction of apoptosis evaluated cytofluorimetrically by Annexin V/PI staining shows that the percentage of apoptotic cells (early + late) is significantly upregulated after 24 h in the Rapha Myr®-treated 1321N1 cells (Figure 8B and Figure S7). The percentages of early apoptotic cells after the treatment with Rapha Myr® extract 0.5, 1.25 and 2.50% v/v are 17.9, 22.7, and 35.1%, respectively, as compared to the control (8.2%).



Western blot analysis shows that the expression of some proteins involved in the cell cycle regulation is modulated by Rapha Myr® treatment for 24 h. We observe a decrease in the mutated p53 R213Q, phospho-p53 (Ser15) and their ratio (pp53/p53), which is more significant at 2.5% v/v (Figure 8C,D). The treatment also results in a reduction in cyclin-dependent kinase inhibitor 1 level (p21) that is significant only at 1.25% v/v. Instead, the treatment with Rapha Myr® extract 2.5% v/v increases the p21 protein levels more significantly compared with 1.25% (Figure 8E).



The analysis of the protein expression of Poly [ADP-ribose] polymerase 1 (PARP-1) and phosphorylated Histone H2AX (γH2AX), two proteins involved in DNA damage repair and apoptosis, shows that the treatment with Rapha Myr® extract 2.5% v/v induces the cleavage of the apoptotic marker PARP-1, other than a significant upregulation of γH2AX (Figure 8F,G).




2.6. Epigenetic Modulation


Methy-sens comet assay shows that Rapha Myr® extract is a DNA hypermethylating agent in 1321N1 cells as judged by decreased % TDNA levels after incubation with HpaII, an enzyme unable to cut DNA when the second cytosine is methylated (Figure 9A). Changes in global DNA methylation are consistent with corresponding changes in the mRNA level of DNMT1, which is upregulated after treatment with Rapha Myr® extract (Figure 9B).



In Figure 9C–I are reported the results obtained by Western blot for the nuclear and mitochondrial sirtuins. The data shows that Rapha Myr® extract, after 24 h, is able to influence most of these deacetylases, except the mitochondrial Sirt3 (Figure 9C), which is unmodified by all doses utilized. An increase in mitochondrial Sirt5 levels (Figure 9D) is observed in both 0.5 and 1.25% treated cells, whereas 2.5% treatment reduces its expression, taking it back to the control value. In addition, Rapha Myr® extract 2.5% v/v reduces both the Sirt6 and Sirt7 expression levels (Figure 9E,F). Although all of the treatments do not significantly modify the Sirt1 expression level, the content of phosphorylated Sirt1 is upregulated by Rapha Myr® extract and also the pSirt1/Sirt1 ratio is significantly increased (Figure 9G,H). These changes in the expression of nuclear sirtuins are also accompanied by a significant increase in their enzymatic activity at 1.5% (Figure 9I).





3. Discussion


Cancer treatment is still a major challenge; in fact, although chemotherapy/radiotherapy are the major therapeutic approaches, their efficiency is limited by toxicity and poor utilization of personalized oncology therapies [30,31]. Moreover, the “resistance to anoikis”, a peculiar kind of apoptosis characterized by anchorage-independent growth of cancer cells, is now considered a hallmark of cancer cells [32]. Surprisingly, literature data suggests that both the introduction of appropriate nutrients, both by diet or as supplements, and improving lifestyle could prevent 30–40% of cancers, improve responses to conventional therapies and reduce their adverse effects [33]. Among the different valuable nutrients, sulforaphane (SFN) has largely demonstrated its beneficial potentiality in prevention and in multistage cancer development, by affecting important cellular mechanisms including the epigenetic pathway modulation, the sensitivity restoration to anoikis in some cancer cell types and animal models, the alteration in cell cycle control with p21 up-regulation and a block in the PI3K/Akt signaling pathway [12,15,21,22,34]. Several studies also highlight the potent activity of SFN versus the most malignant brain tumor, glioblastoma, targeting apoptosis and cell survival pathways [3].



At the beginning, we carried out the evaluation of viability and cell morphology on three brain tumor cell lines (1321N1, U87 and SHSY5Y) and one normal cell line (HFF1), demonstrating that Rapha Myr® is safer for normal cells and more active against tumor cells, mainly to both astrocytoma (1321N1) and neuroblastoma (SHSY5Y) cells. Although a lot of studies report the use of adjunctive SFN therapy for targeting glioblastoma, no evidence supports its use in astrocytoma treatment [3]. Moreover, we decided to choose the 1321N1 cell line as a model with mut p53 R213Q since about 40% of astrocytic tumours express mutant forms of p53 but its role in the molecular pathogenesis of these tumours deserves further study [29].



To the best of our knowledge, this is the first study that investigates 1321N1 human astrocytoma cell lines harbouring mut p53, the effect of Rapha Myr®, a novel blend of sulforaphane and hydrolytic enzymes myrosinase capable of improving isothiocyanates’ bioavailability [15]. Our experimental setup tackled some aspects implicated in the potential chemotherapeutic activity of Rapha Myr®, focusing on some pathways involved in cytotoxicity and DNA damage, as well as cell cycle arrest, disarrangement of cytoskeleton and epigenetic modulation.



In this study, we found that Rapha Myr® may be a promising anticancer compound for astrocytoma mostly due to anoikis induction. Rapha Myr® exerted it effects in a dose-dependent manner, particularly, after 2.5% treatment most cells changed their morphology, floated in the medium and then underwent apoptosis. Rapha Myr®-induced anoikis may be associated with cytoarchitecture alteration at 1.25%, as shown by immunofluorescence analysis. In astrocytoma cells, we demonstrated that Rapha Myr® provoked protein–cytoskeletal reorganization with growth arrest, shape modifications and inhibition of migration capability, probably resulting from its effects on the microtubule polymerization by interaction with cysteine residues of tubulin [35] and on the Rho pathway alteration leading to the disarrangement of the actin-cytoskeleton [36]. Our results agree with previous data reporting that sulforaphane causes changes in the shape and migration processes of cells, altering the enormous dynamism of actin, and influences microtubule polymerization and depolymerization, regulating cell polarity, mitosis and cell motility. In addition, sulforaphane acts as an inhibitor of microtubule polymerization in rapidly growing colon cancer cells with a block of proliferation and cell cycle arrest [37].



It is well known that tumour cells escape anoikis through diverse mechanisms such as changes in the integrins’ repertoire, the activation of oncogenes and pro-survival signal pathways, or upregulation of growth factor receptor and their transduction pathways. Notably, integrins play a role in cell growth, differentiation, and death by regulating the interaction between cell and ECM [5,6]. In GBM α6β4, α5β1, αvβ6, and αvβ3 are upregulated and correlated with poor patient survival [38]. Besides, α5β1 integrin reduces GBM cell proliferation when inhibited [39] and was shown to mediate EMT in GBM cells [40] which is one of the strategies adopted by cancer cells to avoid anoikis.



In the extracellular matrix, the molecules of fibronectin assemble into fibrils only on the cell surface in a process guided by additional proteins, especially Integrin α5β1, which mediates the interactions between the extracellular fibronectin fibrils and intracellular actin filaments and promotes fibronectin fibril polymerization and matrix assembly [41].



In our study, the distension of untreated 1321N1 cells on ECM-coated surface was clearly mediated by cytoskeletal components, mainly microfilaments. At the same time, integrin α5 allowed cells to anchor onto ECM by arranging correctly on the entire cell surface. Unlike the untreated cells, the exposure to Rapha Myr® 2.5% for 72 h inhibited integrin α5 translocation from the cell center towards the cell surface, and reduced its expression in a dose-dependent manner. We can speculate that the destructive effect of Rapha Myr® on actin polymerization may be responsible for the alteration in adhesion molecules’ pattern, which is associated with the reduced adhesion to ECM due to the absence of microfilaments organized in stress fibers, as demonstrated by immunofluorescence. Consequently, the loss of adhesion may lead to cell cycle arrest and anoikis of 1321N1, as observed by us.



We also found a reduction in proliferation and cell cycle block as a consequence of genomic DNA damage. Consistent with this, we observed a high DNA fragmentation associated with a moderate cleavage of PARP-1, a hallmark of apoptosis, and the increase in γH2AX level indicating that Rapha Myr® increased double strand break damage. Many anticancer therapies (i.e., radiation or drugs) induce DNA damage directly or interfere with DNA metabolism achieving DNA double-strand breaks (DSBs) responsible for apoptotic cell death. γH2AX protein is one of the main actors in DNA repair and damage response (DDR) pathways forming a focus at the DSB site. PARPs are also activated by DNA damage including DNA single- and double-strand breaks [42].



One of the mechanisms associated with SFN cytotoxic activity in HeLa, HCT116 and HT29 cell lines is its genotoxicity [43,44]. For instance, DNA damage, ATM and Chk2 kinase activation, γH2AX nuclear foci formation and subsequent G2/M cell cycle arrest have been observed in SFN-treated prostate cancer cells [45,46]. Similarly to these previous studies, here we also documented a cell cycle arrest at the G2/M phase following treatment with 2.5% Rapha Myr®. All these alterations triggered proapoptotic signals in a concentration-dependent way, which results in apoptotic cell death, as indicated by the increase in percentage of apoptotic 1321N1 cells exposed to 2.5% of Rapha Myr®. Furthermore, the investigation of the molecular mechanism involved in 1321N1 cell cycle and cell death by studying expression levels of p53, the “guardian of genome”, and its downstream effector p21, the cyclin-dependent kinase inhibitor, allows us to demonstrate that Rapha Myr® would seem to regulate both these cellular processes in a p53-independent manner. P53 gene is frequently mutated in human cancer and the mutant p53 proteins not only lose their tumor-suppressor function, but may also gain new oncogenic functions and promote tumorigenesis [47]. This potential mechanism activated by Rapha Myr® can be related to the mutation state of p53, in fact, it is reported that the mutation c.638G > A (p.R213Q) is present in 1321N1 cells, severely compromising the capability to induce p53-regulated genes; mainly harbouring amino acid changes in its DNA-binding domain, it does not transactivate p21 [48,49]. In our model, the oncogenic function of mutant p53-R213Q may promote both cell survival and anoikis resistance of 1321N1 cancer cells, also being less efficient in binding the consensus sequence in the p21 gene-regulatory region [49]. This supports our result showing a reduction in p21 at 1.25% concentration of Rapha Myr ®, despite the presence of p53 (Figure 8H). Rapha Myr®.2.5% also decreases the concentration of the oncogenic p53 mutant protein and several papers report that SFN-mediated apoptosis was independent of a mutated p53 status [50]. At the same time, Rapha Myr®.2.5% increases the p21 levels with respect to 1.25%, thus inhibiting survival by induction of cell cycle arrest, apoptosis and anoikis. Our data partially agrees with previous studies demonstrating that p53 and p21 are involved in cell detachment and anoikis resistance, as well as that the anoikis escaping from cancer cells is favored either by suppression of p53 activation or p53 mutations [49,50,51]. In addition, Tsai and colleagues showed that A549 cells with wild-type p53 are more sensitive to SFN-induced anoikis than p53-mutant CL1–5 cells and also demonstrate that p53 and its downstream effector p21 are negative regulators of anchorage-independent growth [22]. However, p21 can be transactivated by other transcription factors than p53. In our model, it seems likely that other factors might contribute to p21 regulation via different mechanisms, independent of p53, to convey different oncosuppressive signals able to hinder aggressiveness in human cancers [52]. We think that the effects observed may not only be linked to a reduction in p53 mutant form or dephosphorylation of p53 influencing other p53 targets, but also to direct and/or indirect action of Rapha Myr®; for instance, its impact on cellular oxidative balance with the increase in ROS production and the reduction in free thiols groups, as observed by us. Many authors showed that p53 mutant isoforms maintain high ROS levels in cancer cells through a coordinated control of various redox-related enzymes and signaling pathways, thus favoring cancer cell proliferation [53,54]. We can speculate that 131N1 cancer cells expressing mutant p53 proteins can be significantly more sensitive to a pro-oxidant environment, thus Rapha Myr® induced an anoikis-like death by provoking redox unbalance following modulation of both mutant p53 isoform and p21 expression. Intriguingly, this cellular context driven by inhibition of mutant p53 might be responsible for the cytoskeleton disarrangement and inhibition of cell migration contributing to the promotion of anoikis-like apoptosis and reducing metastatic spread.



A significant amount of evidence indicates that SFN also promotes secondary chemoprevention by targeting the transcription of apoptotic and cell cycle arrest genes through regulating activities or expression of DNMTs and HDACs that modify cancer’s epigenetic signature [11,34]. However, there appears to be a dearth of studies investigating the role of sulforaphane as an epigenetic modulator in brain cancer.



Rapha Myr® induces the upregulation of DNA methyltransferase1 (DNMT1) mRNA level and global DNA hypermethylation, unlike the results from other authors reporting that SFN induces DNA hypomethylation and decreased levels of DNMT1 in several types of cancer cells (breast, prostate, colon and liver) [55]. Among epigenetic markers, the sirtuins, a family of NAD+ −dependent histone deacetylases comprising seven proteins from Sirt1 to Sirt7, are involved in many crucial cellular processes [56,57]. Their role in cancer is dual depending on the type of tumor, stage and microenvironment. Notably, sirtuins promote migration, growth, epithelial–mesenchymal transition (EMT) and metastasis [57,58]. We demonstrated that Rapha Myr® influences most of the sirtuins except the mitochondrial SIRT3, considered an EMT-repressor and tumor-suppressor protein principally regulating oxidative response, energetic balance, and cellular metabolism, thus promoting genomic and mitochondrial DNA instability. Although the involvement of Sirt 5 in cancer has not yet been investigated, we found out Rapha Myr® modulates its expression, reducing it at its highest concentration [59].



As regards nuclear sirtuins, both Sirt6 and Sirt 7 are considered well-established tumor suppressors and when they are upregulated, they induce apoptosis and cell cycle arrest through HIF1/2 modulation [58,60]. Moreover, Sirt7 is an EMT-promoter. Unlike the literature data, our extract reduces both Sirt6 and Sirt7 expression in astrocytoma cells. Sirt1 instead plays a dual role in tumorigenesis and EMT. Numerous studies report Sirt1 as tumor promoter in several malignant cancers such as breast, colon and prostate cancer. Moreover, SIRT1 also acts as a tumor suppressor directly or by repressing other oncogenes (e.g., Myc). Consistent with this, some tumors including glioma, bladder and ovarian cancer show a low level of SIRT1 [59]. In the context of EMT, SIRT1 has an ambivalent role both as EMT-promoter and EMT-suppressor. Sirt1 increases cellular resistance to apoptosis, senescence, and anoikis and promotes migration and invasion, for instance in both gastric and gastroesophageal junction cancer. On the other hand, Sirt1 suppresses migration and invasion in oral squamous cell carcinoma, lung and ovarian cancer [58].



As regards the nuclear Sirt1, we only observed an increase in the phosphorylated form expression and in the ratio between pSirt1/Sirt1 as well (Figure 9G,H); this data is supported by a moderately significant increase in nuclear activity (Figure 9I). Studies point out that SIRT1 phosphorylation played an important role in regulating the activity of SIRT1 deacetylation, which is responsible for most nuclear deacetylation activity inside the cell [59,61].



All together, the results on epigenoma, stimulating future research direction, suggest Rapha Myr® extract as an epi-drug that could be utilized in human astrocytoma as an integrated therapeutic compound able to modulate cancer development through epigenetic regulation mainly mediated by sirtuins.




4. Materials and Methods


4.1. Materials


All solvents, chemicals and reference compounds were purchased from Sigma-Aldrich (St. Louis, MO, USA) except as otherwise specified.




4.2. Methods


4.2.1. Preparation of Rapha Myr® Extract


Rapha Myr® (Farmabarocco, Ragusa, Italy) was dissolved in water at room temperature (10 mg/mL). Then, the sterile filtered solution was used at different concentrations to treat cell cultures depending on each cell-based assay protocol. Vehicle (water)-treated sample was used as control.




4.2.2. Determination of Antioxidant Activity


The antioxidant activity of Rapha Myr® extract was evaluated by DPPH assay [62]. The reaction mixture contained DPPH radical (86 μM) and different amounts of Rapha Myr® extract (0.5–1.25–2.5–5-10–15% v/v) in 1 mL of ethanol. The samples were incubated for 10 min at room temperature, then the absorbance was measured at λ 517 nm with a microplate spectrophotometer reader (Synergy HT multi-mode microplate reader, BioTek, Milano, Italy). The results were expressed as a percentage decrease in absorbance with respect to control.




4.2.3. Cell Cultures


Human astrocytoma cells (1321N1, Sigma-Aldrich, St. Louis, MO, USA) and human glioblastoma cells (U87) from Prof Copani Laboratory (University of Catania) were cultured with MEM (Gibco-BRL Life Technologies, Grand Island, NY, USA), supplemented with 10% fetal bovine serum, 4 mM L-glutamine and (50 IU/mL) penicillin/(50 μg/mL) streptomycin.



Human neuroblastoma (SH-SY5Y, ATCC® CRL-2266™, Manassas, VA, USA) cells were cultivated for no more than 20 passages in full medium, i.e., DMEM/F12 supplemented with 10% FBS, 2 mM L-glutamine and 100 μg mL−1 streptomycin.



Human Foreskin Fibroblast cells (HFF1, ATCC® SCRC-1041™), used as a human model for preliminary toxicity screening, were cultured in Dulbecco’s modified Eagle’s medium [DMEM, 4.5 g/L glucose, penicillin/streptomycin (100 U/mL penicillin and 100 μg/mL streptomycin)] with 15% fetal bovine serum.



As regards p53 gene status, U87, SH-SY5Y and HFF1 cells express the p53 wild type isoform while 1321N1 cells express mutated p53 R213Q.




4.2.4. Cell Morphological Analysis


1321N1, U87, SHSY5Y and HFF1 cells were seeded in 12-well plates at 1.5 × 105 cells per well and treated with Rapha Myr® extract (0.5–1.25–2.5% v/v) for 24 h. The morphological changes were observed and the images were captured under an inverted light microscope (EVOS FL imaging systems, AMG Thermo Fisher).




4.2.5. MTT Assay


The potential decrease in cell viability of Rapha Myr® extract was evaluated by MTT, a colorimetric method which measures the reduction in MTT, a yellow tetrazolium salt, to a purple formazan by the mitochondrial dehydrogenase enzyme of living cells [63].



1321N1, U87, SHSY5Y and HFF1 cells (1 × 104 cells/well) were treated with different concentrations of Rapha Myr® extract (0.5–1.25–2.5–5–10% v/v) and with water (untreated control) for 24 h; then 200 μL of MTT (0.5 mg/mL) in culture medium were added to each well and incubated for 3 h at 37 °C in a humidified atmosphere with 5% CO2. The optical density (OD) was measured with a microplate spectrophotometer reader (Synergy HT multi-mode microplate reader, BioTek, Milano, Italy) at λ 550 nm. The results were expressed as the percentage of cell viability in comparison with untreated control viable cells, whose value was equal to 100%. The IC50 was defined as the concentration that resulted in a 50% decrease in absorbance in treated cells compared to that in untreated cells.




4.2.6. ROS Determination (DCFDA assay)


1321N1 cells were plated in 12-well plates (about 250,000 cells per well) and incubated at 37 °C in a humidified atmosphere with 5% CO2. After 24 h, the cells were treated with different concentrations of Rapha Myr® extract (0.5 and 1.25% v/v) for 24 h. ROS levels were evaluated on untreated and treated cells using 2′,7′-dichlorofluorescein diacetate [64]. The fluorescence was measured spectrofluorometrically with a microplate reader (Synergy HT multi-mode microplate reader, BioTek, Milano, Italy) λexcitation = 488 nm and λemission = 525 nm. The total protein content was evaluated for each sample according to Bradford (1976). The results were expressed as fluorescence intensity per mg protein and compared with the control cells.




4.2.7. Total Thiol Groups Determination (DTNB Method)


1321N1 cells were plated in 12-well plates (about 250,000 cells per well) and incubated at 37 °C in a humidified atmosphere with 5% CO2. After 24 h, the cells were treated with different concentrations of Rapha Myr® extract (0.5 and 1.25% v/v) for 24 h. Total thiol groups, containing predominantly reduced glutathione (GSH), were determined spectrophotometrically at λ 412 nm using 5,5′-dithiobis (2-nitrobenzoic acid) [65]. The total protein content present in the lysates was evaluated for each sample according to Bradford (1976). The results were expressed as nmol GSH/mg proteins calculated referring to a glutathione calibration curve.




4.2.8. Alkaline Comet Assay


Alkaline comet assay was performed on 1321N1 cells untreated and treated with different concentrations of Rapha Myr® extract (0.5 and 1.25% v/v) for 24 h, as reported by Tomasello et al., 2017 [66]. After treatments, cells embedded with 0.7% low melting point agarose (LMA) were spotted on pre-treated FlareTM slide (Trevigen Inc., Gaithersburg, MD, USA) and incubated in cold lysis solution (NaCl 2.5 M, Na2EDTA 100 mM, TRIS-HCl 8 mM, TRITON 1%, DMSO 10%, pH 10) for 1h at 4 °C. The nucleoids were electrophoresed for 20 min at 0.7 V/cm in alkaline solution (1 mM Na2EDTA. 300 mM NaOH), washed with neutralization buffer, dried with 70% ethanol and stained with SYBR Green (1:10,000). Fifty nucleoids were analyzed for each sample using an epifluorescence microscope (Leica, Wetzlar, Germany) equipped with a camera. CASP (1.2.2, CASPLab, University of Wroclaw, Poland) image analysis software was used to evaluate DNA damage. The results were expressed as the percentage of fragmented DNA present in the comet tail (%TDNA).




4.2.9. Wound Healing Assay


The effect of Rapha Myr® extract on 1321N1 cytotoxicity was determined in vitro by Wound Healing assay. Confluent monolayers of 1321N1 cells in 6-well plates were wounded with a pipette tip and washed with PBS 1X to remove detached cells. The wounded monolayers were treated with different concentrations of Rapha Myr® extract (0.5 and 1.25% v/v) in starving medium for 24, 48 and 72 h. Wound closure was quantified by measuring the remaining uncovered area with the ImageJ software program (Version 1.43; Broken Symmetry Software, Bethesda, MD, USA) [67].




4.2.10. Immunofluorescence (IF) Detection of Cytoskeleton Proteins


The analysis of cytoskeleton proteins was performed as previously described by Malfa et al. (2014) [68]. Both indirect and direct immunofluorescence was carried out on label α-tubulin and microfilaments, respectively. Samples, dried and mounted with mounting medium (Calbiochem, La Jolla, CA, USA), were visualized with a Confocal Laser Scanning microscope Leica TCS SP8 (AOBS).




4.2.11. Double Indirect Immunofluorescence (IF) Detection of Integrin α5 and Microfilaments on ECM


Cell-free Extracellular matrices were prepared using human dental pulp stem cells (DPSCs) according to S. Laudani et al., 2020 [69].



1321N1 cells (3 × 104) were seeded on extracellular matrix derived from DPSCs, treated with Rapha Myr® (2.5 v/v) for 72 h and, after this time, we performed a double indirect IF. Briefly, after blocking with 5% BSA in PBS, primary antibody polyclonal anti Integrin α5 subunit (Cytoplasmatic) (Immunological Science, Rome, Italy) was added (1:1000) to each sample followed by fluorescent secondary antibody Goat anti-rabbit IgG-Alexa Fluor 594 (2.5 μg/mL) (Immunological Sciences, Rome, Italy). Finally, samples were incubated with FITC-Phalloidin (20 μL/mL PBS) for 30 min at 37 °C. After two washes in PBS, samples were allowed to dry and mounted using Fluoro Gel with DAPI (EMS, Hatfield, PA, USA). The immunofluorescence was evaluated with a fluorescence microscope Olympus BX50 equipped with a DC500 camera (Leica).




4.2.12. Cell Cycle Analysis


Cell cycle analysis was performed on untreated and 24 h treated cells with Rapha Myr® extract (0.5–1.25–2.5% v/v), according to Malfa et al., 2019 [70]. In order to assess cell cycle state, 1 × 106 cells were stained with propidium iodide (PI, 50 ng/mL) and analyzed by the FlowSight® (Amnis®, part of EMD Millipore) imaging flow cytometer. The cell distribution in each cell-cycle phase was determined by using IDEAS 6.0 image analysis software (Amnis Inc., Seattle, WA, USA).




4.2.13. Determination of Apoptosis by Annexin V/PI Staining


The discrimination among live, necrotic, and early and late apoptotic cells, was performed by propidium iodide (PI)/fluorescein-labelled Annexin V staining (AnV-FITC) according to the manufacturer’s instructions (Annexin V-FITC kit, eBioscience, Vienna, Austria) with slight modification. 1321N1 cells were seeded in 60 mm dish at 1.5 × 106 cells/dish and treated with Rapha Myr® extract (0.5–1.25–2.5% v/v) for 24 h. After this period, the floating cells were collected and the adherent cells were trypsinized, and both viable and death cells were centrifuged at 100× g. Pellets (1 × 106 cells) were suspended in assay buffer, added with Annexin V-fluorescein isothiocyanate (FITC), slightly mixed and incubated for 10 min at room temperature in the dark. Prior to analysis, the samples were stained with PI (20 μg/mL) and 10,000 events were immediately collected by the imaging flow cytometer FlowSight® (Amnis®, part of EMD Millipore) and then analysed by using IDEAS 6.0 image analysis software (Amnis Inc., Seattle, WA, USA) [71].




4.2.14. Western Blot Analysis


Whole cell protein of untreated and 24 h Rapha Myr® extract (0.5–1.25–2.5% v/v)-treated cells were prepared according to Laemmli (1970) and submitted to Western blot analysis, performed according to Grabowska et al., 2016 [72]. The primary antibodies used were: anti-integrin α5 (1:1000) (Immunological Sciences, Rome, Italy), anti-GAPDH (1:50,000) (Millipore, Darmstadt, Germany), anti-Poly (ADP-ribose)polymerase (PARP, 1:1000) (BD Biosciences, San Jose, CA, USA), anti-γH2AX Ser139 (1:1000) (Abcam, Cambridge, UK), anti-p53 (1:500) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p21 (1:500) (Sigma-Aldrich, St. Louis, MO, USA), anti-phospho-p53 Ser15 (1:250), anti-sirt 1 (1:250), anti-phospho-sirt 1 Ser47 (1:250), anti-sirt 3 (1:500), anti-sirt 5 (1:500), anti-sirt 6 (1:1000) and anti-sirt 7 (1:250) (Cell Signalling Technology, Denvers, CO, USA). Each protein target was detected by using specific secondary horseradish peroxidase-conjugated antibodies (1:2000) (Dako, Glostrup, Denmark) and an ECL system (Thermo Scientific, Rockford, IL, USA). The expression level of proteins was measured by densitometric analysis using the software Image J and GAPDH was chosen as the reference protein.




4.2.15. Methy-Sens Comet Assay


Methy-sens comet assay was performed on 1321N1 cells untreated and treated with different concentrations of Rapha Myr® extract (0.5 and 1.25% v/v) for 24 h, as reported by Perrotti et al., 2015, with slight modifications [73]. After treatments, the cells were agarose embedded, immersed in lysis solution composed as reported above for alkaline Comet assay and maintained overnight at 4 °C. According to Methy-sens protocol, before electrophoresis, the slides were incubated at 37 °C for 10 min in a humidity chamber with 50 µL of Working HpaII or MspI Enzyme solution (5 µL/mL in FD buffer; Thermo Fisher Scientific, Waltham, MA, USA) spotted on each sample area of the FlareTM slide. Control samples were simultaneously incubated with only 50 µL of FD buffer (control buffer). Both enzymes recognize and cleave the sequence C|CGG in double-stranded DNA, but whereas MspI cleaves the DNA-independent of its methylation status, HpaII is unable to cleave when the second cytosine is methylated (C|meCGG).



The nucleoids were electrophoresed, dried with 70% ethanol and stained with SYBR Green (1:10,000) as for alkaline comet assay. Fifty nucleoids were analyzed for each sample, and the percentage ratio between % TDNA value of each enzyme treatment [(%TDNA [HpaII]/%TDNA [MspI])*100] was chosen as the parameter to assess global DNA methylation.




4.2.16. RNA Isolation and Real-Time Reverse Transcription-Polymerase Chain Reaction


Total RNA was isolated from 1321N1 cells using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions. The reverse transcription was carried out on 1 µg of total RNA using the QuantiTect® Reverse Transcription Kit (Qiagen Inc., Valencia, MD, USA) [74]. The DNMT1 mRNA expression level was determined by RT-PCR (QuantiNova SYBR® Green RT-PCR Kit) on Rotor-Gene Q 5PLEX (Qiagen Inc., Valencia, MD, USA). Validated primers were purchased from Qiagen Inc: DNMT1 (QT00034335) and RPL0 (QT00075012). The comparative threshold cycle method (ΔΔCt model) was performed for relative quantification and RPL0 was chosen as the reference gene. The results were expressed as Fold changes (2−ΔΔCt) relative to control (set as 1).




4.2.17. Nuclear Sirtuins Activity


Nuclear extracts were obtained from cells untreated and treated with different concentrations of Rapha Myr® extract (0.5 and 1.25% v/v) for 24 h by using the ab113474 kit (Abcam, Cambridge, UK). Nuclear sirtuins activity was evaluated by using the Universal SIRT Activity Assay Kit (ab156915, Abcam, Cambridge, UK). The absorbance was measured with a microplate spectrophotometer reader (Synergy HT multi-mode microplate reader, BioTek, Milano, Italy) at λ 450 nm. The activity for each sample was expressed as OD/min/mg proteins and was calculated according to manufacturer’s protocol [75].




4.2.18. Statistical Analysis


All the results were obtained by three independent experiments each performed in triplicate and expressed as mean ± standard deviation (SD). Statistical differences among different treatments were assessed by one-way ANOVA. Post hoc comparison was performed according to the Bonferroni test. We applied p < 0.05 as the minimum level of significance. All the analyses were performed using Graph Prism version 5.






5. Conclusions


SFN has been recognized as a safe agent for its low toxicity towards normal cells; it can rapidly cross the blood brain barrier and accumulate in the CNS after administration and can overcome the chemoresistance of tumor cells [3]. Our work provides additional insight into chemotherapeutic capability of SFN showing the effects elicited by Rapha Myr®, a broccoli seed extract plus active myrosinase, on human astrocytoma cells with mutant p53 R213Q. Rapha Myr® showed antiproliferative and cytotoxic effects exerted by modulating some epigenetic pathways and inducing significant alteration of cytoarchitecture morphology. This data, together with the induction of apoptosis, inhibition of α5 translocation and low adhesion on ECM, reduction in cell migration and integrin α5 expression, allowed us to suggest a contribution of the mixture in restoring anoikis sensitivity in human astrocytoma cells through epigenetic regulation and the functional reduction in the p53 oncogenic isoform responsible for the aggressive and invasive nature of this tumor. Rapha Myr®, due to the mix of sulforaphane and myrosinase, has been proven to be a particularly efficient natural supplement, which could be ascribed among the nutraceuticals. Besides the necessity of further in vivo and in vitro studies to fully elucidate the chemopreventive/chemotherapeutic properties of SFN and other isothiocyanates, we surely can point out Rapha Myr® as a valuable compound for integrated oncology strategies in the prevention and treatment of human astrocytoma.
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Figure 1. Antioxidant capability of Rapha Myr® extract (0.5–1.25–2.5–5–10–15% v/v) evaluated by DPPH assay. The scavenging activity was expressed as percentage decrease in absorbance with respect to control. Values are mean ± SD of three experiments in triplicate. * p < 0.05 vs. control. 
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Figure 2. Cell viability, cell morphological analysis, DNA integrity and Redox Status in 1321N1 cells untreated and treated for 24 h with different concentrations of Rapha Myr® extract depending on each cell-based assay protocol. (A) Cell viability in HFF1,1321N1, SHSY5Y and U87 cells evaluated by MTT assay. The results were expressed as a percentage of cell viability compared to untreated control viable cells, which had a value equal to 100%. (B) Representative images of 1321N1 cell morphology acquired by optical inverted light microscopy. Original magnification 10×, scale bar 400 µm. (C) DNA damage was evaluated by alkaline comet assay. The results were expressed as the percentage of DNA present in the comet tail (%TDNA). (D) Intracellular reactive oxygen species (ROS) levels evaluated by using 2′,7′-dichlorofluorescein diacetate (DCFH-DA); the results were expressed as intensity of fluorescence (IF) per mg protein. (E) Non-protein thiol levels in 1321N1 cells; the results were expressed as nmol GSH/mg proteins. All values are mean ± SD of three experiments in triplicate. * p < 0.05 vs. control; ** p < 0.01 vs. control; *** p < 0.001 vs. control. 
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Figure 3. Cell migration evaluated by Wound Healing assay in 1321N1 cells untreated and treated with different concentrations of Rapha Myr® extract (0.5 and 1.25% v/v). (A) Phase contrast microscope images at 0, 24 and 72 h post-scratch. Original magnification 4×, scale bar 1000 µm. (B) The migratory capacity of 1321N1 cells was measured at 24, 48 and 72 h as the percentage of wound closure compared to time 0 h when the scratch was made. 
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Figure 4. Cytoskeleton structure analysis of 1321N1 cells untreated (A,D) and treated with 0.5% (B,F) and 1.25% v/v (C,D) Rapha Myr® extract for 24 h. Representative IF images for actin stained with FITC-Phalloidin (green; A,B,C), microtubules stained with anti–α-tubulin antibody (red; D,E,F) and nuclei stained with DAPI (blue), a merge was made. White arrows: stress fibers; yellow arrows: cellular cortex; arrowheads: blebs; green arrows: mitosis; blue arrows: abnormal mitosis. Scale Bar: 20 μm. 
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Figure 5. Cytoskeleton structure analysis of 1321N1 cells untreated (A,D) and treated with 0.5% (B,E) and 1.25% v/v (C,F) Rapha Myr® extract for 72 h. Representative IF images for actin stained with FITC-Phalloidin (green; A,B,C), microtubules stained with anti–α-tubulin antibody (red; D,E,F) and nuclei with DAPI (blue); a merge was made. White arrows: stress fibers in green fluorescent images and bundles of microtubules in red fluorescent images; arrowheads: small or misshapen nuclei; stars: disorganized actin or microtubule network. Scale Bar: 20 μm. 
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Figure 6. Cell morphology of 1321N growth on the extracellular matrix (ECM) coating untreated (a) and treated (b) with 2.5% v/v of Rapha Myr® for 24 h. Images were acquired by optical inverted light microscopy. Original magnification 25×, scale bar 10 µm. Distribution of Integrin α5 (red fluorescence) and microfilaments (green fluorescence) in 1321N1 cells on ECM coatings. Control cells: (c,e); 2.5% Rapha Myr® extract: (d,f). Nuclei was stained with DAPI and a merge was made. White arrows: α5 Integrins; red arrows: stress fibers. Original magnification: 20×, scale bare 20 μm (c,d); 100×, scale bar 1 μm (e,f). 
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Figure 7. Western blot of integrin α5. Bar graph shows the relative expression of the respective protein level. Representative immunoblotting image of integrin α5 expression. All values are mean ± SD of three experiments in triplicate. * p < 0.05; ** p < 0.01 vs. control. 
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Figure 8. Cell cycle analysis, apoptosis determination and protein expression levels in 1321N1 cells untreated and treated with different concentrations of Rapha Myr® extract (0.5–1.25–2.5% v/v) for 24 h. (A) Cell cycle analysis performed by flow cytometry using propidium iodide DNA staining. The graph shows the percentage of 1321N1 cell distribution in different cell cycle phases. Bars that do not share the same letter are significantly different. (B) Apoptosis measured by flow cytometry and Annexin-V/PI co-staining. The bar graph shows the percentage of apoptotic cells (Annexin-V-positive, PI-negative and -positive). Western blot of p53 and p-p53 (C), p-p53/p53 ratio (D), p21 (E), PARP1 (F) and γH2AX (G). Each bar graph shows the relative expression of the respective protein level. (H) Representative immunoblotting image of each protein examined. All values are mean ± SD of three experiments in triplicate. * p < 0.05 vs. control; *** p < 0.001 vs. control; § p < 0.01 vs. 1.25%. 
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Figure 9. Epigenetic modulation in 1321N1 cells untreated and treated for 24 h with different concentrations of Rapha Myr® extract depending on each cell-based assay protocol. (A) Global DNA methylation evaluated by Methy-sens comet assay. (B) Changes in mRNA level of DNA methyltransferase1 (DNMT1). Western blot of mitochondrial Sirt3 (C) and Sirt5 (D). Western blot of nuclear Sirt6 (E), Sirt7 (F), Sirt1 and pSirt1 (G), and pSirt1/Sirt1 ratio (H). Each bar graph shows the relative expression of the respective protein level. (I) Nuclear sirtuins activity expressed as OD/min/mg proteins. (J) Representative immunoblotting image of each protein examined. All values are mean ± SD of three experiments in triplicate. * p < 0.05 vs. control; ** p < 0.01 vs. control; *** p < 0.001 vs. control. 
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