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Abstract

:

The LATS1 kinase has been described as a tumor suppressor in various cancers. However, its role in melanoma has not been fully elucidated. There are several processes involved in tumorigenesis, including melanin production. Melanin content positively correlates with the level of reactive oxygen species (ROS) inside the cell. Accordingly, the purpose of the study was to assess the role of LATS1 in melanogenesis and oxidative stress and its influence on tumor growth. We have knocked down LATS1 in primary melanocytes and melanoma cells and found that its expression is crucial for melanin synthesis, ROS production, and oxidative stress response. We showed that LATS1 ablation significantly decreased the melanogenesis markers’ expression and melanin synthesis in melanocyte and melanoma cell lines. Moreover, silencing LATS1 resulted in enhanced oxidative stress. Reduced melanin content in LATS1 knocked down tumors was associated with increased tumor growth, pointing to melanin’s protective role in this process. The study demonstrated that LATS1 is highly engaged in melanogenesis and oxidative stress control and affects melanoma growth. Our results may find the implications in the diagnosis and treatment of pigmentation disorders, including melanoma.
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1. Introduction


Hippo signaling is an evolutionarily conserved regulator of organ size and tumorigenesis. Activation of the pathway induces the interaction of a serine/threonine kinases cascade and adaptors, resulting in the phosphorylation of the effector molecules. In humans, these proteins include the serine/threonine kinases MST1/2 and LATS1/2, and the adaptor proteins MOB1 and SAV1. LATS1/2 kinases phosphorylate transcriptional co-activator paralogs YAP1 and TAZ to regulate transcription of proliferative and apoptotic factors. Non-phosphorylated YAP1/TAZ translocates to the nucleus and interacts with TEAD family of transcription factors. LATS1/2-phosphorylated YAP1/TAZ are rendered inactive via cytoplasmic sequestration. Inactivation of the MST and LATS kinases results in nuclear accumulation of YAP1/TAZ, and subsequent activation of their target genes, several of which are involved in cell proliferation. Hippo effectors YAP1 and TAZ contribute to multiple cancers’ metastatic behavior, including melanoma [1,2,3,4,5,6]. Although the role of Hippo pathway in melanoma has been proposed, no studies are describing its importance in melanogenesis. It is common that the melanin content affects melanoma progression and response to treatment [7,8]. Melanin biosynthesis is an oxidizing process that occurs in melanosomes inside the melanocytes. It involves the conversion of tyrosine to melanin in a set of enzymatic reactions catalyzed by tyrosinase (Tyr) and tyrosinase-related proteins 1 and 2 (TRP1, TRP2). The expression of Tyr, TRP1, and TRP2 is regulated by a microphthalmia-associated transcription factor (MITF) [9,10]. The presence of melanin in the skin has been considered as a double-edged sword: from one side, it protects melanocytes by absorbing UV radiation, but it also constitutes a source of high levels of intracellular reactive oxygen species (ROS) [11]. ROS are involved in the activation of melanin biosynthesis after the exposition of melanosomes to UVB radiation [12], which explains increased ROS levels in melanoma cells. Reactive oxygen species in low concentrations allow for proper intracellular signaling. They participate in the induction of immune defense against pathogens or cancer, e.g., by increasing the expression of suppressor genes such as p53 and PTEN. On the other hand, their excessive accumulation in cells lead to oxidative stress (OS) and corresponds to the activation of transcription factors such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), activator protein-1 (AP-1), hypoxia-inducible factor- 1α (HIF-1α) or signal transducer and activator of transcription 3 (STAT3), which activate genes involved in the inflammation, neoplastic conversion, proliferation and metastasis [13,14]. Therefore, ROS may favor both tumor suppression and progression, and it is crucial to regulate their levels to maintain homeostasis.



In this study, we report the involvement of the Hippo kinase LATS1 in the regulation of melanogenesis and oxidative stress responses. We also indicate the critical role of LATS1 in melanoma growth since both processes affect tumor formation. Up to our knowledge, this is the first report linking the Hippo signaling with melanogenesis control. Further analyses of the Hippo pathway in the context of melanin biosynthesis and oxidative stress will provide a better understanding of melanoma pathogenesis, which would help to develop more effective treatments.




2. Results


2.1. LATS1 Determines Melanin Production and Expression of Melanogenesis Markers in Primary Melanocytes and Melanoma Cells


To address the importance of LATS1 in melanin biosynthesis, we knocked down LATS1 gene in highly pigmented primary human adult epidermal melanocytes (HEMa) as well as in MeWo melanoma cell line. We observed the pigmentary changes in time in vitro (melanocytes) and in vivo (MeWo) in nude mice. In both cases, the melanin content was visibly limited in cells lacking LATS1 (Figure 1A,B). The above changes were validated by mRNA sequencing and immunoblotting of cell lysates. We observed a significant decrease in all tested melanogenesis markers, including tyrosinase and MITF, both on a transcript (Figure 1C), and protein (Figure 1D) levels.




2.2. LATS1 Regulates the Proliferation of Primary Melanocytes and Determines Tumor Growth Kinetics


Following the demonstration that LATS1 is crucial for melanogenesis, its effects on other functions of melanocytes and melanoma cells were analyzed. First, the influence of LATS1 knockdown on proliferation was studied. For in vitro proliferation, the matabolic resazurin reduction assay was used and RNAseq to analyze the expression of proliferation markers. A significant increase in proliferation rates (Figure 2B) and the expression level of all the proliferation-related genes tested following LATS1 knockdown (Figure 2A) were observed. However, only in the case of melanocytes LATS1 silencing did not affect the proliferation of the melanoma cells in vitro (Figure 2A,B), but it significantly increased tumor growth kinetics, and tumor weight after xenografting them into nude mice (Figure 2C,D).




2.3. LATS1 Knockdown Enhances Reactive Oxygen Species Production in Primary Melanocytes and Melanoma Cells


Since melanin is considered a reactive oxygen species (ROS) scavenger, LATS1 involvement in response to oxidative stress was tested. The cytometric measurement of intracellular ROS demonstrated that in both melanocytes and melanoma cells in vitro, LATS1 knockdown was associated with a significant increase in ROS levels (Figure 3).




2.4. LATS1 Regulates Oxidative Stress-Responsive and Cellular Stress-Related Genes Expression in Melanocytes but Not in Melanoma Cells


Following the demonstration that LATS1 highly affects ROS production, the expression levels of ROS-responsive genes and the expression of the genes related to cellular stress and toxicity were studied. Most of the genes, which negatively regulate oxidative stress, displayed lower expression rates following LATS1 knockdown, in contrast to stress-related genes, which expression was remarkably increased (Figure 4A,B). However, those results concerned melanocytes only. In contrast, in MeWo cells LATS1 level was not associated with the expression of genes analyzed.




2.5. LATS1 Regulates the Expression of Hypoxia-Related Genes


Since oxidative stress is strictly related to hypoxia, we assessed the role of LATS1 in the regulation of hypoxia-related genes. We found that LATS1 affects the expression of most genes studied in melanocytes but not in MeWo cells. However, in MeWo cells, a significant increase of expression in one of the crucial genes involved in hypoxia and oxidative stress regulation- aldehyde oxidase (AOX1) was seen (Figure 5).




2.6. LATS1 Silencing Drives Minor Changes in YAP1/TAZ Expression in Primary Melanocytes but Not in MeWo Cells


Since LATS1 is a master regulator of Hippo signaling targets YAP1 and TAZ, the expression of both genes and their protein products was tested. There were only slight differences in YAP1 and TAZ transcripts expression in melanocytes but not in MeWo cells (Figure 6A). Similarly, only in HEMa cells, the protein levels’ differences were observed: in this case, both YAP1 and its phosphorylated forms were slightly elevated after LATS1 knockdown (Figure 6B).





3. Discussion


In this study, we discovered a new function of the central kinase of Hippo signaling- LATS1. We demonstrated that LATS1 is highly involved in melanin biosynthesis as well as in tumor growth control. Then, we linked those phenomena with an oxidative stress response. Our work showed that LATS1 ablation significantly impaired melanogenesis and that the cells with the reduced melanin content proliferated faster in vitro and formed larger tumors in mice. Moreover, knocking down LATS1 increased hypoxia state and oxidative stress inside the melanocytes and melanoma cells. Our findings indicate that LATS1 regulates melanogenesis by modulating ROS content within the cell. That emphasizes the possible mechanism of melanotic melanoma development.



So far, the role of melanin in melanoma has not been fully understood. Some reports demonstrate that melanin causes higher oxygen consumption and aerobic glycolysis stimulation, providing energy to the tumor [15]. However, there are also studies showing that the presence of melanin inhibits melanoma metastasis [7]. Since melanin biosynthesis affects melanoma cell behavior, pigmentation appears to be an essential factor for melanoma metastasis and bears potential clinical implications for melanoma diagnosis and treatment. We showed that tumors lacking the pigment displayed significantly higher growth kinetics than melanotic ones, thus concluded that melanin biosynthesis decreases tumor growth. Inhibition of melanogenesis may be associated with activation of JAK2-STAT6 signaling [16]. IL-6 suppresses the expression of the tyrosinase and MITF [17], TNF-α reduces the half-life of tyrosinase [18]. Additionally, IL-4 may downregulate the expression of melanogenesis associated genes [19]. Any impairment that decreases melanin biosynthesis affects either melanocyte number or their function [20].



We found that both melanogenesis and melanoma progression were highly associated with the Hippo pathway. LATS1 knockdown suppressed the expression of pigmentation related genes, including tyrosinase, TYRP1/2, and OA1. LATS1 ablation also downregulated MITF, which is considered a master gene in melanocyte differentiation. MITF directly influences the expression of a diverse set of melanocyte genes, as well as a wide range of genes engaged in multiple other processes such as cell cycle regulators (CDK2, TBX2, p21, p16/Ink4a), survival and metastasis drivers (BCL2,c-Met), miRNA processing (Dicer), cAMPlevels (PDE4D3), or melanogenesis markers mentioned above. MITF expression is driven by several transcription factors, including Sox10, Pax3, CREB, and the Wnt pathway [21]. Out of those factors, Sox10 is an essential developmental regulator of melanogenesis. In the absence of Sox10, MITF cannot induce the expression of tyrosinase or TYRP2 [21,22,23,24]. Sox10 mutations most commonly result in Waardenburg-Shah syndrome and Hirschsprung disease, both manifesting with pigmentary abnormalities [25]. Moreover, in melanoma cells, Sox10 ablation suppresses melanoma progression [21]. Our results showed a significant decrease in Sox10 expression after LATS1 knockdown, which confirms its essential role in melanogenesis. It is possible that LATS1 regulates MITF expression through regulating i.a. the expression of Sox10. Deregulated MITF is implicated in the pathogenesis of several tumors [26]. Most of all, much of the pathophysiology of melanoma is driven by the activity of MITF [27]. It has been demonstrated that the MITF-low population has exacerbated tumorigenic properties. However, the MITF-high population grew faster but displayed poor tumorigenicity when injected in mice [28]. Cheli et al. showed that MITF silencing increased the invasive and metastatic properties of melanoma cells. In that case, inhibition of MITF might be deleterious in melanoma treatment [29]. Our studies suggest that downregulation of MITF may constitute one of the critical molecular events that drive melanoma growth.



It has been reported that MITF expression and its target expression are downregulated under hypoxic conditions leading to the dedifferentiation of melanoma cells, which become more aggressive [29,30]. There are two distinct mechanisms to generate a hypoxia gene signature: one is dictated by low oxygen in the microenvironment and the other by the cell’s intrinsic state [31]. In our studies, the cells with LATS1 knockdown seem to exhibit a constitutive hypoxia signature, even though grown under normoxic conditions. We observed that a high hypoxia gene expression signature is associated with low levels of MITF mRNA. Since these cells are cultured in normoxic conditions, the lack of correlation between MITF and the hypoxia response cannot arise due to low oxygen, but seems to be attributed to LATS1 knockdown. Several studies have examined the role of hypoxia in melanoma. It has been demonstrated that under hypoxia, MITF is transcriptionally downregulated via an indirect mechanism involving hypoxia-inducible factor 1 (HIF1)-mediated upregulation of the transcription factor bHLHE40/DEC1 [26]. HIF1 is considered as a target of MITF but also its regulator [32]. In our model HIF1 expression is stable in melanoma cell line and rises after LATS1 knockdown, but increases in modified melanocytes. Still, in both cases, MITF expression remains downregulated, which indicates that most probably this is an effect of LATS1 silencing.



Interestingly, HIF1α is also considered a key regulator of transcriptional responses to oxidative stress [33]. It has been demonstrated that the mitochondrial ROS may stabilize HIF1α, which further promotes cell invasion and vasculogenic tumor mimicry [34]. The elevated ROS production, which we observed in our studies, was linked to an elevated hypoxia state inside the cell raised after LATS1 knockdown. These data indicate that the Hippo pathway, particularly LATS1 kinase, may regulate hypoxia by modulating oxidative stress.



ROS generation impacts cell signaling and homeostasis under both physiological and pathophysiological conditions [35]. Excessive ROS production leads to oxidative stress (OS), which is a consequence of the imbalance between oxidants and antioxidants in favor of the oxidants, potentially leading to biological damage [36]. ROS may be generated due to increased metabolism of transformed cells, immune reactions, altered antioxidant system, UV radiation, and melanin production [37]. Compared to cells without pigment, melanocytes show an increased level of ROS, due to melanin content. Melanin protects cells against the harmful effects of UV, but at the same time, mediates oxidation reactions [38]. The excessive accumulation of ROS in melanocytes leads to neoplastic transformation [39]. Disruption of melanosomal melanin may increase oxidative stress and lead to melanoma progression [40].



The role of ROS in cancer remains elusive. ROS have emerged as mediators of signaling pathways engaged in cell proliferation, tumor initiation, and promotion. Thus, they play essential roles in almost every stage of melanoma development, from cell proliferation, DNA damage to invasion and drug resistance [41,42]. Depending on their concentration, ROS can act as tumor promoting and tumor suppressing agents to keep intracellular homeostasis. ROS may induce cancer cell proliferation, evasion of cell death pathways, angiogenesis, and metastasis [43]. Several studies have shown that the generation of large amounts of ROS enhances the aggressiveness of tumors. Paradoxically, oxidative stress can also be toxic and induce cell death, depending on the redox imbalance’s duration and extent [44,45]. By upregulating ROS responsive genes’ expression, cancer cells have developed a defense mechanism to prevent lethal ROS accumulation. We observed a similar mechanism in primary melanocytes: the elevated expression of the antioxidant system most probably equilibrated significantly enhanced oxidative stress to prevent cell death. Similarly, in the melanoma cell line LATS1 silencing caused an enhanced generation of ROS. However, the level of ROS was not only accurate to keep the cells alive but also it was high enough to promote tumor growth in mice.



One of the most important factors influencing both oxidative stress and hypoxia is aldehyde oxidase (AOX1), which produces hydrogen peroxide and, under certain conditions, it can catalyze superoxide formation. The relationship between AOX1 and cancer is ambiguous, depending on tumor type. It has been reported that AOX1 inhibited the development of breast cancer [46], but at the same time, it could promote prostate and rectal cancers [47]. AOX1 enhances the proliferation and invasion and inhibits apoptosis via ROS production, but it also upregulates the CD133 and PI3K/Akt pathway to promote disease progression [48]. We observed highly elevated AOX1 gene expression in LATS1 knocked down cells, both in melanocytes and melanoma cell line.



Moreover, in both cell types, endogenous ROS levels were increased and Akt phosphorylation (data not shown). Those results are consistent with the hypothesis that AOX1 promotes cancer; however, the mechanism is much more complicated, taking into account the Hippo pathway’s role in this process. The hypothesis is that the downregulation of LATS1 enhances ROS production, promoting an intrinsic hypoxia state with elevated AOX1 expression, which upregulates cancer stem cell marker CD133 resulting in enhanced tumor growth. However, both hypoxia and ROS mediated effects involve complex interactions between several different signaling pathways; thus, further research needs to confirm that hypothesis.



The major finding of our study is that LATS1 silencing leads to a significant decrease in the expression of melanogenesis driver genes and melanin content, both in primary melanocytes and melanoma cells. Accordingly, we suggest that the Hippo pathway is a strong regulator of melanogenesis, and through a molecular cascade involving MITF and oxidative stress response, controls melanoma growth. Still, some issues remain open. Most of all, what is the role of the direct LATS1 targets- YAP1 and TAZ in between those events? Those genes were expressed in both cell lines without significant changes before and after LATS1 knockdown on the transcriptional levels. There were still no significant differences between YAP1 and TAZ and their phosphorylated versions on the protein level. We have observed only a slight increase in YAP1 and phospho-YAP1 levels after LATS1 knockdown in primary melanocytes. That leads us to conclude, that unlike in other models, LATS1 is not a primary kinase for YAP1 inactivating phosphorylation in melanocytes and melanoma. This issue will be explored in our next study.



It is also noteworthy that although LATS1 silencing results in decreased expression of the genes engaged in melanogenesis and increased ROS production both in primary human adult epidermal melanocytes and MeWo cell line, it exerts different effects on the other characteristics. Those differences most likely result from the different origins of both cell types and their genetic backgrounds. Melanocytes represent highly pigmented normal skin tissue, while MeWo constitutes the established cell line originating from the lymph node metastasis of melanoma and shows no pigmentation in vitro. Although both cell lines are wild type regarding BRAF, MeWo cells have mutations in several other genes, eg. p53, MAPK3, CDKN2A, which undoubtedly influence certain cellular processes. That is an important matter to consider for further understanding the role of LATS1 in melanogenesis.



To summarize, this paper reports that regulation of human skin pigmentation and melanomagenesis are highly dependent on LATS1 kinase and oxidative stress in response to LATS1 ablation. The study provides valuable knowledge about signaling pathways engaged in melanogenesis and melanoma pathophysiology, which may help select targets for better diagnosis and treatment.




4. Materials and Methods


4.1. Cell Culture and Reagents


The primary human adult epidermal melanocytes (HEMa) were purchased from ATCC (Manassas, VA, USA) and cultured in Derman Cell Basal Medium (ATCC) supplemented with Adult Melanocyte Growth Kit (ATCC) according to the manufacturer’s recommendations. The human melanoma MeWo cell line was obtained from the Jagiellonian University (Krakow, Poland) and was maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; Biowest, Nuaille, France) supplemented with 10% fetal bovine serum (FBS, Biowest) and antibiotics (penicillin/streptomycin, 100 units/mL, Biowest). Following transduction, media were supplemented with 2 or 3 µg/mL of puromycin (Sigma-Aldrich, Munich, Germany), respectively. Alamar Blue (Bio-Rad Laboratories, Hercules, CA, USA) was used to measure cell proliferation rates. Shortly, cells were plated onto 96-well plates in a number of 104 cells per well, and cultured for 72 h; 1/10 volume of Alamar Blue was added to each well and after the reaction was developed, assays were measured spectrophotometrically to determine the optical density (OD) values.




4.2. Lentivirus Production and Transduction


Lentiviral vectors were produced in 293 T human embryonic kidney cells using a second-generation packaging system, as published previously [49]. Shortly, 3 µg pMD2G, 7 µg pPAX, and 10 µg pLKO.1-shGFP or pLKO.1-shLATS1 per 100 mm culture plate were used for co-transfections using the calcium phosphate precipitation method. The shRNA hairpins against GFP and LATS1 were previously described [50]. Viral supernatants were collected 48 h post-transfection, concentrated on Amicon Ultra centrifugal filter units Ultra-50, MWCO 100 kDa, aliquoted and stored in −80 °C. Transductions were conducted on 6-well culture dishes using 1/20 volume of the concentrated virus. Forty-eight hours post-transduction cells were subjected for selection in 2 or 3 µg/mL of puromycin for HEMa or MeWo cell line, respectively. The transduced cells were further cultured in the presence of puromycin.




4.3. RNA Sequencing


Total RNA isolation and mRNA sequencing and were performed by CeGat GmbH (Tubingen, Germany). The library from each sample was prepared for sequencing using the Illumina TruSeq Stranded mRNA Library Preparation Kit. 100 ng of RNA was used to prepare the RNA libraries. The libraries were sequenced on Illumina NovaSeq 6000, 2 × 100 bp. Depths of 30 million paired-end 100  bp reads were generated for each sample. Demultiplexing of the sequencing reads was performed with Illumina bcl2fastq. Adapters were trimmed with Skewer (version 0.2.2). Quality trimming of the reads has not been performed. RNA-Seq trimmed raw reads were aligned to the human reference genome (hg19) using STAR. Differential expression analysis between groups was performed with DESeq2 in R. DESeq2 uses a negative binomial generalized linear model to test for differential expression based on gene counts.




4.4. Protein Extraction and Western Blot


Cells were washed twice with phosphate-buffered saline (PBS; Biowest), and collected into fresh tubes using cell scrapers. Proteins were extracted in ice-cold 1× RIPA lysis buffer (Sigma-Aldrich, Munich, Germany) containing 10× diluted protease inhibitor cocktail (Sigma Aldrich). Extracts were kept on ice for 20 min and centrifuged at 13,000× g RPM for 15 min at 4 °C. Supernatants were stored at −80 °C. Proteins were quantified by BCA assay (Thermo Fisher Scientific, Waltham, MA, USA). For immunoblotting, 15 μg of whole protein extracts were loaded onto 4-20% gradient polyacrylamide gels (Bio-Rad Laboratories, Hercules, CA, USA) and separated by SDS-PAGE. Proteins were then electroblotted onto PVDF membranes (Bio-Rad Laboratories) using Trans-Blot Turbo Transfer System (Bio-Rad Laboratories). Unspecific binding sites were blocked using 5% BSA resolved in tris buffered saline containing 0,1% Tween 20 (TBS-T) (further referred to as blocking buffer). Primary anti-human monoclonal antibodies specific to LATS1, phosphorylated TAZ (Ser89), TAZ, phosphorylated YAP1 (Ser127), YAP1 (CST), MITF, tyrosinase (Thermo Fisher Scientific), were diluted 1:1000 in blocking buffer and incubated overnight at 4 °C with the respective fragments of the membrane. After washing, the membranes were incubated with anti-rabbit (for CST antibodies) or anti-mouse (for Thermo Fisher Scientific antibodies) IgG conjugated to horseradish peroxidase (HRP) (CST), diluted 1:2000 in blocking buffer. All washing steps were performed using TBS-T buffer. Proteins were visualized by chemiluminescence using WesternBright Quantum HRP substrate (Advansta, Menlo Park, CA, USA) and CCD imager (G:BOX; Syngene, Cambridge, UK).




4.5. Oxidative Stress Detection


The intracellular level of reactive oxygen species was measured using CellRox Green Reagent (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instructions. One day prior the experiment cells were plated onto 6-well culture plates. When they reached 60–70% confluency, 5 µM CellRox Reagent was added to each well for 30 min at 37 °C. Following incubation cells were trypsinized, collected and washed twice in PBS, and the mean fluorescence intensity (MFI) for each sample was measured using FACSAria flow cytometer (BD, Franklin Lakes, NJ, USA). The results were analyzed with FlowJo software (Tree Star Inc, Ashland, OR, USA).




4.6. Mice


All in vivo experiments were approved by the Local Ethics Committee in Poznan (LKE; protocol number 49/2016 from August 2016). 8–9 weeks old athymic nude Crl:NU(Ncr)-Foxn1nu female mice (Charles River Laboratories) were purchased from AnimaLab (Poznan, Poland). Tumor cells (MeWo) with LATS1 knocked down or mock vector treated were cultured as described above. When reached 70–80% confluency, they were collected, washed twice with PBS and resuspended in fresh PBS, 2 × 107/mL. Just prior the injection, cells were mixed 1:1 with the growth factor reduced matrigel (BD Biosciences) and 200 µL of cell suspension was injected subcutaneously (s.c.) in both flanks of the body using 1-mL syringes and insuline needles. Each group contained 6 mice/12 tumors. Tumors were measured every 2–3 days. Once at least one of the tumor xenografts in a group reached volume >1000 mm3, mice were sacrificed using a carbon dioxide euthanasia system. Tumors were excised, photographed, and tumor tissue was stored in the form of lysates for further analysis.




4.7. Statistical Analyses


The Shapiro–Wilk normality test, t-test, and Mann–Whitney U test were used to analyze the differences between groups of data tested; p < 0.05 was used to determine statistical significance. All statistical analyses were performed using GraphPad Prism 7 (GraphPad, San Diego, CA, USA).








Author Contributions


U.K. created the study idea, carried out the experiments, analyzed the data, and prepared the manuscript; E.D. and M.Z. performed experiments, analyzed the data, and revised the manuscript; M.K. contributed to GraphPad analyses; T.K. supported the project with his critical expertise; A.M. supported the project with his leadership of the grant and manuscript revision. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Science Centre, Poland under Grant: OPUS 8, 2014/15/B/NZ5/03563.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee in Poznan (LKE; protocol number 49/2016 from August 2016).




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to property rights.




Acknowledgments


The authors sincerely thank Antonis Koromilas, McGill University, Montreal, Canada, for providing his invaluable scientific knowledge in support of this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zygulska, A.L.; Krzemieniecki, K.; Pierzchalski, P. Hippo pathway—Brief overview of its relevance in cancer. J. Physiol. Pharmacol. Off. J. Pol. Physiol. Soc. 2017, 68, 311–335. [Google Scholar]

	



Bae, J.S.; Kim, S.M.; Lee, H. The Hippo signaling pathway provides novel anti-cancer drug targets. Oncotarget 2017, 8, 16084–16098. [Google Scholar] [CrossRef]

	



Han, Y. Analysis of the role of the Hippo pathway in cancer. J. Transl. Med. 2019, 17, 116. [Google Scholar] [CrossRef] [PubMed]

	



Hao, Y.; Chun, A.; Cheung, K.; Rashidi, B.; Yang, X. Tumor suppressor LATS1 is a negative regulator of oncogene YAP. J. Biol. Chem. 2008, 283, 5496–5509. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.E.; Finlay, G.J.; Baguley, B.C. The role of the hippo pathway in melanocytes and melanoma. Front. Oncol. 2013, 3, 123. [Google Scholar] [CrossRef]

	



Lei, Q.Y.; Zhang, H.; Zhao, B.; Zha, Z.Y.; Bai, F.; Pei, X.H.; Zhao, S.; Xiong, Y.; Guan, K.L. TAZ promotes cell proliferation and epithelial-mesenchymal transition and is inhibited by the hippo pathway. Mol. Cell. Biol. 2008, 28, 2426–2436. [Google Scholar] [CrossRef]

	



Sarna, M.; Krzykawska-Serda, M.; Jakubowska, M.; Zadlo, A.; Urbanska, K. Melanin presence inhibits melanoma cell spread in mice in a unique mechanical fashion. Sci. Rep. 2019, 9, 9280. [Google Scholar] [CrossRef] [PubMed]

	



Brożyna, A.A.; Jóźwicki, W.; Roszkowski, K.; Filipiak, J.; Slominski, A.T. Melanin content in melanoma metastases affects the outcome of radiotherapy. Oncotarget 2016, 7, 17844–17853. [Google Scholar] [CrossRef]

	



Chen, T.; Zhao, B.; Liu, Y.; Wang, R.; Yang, Y.; Yang, L.; Dong, C. MITF-M regulates melanogenesis in mouse melanocytes. J. Dermatol. Sci. 2018, 90, 253–262. [Google Scholar] [CrossRef]

	



D’Mello, S.A.; Finlay, G.J.; Baguley, B.C.; Askarian-Amiri, M.E. Signaling Pathways in Melanogenesis. Int. J. Mol. Sci. 2016, 17, 1144. [Google Scholar] [CrossRef]

	



Jenkins, N.C.; Grossman, D. Role of melanin in melanocyte dysregulation of reactive oxygen species. BioMed Res. Int. 2013, 2013, 908797. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.Y.; Sah, S.K.; Choi, S.S.; Kim, T.Y. Inhibitory effects of extracellular superoxide dismutase on ultraviolet B-induced melanogenesis in murine skin and melanocytes. Life Sci. 2018, 210, 201–208. [Google Scholar] [CrossRef]

	



Venza, M.; Visalli, M.; Beninati, C.; De Gaetano, G.V.; Teti, D.; Venza, I. Cellular Mechanisms of Oxidative Stress and Action in Melanoma. Oxidative Med. Cell. Longev. 2015, 2015, 481782. [Google Scholar] [CrossRef]

	



Gupta, S.C.; Hevia, D.; Patchva, S.; Park, B.; Koh, W.; Aggarwal, B.B. Upsides and downsides of reactive oxygen species for cancer: The roles of reactive oxygen species in tumorigenesis, prevention, and therapy. Antioxid. Redox Signal. 2012, 16, 1295–1322. [Google Scholar] [CrossRef]

	



Slominski, A.; Kim, T.K.; Brożyna, A.A.; Janjetovic, Z.; Brooks, D.L.; Schwab, L.P.; Skobowiat, C.; Jóźwicki, W.; Seagroves, T.N. The role of melanogenesis in regulation of melanoma behavior: Melanogenesis leads to stimulation of HIF-1α expression and HIF-dependent attendant pathways. Arch. Biochem. Biophys. 2014, 563, 79–93. [Google Scholar] [CrossRef] [PubMed]

	



Choi, H.; Choi, H.; Han, J.; Jin, S.H.; Park, J.Y.; Shin, D.W.; Lee, T.R.; Kim, K.; Lee, A.Y.; Noh, M. IL-4 inhibits the melanogenesis of normal human melanocytes through the JAK2-STAT6 signaling pathway. J. Investig. Dermatol. 2013, 133, 528–536. [Google Scholar] [CrossRef] [PubMed]

	



Choi, H.; Kim, K.; Han, J.; Choi, H.; Jin, S.H.; Lee, E.K.; Shin, D.W.; Lee, T.R.; Lee, A.Y.; Noh, M. Kojic acid-induced IL-6 production in human keratinocytes plays a role in its anti-melanogenic activity in skin. J. Dermatol. Sci. 2012, 66, 207–215. [Google Scholar] [CrossRef]

	



Englaro, W.; Bahadoran, P.; Bertolotto, C.; Buscà, R.; Dérijard, B.; Livolsi, A.; Peyron, J.F.; Ortonne, J.P.; Ballotti, R. Tumor necrosis factor alpha-mediated inhibition of melanogenesis is dependent on nuclear factor kappa B activation. Oncogene 1999, 18, 1553–1559. [Google Scholar] [CrossRef]

	



Kumari, S.; Tien Guan Thng, S.; Kumar Verma, N.; Gautam, H.K. Melanogenesis Inhibitors. Acta Derm. Venereol. 2018, 98, 924–931. [Google Scholar] [CrossRef]

	



Zang, D.; Niu, C.; Aisa, H.A. Amine derivatives of furocoumarin induce melanogenesis by activating Akt/GSK-3β/β-catenin signal pathway. Drug Des. Dev. Ther. 2019, 13, 623–632. [Google Scholar] [CrossRef] [PubMed]

	



Shakhova, O.; Sommer, L. Testing the cancer stem cell hypothesis in melanoma: The clinics will tell. Cancer Lett. 2013, 338, 74–81. [Google Scholar] [CrossRef] [PubMed]

	



Hou, L.; Arnheiter, H.; Pavan, W.J. Interspecies difference in the regulation of melanocyte development by SOX10 and MITF. Proc. Natl. Acad. Sci. USA 2006, 103, 9081–9085. [Google Scholar] [CrossRef] [PubMed]

	



Potterf, S.B.; Mollaaghababa, R.; Hou, L.; Southard-Smith, E.M.; Hornyak, T.J.; Arnheiter, H.; Pavan, W.J. Analysis of SOX10 function in neural crest-derived melanocyte development: SOX10-dependent transcriptional control of dopachrome tautomerase. Dev. Biol. 2001, 237, 245–257. [Google Scholar] [CrossRef]

	



Levy, C.; Khaled, M.; Fisher, D.E. MITF: Master regulator of melanocyte development and melanoma oncogene. Trends Mol. Med. 2006, 12, 406–414. [Google Scholar] [CrossRef]

	



Lapedriza, A.; Petratou, K.; Kelsh, R.N. Neural Crest Cells and Pigmentation. In Neural Crest Cells: Evolution, Development and Disease; Trainor, P., Ed.; Elsevier Academic Press Inc.: Boston, MA, USA, 2014; pp. 287–311. [Google Scholar] [CrossRef]

	



Feige, E.; Yokoyama, S.; Levy, C.; Khaled, M.; Igras, V.; Lin, R.J.; Lee, S.; Widlund, H.R.; Granter, S.R.; Kung, A.L.; et al. Hypoxia-induced transcriptional repression of the melanoma-associated oncogene MITF. Proc. Natl. Acad. Sci. USA 2011, 108, E924–E933. [Google Scholar] [CrossRef] [PubMed]

	



Goding, C.R.; Arnheiter, H. MITF-the first 25 years. Genes Dev. 2019, 33, 983–1007. [Google Scholar] [CrossRef]

	



Carreira, S.; Goodall, J.; Denat, L.; Rodriguez, M.; Nuciforo, P.; Hoek, K.S.; Testori, A.; Larue, L.; Goding, C.R. Mitf regulation of Dia1 controls melanoma proliferation and invasiveness. Genes Dev. 2006, 20, 3426–3439. [Google Scholar] [CrossRef]

	



Cheli, Y.; Giuliano, S.; Fenouille, N.; Allegra, M.; Hofman, V.; Hofman, P.; Bahadoran, P.; Lacour, J.P.; Tartare-Deckert, S.; Bertolotto, C.; et al. Hypoxia and MITF control metastatic behaviour in mouse and human melanoma cells. Oncogene 2012, 31, 2461–2470. [Google Scholar] [CrossRef]

	



Lenggenhager, D.; Curioni-Fontecedro, A.; Storz, M.; Shakhova, O.; Sommer, L.; Widmer, D.S.; Seifert, B.; Moch, H.; Dummer, R.; Mihic-Probst, D. An Aggressive Hypoxia Related Subpopulation of Melanoma Cells is TRP-2 Negative. Transl. Oncol. 2014, 7, 206–212. [Google Scholar] [CrossRef] [PubMed]

	



Louphrasitthiphol, P.; Ledaki, I.; Chauhan, J.; Falletta, P.; Siddaway, R.; Buffa, F.M.; Mole, D.R.; Soga, T.; Goding, C.R. MITF controls the TCA cycle to modulate the melanoma hypoxia response. Pigment. Cell Melanoma Res. 2019, 32, 792–808. [Google Scholar] [CrossRef]

	



Hsiao, J.J.; Fisher, D.E. The roles of microphthalmia-associated transcription factor and pigmentation in melanoma. Arch. Biochem. Biophys. 2014, 563, 28–34. [Google Scholar] [CrossRef] [PubMed]

	



Buscà, R.; Berra, E.; Gaggioli, C.; Khaled, M.; Bille, K.; Marchetti, B.; Thyss, R.; Fitsialos, G.; Larribère, L.; Bertolotto, C.; et al. Hypoxia-inducible factor 1{alpha} is a new target of microphthalmia-associated transcription factor (MITF) in melanoma cells. J. Cell Biol. 2005, 170, 49–59. [Google Scholar] [CrossRef] [PubMed]

	



Comito, G.; Calvani, M.; Giannoni, E.; Bianchini, F.; Calorini, L.; Torre, E.; Migliore, C.; Giordano, S.; Chiarugi, P. HIF-1α stabilization by mitochondrial ROS promotes Met-dependent invasive growth and vasculogenic mimicry in melanoma cells. Free Radic. Biol. Med. 2011, 51, 893–904. [Google Scholar] [CrossRef] [PubMed]

	



Ray, P.D.; Huang, B.W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular signaling. Cell. Signal. 2012, 24, 981–990. [Google Scholar] [CrossRef]

	



Sies, H. Oxidative stress: Oxidants and antioxidants. Exp. Physiol. 1997, 82, 291–295. [Google Scholar] [CrossRef]

	



Wittgen, H.G.; van Kempen, L.C. Reactive oxygen species in melanoma and its therapeutic implications. Melanoma Res. 2007, 17, 400–409. [Google Scholar] [CrossRef]

	



Meierjohann, S. Oxidative stress in melanocyte senescence and melanoma transformation. Eur. J. Cell Biol. 2014, 93, 36–41. [Google Scholar] [CrossRef]

	



Sample, A.; He, Y.Y. Mechanisms and prevention of UV-induced melanoma. Photodermatol. Photoimmunol. Photomed. 2018, 34, 13–24. [Google Scholar] [CrossRef]

	



Gidanian, S.; Mentelle, M.; Meyskens, F.L., Jr.; Farmer, P.J. Melanosomal damage in normal human melanocytes induced by UVB and metal uptake—A basis for the pro-oxidant state of melanoma. Photochem. Photobiol. 2008, 84, 556–564. [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] [PubMed]

	



Liu-Smith, F.; Dellinger, R.; Meyskens, F.L., Jr. Updates of reactive oxygen species in melanoma etiology and progression. Arch. Biochem. Biophys. 2014, 563, 51–55. [Google Scholar] [CrossRef]

	



Chio, I.I.C.; Tuveson, D.A. ROS in Cancer: The Burning Question. Trends Mol. Med. 2017, 23, 411–429. [Google Scholar] [CrossRef]

	



Ekshyyan, O.; Aw, T.Y. Decreased susceptibility of differentiated PC12 cells to oxidative challenge: Relationship to cellular redox and expression of apoptotic protease activator factor-1. Cell Death Differ. 2005, 12, 1066–1077. [Google Scholar] [CrossRef] [PubMed]

	



Davies, S.S.; Zhang, L.S. Reactive Carbonyl Species Scavengers-Novel Therapeutic Approaches for Chronic Diseases. Curr. Pharmacol. Rep. 2017, 3, 51–67. [Google Scholar] [CrossRef]

	



Singh, B.; Shoulson, R.; Chatterjee, A.; Ronghe, A.; Bhat, N.K.; Dim, D.C.; Bhat, H.K. Resveratrol inhibits estrogen-induced breast carcinogenesis through induction of NRF2-mediated protective pathways. Carcinogenesis 2014, 35, 1872–1880. [Google Scholar] [CrossRef]

	



Li, W.; Middha, M.; Bicak, M.; Sjoberg, D.D.; Vertosick, E.; Dahlin, A.; Häggström, C.; Hallmans, G.; Rönn, A.C.; Stattin, P.; et al. Genome-wide Scan Identifies Role for AOX1 in Prostate Cancer Survival. Eur. Urol. 2018, 74, 710–719. [Google Scholar] [CrossRef]

	



Zhang, W.; Chai, W.; Zhu, Z.; Li, X. Aldehyde oxidase 1 promoted the occurrence and development of colorectal cancer by up-regulation of expression of CD133. Int. Immunopharmacol. 2020, 85, 106618. [Google Scholar] [CrossRef] [PubMed]

	



Wiznerowicz, M.; Trono, D. Conditional suppression of cellular genes: Lentivirus vector-mediated drug-inducible RNA interference. J. Virol. 2003, 77, 8957–8961. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Smolen, G.A.; Haber, D.A. Negative regulation of YAP by LATS1 underscores evolutionary conservation of the Drosophila Hippo pathway. Cancer Res. 2008, 68, 2789–2794. [Google Scholar] [CrossRef]








[image: Ijms 22 03108 g001a 550][image: Ijms 22 03108 g001b 550] 





Figure 1. Melanin production and melanogenesis markers expression following LATS1 knockdown in primary melanocytes and MeWo cell line. (A) Pellets of cell-cultured with regular (left vial) or silenced (right vial) LATS1 expression. (B) Tumors formed in mice injected with MeWo cell line with LATS1 knockdown (bottom) vs. control (top). (C) Expression of genes involved in melanogenesis with fold changes of normalized expression values; black bars represent cells with regular LATS1 expression, grey bars represent cells with silenced LATS1. (D) Western blots of melanogenesis markers in cell lysates derived from control (Ctrl) and LATS1-knocked down (shLATS1) melanocytes and MeWo cells. 
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Figure 2. Proliferation markers and proliferation rates in primary melanocytes and MeWo cell line in vitro and in vivo following LATS1 silencing. (A) mRNA expression analysis of proliferation markers in primary melanocytes (left) and MeWo cells (right) before (black bars) and after (grey bars) LATS1 knockdown, with fold changes of normalized expression values. (B) Proliferation rates of primary melanocytes (left) and MeWo cells (right) either LATS1 depleted (grey bars) or non-modified cells (black bars) measured with functional metabolic Alamar Blue proliferation assay. (C) Growth kinetics of MeWo tumors with LATS1 knockdown (grey curve) vs. control (black curve). (D) Volumes of MeWo tumors with regular (black bars) and knocked down LATS1 (grey bars); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns—not significant. 
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Figure 3. Intracellular ROS levels following LATS1 knockdown. Flow cytometry analyses of the levels of reactive oxygen species (ROS) in primary human melanocytes (left) and MeWo cells (right); CellRox Green regent was used as ROS sensor with green fluorescence enhanced by oxidation; mean fluorescence intensity (MFI) was used as a measure of ROS content inside the cells; * p ≤ 0.05, ** p ≤ 0.01. 
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Figure 4. Expression of oxidative stress and toxicity markers following LATS1 knockdown. Comparison of the expression of the genes negatively regulating oxidative stress (A) and stress and toxicity markers (B) in primary melanocytes (left) and MeWo cells (right), with fold changes of normalized expression values. black bars represent cells with regular LATS1 expression; grey bars represent cells with LATS1 knocked down. 
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Figure 5. Expression of hypoxia-related genes in LATS1 knocked down cells. Comparison of the expression of the genes regulated under hypoxia in primary melanocytes (left) and MeWo cells (right), with fold changes of normalized expression values; black bars represent cells with regular LATS1 expression, grey bars represent cells with LATS1 knocked down. 
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Figure 6. YAP1/TAZ expression in LATS1 knocked down cells. (A) Expression of YAP1 and TAZ genes in primary melanocytes (left) and MeWo cells (right); black bars—cells with regular LATS1 expression, grey bars—cells with LATS1 knocked down. (B) Western blotted lysates of control (Ctrl) and LATS1 knocked down (shLATS1) melanocytes (left panel) and MeWo (right panel). 
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