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Abstract

:

Cutaneous melanoma emerges from the malignant transformation of melanocytes and is the most aggressive type of skin cancer. The progression can occur in different stages: radial growth phase (RGP), vertical growth phase (VGP), and metastasis. Reactive oxygen species contribute to all phases of melanomagenesis through the modulation of oncogenic signaling pathways. Tetrahydrobiopterin (BH4) is an important cofactor for NOS coupling, and an uncoupled enzyme is a source of superoxide anion (O2•−) rather than nitric oxide (NO), altering the redox homeostasis and contributing to melanoma progression. In the present work, we showed that the BH4 amount varies between different cell lines corresponding to distinct stages of melanoma progression; however, they all presented higher O2•− levels and lower NO levels compared to melanocytes. Our results showed increased NOS expression in melanoma cells, contributing to NOS uncoupling. BH4 supplementation of RGP cells, and the DAHP treatment of metastatic melanoma cells reduced cell growth. Finally, Western blot analysis indicated that both treatments act on the PI3K/AKT and MAPK pathways of these melanoma cells in different ways. Disruption of cellular redox homeostasis by the altered BH4 concentration can be explored as a therapeutic strategy according to the stage of melanoma.
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1. Introduction


Cutaneous melanoma is the most aggressive type of skin cancer due to its high heterogeneity and resistance capability. The incidence of melanoma has been rising dramatically over past the few years, which has been associated with increased life expectancy and ultraviolet light (UV) exposure [1,2]. Melanomas represent only 1% of all skin cancers; however, they are responsible for the vast majority of the deaths related to skin cancer [3]. Melanomas emerge from the malignant transformation of melanocytes, melanin-producing cells that are primarily located in the basal layer of the epidermis. Initially, the growth occurs horizontally along with the epidermis, known as the radial growth phase (RGP). The cells acquire invasive capabilities, where, in addition to horizontal dissemination, the tumor invades deeper layers of the skin, a stage known as the vertical growth phase (VGP), increasing the metastatic potential [4]. It is important to mention that development does not always occur in this linear way. Although melanomas can be cured in the early stages through surgical excision, metastatic melanoma is still refractory to available treatments such as immune checkpoint inhibitors and BRAF V600E target therapy [5,6]. According to the American Joint Committee on Cancer (AJCC), melanoma development is classified into five different stages, from 0 (melanoma in situ) to IV (metastatic melanoma). The criteria used by AJCC to characterize melanoma progression is based on the tumor thickness with or without ulceration, the presence of melanoma cells in the lymph nodes and the metastatic niches [7]. Molecular characterization of the complex melanoma landscape confirmed the heterogeneity and high mutational burden of cutaneous melanoma, leading to the classification into four subgroups: mutant BRAF, mutant NRAS, mutant NF1, and triple wild-type (WT) [8]. Identification of the most prevalent spectrum of mutated genes also revealed previously described melanoma oncogenes (KIT, TERT, and MITF) and tumor suppressors, including CDKN2A, TP53, PTEN, and RB1, as well as recently identified driver mutations, such as RAC1, MAP2K1, PPP6C, SNX31, ARID2, and STK19 [9,10,11]. The pattern of mutated genes showed genomic evidence that UV exposure is associated with the prevalence of the majority of these genetic alterations. UV radiation also contributes to reactive oxygen species (ROS) accumulation and the maintenance of a prooxidant milieu, which, in turn, is associated with the activation of signaling pathways involved in melanomagenesis, including RAS/RAF/MEK/ERK and PI3K/AKT [12,13,14]. Therefore, melanoma can be considered a ROS-driven cancer, where different transduction pathways are activated to increase the survival, proliferation, and apoptosis resistance of melanoma cells.



Dysfunctional mitochondria and increased NADPH oxidase activity have been shown to be the major sources of ROS in melanoma, contributing to melanocyte malignant transformation and tumor progression [15,16,17]. Recently, our group and others showed that nitric oxide synthase (NOS) uncoupling is also involved in the redox homeostasis regulation of melanoma cells by increasing superoxide anion (O2•−) and decreasing nitric oxide (NO) production [18,19,20].



All three isoforms of NOS: endothelial (eNOS), neuronal (nNOS), and inducible (iNOS), require tetrahydrobiopterin (BH4) as a cofactor for NO synthesis. BH4 is indispensable for NOS enzymatic activity through mechanisms that include direct binding to the heme active site at the interface between the two monomers, promoting NOS dimerization and stability and increasing the binding of the substrate L-arginine [21,22]. Increased ROS concentrations in the intracellular milieu leads to the oxidation of BH4 to BH2, resulting in a BH4 loss. The decreased BH4 bioavailability contributes to NOS uncoupling, since electron transfer from NADPH through the flavin domains to molecular oxygen is uncoupled from L-arginine oxidation, resulting in the generation of ROS and NO production decrease [23,24].



BH4 is synthetized in physiological conditions mainly by a de novo pathway from GTP via three steps, the first and rate-limiting step catalyzed by GTP cyclohydrolase 1 (GTPCH1: EC 3.5.4.16) and, then, by the enzymes 6-Pyruvoyl-tetrahydropterin synthase (PTPS) and sepiapterin reductase (SPR) [25]. Intracellular BH4 concentration is also maintained by the salvage pathway, including SPR and dihydrofolate reductase (DHFR) enzymes, and by the recycling route where dihydropteridine reductase (DHPR) regenerates quinonoid dihydrobiopterin (qBH2) to BH4 [22,26].



BH4 metabolism alteration is involved in the development of pathologies associated with oxidative stress and inflammation, such as atherosclerosis, hypertension, diabetes, and neurological disorders, which is well-described [23,24,25,27]. However, BH4 contributions in cancer, where the redox disturbance represents a hallmark mechanism, is poorly understood. Analysis of the recent literature suggests that BH4 may have a dual role in tumor progression, which is dependent on the cancer type and disease stage development [20,28,29]. Accordingly, the goal of this work is to evaluate the participation of BH4 along melanoma progression by studying the cell lines corresponding to different stages of melanoma development.




2. Results


2.1. GCH1 Expression Is Elevated in Melanoma Cell Lines Compared to Melanocytes


Previous studies from our group showed that NOS is uncoupled in melanoma cells, and BH4 or L-sepiapterin (BH4 precursor) treatment increased NO production and reduced the O2•− levels in these cells, suggesting NOS recoupling [19,20,30].



Since GTPCH1 is the rate-limiting enzyme in BH4 biosynthesis, the expression of the gene and the protein amount was evaluated in human cell lines corresponding to distinct stages of melanoma progression: melanocytes, WM1552C (RGP), WM793, and WM1366 (VGP), WM983B, and Lu1205 (MET). Initially, the expression of GCH1 was analyzed by real-time qPCR and was found to be increased in WM1552C and WM983B melanoma cells compared to melanocytes. GCH1 expression was higher in WM983B metastatic melanoma cells in relation to less aggressive melanoma cells WM1152C and WM793 (Figure 1A). This result was supported by GTPCH1 protein expression, where there was an increase in almost melanoma cell lines compared to melanocytes (Figure 1B,C).




2.2. Tetrahydrobiopterin Concentration Is Elevated in Metastatic Melanoma Cells


Our next step was to analyze the concentration of biopterins by HPLC. The BH4 amount was higher in WM983B metastatic melanoma cells when compared to melanocytes or even other melanoma cells. However, the BH4 concentration was lower in WM1552C RGP cells in comparison to melanocytes (Figure 2A). In addition, the BH4:BH2 ratio was also higher in WM983B metastatic cells compared to melanocytes and WM1552C RGP cells (Figure 2C). There was no difference in the BH2 concentration in the cell lines analyzed (Figure 2B).




2.3. Melanoma Cells Show Increased Superoxide Anion Levels and Decreased Nitric Oxide Concentration


We used the fluorescence indicator DHE and evaluate O2•− levels by flow cytometry in melanocytes and melanoma cell lines. We found an increase in O2•− in WM1552C, WM793, and WM983B melanoma cells when compared to melanocytes (Figure 3A) and intracellular nitric oxide amount by flow cytometry using the fluorescence indicator DAF. We found a decreased NO amount in WM1552C and WM983B melanoma cells compared to melanocytes (Figure 3B). We also analyzed the extracellular nitric oxide levels evaluated by the NO analyzer, and the results showed a decrease in the nitric oxide concentration in WM1552C and WM983B melanoma cells compared to melanocytes (Figure 3C).




2.4. Increased Expression of Nitric Oxide Synthases in Melanoma Cells


It has been demonstrated in endothelial and metastatic melanoma cells that increased the NOS3 expression can cause eNOS uncoupling due to the loss of BH4:NOS stoichiometry [30,31,32]. Thus, we evaluated the expression of enzymes eNOS, iNOS, and nNOS in melanocytes and melanoma cells to investigate possible uncoupling mechanisms alongside melanoma progression, since we showed an augment in O2•− and reduction of the NO levels in melanoma cells. We observed increased eNOS and nNOS expression in all melanoma cells compared to melanocytes (Figure 4A,B). iNOS expression was higher in WM793 melanoma cells when compared to other cells (Figure 4C). The results suggest that NOS uncoupling in WM793 and WM983B melanoma cells may be caused by the dysregulation in BH4:NOS stoichiometry. The same mechanism could also be proposed for WM1552C melanoma cells, which would also be associated with a lower concentration of BH4.



Additionally, melanoma cells were treated with specific NOS inhibitors to analyze their activity. In the presence of L-NAME, a preferentially eNOS inhibitor, the NO levels were decreased in WM1552C RGP (Figure S1A) and WM983B metastatic melanoma cells (Figure S2A), indicating that this isoform is a source of NO in these cells. Moreover, L-NAME increased the O2•− amount in WM1552C (Figure S1C) but had no effect on the O2•− concentration of WM983B cells (Figure S2C), suggesting that L-NAME can cause NOS uncoupling in WM1552C cells. On the other hand, NANT, a specific nNOS inhibitor, reduced the O2•− levels in WM1552C (Figure S1D) and WM983B melanoma cells (Figure S2D). However, NANT increased the NO in WM1552C (Figure S1B) and reduced it in WM983B melanoma cells (Figure S2B), suggesting that only nNOS is uncoupled in these melanoma cells.




2.5. Tetrahydrobiopterin Supplementation Impairs Superoxide Anion and Increases Nitric Oxide Production in WM1552C Melanoma Cells


Showing a reduction in the BH4 amount and an increase in the expression of eNOS and nNOS compared to the melanocytes, we investigated whether the BH4 treatment would be able to restore enzyme coupling in the WM1552C RGP cells. Initially, the cells were treated with 20 or 40 µM of BH4, and after 16 h, the intracellular amount of biopterins was evaluated by HPLC. BH4 and the total biopterin concentration were higher in treated compared to untreated cells (Figure 5A,D). The treatment with 40 µM of BH4 increased the BH2 amount compared to untreated cells (Figure 5B), and we did not observe differences in the BH4:BH2 ratio (Figure 5C). Importantly, an increased BH4 concentration was maintained for 96 h (data not shown). The flow cytometry analysis showed that WM1552C melanoma cells decreased the NO and increased the O2•− levels in the presence of BH4 (Figure 5E,F). These results indicate the ability of BH4 to restore the NOS function in the early phases of melanoma progression.




2.6. Tetrahydrobiopterin Inhibits the Growth of WM1552C Melanoma Cells


To evaluate the functional effects of NOS recoupling by BH4 treatment, with consequent changes in the redox homeostasis, we analyzed the WM1552C RGP viability by MTT treating cells with different concentrations of BH4. The treatment decreased the cell viability at 48, 72 and 96 h (Figure 6A). On the other hand, the treatment with BH4 did not modify the viability of the melanocytes [20]. Moreover, BH4 supplementation reduced the colony formation capability of WM1552C cells after 9 days (Figure 6B,C). Likewise, 40 µM of BH4 decreased the diameter in the forming tumorsphere when comparing the untreated group from the first day of the treatment (Figure S3) to the last day (day 5) (Figure 6D,E). In addition, BH4 increased the WM1552C melanoma cell sensitivity to vemurafenib (BRAF inhibitor) (Figure 6F).




2.7. DAHP Supplementation Potentiated ROS Production and NO Loss by Decreasing BH4 Levels in WM983B Metastatic Melanoma Cells


Since the WM983B metastatic melanoma cells showed increased BH4 levels and BH4:BH2 ratio when compared to melanocytes, in addition to a higher expression of eNOS and nNOS, we evaluated the effects of GTPCH1 inhibition on DAHP treatment. Analysis of the biopterin concentration by HPLC showed that the treatment with DAHP for 16 h decreased the BH4 amount, total biopterin and the BH4:BH2 ratio of the WM983B cells (Figure 7A,C,D). There was no difference in the BH2 levels (Figure 7B). Moreover, WM983B cells treated with 4mM DAHP showed increased O2•− levels and decreased NO levels compared to the untreated cells (Figure 7E,F). On the other hand, treatment with BH4 increased the NO concentration (Figure S4A) and reduced the O2•− levels in WM983B cells (Figure S4B), suggesting the recoupling of NOS in the presence of the NOS cofactor. However, BH4 did not interfere with the cell viability (Figure S4C). These results suggest that the decrease in the BH4 amount potentiated NOS uncoupling in metastatic melanoma cells, while its increase restored NOS function.




2.8. DAHP Inhibits the Growth of WM983B Metastatic Melanoma Cells


Since the increase in NO and decrease in the O2•− levels inhibited the growth of WM1552C RGP melanoma cells, we analyzed by MTT the viability of WM983C metastatic melanoma cells treated with DAHP. Surprisingly, 2 and 4 mM DAHP supplementation reduced the cell viability at 72 and 96 h (Figure 8A). In addition, DAHP treatment decreased the colony formation capability of WM983B cells after 9 days (Figure 8B). On the other hand, DAHP treatment at the same concentrations did not alter the viability of the melanocytes compared to the untreated cells (Figure S5).




2.9. Pertubance of BH4 Metabolism Impairs Oncogenic Signaling Pathways in Melanoma Cells


Since BH4 supplementation reduced WM1552C RGP melanoma cell proliferation, we analyzed the oncogenic signaling pathways involved in the growth and survival of melanoma cells. Surprisingly, ERK activation and AKT phosphorylation were induced in the presence of BH4 after 30 min and maintained for four hours in radial growth melanoma cells (Figure 9A). On the other hand, the reduction of WM983B cell growth after DAHP treatment seems to be associated with the inhibition of ERK and AKT phosphorylation (Figure 9B).





3. Discussion


Recent studies by our group showed that NOS uncoupling caused an increase in O2•− and decreased NO levels in melanoma cells. A decreased BH4:BH2 ratio and enhanced NOS expression with consequent loss of NOS:BH4 stoichiometry have been indicated as a mechanism of an enzyme uncoupling in these tumor cells [20,30]. Furthermore, it has been suggested that uncoupled NOS is involved in the malignant transformation of murine melanocytes [12] and in the establishment of a prooxidant milieu, which, in turn, contributes to the proliferation and apoptosis resistance of human melanoma cells [17,27]. In the present work, we evaluated for the first time the participation of BH4 and NOSs activity status in human cell lines corresponding to distinct stages of melanoma progression.



As mentioned earlier, GTPCH1 is the limiting enzyme for BH4 synthesis via the de novo pathway, capable of converting GTP into 7,8-dihydroneopterin triphosphate. An increase in GCH1/GTPCH1 expression has been reported in several tumors [29,30,33,34]. Recently, through a murine melanoma model, we showed that there is an increase in the levels of Gch1 and other genes involved in the de novo BH4 biosynthesis pathway during melanoma progression [30]. Accordingly, here, we observed that the GCH1 gene levels and GTPCH1 protein expression are higher in WM1552C RGP and WM983B metastatic melanoma cell lines when compared to melanocytes (Figure 1A,B). Furthermore, WM983B cells had the highest concentration of intracellular BH4 when compared to other melanoma lines and melanocytes (Figure 2A). Surprisingly, WM1552C cells showed lower levels of BH4 when compared to melanocytes (Figure 2A), revealing that the increase in GTPCH1 expression was not enough to augment the BH4 concentration in these melanoma cells, as shown in endothelial cells [35]. Interaction with the enzyme GTP feedback regulator protein (GFRP) is one of the mechanisms that can regulate the activity of GTPCH1 in the endothelial, keratinocytes, and melanocytes [36,37]. It was demonstrated that, in the presence of high ROS levels, as observed in the early stages of melanoma progression, the relationship between GTPCH1 expression and BH4 amount is not linear, possibly due to the action of GFRP [38]. Since GCHFR expression is higher in WM1552C cells when compared to melanocytes (data not shown), a functional GFRP/GTPCHI axis could be the mechanism controlling the BH4 concentration in these melanoma cells, as found in melanocytes [37]. Furthermore, WM1552C cells showed no difference in BH2 concentration and BH4:BH2 ratio (Figure 2B,C). The concentration of BH2 is maintained by the salvage and recycling pathways, as was shown in endothelial and breast cancer cells [39,40,41]. Although WM1552C cells present a prooxidant status (Figure 3), the high expressions of SPR, DHFR and DHPR found in these melanoma cells (data not shown) can prevent BH4 oxidation and avoid a complete BH4 loss. Regarding WM983B metastatic melanoma cells, an increased GCH1/GTPCH1 expression is associated with a high BH4 concentration. A decreased expression of GCHFR in these metastatic cells could contribute to maintaining the BH4 concentration (data not shown). Importantly, in addition to the BH4 amount and BH4:BH2 ratio, the stoichiometric relationship between NOS and BH4 can determine the function of the enzyme [31,32,42]. The WM1552C RGP, WM793 VGP and WM983B metastatic melanoma cells showed higher eNOS and nNOS expressions when compared to the melanocytes (Figure 4A,B). Besides that, the iNOS expression was increased in the WM793 cells (Figure 4C). Moreover, all melanoma cell lines showed higher O2•− levels and lower NO levels compared to the melanocytes. Thus, even in the presence of higher levels of BH4, the metastatic cell line WM983B seems to present NOS uncoupling, since the BH4 treatment of these cells was able to increase the NO levels and decrease O2•− levels (Figure S4). Corroborating with this hypothesis, eNOS silencing in murine metastatic melanoma cells was able to increase the NO concentrations and decrease the O2•− levels [30], indicating the enzyme recoupling by the reestablishment of BH4/NOS stoichiometry in different melanoma cells. On the other hand, we observed an increase in the O2•− levels and a decrease in the NO concentration of WM983B cells treated with DAHP, a GTPCHI inhibitor (Figure 7E,F). The GTPCH1 inhibitor treatment reduced the intracellular amount of BH4 and the BH4:BH2 ratio (Figure 7A,B), potentiating NOS uncoupling. Furthermore, BH4 treatment was able to increase the intracellular levels of BH4 (Figure 5A), with the consequent reduction in O2•− and increase in NO levels in WM1552C melanoma cells (Figure 5E,F), indicating the reestablishment of NOS function also in these cells.



Superoxide anion and other ROS are involved in different biological processes, acting on the oxidation of molecules and signal transduction like a second messenger. Under physiological conditions, there is a balance between the production and elimination of ROS [43]. Disruption of the redox homeostasis can promote several cancer types, including melanoma, which is in agreement with the literature [44,45]. ROS participate in the pathways related to proliferation, survival, invasion and metastasis [46,47,48,49]. On the other hand, ROS at high levels can have negative consequences, such as DNA damage and cell death, conferring an antitumor profile to these molecules. Many studies have reported ROS as a therapeutic strategy in the fight against cancer [44,50,51,52,53]. The treatment of molecules such disulfiram, brusatol and Buthionine sulfoximine render melanoma cells more sensitive to chemo- and radiotherapy through the modulation of redox homeostasis [54,55]. Interestingly, we found that DAHP treatment reduced the cell viability and clonogenic capacity of WM983B metastatic melanoma cells (Figure 8A,B), whereas the same treatment did not alter the melanocytes viability (Figure S5). These results suggest that the potentiation of NOS uncoupling induces oxidative stress, which, in turn, inhibits cell growth in the latest phases of melanoma progression, as observed by other authors [56,57]. On the other hand, decreased ROS and increased NO levels in the presence of BH4 did not impair the WM983B melanoma cells viability, indicating that, in this phase, low ROS did not interfere with melanoma development. Previous studies showed that NOS recoupling, through BH4 treatment or NOS silencing, was also able to decrease the cell viability, colony formation, anoikis resistance in melanoma cells and attenuated metastatic melanoma growth in vivo [20,30]. Here, we observed that BH4 treatment also reduced the cell viability, colony and tumorsphere formation of WM1552C RGP melanoma cells (Figure 6A–E). Increasing the ROS concentration is important in the early stages of cancer progression, as they over-activate oncogenic signaling pathways, as shown by other authors [12,18]. These data indicate that, either by recoupling or potentiating NOS uncoupling, changes in the superoxide anion and nitric oxide levels affected melanoma cell survival. It is important to note that the effect of redox status modulation in melanoma growth is dependent on the melanoma stage.



NO, which is also an important messenger molecule involved in different physiological processes, participates in tumorigenesis and tumor progression [58]. Generally, high concentrations of NO cause cell cycle arrest and apoptosis, while low concentrations stimulate proliferation [59,60]. In addition, the cancer cell type and localization of NO synthesis are also associated with its contribution to cancer. In melanoma, it has been shown that NO can also act to inhibit or promote tumor growth [58,61]. Among the mechanisms that NO can trigger cell death with is the activation of p53 [62,63,64]. Increase in iNOS and nNOS expression, and consequent higher NO production after treatment with capsaicin and resveratrol, stimulated p53 and promoted the apoptosis of human melanoma cells [65]. On the other hand, NO can act by activating the PI3K/AKT and RAS/ERK pathways, which, in turn, inhibit p53, favoring the development and progression of melanoma [66]. In fact, activation of these transduction pathways is associated with cancer development, including melanoma progression. However, in some circumstances, the induction of ERK and AKT activity can lead to cancer cell death [67,68,69]. As mentioned, ROS have a dual role in cancer development. It was shown that ROS activate innumerous signaling pathways, including the RAS/RAF/MEK/ERK and PI3K/AKT cascades, which, in turn, sustains melanoma growth [12,18,66]. However, the induction of ROS by different agents is associated with cell death in different cell types. Studies have shown that ERK activation by ROS can also lead to the death of different cell types [70,71,72,73]. For instance, Guon and colleagues found that the increase in ROS production caused the death of A2058 melanoma cells via ERK phosphorylation [73]. In human keratinocytes, TGF-α-induced ERK inhibition is caused by ionizing radiation/ROS [74]. Oxidative stress triggers the apoptosis of human endothelial cells by inhibiting ERK phosphorylation [75]. Here, we showed that DAHP treatment with the consequent reduction of NO and increase of the ROS levels was able to inhibit AKT and ERK phosphorylation in WM983B metastatic melanoma cells (Figure 9B). These results suggest that DAHP impaired the cell growth of WM983B cells by modulating the balance between NO and ROS. Surprisingly, BH4 treatment induced ERK activation and AKT phosphorylation in WM1552C RGP melanoma cells (Figure 9A), as shown by other authors [68,69,76]. Tangchirakhaphan showed that p-ERK1/2 triggers apoptosis and inhibits the cell growth of A375 melanoma cells treated with goniothalamin [76]. It was also demonstrated that serotonin type-3 receptor antagonists induce ERK activation and NF-κB downregulation-dependent apoptosis [69].



Interestingly, we observed a difference in the BH4 amount in the early and the advanced stage of melanoma. WM1552C RGP melanoma cells have a lower intracellular amount of BH4 when compared to melanocytes and WM983B, while the BH4 levels of the WM983B cells are higher than the nonmalignant and melanoma cells. Superoxide anion acts for malignant transformation, and low concentrations of BH4 could favor tumorigenesis. On the other hand, it is known that high concentrations of ROS can lead to cell death; thus, tumor cells can increase the antioxidant system to protect and ensure tumor progression [50,51,77]. In advanced-stage melanoma, the increase in BH4 levels may be one of the mechanisms to keep the O2•− levels within the limit for the survival of these cells. Corroborating these arguments, despite showing differences in the BH4 amounts, we observed that the O2•− levels do not change between the WM1552C and WM983B cells (Figure 3A).



The development of targeted therapies has brought greater perspective to patients with melanoma; however, the establishment of chemoresistance to these treatments has shown that new drugs need to be investigated. Several mechanisms of resistance development have been shown [5,6], such as the increase in ROS by the activation of oxidative phosphorylation [78,79]. Interestingly, we found that BH4 rendered WM1552C melanoma cells more sensitive than vemurafenib (Figure 6F). Furthermore, it was shown that vemurafenib triggers NO synthesis, being one of the mechanisms associated with vemurafenib-induced cell death [80]. Moreover, therapeutic strategies that potentiate NO production overcome the vemurafenib resistance [81]. Therefore, the mechanisms underlying the overcoming of vemurafenib resistance of WM1552C RGP melanoma cells may be the increment in the NO levels in the presence of BH4. BH4 acting as a NOS cofactor has been reported as a pro-tumoral and an antitumoral molecule [82]. Furthermore, since NOS can be a source of both ROS and NO, the altered BH4 concentration alongside the tumor progression with consequent modifications of cellular redox homeostasis can be explored as a therapeutic strategy according to the type and stage of the tumor.




4. Materials and Methods


4.1. Cell Culture


The human melanocyte cell line was acquired from Rio de Janeiro Cell Bank (code BCRJ 0190) and was grown in DMEMF12 (Invitrogen, Scotland, UK) at pH 7.2 supplemented with 20% fetal bovine serum (Invitrogen, Scotland, UK), 2.5 mM glutamine (Invitrogen, Scotland, UK), 500 μM sodium pyruvate (Invitrogen, Scotland, UK), 1.4 μM hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA), 1 nM Triiodotreonin (T3) (Sigma-Aldrich, St. Louis, MO, USA), 10 μg/mL Insulin (Sigma-Aldrich, St. Louis, MO, USA), 10 μg/mL Transferrin (Sigma-Aldrich, St. Louis, MO, USA) and 10 ng/mL Epidermal Growth Factor (Sigma-Aldrich, St. Louis, MO, USA). The patient-derived melanoma cells lines WM1552C, WM793, WM1366, WM983B and Lu1205 were kindly provided by Dr. Meenhard Herlyn (Wistar Institute, Philadelphia, PA, USA) and grown in TU medium (80% MCDB153 (Sigma-Aldrich, St. Louis, MO, USA medium plus 20% Leibovitz medium (Invitrogen, Scotland, UK) supplemented with 2% FBS and 1.68 mM CaCl2 (https://wistar.org/our-scientists/meenhard-herlyn, accessed on 1 April 2022). WM155C lineage corresponds to radial growth phase (RGP) melanoma cells, WM793 and WM1366 lineages correspond to vertical growth (VGP) melanoma cells and WM983B and Lu1250 correspond to the metastatic melanoma cells. The cultures were kept in an incubator at 37 °C in a humidified atmosphere containing 5% CO2.




4.2. Nitric Oxide Quantification


4.2.1. DAF-2DA


Cells were grown in 6-well plates and, upon reaching 85% confluence, were treated or not for 16 h with 10 and 40 μM BH4 (Cayman Chemical, Ann Arbor, MI, USA) or 2 and 4 mM DAHP (2,4-Diamino-6-hydroxypyrimidine) (Cayman Chemical, Ann Arbor, MI, USA) or for 45 min with 0.5, 1 and 2 mM L-NAME (Nitro-L-arginine methyl ester hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) and 100, 200 and 400 nM NANT (N-[(4S)-4-amino-5-[(2-aminoethyl)amino]pentyl]-N’-nitroguanidinetris (trifluoroacetate) (Cayman Chemical, Ann Arbor, MI, USA). After 16 h of incubation, cells were washed with phosphate-buffered saline (PBS) and incubated with 2.5 μM 4-5-diaminofluorescein diacetate (DAF-2DA), a nonfluorescent cell permeable indicator for nitric oxide, in PBS (Molecular Probes, Eugene, OR, USA) for 40 min at 37 °C in the dark. Cells were washed two times with PBS and analyzed by flow cytometry (FACSCalibur; Becton–Dickinson, Franklin Lakes, NJ, USA) (excitation wavelength 495 nm; emission wavelength 515 nm).




4.2.2. NO Analyzer


NO concentration was determined after a gas-phase chemiluminescence reaction of NO with ozone by a NO analyzer (NOA 280; Sievers Instruments, Boulder, CO, USA). A standard curve was established with a set of serial dilutions (0.1–100 μM) of sodium nitrate. The amount of NO metabolites in melanocytes and in WM1552, WM793 and WM983 melanoma cells were determined by comparison with the standard curve and expressed as micromoles per milligram of protein. Data collection and evaluation were performed using the NOAnalysis software (version 3.21; Sievers Instruments, Boulder, CO, USA).





4.3. Reactive Oxygen Species Anion Quantification


Intracellular reactive oxygen species amount was measured using CellROX® Green (Molecular Probes, Eugene, OR, USA), a nonfluorescent cell permeable indicator and analyzed by flow cytometry. After 16 h of treatment or not with 20 and 40 μM BH4 or 2 and 4 mM DAHP) or for 45 min with 0.5, 1 and 2 mM L-NAME and 100, 200 and 400 nM NANT cells were washed and incubated with 1 μM CellROX in PBS for 50 min at 37 °C in the dark. After washing, cells were analyzed by flow cytometry (FACSCalibur; Becton–Dickinson, Franklin Lakes, NJ, USA) (excitation wavelength 480 nm; emission wavelength 567 nm).




4.4. High-Performance Liquid Chromatography Analysis of the Cellular Biopterin Content


To evaluate the cellular concentrations of tetrahydrobiopterin (BH4), 7,8-dihydrobipterin (BH2), total biopterin and the BH4:BH2 ratio, reversed-phase high-performance liquid chromatography was used as a previously reported [83]. Melanoma cell lines and treated cells with 20 and 40 μM BH4 or 2 and 4 mM DAHP for 16 and 96 h were washed twice with cold PBS (10 mM phosphate buffer, pH 7.2, 150 mM NaCl). After centrifugation, cells were resuspended in 0.5 mL 0.1M phosphoric acid containing 5 mM dithioerythritol and sonicated for 40 s, to which 35 µL 2 M trichloroacetic acid (TCA) were added. The solution was centrifuged at 12,000× g for 1 min, and the supernatant was used immediately for the quantification of all biopterins. The total biopterin amount was measured following oxidation in acidic conditions, whereas BH2 quantification was conducted after its oxidation in alkaline conditions. BH4 was calculated from the difference between the amount of biopterin formed by oxidation in acidic conditions and the amount of biopterin formed by oxidation in alkaline conditions. For an oxidation reaction under acidic conditions, 100 µL of cell extract were mixed with 15 µL 0.2 M TCA and 15 µL 1% I2/2% KI in 0.2 M TCA. For oxidation under alkaline conditions, 100 µL cell extracts were mixed with 15 µL 1 M NaOH and 15 µL 1% I2/2% KI in 3 M NaOH. The oxidation reaction was carried out for 1 h in the dark at room temperature. The next step was to inactivate the excess of iodine by the addition of 25 µL 0.114M ascorbic acid. The assay mixture was centrifuged at 4 °C for 12 min, and 100 µL of the supernatant were injected into an HPLC system (LCMS-2020, Shimadzu Co., Kyoto, Japan) on a C18 Vydac reversed-phase column (5 μm, 4.6 mm id × 205) and detected by fluorescence (lex = 350 nm; lem = 450 nm). Biopterin was eluted by an isocratic mobile phase solution (5% methanol and 7.5 mM sodium phosphate buffer, pH 6.35) at a flow rate of 1.0 mL/min. Data were collected and analyzed by LC solution software (Shimadzu Co., Kyoto, Japan) and normalized against protein concentration.




4.5. RNAm Analysis


RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s specifications. cDNA was synthetized using the Superscript III first-strand synthesis system following the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). Equal amounts of each cDNA were quantified by real time-PCR in a Corbett Rotor-Gene 6000 Detection System version 1.7 using an SYBR green PCR master mix (Qiagen, Dusseldorf, German) and specific primers (GCHI forward: 5′ TGAGATGGTGATTGTGAAGGAC 3′; GCHI reverse: 5′ CGCTCCTGAACTTGTAGTCTTC 3′ Relative quantification (RQ) of the amplicons was calculated according to the 2−∆∆Cq method. Gene normalizing was performed using β-actin (Forward: 5′ GTCTTCCCCTCCATCGTG3′; Reverse: 5′ GTACTTCAGGGTGAGGATGC 3′.




4.6. Western Blot


After treatment with 20 and 40 μM BH4 or 2 and 4 mM DAHP for 30 min and 4 h, subconfluent cell cultures were trypsinized, washed twice with PBS and whole-cell lysates were prepared using Pierce® IP Lysis Buffer (25 mM Tris•HCl pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA and 5% glycerol) added with the protease and phosphatase inhibitor cocktails (Sigma-Aldrich, St. Louis, MO, USA) kept for 15 min on ice, followed by centrifugation at 13,000 rpm for 15 min at 4 °C. The supernatant was collected, and the protein concentration was measured by Bio-Rad protein assay dye reagent concentrate (Bio-Rad, Hercules, CA, USA). Equivalent amounts of protein (40 μg) were denaturated in SDS sample buffer (240 mM Tris–HCl, pH 6.8, 0.8% SDS, 200 mM beta-mercaptoethanol, 40% glycerol and 0.02% bromophenol blue) for 5 min. Protein lysates were resolved by SDS-PAGE and transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). After protein transfer, the membranes were blocked with 5% nonfat dry milk in PBS. The specific antibody used was rabbit anti-GTPCH1 (Abnova, Taipei, Taiwan), rabbit anti-pan AKT, rabbit anti-phospho-AKT, rabbit anti-total ERK and rabbit anti-phospho-ERK (Cell Signaling Technologies, Danver, MA, USA), followed by secondary antibody incubations using goat anti-rabbit IgG (H + L) HPR-conjugated (1:2000) (Bio-Rad Hercules, CA, USA). The signal was visualized by chemiluminescence using Immobilon Forte Western HRP substrate (Merck KGaA, Darmstadt, Germany). The band intensities were measured using Processing and Analysis in Java, ImageJ 1.38b (Wayne Rasband, National Institute of Health, USA, http://rsb.info.nih.gov/ij/, accessed on 3 April 2021).




4.7. MTT Assay


Cell viability in the presence of BH4, DAHP or PLX4032 was determined using a standard MTT assay. After treatment or not with 10, 20 and 40 μM BH4 or 1, 2 and 4 mM DAHP or PLX4032 (0,5, 1, 2, 4, 8, 12, 16 and 20 μM) for 24, 48, 72 and 96 h, the human melanocytes and melanoma cells were submitted to the MTT assay. BH4 treatment was replaced every 24 h and cells were growing at 37 °C in a humidified atmosphere containing 5% CO2. As soon as the cells adhered to the substrate, 5 mg/mL MTT (Calbiochem, Hesse, Germany) was added to the culture, being considered as time T = 0. Cells were kept in an incubator at 37 °C and 5% CO2, with MTT for one hour. After medium withdrawal, dimethylsulfoxide (Merck, Hesse, Germany) was added to all wells for 15 min, and the absorbance was measured on a spectrophotometer at 620 nm (Multiskan EX, Thermo Electron, Stockport, OH, USA).




4.8. Clonogenic Assay


Melanoma cells were seeded on 60-mm dishes and grown for nine days in the presence or not of 40 μM BH4 or 2 and 4 mM DAHP. The cell culture medium was changed daily, and the same treatment as that of the initial plating was used. At the end of this period, the plates were washed in PBS, fixed in 3.7% (v/v) formaldehyde for 15 min, washed with PBS, stained with 1% Toluidine Blue in 1% sodium tetraborate (borax) for five minutes and washed with water. For the quantification of the surviving cells, the dye was solubilized in 1% SDS under agitation for one hour, and the absorbance at 620 nm was measured using a spectrophotometer.




4.9. Tumorsphere-Forming Assay


To evaluate the 3D cell proliferation, a spheroid formation assay was performed in micro-molds containing 81 pores. Approximately 700 µL of the 2% agarose solution in saline was added to the micro-mold (MicroTissues® 3D Petri Dish® micro-mold spheroids; Sigma, St. Louis, MO, USA). After 30 min, the micro-molded agarose was misinformed from the micro-mold in a 24-well plate. After the agarose was completely dried, approximately 20 min, DMEM containing 2.5% SFB was added to micro-molded agarose and was incubated for 15 min in an incubator at 37 °C and 5% CO2. After removing the medium, the cell suspension (approximately 1 × 106 cells) was resuspended in 200 µL of medium and added to the micro-molded agarose. After spheroid formation (24 h later), cells were treated or not with 20 and 40 μM BH4 or 2 and 4 mM DAPH for 5 days, and sphere growth was monitored for 5 days, and the tumorsphere area was measured.




4.10. Statistical Analysis


To evaluate the results, we relied on the Student’s t-test for two-group experiments and analysis of variance (factorial ANOVA) with Bonferroni’s post-test for experiments with three or more groups using the GraphPad Prism 7.0® statistical software (GraphPad, San Diego, CA, USA). The significance level was established at p < 0.05.
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	radial growth phase



	VGP
	vertical growth phase



	NOS
	nitric oxide synthase



	NO
	nitric oxide



	ROS
	reactive oxygen species



	BH4
	tetrahydrobiopterin



	BH2
	dihydrobiopterin



	GTPCH1
	GTP cyclohydrolase protein



	GCH1
	murine cyclohydrolase gene



	PTPS
	6-pyruvoyltetrahydrobiopterin synthase protein
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	sepiapterin reductase protein



	GFRP
	GTP feedback regulator protein
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	human GTP feedback regulator gene



	DHFR
	dihydrofolate reductase



	DHPR
	dihydropteridine reductase







References


	



Lo, J.A.; Fisher, D.E. The Melanoma Revolution: From UV Carcinogenesis to a New Era in Therapeutics. Science 2014, 346, 945–949. [Google Scholar] [CrossRef] [PubMed]

	



Rastrelli, M.; Tropea, S.; Rossi, C.R.; Alaibac, M. Melanoma: Epidemiology, Risk Factors, Pathogenesis, Diagnosis and Classification. In Vivo 2014, 28, 1005–1011. [Google Scholar]

	



Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [Google Scholar] [CrossRef] [PubMed]

	



El Kharbili, M.; Cario, M.; Béchetoille, N.; Pain, C.; Boucheix, C.; Degoul, F.; Masse, I.; Berthier-Vergnes, O. Tspan8 Drives Melanoma Dermal Invasion by Promoting ProMMP-9 Activation and Basement Membrane Proteolysis in a Keratinocyte-Dependent Manner. Cancers 2020, 12, 1297. [Google Scholar] [CrossRef] [PubMed]

	



Montor, W.R.; Salas, A.R.O.S.E.; de Melo, F.H.M. Receptor Tyrosine Kinases and Downstream Pathways as Druggable Targets for Cancer Treatment: The Current Arsenal of Inhibitors. Mol. Cancer 2018, 17, 55. [Google Scholar] [CrossRef]

	



Luebker, S.A.; Koepsell, S.A. Diverse Mechanisms of BRAF Inhibitor Resistance in Melanoma Identified in Clinical and Preclinical Studies. Front. Oncol. 2019, 9, 268. [Google Scholar] [CrossRef]

	



Gershenwald, J.E.; Scolyer, R.A.; Hess, K.R.; Sondak, V.K.; Long, G.V.; Ross, M.I.; Lazar, A.J.; Faries, M.B.; Kirkwood, J.M.; McArthur, G.A.; et al. Melanoma Staging: Evidence-Based Changes in the American Joint Committee on Cancer Eighth Edition Cancer Staging Manual. CA Cancer J. Clin. 2017, 67, 472–492. [Google Scholar] [CrossRef]

	



Akbani, R.; Akdemir, K.C.; Aksoy, B.A.; Albert, M.; Ally, A.; Amin, S.B.; Arachchi, H.; Arora, A.; Auman, J.T.; Ayala, B.; et al. Genomic Classification of Cutaneous Melanoma. Cell 2015, 161, 1681–1696. [Google Scholar] [CrossRef]

	



Berger, M.F.; Hodis, E.; Heffernan, T.P.; Deribe, Y.L.; Lawrence, M.S.; Protopopov, A.; Ivanova, E.; Watson, I.R.; Nickerson, E.; Ghosh, P.; et al. Melanoma Genome Sequencing Reveals Frequent PREX2 Mutations. Nature 2012, 485, 502–506. [Google Scholar] [CrossRef]

	



Krauthammer, M.; Kong, Y.; Ha, B.H.; Evans, P.; Bacchiocchi, A.; McCusker, J.P.; Cheng, E.; Davis, M.J.; Goh, G.; Choi, M.; et al. Exome Sequencing Identifies Recurrent Somatic RAC1 Mutations in Melanoma. Nat. Genet. 2012, 44, 1006–1014. [Google Scholar] [CrossRef]

	



Hodis, E.; Watson, I.R.; Kryukov, G.V.; Arold, S.T.; Imielinski, M.; Theurillat, J.P.; Nickerson, E.; Auclair, D.; Li, L.; Place, C.; et al. A Landscape of Driver Mutations in Melanoma. Cell 2012, 150, 251–263. [Google Scholar] [CrossRef] [PubMed]

	



Molognoni, F.; De Melo, F.H.M.; Da Silva, C.T.; Jasiulionis, M.G. Ras and Rac1, Frequently Mutated in Melanomas, Are Activated by Superoxide Anion, Modulate Dnmt1 Level and Are Causally Related to Melanocyte Malignant Transformation. PLoS ONE 2013, 8, e81937. [Google Scholar] [CrossRef] [PubMed]

	



Bagati, A.; Moparthy, S.; Fink, E.E.; Bianchi-Smiraglia, A.; Yun, D.H.; Kolesnikova, M.; Udartseva, O.O.; Wolff, D.W.; Roll, M.V.; Lipchick, B.C.; et al. KLF9-Dependent ROS Regulate Melanoma Progression in Stage-Specific Manner. Oncogene 2019, 38, 3585–3597. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, S.; Sakamoto, K. Pyruvic Acid/Ethyl Pyruvate Inhibits Melanogenesis in B16F10 Melanoma Cells through PI3K/AKT, GSK3β, and ROS-ERK Signaling Pathways. Genes Cells 2019, 24, 60–69. [Google Scholar] [CrossRef]

	



Meitzler, J.L.; Makhlouf, H.R.; Antony, S.; Wu, Y.; Butcher, D.; Jiang, G.; Juhasz, A.; Lu, J.; Dahan, I.; Jansen-Dürr, P.; et al. Decoding NADPH Oxidase 4 Expression in Human Tumors. Redox Biol. 2017, 13, 182–195. [Google Scholar] [CrossRef] [PubMed]

	



Chong, S.J.F.; Lai, J.X.H.; Qu, J.; Hirpara, J.; Kang, J.; Swaminathan, K.; Loh, T.; Kumar, A.; Vali, S.; Abbasi, T.; et al. A Feedforward Relationship between Active Rac1 and Phosphorylated Bcl-2 Is Critical for Sustaining Bcl-2 Phosphorylation and Promoting Cancer Progression. Cancer Lett. 2019, 457, 151–167. [Google Scholar] [CrossRef]

	



Rodrigues, M.F.; Obre, E.; De Melo, F.H.M.; Santos, G.C.; Galina, A.; Jasiulionis, M.G.; Rossignol, R.; Rumjanek, F.D.; Amoê, N.D. Enhanced OXPHOS, Glutaminolysis and β-Oxidation Constitute the Metastatic Phenotype of Melanoma Cells. Biochem. J. 2016, 473, 703–715. [Google Scholar] [CrossRef]

	



Campos, A.C.E.; Molognoni, F.; Melo, F.H.M.; Galdieri, L.C.; Carneiro, C.R.W.; D’Almeida, V.; Correa, M.; Jasiulionis, M.G. Oxidative Stress Modulates DNA Methylation during Melanocyte Anchorage Blockade Associated with Malignant Transformation. Neoplasia 2007, 9, 1111. [Google Scholar] [CrossRef]

	



Melo, F.H.M.; Molognoni, F.; Morais, A.S.; Toricelli, M.; Mouro, M.G.; Higa, E.M.S.; Lopes, J.D.; Jasiulionis, M.G. Endothelial Nitric Oxide Synthase Uncoupling as a Key Mediator of Melanocyte Malignant Transformation Associated with Sustained Stress Conditions. Free Radic. Biol. Med. 2011, 50, 1263–1273. [Google Scholar] [CrossRef]

	



Gonçalves, D.A.; Xisto, R.; Gonçalves, J.D.; da Silva, D.B.; Soares, J.P.M.; Icimoto, M.Y.; Sant’Anna, C.; Gimenez, M.; de Angelis, K.; Llesuy, S.; et al. Imbalance between Nitric Oxide and Superoxide Anion Induced by Uncoupled Nitric Oxide Synthase Contributes to Human Melanoma Development. Int. J. Biochem. Cell Biol. 2019, 115, 105592. [Google Scholar] [CrossRef]

	



Werner, E.R.; Blau, N.; Thöny, B. Tetrahydrobiopterin: Biochemistry and Pathophysiology. Biochem. J. 2011, 438, 397–414. [Google Scholar] [CrossRef] [PubMed]

	



Bendall, J.K.; Douglas, G.; McNeill, E.; Channon, K.M.; Crabtree, M.J. Tetrahydrobiopterin in Cardiovascular Health and Disease. Antioxid. Redox Signal. 2014, 20, 3040–3077. [Google Scholar] [CrossRef] [PubMed]

	



Yuyun, M.F.; Ng, L.L.; Ng, G.A. Endothelial Dysfunction, Endothelial Nitric Oxide Bioavailability, Tetrahydrobiopterin, and 5-Methyltetrahydrofolate in Cardiovascular Disease. Where Are We with Therapy? Microvasc. Res. 2018, 119, 7–12. [Google Scholar] [CrossRef] [PubMed]

	



Faria, A.M.; Papadimitriou, A.; Silva, K.C.; De Faria, J.M.L.; De Faria, J.B.L. Uncoupling Endothelial Nitric Oxide Synthase Is Ameliorated by Green Tea in Experimental Diabetes by Re-Establishing Tetrahydrobiopterin Levels. Diabetes 2012, 61, 1838–1847. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.K.; Han, J. Tetrahydrobiopterin in Energy Metabolism and Metabolic Diseases. Pharmacol. Res. 2020, 157, 104827. [Google Scholar] [CrossRef]

	



Xu, F.; Sudo, Y.; Sanechika, S.; Yamashita, J.; Shimaguchi, S.; Honda, S.I.; Sumi-Ichinose, C.; Mori-Kojima, M.; Nakata, R.; Furuta, T.; et al. Disturbed Biopterin and Folate Metabolism in the Qdpr-Deficient Mouse. FEBS Lett. 2014, 588, 3924–3931. [Google Scholar] [CrossRef]

	



Brennenstuhl, H.; Jung-Klawitter, S.; Assmann, B.; Opladen, T. Inherited Disorders of Neurotransmitters: Classification and Practical Approaches for Diagnosis and Treatment. Neuropediatrics 2019, 50, 2–14. [Google Scholar] [CrossRef]

	



Rabender, C.S.; Alam, A.; Sundaresan, G.; Cardnell, R.J.; Yakovlev, V.A.; Mukhopadhyay, N.D.; Graves, P.; Zweit, J.; Mikkelsen, R.B. The Role of Nitric Oxide Synthase Uncoupling in Tumor Progression. Mol. Cancer Res. 2015, 13, 1034–1043. [Google Scholar] [CrossRef]

	



Chen, L.; Zeng, X.; Kleibeuker, E.; Buffa, F.; Barberis, A.; Leek, R.D.; Roxanis, I.; Zhang, W.; Worth, A.; Beech, J.S.; et al. Paracrine Effect of GTP Cyclohydrolase and Angiopoietin-1 Interaction in Stromal Fibroblasts on Tumor Tie2 Activation and Breast Cancer Growth. Oncotarget 2016, 7, 9353–9367. [Google Scholar] [CrossRef]

	



de Melo, F.H.M.; Gonçalves, D.A.; de Sousa, R.X.; Icimoto, M.Y.; Fernandes, D.d.C.; Laurindo, F.R.M.; Jasiulionis, M.G. Metastatic Melanoma Progression Is Associated with Endothelial Nitric Oxide Synthase Uncoupling Induced by Loss of Enos:Bh4 Stoichiometry. Int. J. Mol. Sci. 2021, 22, 9556. [Google Scholar] [CrossRef]

	



Bendall, J.K.; Alp, N.J.; Warrick, N.; Cai, S.; Adlam, D.; Rockett, K.; Yokoyama, M.; Kawashima, S.; Channon, K.M. Stoichiometric Relationships between Endothelial Tetrahydrobiopterin, Endothelial NO Synthese (ENOS) Activity, and ENOS Coupling in Vivo: Insights from Transgenic Mice with Endothelial-Targeted GTP Cyclohydrolase 1 and ENOS Overexpression. Circ. Res. 2005, 97, 864–871. [Google Scholar] [CrossRef] [PubMed]

	



Crabtree, M.J.; Tatham, A.L.; Hale, A.B.; Alp, N.J.; Channon, K.M. Critical Role for Tetrahydrobiopterin Recycling by Dihydrofolate Reductase in Regulation of Endothelial Nitric-Oxide Synthase Coupling: Relative Importance of the de Novo Biopterin Synthesis versus Salvage Pathways. J. Biol. Chem. 2009, 284, 28128–28136. [Google Scholar] [CrossRef] [PubMed]

	



Pickert, G.; Lim, H.Y.; Weigert, A.; Häussler, A.; Myrczek, T.; Waldner, M.; Labocha, S.; Ferreirós, N.; Geisslinger, G.; Lötsch, J.; et al. Inhibition of GTP Cyclohydrolase Attenuates Tumor Growth by Reducing Angiogenesis and M2-like Polarization of Tumor Associated Macrophages. Int. J. Cancer 2013, 132, 591–604. [Google Scholar] [CrossRef] [PubMed]

	



Tran, A.N.; Walker, K.; Harrison, D.G.; Chen, W.; Mobley, J.; Hocevar, L.; Hackney, J.R.; Sedaka, R.S.; Pollock, J.S.; Goldberg, M.S.; et al. Reactive Species Balance via GTP Cyclohydrolase I Regulates Glioblastoma Growth and Tumor Initiating Cell Maintenance. Neuro. Oncol. 2018, 20, 1055–1067. [Google Scholar] [CrossRef]

	



Tatham, A.L.; Crabtree, M.J.; Warrick, N.; Cai, S.; Alp, N.J.; Channon, K.M. GTP Cyclohydrolase I Expression, Protein, and Activity Determine Intracellular Tetrahydrobiopterin Levels, Independent of GTP Cyclohydrolase Feedback Regulatory Protein Expression. J. Biol. Chem. 2009, 284, 13660–13668. [Google Scholar] [CrossRef]

	



Li, L.; Rezvan, A.; Salerno, J.C.; Husain, A.; Kwon, K.; Jo, H.; Harrison, D.G.; Chen, W. GTP Cyclohydrolase i Phosphorylation and Interaction with GTP Cyclohydrolase Feedback Regulatory Protein Provide Novel Regulation of Endothelial Tetrahydrobiopterin and Nitric Oxide. Circ. Res. 2010, 106, 328–336. [Google Scholar] [CrossRef]

	



Chavan, B.; Gillbro, J.M.; Rokos, H.; Schallreuter, K.U. GTP Cyclohydrolase Feedback Regulatory Protein Controls Cofactor 6-Tetrahydrobiopterin Synthesis in the Cytosol and in the Nucleus of Epidermal Keratinocytes and Melanocytes. J. Invest. Dermatol. 2006, 126, 2481–2489. [Google Scholar] [CrossRef]

	



Kalivendi, S.; Hatakeyama, K.; Whitsett, J.; Konorev, E.; Kalyanaraman, B.; Vásquez-Vivar, J. Changes in Tetrahydrobiopterin Levels in Endothelial Cells and Adult Cardiomyocytes Induced by LPS and Hydrogen Peroxide—A Role for GFRP? Free Radic. Biol. Med. 2005, 38, 481–491. [Google Scholar] [CrossRef]

	



Gangula, P.R.; Challagundla, K.B.; Ravella, K.; Mukhopadhyay, S.; Chinnathambi, V.; Mittal, M.K.; Sekhar, K.R.; Sampath, C. Sepiapterin Alleviates Impaired Gastric NNOS Function in Spontaneous Diabetic Female Rodents through NRF2 MRNA Turnover and MiRNA Biogenesis Pathway. Am. J. Physiol. Gastrointest. Liver Physiol. 2018, 315, G980–G990. [Google Scholar] [CrossRef]

	



Zhang, X.; Chen, Y.; Wang, K.; Tang, J.; Chen, Y.; Jin, G.; Liu, X. The Knockdown of the Sepiapterin Reductase Gene Suppresses the Proliferation of Breast Cancer by Inducing ROS-Mediated Apoptosis. Int. J. Clin. Exp. Pathol. 2020, 13, 2228. [Google Scholar]

	



Zhang, Z.; Xie, X.; Yao, Q.; Liu, J.; Tian, Y.; Yang, C.; Xiao, L.; Wang, N. PPARδ Agonist Prevents Endothelial Dysfunction via Induction of Dihydrofolate Reductase Gene and Activation of Tetrahydrobiopterin Salvage Pathway. Br. J. Pharmacol. 2019, 176, 2945–2961. [Google Scholar] [CrossRef] [PubMed]

	



Alp, N.J.; Channon, K.M. Regulation of Endothelial Nitric Oxide Synthase by Tetrahydrobiopterin in Vascular Disease. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 413–420. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Wang, X.; Vikash, V.; Ye, Q.; Wu, D.; Liu, Y.; Dong, W. ROS and ROS-Mediated Cellular Signaling. Oxid. Med. Cell. Longev. 2016, 2016, 4350965. [Google Scholar] [CrossRef] [PubMed]

	



Emanuelli, M.; Sartini, D.; Molinelli, E.; Campagna, R.; Pozzi, V.; Salvolini, E.; Simonetti, O.; Campanati, A.; Offidani, A. The Double-Edged Sword of Oxidative Stress in Skin Damage and Melanoma: From Physiopathology to Therapeutical Approaches. Antioxidants 2022, 11, 612. [Google Scholar] [CrossRef] [PubMed]

	



Obrador, E.; Liu-Smith, F.; Dellinger, R.W.; Salvador, R.; Meyskens, F.L.; Estrela, J.M. Oxidative Stress and Antioxidants in the Pathophysiology of Malignant Melanoma. Biol. Chem. 2019, 400, 589–612. [Google Scholar] [CrossRef]

	



Sarmiento-Salinas, F.L.; Perez-Gonzalez, A.; Acosta-Casique, A.; Ix-Ballote, A.; Diaz, A.; Treviño, S.; Rosas-Murrieta, N.H.; Millán-Perez-Peña, L.; Maycotte, P. Reactive Oxygen Species: Role in Carcinogenesis, Cancer Cell Signaling and Tumor Progression. Life Sci. 2021, 284, 119942. [Google Scholar] [CrossRef]

	



Hayes, J.D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell 2020, 38, 167–197. [Google Scholar] [CrossRef]

	



Meierjohann, S. Oxidative Stress in Melanocyte Senescence and Melanoma Transformation. Eur. J. Cell Biol. 2014, 93, 36–41. [Google Scholar] [CrossRef]

	



Liu-Smith, F.; Dellinger, R.; Meyskens, F.L. Updates of Reactive Oxygen Species in Melanoma Etiology and Progression. Arch. Biochem. Biophys. 2014, 563, 51–55. [Google Scholar] [CrossRef]

	



Gorrini, C.; Harris, I.S.; Mak, T.W. Modulation of Oxidative Stress as an Anticancer Strategy. Nat. Rev. Drug Discov. 2013, 12, 931–947. [Google Scholar] [CrossRef]

	



Perillo, B.; Di Donato, M.; Pezone, A.; Di Zazzo, E.; Giovannelli, P.; Galasso, G.; Castoria, G.; Migliaccio, A. ROS in Cancer Therapy: The Bright Side of the Moon. Exp. Mol. Med. 2020, 52, 192–203. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Villani, R.M.; Wang, H.; Simpson, M.J.; Roberts, M.S.; Tang, M.; Liang, X. The Role of Cellular Reactive Oxygen Species in Cancer Chemotherapy. J. Exp. Clin. Cancer Res. 2018, 37, 266. [Google Scholar] [CrossRef] [PubMed]

	



Galadari, S.; Rahman, A.; Pallichankandy, S.; Thayyullathil, F. Reactive Oxygen Species and Cancer Paradox: To Promote or to Suppress? Free Radic. Biol. Med. 2017, 104, 144–164. [Google Scholar] [CrossRef] [PubMed]

	



Calderon-Aparicio, A.; Cornejo, A.; Orue, A.; Rieber, M. Anticancer Response to Disulfiram May Be Enhanced by Co-Treatment with MEK Inhibitor or Oxaliplatin: Modulation by Tetrathiomolybdate, KRAS/BRAF Mutations and c-MYC/P53 Status. Ecancermedicalscience 2019, 13, 890. [Google Scholar] [CrossRef]

	



Wang, M.; Shi, G.; Bian, C.; Nisar, M.F.; Guo, Y.; Wu, Y.; Li, W.; Huang, X.; Jiang, X.; Bartsch, J.W.; et al. UVA Irradiation Enhances Brusatol-Mediated Inhibition of Melanoma Growth by Downregulation of the Nrf2-Mediated Antioxidant Response. Oxid. Med. Cell. Longev. 2018, 2018, 9742154. [Google Scholar] [CrossRef]

	



Aggarwal, V.; Tuli, H.S.; Varol, A.; Thakral, F.; Yerer, M.B.; Sak, K.; Varol, M.; Jain, A.; Khan, M.A.; Sethi, G. Role of Reactive Oxygen Species in Cancer Progression: Molecular Mechanisms and Recent Advancements. Biomolecules 2019, 9, 735. [Google Scholar] [CrossRef]

	



Trachootham, D.; Alexandre, J.; Huang, P. Targeting Cancer Cells by ROS-Mediated Mechanisms: A Radical Therapeutic Approach? Nat. Rev. Drug Discov. 2009, 8, 579–591. [Google Scholar] [CrossRef]

	



Burke, A.J.; Sullivan, F.J.; Giles, F.J.; Glynn, S.A. The Yin and Yang of Nitric Oxide in Cancer Progression. Carcinogenesis 2013, 34, 503–512. [Google Scholar] [CrossRef]

	



Vanini, F.; Kashfi, K.; Nath, N. The Dual Role of INOS in Cancer. Redox Biol. 2015, 6, 334–343. [Google Scholar] [CrossRef]

	



Sun, W.; Bao, J.; Lin, W.; Gao, H.; Zhao, W.; Zhang, Q.; Leung, C.H.; Ma, D.L.; Lu, J.; Chen, X. 2-Methoxy-6-Acetyl-7-Methyljuglone (MAM), a Natural Naphthoquinone, Induces NO-Dependent Apoptosis and Necroptosis by H2O2-Dependent JNK Activation in Cancer Cells. Free Radic. Biol. Med. 2016, 92, 61–77. [Google Scholar] [CrossRef]

	



Yarlagadda, K.; Hassani, J.; Foote, I.P.; Markowitz, J. The Role of Nitric Oxide in Melanoma. Biochim. Biophys. Acta Rev. Cancer 2017, 1868, 500. [Google Scholar] [CrossRef] [PubMed]

	



Brüne, B.; Schneiderhan, N. Nitric Oxide Evoked P53-Accumulation and Apoptosis. Toxicol. Lett. 2003, 139, 119–123. [Google Scholar] [CrossRef]

	



Yang, J.; Wu, L.J.; Tashiro, S.I.; Onodera, S.; Ikejima, T. Nitric Oxide Activated by P38 and NF-ΚB Facilitates Apoptosis and Cell Cycle Arrest under Oxidative Stress in Evodiamine-Treated Human Melanoma A375-S2 Cells. Free. Radic. Res. 2009, 42, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.-J.; Lin, P.-W.; Lin, H.-P.; Huang, S.-S.; Lai, F.-J.; Sheu, H.-M.; Hsu, L.-J.; Chang, N.-S.; Chen, S.-J.; Lin, P.-W.; et al. UV Irradiation/Cold Shock-Mediated Apoptosis Is Switched to Bubbling Cell Death at Low Temperatures. Oncotarget 2015, 6, 8007–8018. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.Y. Nitric Oxide Triggers Apoptosis in A375 Human Melanoma Cells Treated with Capsaicin and Resveratrol. Mol. Med. Rep. 2012, 5, 585–591. [Google Scholar] [CrossRef]

	



Yajima, I.; Kumasaka, M.Y.; Thang, N.D.; Goto, Y.; Takeda, K.; Yamanoshita, O.; Iida, M.; Ohgami, N.; Tamura, H.; Kawamoto, Y.; et al. RAS/RAF/MEK/ERK and PI3K/PTEN/AKT Signaling in Malignant Melanoma Progression and Therapy. Dermatol. Res. Pract. 2012, 2012, 354191. [Google Scholar] [CrossRef]

	



Lee, C.W.; Yen, F.L.; Ko, H.H.; Li, S.Y.; Chiang, Y.C.; Lee, M.H.; Tsai, M.H.; Hsu, L.F. Cudraflavone C Induces Apoptosis of A375.S2 Melanoma Cells through Mitochondrial ROS Production and MAPK Activation. Int. J. Mol. Sci. 2017, 18, 1508. [Google Scholar] [CrossRef]

	



Gomez-Sarosi, L.A.; Strasberg-Rieber, M.; Rieber, M. ERK Activation Increases Nitroprusside Induced Apoptosis in Human Melanoma Cells Irrespective of P53 Status: Role of Superoxide Dismutases. Cancer Biol. Ther. 2009, 8, 1173–1182. [Google Scholar] [CrossRef]

	



Barzegar-Fallah, A.; Alimoradi, H.; Dunlop, J.L.; Torbati, E.; Baird, S.K. Serotonin Type-3 Receptor Antagonists Selectively Kill Melanoma Cells through Classical Apoptosis, Microtubule Depolymerisation, ERK Activation, and NF-ΚB Downregulation. Cell Biol. Toxicol. 2021; Online ahead of print. [Google Scholar] [CrossRef]

	



Tan, B.J.; Chiu, G.N.C. Role of Oxidative Stress, Endoplasmic Reticulum Stress and ERK Activation in Triptolide-Induced Apoptosis. Int. J. Oncol. 2013, 42, 1605–1612. [Google Scholar] [CrossRef]

	



Lim, W.; Yang, C.; Bazer, F.W.; Song, G. Chrysophanol Induces Apoptosis of Choriocarcinoma Through Regulation of ROS and the AKT and ERK1/2 Pathways. J. Cell. Physiol. 2017, 232, 331–339. [Google Scholar] [CrossRef]

	



Ji, Y.; Dai, Z.; Wu, G.; Wu, Z. 4-Hydroxy-2-Nonenal Induces Apoptosis by Activating ERK1/2 Signaling and Depleting Intracellular Glutathione in Intestinal Epithelial Cells. Sci. Rep. 2016, 6, 32929. [Google Scholar] [CrossRef]

	



Guon, T.E.; Chung, H.S. Moringa Oleifera Fruit Induce Apoptosis via Reactive Oxygen Species-Dependent Activation of Mitogen-Activated Protein Kinases in Human Melanoma A2058 Cells. Oncol. Lett. 2017, 14, 1703. [Google Scholar] [CrossRef] [PubMed]

	



Shankaran, H.; Chrisler, W.B.; Sontag, R.L.; Weber, T.J. Inhibition of ERK Oscillations by Ionizing Radiation and Reactive Oxygen Species. Mol. Carcinog. 2011, 50, 424–432. [Google Scholar] [CrossRef] [PubMed]

	



Jia, L.; Hao, S.L.; Yang, W.X. Nanoparticles Induce Autophagy via MTOR Pathway Inhibition and Reactive Oxygen Species Generation. Nanomedicine 2020, 15, 1419–1435. [Google Scholar] [CrossRef] [PubMed]

	



Tangchirakhaphan, S.; Innajak, S.; Nilwarangkoon, S.; Tanjapatkul, N.; Mahabusrakum, W.; Watanapokasin, R. Mechanism of Apoptosis Induction Associated with ERK1/2 Upregulation via Goniothalamin in Melanoma Cells. Exp. Ther. Med. 2018, 15, 3052. [Google Scholar] [CrossRef]

	



Pizzimenti, S.; Ribero, S.; Cucci, M.A.; Grattarola, M.; Monge, C.; Dianzani, C.; Barrera, G.; Muzio, G. Oxidative Stress-Related Mechanisms in Melanoma and in the Acquired Resistance to Targeted Therapies. Antioxidants 2021, 10, 1942. [Google Scholar] [CrossRef] [PubMed]

	



Corazao-Rozas, P.; Guerreschi, P.; Jendoubi, M.; André, F.; Jonneaux, A.; Scalbert, C.; Garçon, G.; Mallet-Martino, M.; Balayssac, S.; Rocchi, S.; et al. Mitochondrial Oxidative Stress Is the Achille’s Heel of Melanoma Cells Resistant to Braf-Mutant Inhibitor. Oncotarget 2013, 4, 1986–1998. [Google Scholar] [CrossRef]

	



Delgado-Goni, T.; Miniotis, M.F.; Wantuch, S.; Parkes, H.G.; Marais, R.; Workman, P.; Leach, M.O.; Beloueche-Babari, M. The BRAF Inhibitor Vemurafenib Activates Mitochondrial Metabolism and Inhibits Hyperpolarized Pyruvate-Lactate Exchange in BRAF-Mutant Human Melanoma Cells. Mol. Cancer Ther. 2016, 15, 2987–2999. [Google Scholar] [CrossRef]

	



Yu, L.; Gao, L.X.; Ma, X.Q.; Hu, F.X.; Li, C.M.; Lu, Z. Involvement of Superoxide and Nitric Oxide in BRAFV600E Inhibitor PLX4032-Induced Growth Inhibition of Melanoma Cells. Integr. Biol. 2014, 6, 1211–1217. [Google Scholar] [CrossRef]

	



Kaoud, T.S.; Mohassab, A.M.; Hassan, H.A.; Yan, C.; Van Ravenstein, S.X.; Abdelhamid, D.; Dalby, K.N.; Abdel-Aziz, M. NO-Releasing STAT3 Inhibitors Suppress BRAF-Mutant Melanoma Growth. Eur. J. Med. Chem. 2020, 186, 111885. [Google Scholar] [CrossRef]

	



Gonçalves, D.A.; Jasiulionis, M.G.; de Melo, F.H.M. The Role of the BH4 Cofactor in Nitric Oxide Synthase Activity and Cancer Progression: Two Sides of the Same Coin. Int. J. Mol. Sci. 2021, 22, 9546. [Google Scholar] [CrossRef] [PubMed]

	



Marinos, R.S.; Zhang, W.; Wu, G.; Kelly, K.A.; Meininger, C.J. Tetrahydrobiopterin Levels Regulate Endothelial Cell Proliferation. Am. J. Physiol. Hear. Circ. Physiol. 2001, 281, H482–H489. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 05979 g001 550] 





Figure 1. GCH1 expression is higher in melanoma cells. (A) Relative mRNA levels of GCH1 were determined in melanocytes, WM1552C, WM793, WM1366, Lu1205, and WM983B melanoma cells by real-time qPCR. (B,C) Protein expression of GTPCH1 in melanocytes and melanoma cells were determined by Western blot using a specific antibody. β-actin was used as the internal control. The Western blot image shows a representative result of three independent experiments. Values are reported in the bar graphs and expressed as the means ± S.D. The experiments were performed in triplicate, and p-values were based on the one-way ANOVA test, followed by Bonferroni’s post-test; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 
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Figure 2. Tetrahydrobiopterin concentration is higher in metastatic melanoma cells. The amounts of BH4 (A); BH2 (B), BH4:BH2 ratio (C), and total biopterin (D) of melanocytes, WM1552C, WM793, and WM983C melanoma cells were determined by HPLC. Values are reported in the bar graphs and expressed as the means ± S.D. The experiments were performed in quintuplicate, and p-values were based on the one-way ANOVA test, followed by Bonferroni’s post-test; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 
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Figure 3. Melanoma cells show increased superoxide anion levels and decreased nitric oxide concentrations. (A) O2•− amount in melanocytes and in WM1552C, WM973, and WM983B melanoma cells was analyzed by flow cytometry using DHE. The NO amount was evaluated by flow cytometry using DAF (B) or by the NO analyzer (C). Values are reported in the bar graphs and expressed as the means ± S.D. The experiments were performed in triplicate, and p-values were based on the one-way ANOVA test, followed by Bonferroni’s post-test; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 
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Figure 4. Melanoma cells exhibit increased protein expression of nitric oxide synthases. Expressions of eNOS (A), nNOS (B), and iNOS (C) in melanocytes and in WM1152C, WM793, and WM983B melanoma cells were determined by Western blot using specific antibodies. The Western blot images show representative results of three independent experiments. Values are reported in the bar graphs and expressed as the means ± S.D. The experiments were performed in quintuplicate, and p-values were based on the one-way ANOVA test, followed by Bonferroni’s post-test; *, p < 0.05 and ***, p < 0.001. 
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Figure 5. Tetrahydrobiopterin treatment restored the intracellular BH4 and recoupled NOS activity in radial growth melanoma cells. WM1552C cells were treated or not for 16 h with 20 and 40 μM BH4 and the amounts of BH4 (A), BH2 (B), BH4:BH2 ratio (C), and total biopterin (D) were determined by HPLC. The NO amount was evaluated by flow cytometry using DAF (E) and the O2•− levels using DHE (F). Values are reported in the bar graphs and expressed as the means ± S.D. The experiments were performed in triplicate, and the p-values were based on the one-way ANOVA test, followed by Bonferroni’s post-test. * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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Figure 6. Tetrahydrobiopterin impaired the radial melanoma cell growth. WM1552C melanoma cells were treated (BH4) or not (NT) for 24, 48, 72 and 96 h with 10, 20 and 40 μM BH4, and viable cells were evaluated by MTT (A) for 9 days with 40 μM BH4, and the formation of clones was visualized by the clonogenicity assay (B,C) or for 5 days with 20 and 40 μM BH4, and the formation of tumorspheres was evaluated by the bead diameter measure (D,E). The viability of melanoma cells was also evaluated in the presence of 40 μM BH4 and 8.6 μM vemurafenib (F). Values are reported in the bar graphs and expressed as the means ± S.D. The experiments were performed in triplicate. p-values were based on the one-way ANOVA test, followed by Bonferroni’s post-test and two-way ANOVA test, followed by Bonferroni’s multiple comparisons test or by the Students’ t-test. *, p < 0.05; **, p < 0.01 and ***, p < 0.001. 
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Figure 7. DAHP treatment reduced the intracellular BH4 and intensified the NOS uncoupling. WM983B cells were treated or not for 16 h with 2 and 4 mM DAHP, and the amounts of BH4 (A), BH2 (B), BH4:BH2 ratio (C), and total biopterin (D) were determined by HPLC. The NO amount was evaluated by flow cytometry using DAF (E) and the O2•− levels using DHE (F). Values are reported in the bar graphs and expressed as the means ± S.D. The experiments were performed in triplicate, and the p-values were based on the one-way ANOVA test, followed by Bonferroni’s post-test *, p < 0.05; **, p < 0.01 and ***, p < 0.001. 
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Figure 8. DAHP reduced the metastatic melanoma cell growth. WM983B melanoma cells were treated (DAHP) or not (NT) for 24, 48, 72 and 96 h with 1, 2 and 4 mM DAHP, and viable cells were evaluated by MTT (A) and for 9 days with 2 and 4 mM DAHP, and the formation of clones was visualized by a clonogenicity assay (B). Values are reported in the bar graphs and expressed as the means ± S.D. The experiments were performed in triplicate. p-values were based on a one-way ANOVA test, followed by Bonferroni’s post-test and two-way ANOVA test, followed by Bonferroni’s multiple comparisons test. *, p < 0.05; **, p < 0.01 and ***, p < 0.001. 
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Figure 9. Alterations of BH4 amounts that altered the ERK and AKT oncogenic signaling pathways. Activation of the ERK and AKT pathways was analyzed in WM1552 radial growth melanoma cells treated with 20 and 40 μM BH4 for 30 min and 4 h (A) and, in WM983B metastatic melanoma cells, treated with 2 and 4 mM DAHP for 30 min and 4 h (B) by Western blot using specific antibodies for phospho- and total ERK and phosphor- and total AKT. GAPDH was used as the internal control. The Western blot images show the representative results of three independent experiments. Values are reported in the bar graphs and expressed as the means ± S.D. The experiments were performed in triplicate, and the p-values were based on the one-way ANOVA test, followed by Bonferroni’s post-test; *, p < 0.05, **, p < 0.01 and ***, p < 0.001. 
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