Supplementary file S2. Functions of genes in the ± 250 kbp region upstream and downstream the locus Hapmap53144-ss46525999 on BTA4, detected as significant in 100% of the pair-wise contrasts performed using Holstein as reference breed. 

MYO1G (Myosin IG) belongs to the myosins, class I, single-headed, membrane-associated unconventional members of the myosin superfamily found in most eukaryotic cells. They bind actin filaments in an ATP-regulated manner. Because of their association with membranes, they have traditionally been viewed as motors that function primarily to transport membranous organelles along actin filaments. More recently, however, a wealth of roles for unconventional myosins that are not obviously related to organelle transport have been uncovered, including membrane dynamics, cytoskeletal structure, mechanical signal-transduction, endosome processing, mitotic spindle regulation and gene transcription [1,2]. 
Notably, MYO1G has been shown to encodes the human minor histocompatibility antigen HA-2 [3]. Also, it has been shown to associates with the plasma membrane in lymphocytes [4] and in Jurkat T‐cells where it has been shown to contribute to the cell elasticity [5,6]. To mount an immune response, T lymphocytes must successfully search for foreign material presented by major histocompatibility complex (MHC) molecules on antigen-presenting cells (APC). This search has been described as having features of a random-like motility pattern in lymph nodes. To optimize initial detection of antigens, a T cell must balance migration speed with the need to dwell in a given location for long enough to detect signaling complexes and become activated. Myo1g was indeed shown to transiently accumulate in discrete areas at the plasma membrane of migrating cells or when membranes are deformed and Myo1g deficient cells were shown to move faster and straighter [7], which ultimately proved to be a deficit, specifically for detection of rare antigens. This highlights that random walk motility is tuned and generates optimal combinations of speed and local dwell time. Myo1g contributes to this regulation by generating membrane tension and modulating cell-intrinsic meandering search and interactions with MHC-presenting dendritic cells during lymph-node surveillance [8].
Myo1G has been shown to be a key regulator of the phagocytic cups formed for internalization of the bound particle during opsonin receptor-mediated phagocytosis [9] and it has been identified as a cytoskeleton-associated protein whose depletion induces lysosomal cell death. Inactivation of Myo1G significantly increased the proportion of cells with an enlarged endo-lysosomal (acidic) compartment, increased lysosomal protease activity, and increased the number of both initial autophagic vacuoles and degradative autophagic vacuoles [10]. Maravillas-Montero et al. [11] reported the localization of Myo1g in B-cell membrane compartments such as lipid rafts, microvilli, and membrane extensions formed during spreading, detected abnormalities in the adhesion ability and chemokine-induced directed migration of lymphocytes after Myo1g inactivation and assessed a role for Myo1g in phagocytosis and exocytosis processes. More recently, Lopez-Ortega and Santos-Argumedo [12] highlighted that Myo1g contributes to cell adhesion and cell migration through modulation of lipid rafts and CD44 recycling in B lymphocytes. They indeed demonstrated that the lack of Myo1g decreases the cell-surface levels of CD44 and of a lipid raft surrogate, and that, in cells depleted of Myo1g, the recycling of CD44 was delayed, the delay seeming to be caused at the level of formation of recycling complex and entry into recycling endosomes, with impact on cell migration. 
No direct evidence for involvement of Myo1g in the pigmentation process was found in the restricted literature on this target, and we hypothesize that the initial observation by Olety et al. [6], reporting protein expression exclusively in hematopoietic tissues and cells may have biased the following researches toward this compartment, while subsequent larger transcriptomic and proteomics projects revealed a much wider Myo1g expression (GeneCards ID: GC07M044962) that still deserve to be investigated for its functional significance. However, other class I unconventional myosins have been clearly implicated in pigmentation, as exemplified below, in a not exhaustive manner.
MYO1B (Myosin IB) encodes a motor protein that may participate in processes, particularly endosomal trafficking, critical to neuronal development and function (cell migration, neurite outgrowth, vesicular transport). Myosin IB has been shown to modulate the morphology and the protein transport within multi-vesicular sorting endosomes in a human pigmented cell line [13].
MYO1E codes for one of the several unconventional myosin heavy chains that may provide force for movement of membranes along actin filaments, and has been proposed to correspond to the mouse dilute locus [14] producing a lightening of coat color caused by an abnormal adendritic melanocyte morphology. 
Finally, another member of the myosin family, MYO5A, has been shown to be target of MITF in melanocytes [15] and to be a major actin-based vesicle transport motor [16,17] that binds to one of its cargos, the melanosome. When one of the members of this receptor-motor complex is mutated, the melanosomes clump in the perinuclear region of the melanocyte and are transferred unevenly to the developing hair [18], leading to a dilution of coat color [19]. In humans, mutations in the MYO5A gene are associated with the Griscelli syndrome, characterized by pigmentary dilution of the skin and the hair, the presence of large clumps of pigment in hair shafts and an accumulation of melanosomes in melanocytes [20].
LOC112446527 (U6 spliceosomal RNA) small nuclear RNA
PURB (Purine Rich Element Binding Protein B) encodes a nuclear protein implicated in several biological processes. It has been shown to have high level of expression in the cytoplasm of neuronal cells [21]. PUR proteins are single-stranded nucleic acid-binding proteins implicated in several processes such as injury-induced repression of genes encoding certain muscle-restricted isoforms of actin and myosin expressed in the heart, skeletal muscle, and vasculature [22-32], transcriptional regulation of other genes [33-38], mRNA translation [39,40,30], and RNA transport [41,42], initiation and regulation of DNA replication [43-45] and, in the case of the founding member of this family, PURA, a role in control of cell cycle progression [46-49] and in cell proliferation necessary for normal brain and myeloid cell development [50] has also been suggested. Simultaneous deletion of the two closely related gene family members, PURA and PURB, has been suggested to have consequences related to progression to acute myelogenous leukemia [51]. PUR proteins have been shown to attenuate baseline expression of the gene encoding the cyto-contractile protein smooth muscle -actin in quiescent fibroblasts essential for myofibroblast-mediated wound contraction following tissue injury and wound healing. PUR  and  transcriptional repressors were shown to govern the DNA-binding activity of serum response factor (SRF) and phosphorylated Smad3 transcriptional activators during induction of smooth muscle -actin gene expression in human pulmonary myofibroblasts, in a dynamic interplay between transcriptional activators and repressors in regulating smooth muscle -actin gene output during fibroblast to myofibroblast differentiation [52]. Consistent with the role of PURB proteins as suppressor of myofibroblast differentiation, inactivation of PURB proteins in mouse embryo fibroblasts promoted changes in cell morphology, actin isoform expression, and cell migration indicative of conversion to a myofibroblast-like phenotype [53]. Transition of stromal cardiac fibroblasts into smooth muscle-like myofibroblasts is an early aspect of wound healing and fibrosis during native heart disease and after cardiac transplant. Perivascular fibrosis has been described as a significant pathobiologic feature of chronic rejection in heart transplant recipients that may limit long-term graft survival. Zhang et al. [25] highlighted that activation of the normally silent smooth muscle -actin gene, mediated by PUR proteins, is part of the reprogramming process in cardiomyocytes from mouse hearts subjected to repeated transplant surgery and ischemia-reperfusion injury. Based on the above features, PUR proteins have been regarded as transcriptional reprogramming proteins [54].
PURB proteins were also shown to acts as repressors of the GnRH1 gene transcription [55] through promoter binding in GnRH1-expressing neurons in the preoptic area of the hypothalamus (see Supplementary file S1 concerning the release of melanocyte-stimulating hormone from the hypothalamus, discussed by Scimonelli and Celis, 1982). 
PUR proteins have been shown to bind the dendrite‐targeting motifs present in BC1 RNA [42,56] and have been hypothesized to be involved in the transport of BC1 RNA along dendritic microtubules and possibly co-operate in anchoring of BC1 RNA within these dendritic compartments. The BC1 RNA is a small neuronal non-coding RNA that can form ribonucleoprotein particles (RNP) in combination with RNA-binding proteins. BC1 RNAs are mediators of local translational control [57,58] through interaction with translation initiation factors [59] and are involved in the local regulation of protein synthesis in the synaptodendritic compartment that underlies neuronal plasticity [60,61].
More recently, PUR proteins were implicated in livestock traits of economic relevance. In particular, they were found to fall in a cluster of genes positively-correlated with female-biased sexual size dimorphism in fishes of the Cynoglossus species, a typical female heterogamete species in which female-biased sexual size dimorphism has severely hindered its sustainable development in aquaculture [62]. Also, PURB proteins have been shown to act as positive regulators of amino acid-induced milk synthesis in bovine mammary epithelial cells [63]. Indeed, PURB has been shown to be required for amino acids to stimulate mTOR and SREBP-1c gene expression, and to be a positive regulator of amino acid-induced PI3K-regulated milk protein and fat synthesis in bovine mammary epithelial cells.
[bookmark: _Hlk46710731]MIR4657 Identified in 2011 as a new microRNAs by next generation sequencing of paired normal and tumor human breast tissue [64]. Detected as enriched in cancer drug-resistant HEK293tTS cells identified after cisplatin treatment [65]. Using a comparative genomic approach, it has been suggested to bind MyD88 which is known to activate the immune response-inducing nuclear transcriptional factor NF-kB [66]. In a study aiming at deciphering a potential role for miRNAs in innate immune ontogeny, MIR4657 was found to be one of the primary transcripts (pri-miRNAs) induced in adult monocytes stimulated with LPS for 1 and for 6 hours compared to unstimulated adult monocytes, as well as in umbilical cord blood monocytes stimulated with LPS for 1 and for 6 hours compared to unstimulated umbilical cord blood monocytes [67]. Downregulated in serous ovarian carcinoma [68]. It was found in exosome isolated from conditioned media from two breast cancer cell populations (T47D and BT-200) while could not be detected in conditioned media from two other breast cancer cell populations (SKBR3 and MDA-MB-231) [69]. Downregulated in metformin-treated cholangiocarcinoma tumor cell lines [70]. Upregulated in rheumatic heart disease [71]. Upregulated in non-lesional compared with lesional psoriatic skin, with TNF being known to play an important role in the pathogenesis of psoriasis [72]. Upregulated in serum of alcohol-consuming pregnant women [73]. It was shown to be a differentially expressed miRNA in human gingival epithelial cells transfected with the miR-H1 viral microRNA from herpes simplex virus-1 [74]. It was among the miRNAs showing differential expression that were associated with survival for rectal cancer [75]. It was found to be under-expressed in “side population” (stem) cells sorted from human hepatocellular tissues compared to non-side population cells [76]. In a study carried out by Ohzawa et al. [77], HER2 positive breast cancer patients who underwent neoadjuvant chemotherapy with trastuzumab were sorted into pathological complete response (pCR) and non-pCR groups. Differential miRNA expression was observed between these pCR and non-pCR groups, with MIR4657 being observed as downregulated. It was shown to be one of the dysregulated microRNAs among those highly correlated with intervertebral disc degeneration grade [78]. By data mining of a pharmaco-clinical variants database, it was found to have FOS, a psoriasis associated gene, as target gene whose inferred transcription factors were ATF1, ATF2, ATF7, BACH2, BATF, BCL3, CEBPB, CEBPG, COBRA1, CREB1, DDIT3, EGR1, EGR2, ELK1, ELK3, ELK4, ESR1, ESR2, ETS1, ETS2, ETV4 and FLI1 [79]. In a study aiming to determine whether extracellular vesicle (EV)-derived miRNAs are differentially expressed in follicular fluid from individual mature follicles from subjects with and without polycystic ovarian syndrome, and if these differences are vesicle-specific and adiposity-dependent, microRNAs from lean subjects resulted to be associated with the regulation of transcription and cell apoptosis and, among them, MIR4657 was found in EV-depleted follicular fluid. It was also upregulated by transient overexpression of HNRNPA2/B1 in breast cancer cells at 48 h, but not at 72 h [80]. It was shown to be among the top downregulated exosomal miRNAs in patients with myocardial infarction [81]. In the bovine species, it was detected in the Bos taurus genome by using genes associated with bovine trypanosomosis as targets. It resulted to target the coding sequence of the following trypanosomosis associated genes: CD14, ICAM-1, LBP, TLR-2, TNF. From annotated data in the human species, MIR4657, whose annotated Gene Ontology process was “Cellular protein modification process”, resulted to target the following genes: CD14, ITGAM, TLR-2, TLR-4, TNF [82]. It was shown to be among the microRNA differentially expressed in murine lung alveolar type II (ATII) cells 2 days post-infection with influenza A virus relative to ATII cells from uninfected mice [83]. By exploring the transcriptome regulated by a deletion mutation in exon 19 of the EGFR gene in lung carcinoma patients, they found it only slightly under-expressed in deleted vs non deleted patients [84].
Wang et al. [85] showed that psoriasis TNF cytokines disrupt the pigment production in patients' melanocytes. Decreased expression of the genes involved in pigmentation and, consistently, a suppressed melanin production was observed in normal human melanocytes treated with IL-17 and TNF. Also, see Supplementary file S4 for a link between TNF/NF-κB signaling and pigmentation.
In an in silico analysis of non-synonymous single nucleotide polymorphisms (SNPs) of BMPR2 gene, MIR4657 was found as one of the microRNAs whose target binding was affected by the presence of SNPs in the BMPR2 coding sequence [86]. BMPR2 encodes a bone morphogenetic protein receptor 2 which is a serine/threonine kinase that plays a role in cellular growth and differentiation through phosphorylation and recruitment of BMPR1 receptor which phosphorylates SMAD transcription factors leading to gene regulation in nucleus. Bone morphogenetic proteins are the ligands for BMPR2. See Supplementary file S4 for a link between BMP signaling and embryonic neural crest and pattern formation (FBXL15 gene). In addition, several studies have provided evidence for an involvement of BMP signaling in physiological biogenesis of melanocytes, melanogenesis and pigmentation [87-92] as well as in melanoma [93-97] and psoriasis [98]. Using mutant mice, Han et al. [99] showed that experimental reduction of BMPR2 and ACVR2A (Activin A Receptor Type 2A) function is reduced in melanocytes, gray hair develops, as melanosomes differentiate but fail to grow, resulting in organelle miniaturization. 
H2AFV Long non-coding RNA
PPIA (Peptidylprolyl Isomerase A, alias CYPA, Cyclophilin A) encodes a peptidyl-prolyl isomerase A (PPIA), also known as cyclophilin A, an abundant, ubiquitously expressed protein, with the highest concentration in the central nervous system, that has been used in several studies as housekeeping gene for gene expression normalization. It is the intracellular ligand of the immunosuppressive drug cyclosporin A and has peptidyl-prolyl cis-trans isomerase (PPIase) activity, which is linked to its role in protein folding and assembly. Shieh et al. [100] described a reduction of rhodopsin in flies mutant at the ninA gene, which was shown to share relevant sequence identity with PPIA. Since the Rh1 opsin gene was found to be expressed at normal levels in ninA mutants, the authors suggested that the reduction of rhodopsin could be a post-transcriptional or a post-translational event, thus supporting the hypothesis that PPIA activity may be necessary for the correct folding and stability of rhodopsin. Besides the role as a folding catalyst, PPIA has been reported to act as a molecular chaperone [101]. PPIA has been linked to a number of human diseases, but its role in pathogenesis is still unknown [102]. The cyclophilin A protein was found to be over-expressed in two melanoma cell lines as compared to melanocytes [103,104] identified peptidylprolyl isomerase A as a differentially-expressed protein contrasting early submucosal non-invasive and invasive colorectal cancers. In the same tumor type, Yamamoto et al. [105] found that knockdown of PPIA significantly inhibited cell migration and invasion but had no effect on cell proliferation. In addition, knockdown of PPIA was associated with upregulation of E-cadherin and downregulation of N-cadherin and Snail expression, suggesting that PPIA knockdown inhibited cell migration and invasion by suppressing epithelial-mesenchymal transition. 
In osteoblasts, PPIA has been shown to be necessary for BMP-2 (Bone Morphogenetic Protein-2)-induced SMAD phosphorylation, exerting dual (pro-osteogenic and anti-osteoclastic) effects [106]. Downregulation of peptidylprolyl isomerase A has been shown to promote cell death and enhance doxorubicin-induced apoptosis in hepatocellular carcinoma [107]. It has been associated with nervous system degeneration [108,109] and identified as hallmark of familial amyotrophic lateral sclerosis (ALS) already at a presymptomatic stage in spinal cord of mutant SOD1 animal models [108-110]. SOD1 is a well-known cytosolic anti-oxidant enzyme that has been largely studied in connection with ALS. Mutant and/or oxidized misfolded SOD1 is thought to escape the cell degradation machinery and impair the proteasomal system and autophagy [111,112], inducing a stress response by interfering with various cellular functions. TARDBP (also known as TDP-43) is an RNA binding protein normally localized in the nucleus, belonging to the heterogeneous nuclear ribonucleoprotein (hnRNP) family, and available evidence suggests that it has multiple roles in RNA processing and gene expression regulation [113]. Lauranzano et al. [114] provided evidence that PPIA is a molecular link between TARDBP and SOD1 pathologies. Notably, they showed that peptidylprolyl isomerase A governs TARDBP function and assembly in heterogeneous nuclear ribonucleoprotein complexes and that the PPIA/TARDBP interaction was impaired in amyotrophic lateral sclerosis. As mentioned in Supplementary file S4, we recall here that amyotrophic lateral sclerosis is a neurodegenerative disease that is characterized by axonal retraction and subsequent loss of motor neurons [115].
Li et al. [116] found that cisplatin, a drug used in tumor therapy, could induce a senescence-like phenotype and growth arrest in a mouse neuroblastoma and rat glioma hybrid cell line. Using 2-dimension electrophoresis and comparing normal and senescent cells, they hence detected five differentially expressed proteins, including peptidylprolyl isomerase A (PPIA). In normal cells, terminal proliferative arrest may result from terminal differentiation or replicative senescence. Treating normal cells with DNA-damaging drugs rapidly induces terminal proliferative arrest, which is accompanied by an accelerated senescence phenotype. In addition to normal cells, cultures of human cancer cells derived from solid tumors tend to undergo accelerated senescence following exposure to low doses of DNA-damaging drugs, such as cisplatin. Accelerated senescence, associated with proliferative arrest, may be hence interpreted as a physiological mechanism of the DNA damage response that occurs during tumor therapy. 
Yu et al. [117] showed that knock-down of PPIA and PPIA specific inhibitor treatment partially inhibited levels of CD147, the cellular receptor for cyclophilin A, which is also a multifunctional transmembrane glycoprotein playing a critical role in many pathological and physiological processes involving a variety of cell types such as various cancer cells, leukocytes, fibroblasts, and endothelial cells and able to stimulates fibroblast and endothelial cells to facilitate tumor invasion, metastasis, and angiogenesis. Decreased PPIA expression also significantly inhibited STAT3 activity and expanded estrogen responsiveness. 
In a human macrophage cell line, stimulation of CD147 (the cellular receptor for cyclophilin A) with its specific monoclonal antibody was shown to induce the expression of a matrix metalloproteinase, the phosphorylation of ERK, the phosphorylation-associated degradation of IκB, and the nuclear translocation of NF-κB p65 and p50 subunits [118]. The interconnection between cyclophilin A and NF-κB has been reported, among others, also in the studies by Bahmed et al. [119], Sun et al. [120] and Pasetto et al. [121]. The interconnection between the NF-κB pathway and the (JAK)-STAT signaling pathway has been reported, among others, in the works by Squarize et al. [122], Grivennikov and Karin [123], Olavarria et al. [124], McFarland et al. [125], Ahmad et al. [126], Czerkies et al. [127] and Haselager et al. [128]. Also, see Supplementary file S4 for the cross-talk between NF-κB pathway and STAT signaling. The STAT1 protein can be activated by various ligands including interferon-gamma and EGF. Persistent exposure to interferon-gamma has been shown to induce senescence in normal human melanocytes. Because interferon-gamma is present in various inflammatory conditions and is found to be elevated in the vitiliginous skin, it is possible that depigmentation in vitiligo arises from localized inflammation, where interferon-gamma interferes with the cell viability of surrounding melanocytes, leading to the senescence-driven melanocyte detachment [129]. A role for EGF, via its receptor, in melanocyte biology and pathology has been highlighted [130-133]. Also, STAT1 has been implicated in UVB-induced melanocyte resistance to DNA damage and apoptosis [134] and loss of sensitivity to interferon in melanoma cells [135].
ZMIZ2 (Zinc Finger MIZ-Type Containing 2, alias ZIMP7) together with ZMIZ1 is a member of a PIAS (protein inhibitor of activated STAT)-like family of proteins that interact with nuclear hormone receptors. ZMIZ2 interacts with androgen receptors (AR) and enhances AR-mediated transcription [136]. An interaction between ZMIZ2 and PIAS proteins, with higher preference for PIAS3, was reported by Peng et al. [137] who also demonstrated a role for PIAS proteins in modulating the activity of ZMIZ2 in androgen receptor-mediated transcription. 
Interestingly, Rodríguez-Magadán et al. [138], by analyzing the gene expression pattern of the PIAS-like proteins, ZMIZ1 and ZMIZ2 in early gonadal development and during spermatogenesis, highlighted their sexually dimorphic expression, demonstrating that both genes are up-regulated in male gonads relative to fetal ovaries. Both genes were detectable in male gonads starting from 12.5 days post coitum (dpc), corresponding to the step characterized by the surrounding of the germ cells by Sertoli cells to form epithelial aggregates called the testis cords. At this stage, expression of ZMIZ1 was limited, in the male, at the mesonephros, while, in female embryos, it was no longer evident in this compartment where it could be detected earlier. From 12.5 dpc to 14.5 dpc, ZMIZ1 transcripts were increasingly detected in male gonads. Concerning ZMIZ2, in female gonads a very faint signal could be detected at 12.5–14.5 dpc compared to the more marked signal detectable in the same time-frame in the male gonad. Testis expression of ZMIZ2 was also detected in the adult mouse. ZMIZ2, but not ZMIZ1, expression is re-initiated prior to puberty, after a period of silencing that occurs during the latter embryonic stages, and the ZMIZ2 protein co-localizes at the XY body in pachytene spermatocytes where they probably play a role in the meiotic process. Indeed, ZMIZ1 and ZMIZ2 have been included among the components of the sumoylation machinery [139] and ZMIZ1 expression was found to be deregulated in the majority of the papillary thyroid cancers (PTC) tissues screened by Tuccilli and co-workers, likely contributing to the PTC phenotype. Small Ubiquitin-like MOdifier (SUMO) proteins are small protein modifiers capable of regulating cellular localization and function of target proteins. Over the last few years, a relevant role has been demonstrated for SUMOylation in the modulation of important cellular processes, including gene transcription, DNA repair, cell-cycle regulation and apoptosis. Taylor and Labonne [140] highlighted that, during vertebrate development, the activities of individual group E SOX factors are well conserved and are regulated by SUMOylation. Group E SOX factors such as SOX9, and the closely related SOX10, are essential for the formation of neural crest precursor cells. In addition, upon interaction with EGR2, SOX10 has been shown to activate downstream genes [141] in Schwann cells, much alike the SOX10-dependent cascade in melanocytes, where SOX10 partners with the MITF protein to activate a downstream melanocyte-specific gene, DCT [142]. Based on these results, Adameyko et al. [143]formulated a general outline for the development of Schwann cell precursors into myelinating Schwann cells or melanocytes in which interactions of SOX genes with either EGR2 or MITF result in a commitment to myelinating Schwann cells or melanocytes, respectively. Mutations in SOX10 can cause Waardenburg syndrome, a disorder that manifests with sensorineural deafness, pigmentation defects of the skin, hair and iris and various defects of neural crest-derived tissues [144]. Bertolotto et al. [145] described in melanoma patients a germline missense substitution in MITF, which has been proposed to act as a melanoma oncogene, located in a small-ubiquitin-like modifier (SUMO) consensus site that severely impaired SUMOylation of MITF, increasing its transcriptional activity compared to wild-type MITF and enhancing melanocytic clonogenicity, migration and invasion, consistent with a gain-of-function role in tumorigenesis. Subsequently, Bonet et al. [146] demonstrated that the germline missense substitution in MITF impaired the ability of human melanocytes to undergo senescence.
ZMIZ1 has been suggested to act as a cofactor of Notch1 and to heterogeneously regulate Notch target genes [147,148] while ZIMZ2 has been shown to be required for mesoderm development and dorsoventral patterning [149]. Activation of signaling pathways including Notch are considered fundamental events in epithelial to mesenchymal transition (EMT) [150]. Consistently, Notch signaling was shown to play a role in neurogenesis and trunk and tail neural crest development [151]. Literature evidences of the roles of the Notch receptor in melanocyte biology and pathology have been provided [152,153]. Also, see the discussion concerning the SUFU gene in Supplementary file S4.
Zhu et al. [154] identified ZMIZ2 as one of the members of the LINC00265-ZMIZ2-β-catenin axis which they showed indispensable for colorectal tumorigenesis. LINC00265 is a long non coding RNA found to be upregulated and highly correlated with poor clinical outcome in human patients with colorectal cancer. LINC00265 acts as a miRNA sponge to enhance ZMIZ2 expression. Furthermore, ZMIZ2 recruits USP7 to stabilize β-catenin, which facilitates colorectal tumorigenesis. The WNT/β-catenin signaling is highly activated in colorectal cancer. Without WNT stimulation, cytoplasmic β-catenin is degraded, while, upon WNT activation, stabilized β-catenin may subsequently translocate to the nucleus where it binds to transcription factors and activates its transcriptional program. A role for ZMIZ2 in regulating the activity of the Wnt/β-catenin signaling pathway had been previously described also by Lee et al. [155]. Activation of signaling pathways including Wnt/beta-catenin are considered fundamental events in epithelial to mesenchymal transition (EMT) [150]. Also, see the discussion concerning the PSD gene and the MIR146B microRNA in Supplementary file S4. 
ZMIZ1 has been shown to interact with p53 and to transcriptionally activate it [156]. Literature evidences of a role for p53 in melanocyte biology and pathology have been provded [157-161]. ZMIZ1 has been shown also to enhance SMAD transcriptional activity and to play a role in regulating the TGF-beta/SMAD signaling pathway [162]. Literature evidences of the roles of SMAD in melanocyte biology and pathology have been provided Yang [163], Singh [89]. Also, see discussion concerning PURB and PPIA genes and the MIR4657 microRNA above, as well as MIR146B microRNA in Supplementary file S4
LOC112446406 Uncharacterized locus
OGDH (Oxoglutarate Dehydrogenase) encodes one subunit (E1) of the 2-oxoglutarate dehydrogenase complex. The complex is composed of E1 (2-oxoglutarate decarboxylase), E2 (dihydrolipoamide succinyl transferase), and E3 (dihydrolipoamide dehydrogenase) which couple 2-oxoglutarate oxidation to NADH formation. This complex catalyzes the overall conversion of 2-oxoglutarate (alpha-ketoglutarate) to succinyl-CoA and CO2 during the Krebs cycle. Liberated electrons are transferred through FAD to reduce NAD+ forming NADH. The NADH generated is utilized to drive the oxidative phosphorylation of ADP producing ATP. The protein is located in the mitochondrial matrix and uses thiamine pyrophosphate as a cofactor. The 2‐oxoglutarate substrate is generated both within the tricarboxylic acid cycle and through glutamate transamination and oxidative deamination. Hence, OGDH sits at a major metabolic hub in the Krebs cycle linking carbon flux to the biosynthesis and degradation of amino acids [164]. The ensuing role of OGDHC in the degradation of glutamate, which is neurotoxic in excess, is in accordance with the known association between reduced OGDHC activity and neurodegeneration [165-168]. For a discussion of the link between glutamate metabolism and pigmentation, see the section concerning the ASNSD1 gene in Supplementary file S1. Furthermore, 2‐oxoglutarate takes part in metabolic signaling [169-173], and therefore its degradation by OGDHC may affect metabolic plasticity [174]. Duan et al. [175] highlighted that metabolites downstream of glycolysis (alpha ketoglutarate) could regulate autophagy and influence apoptosis. Notably, they proposed that glycolysis inhibition may increase apoptosis by reducing alpha ketoglutarate levels, which are regulated by p53 and OGDH, thus reducing pro-survival autophagy. Indeed, autophagy is a cell survival mechanism that can become activated when nutrient and energy levels are limiting. During autophagy, cells degrade internal organelles and damaged proteins in auto-phagolysosomes. The degradation products are then recycled into metabolic pathways in order to maintain or restore nutrient and energy levels required for survival. Autophagy inhibition has been shown to contribute to apoptosis [175]. In melanocytes, suppression of autophagy was shown to causes premature senescence [176]. Autophagy has been shown to be active also in hair keratinocytes [177] and mesenchymal cells surrounding hair follicles [178]. However, long-lived skin cells such as neurons and melanocytes may more strictly depend on autophagy for cellular homeostasis and normal execution of their functions during aging while rapidly renewing epidermal epithelium may better tolerate suppression of autophagy [179]. Moreover, several of the steps in melanin production yield H2O2 and other free radicals. This places melanocytes under a higher oxidative stress load than for example keratinocytes, which is most prominent in hair follicle melanocytes because they produce large quantities of melanin constitutively throughout the anagen phase of the hair cycle. Oxidative stress generated outside hair follicle melanocytes, e.g., by UV-light induced, psycho-emotional, or inflammatory stress may add to this endogenous oxidative stress, overwhelm the hair follicle melanocyte antioxidant capacity, and speed up terminal damage accumulating for example in the aging hair follicle [180]. Consistently, a protective effect of superoxide dismutase against hair graying in a mouse model had been reported by Emerit et al. [181]. The above evidences could explain why depigmentation in our cattle model is observed in hairs but not in skin. Anatomical and functional differences between pigmentation in the skin and that of hair should also be taken into consideration to this regard. We recall here that each melanocyte is associated with five keratinocytes in the hair bulb forming a “hair follicle-melanin unit” while each melanocyte in the skin is associated with 36 keratinocytes constituting an “epidermal-melanin unit.”. Unlike in the skin where pigment production is continuous, melanogenesis in the hair is closely associated with stages of the hair cycle. Hair is actively pigmented in the anagen phase and is “turned off” during the catagen phase and absent during telogen. During anagen, a marked reduction in the number of melanocytes in the hair follicles through autophagolysosomal degeneration leading to pigment loss is thought to be central in the pathogenesis of graying [182]. 
2‐oxoglutarate degradation by OGDHC may also affect signal transduction, including mitochondrial retrograde regulation [183], broadly defined as the set of cellular adaptive responses to altered mitochondrial states that culminate in changes in nuclear gene expression whose outcome is usually a reprogramming of metabolic, regulatory, or stress-related pathways. Retrograde signaling has been involved in aging. In addition, mitochondria also appear to have a stress response pathway superficially similar to the unfolded protein response in the endoplasmic reticulum [184,185], Retrograde signaling has been shown to activate NFκB [186]. Retrograde signaling induces the expression of a number of tumor-specific marker genes, such as cathepsin L, an extracellular matrix protease, TGFβ, epiregulin, and mouse melanoma antigen. The retrograde signaling also induces changes in cell shape and development of pseudopod-like structures often seen in invasive tumor cells. OGDH is at the intercept of not only energy production and glutamate turnover, but also mitochondrial production/scavenging of reactive oxygen species (ROS) [187]. It is considered a mitochondrial redox sensor and is modulated by changes in ROS. It can produce superoxide, that is then rapidly dismutated by superoxide dismutase (SOD) yielding hydrogen peroxide. Thus, OGDH not only serves as a redox sensor but through ROS formation directly influences the state of the surrounding redox environment [164]. 
Wang et al. [188] showed that the signaling pathway of AHR (aryl hydrocarbon receptor), a ligand-activated transcription factor known to play pivotal roles in protecting cells against oxidative stress through regulating mitochondrial homeostasis, might have a major role in protecting melanocytes against oxidative damage via inducing mitochondrial biogenesis, while impaired AHR activation could cause defective repair of mitochondria and exacerbate oxidative damage-induced apoptosis in melanocytes. 
Restoration of OGDHL expression in cervical cancer cells lacking endogenous OGDHL expression suppressed cell proliferation, invasion and soft agar colony formation in vitro. Knockdown of OGDHL expression in cervical cancer cells expressing endogenous OGDHL had the opposite effect. Forced expression of OGDHL increased the production of reactive oxygen species (ROS) leading to apoptosis through caspase 3 mediated down-regulation of the AKT signaling cascade and decreased NF-κB phosphorylation. Conversely, silencing OGDHL stimulated the signaling pathway via increased AKT phosphorylation. Moreover, the addition of caspase 3 or ROS inhibitors in the presence of OGDHL increased AKT signaling and cervical cancer cell proliferation [189].
Reactive oxygen intermediates have been shown to be a common denominator of NF-kB activating signals. More specifically, hydrogen peroxide (H2O2) might be used as second messenger in the NF-kB system, despite its cytotoxicity. Analysis of pathways leading to NF-kappa B activation in the nervous system has identified a number of ROI-dependent pathways such as cytokine- and neurotrophin-mediated activation, glutamatergic signal transduction, and various diseases with crucial ROI involvement (e.g., Alzheimer's disease, Parkinson's disease, multiple sclerosis, amyotrophic lateral sclerosis) [190].
Overexpression of OGDH in human gastric cancer (GC) cells resulted in the downregulation of the “epithelial to mesenchymal transition” molecular markers E-cadherin and ZO-1, the upregulation of N-cadherin and claudin-1. OGDH knockdown cells showed decreased mitochondrial membrane potential, oxygen consumption rate, intracellular ATP product, and increased ROS level and NADP+/NADPH ratio. Consistently, overexpression of OGDH enhanced the mitochondrial function in GC cells. Furthermore, OGDH knockdown reduced the expressions of β-catenin, slug and TCF8/ZEB1, and the downstream targets cyclin D1 and MMP9. OGDH overexpression facilitated the activation of Wnt/β-catenin signal pathway. Additionally, overexpression of OGDH promoted tumorigenesis of GC cells in nude mice [191]. In another study on the same cell type, OGDH was shown to mediate the inhibition of SIRT5 on cell proliferation and migration [191]. OGDHC was found to be differentially expressed in the retina of wild-type and homozygous EGR1 knockout mice [192], with EGR1 (Early growth response protein 1) being a tumor protein p53-responsive stress transcription factor known to have a function in a variety of biologic processes (e.g., cell proliferation, brain plasticity and learning, apoptosis), also including pigmentation. Indeed, EGR1 is a transcription factor that is upregulated by α-MSH in hypothalamic neurons [193] and in human epidermal melanocytes. It has been shown to be upregulated after treatment of neuroblastoma cells with melanin-concentrating hormone (MCH) peptide which also induced a transient phosphorylation of MAPKinases, expression of phosphorylated p53 proteins (an effect dependent upon MAPKinase activity) and increased phosphorylation of Elk-1 that, together with EGR1, is a transcriptional factors targeted by the MAPKinase pathway. Finally, MCH provoked neurite outgrowth after 24 h-treatment of neuroblastoma cells [194]. EGR1 induces STAT3 gene expression [195] and the EGR1-STAT3 transcription factor axis regulates α-melanocyte-stimulating hormone-induced tyrosinase gene transcription in melanocytes [196]. Moreover, upregulation of oxidative and genotoxic stress response genes, including EGR1, coupled with p53 activational phosphorylation, was observed in cultured human metastatic melanoma cells exposed to dihydroartemisinin (DHA), a major class of antimalarials that kill plasmodium parasites through induction of iron-dependent oxidative stress [197]. EGR1 expression was also found to be significantly increased in chicken fibroblasts overexpressing chicken Opsin 5, an UV-sensor, after UV-A irradiation for 30 min, suggesting that UV-A absorption by opsin 5 can upregulate the expression levels of EGR1 [198]. Perer et al. (2020), by examining the cutaneous effects of acute exposure of epidermal reconstructs to dihydroxyacetone (DHA), an agent responsible for chemical (sunless) tanning as a consequence of the formation of melanin-mimetic cutaneous pigments ('melanoidins'), observed a pronounced cellular stress  se that was associated with overexpression, among other genes, of EGR1. Increase of EGR1 was also observed among the early molecular responses to quantified levels of serial oxidative stress (OS) in the human retinal pigment epithelium (RPE) [199]. During long-term cultivation of multipotent mesenchymal stromal cells, transcript levels of EGR1, a gene known to promote the activation of proliferation through β-catenin, NF-κB, and AP-1 signaling pathways [200,201], were found to be decreased compared to short-term cultivation [202] thus highlighting a possible role for this gene in cell senescence. Expression of EGR1 was found to be upregulated in zebrafish after inactivation of the MALAT-1 gene, that encodes a long non-coding RNA, whose knockdown was found to induce various phenotypic alterations including reduced pigmentation [203]. EGR1 was found to be upregulated in melanocytes exposed to oxidative stress [204], a factor that is known to induce melanocyte death in vitiligo [205]. Furthermore, OGDH has been shown to be the source of the main autoantigen associated with the autoimmune disease “primary biliary cirrhosis” [206], in which an involvement of mitophagy, a lysosomal-mediated degradation pathway, as possible pathogenetic mechanism has been suggested [207]. Mitophagy serves as a crucial quality control mechanism. In line with this, it plays emerging critical roles in senescence (defective mitochondrial clearance is exacerbated in aged cells) and accumulation of unhealthy mitochondrion associates – or is possibly causative – to crucial pathological conditions, like diabetes mellitus [208], neurodegeneration (e.g. Parkinson and Alzheimer) [209,210], and cancer, including melanoma [211].
NRD1 was identified as a mitochondrial co-chaperone for OGDH, and provided a mechanistic link between mitochondrial metabolic dysfunction, mTORC1 signaling, and impaired autophagy in neurodegeneration. Indeed, loss of NRD1 or OGDH caused an increase in α-ketoglutarate, a substrate for OGDH, which in turn elicited mTORC1 activation and a subsequent reduction in autophagy [212].
Mitophagy may occur through Parkin‐dependent and Parkin‐independent processes. Parkin, a ubiquitin E3 ligase, adds ubiquitin to many substrates leading to interactions with LC3, a key component of autophagosomes. The process of Parkin‐dependent mitophagy is initiated by PINK1 accumulation in the outer mitochondrial membrane in response to mitochondrial depolarization and damage. PINK1 phosphorylates ubiquitin to activate the E3 ligase function of Parkin as well as the outer mitochondrial membrane protein MFN2 to serve as a Parkin receptor. Once recruited, Parkin ubiquitinates multiple outer mitochondrial membrane proteins (e.g., VDAC1, HDAC6, and mitofusin) leading to interaction with LC3 and initiation of mitophagy [208]. The mitochondrial matrix protein methionine sulfoxide reductase has also been shown to play a role in switching on mitophagy by reducing Parkin methionine oxidation [208]. Interestingly, reduced methionine sulfoxide reductase correlate with senile hair graying [213], epidermal damage [214], and vitiligo [215]. In the normal aging process, the most important effect of melanocyte dysfunction is graying of the hair. The follicular melanocytes which supply pigment to the hair respond to signals of the hair growth cycle, and their age-related depletion and change in shape [216] together with an increase in redox stress are implicated in age-related dysfunction of the hair follicle pigmentary unit [217].
An increasing number of studies indicate that autophagy in melanocytes may affect age-related changes in melanogenesis, melanosome transfer, melanocyte cell death, melanocyte redox stress control, melanocyte proliferation rate, melanocyte senescence and inflammatory signaling [179]. One of the possible connectors of autophagy, cell cycle control and aging in melanocytes and melanoma is the p53 activating protein ARF, which acts as emergency control of superoxide levels in mitochondrial dysfunction. See Supplementary file S4 for the role of the protein PSD in regulating signal transduction by activating ADP-ribosylation factor 6 (ARF6).
Also, patients with xeroderma pigmentosum, known for their increased risk for melanoma [218], have recently been reported to display defective mitophagy [219]. Mitophagy has also been suggested to occur post simulated sunlight exposure in cultured human skin amelanotic melanoma cells [220], and glutamine and melanin supplementation were shown to inhibit mitophagy in melanoma cells following simulated sunlight exposure. Evidences that increased ROS are required for stimulation of mitophagy have been accumulating [221]. As the case of mitochondrial respiration, melanin production and maturation in melanosomes also involves an inherent production of various free radicals. In normal melanocytes, melanin acts as a scavenger of UV‐ and intracellularly-generated ROS, preventing potentially hazardous DNA damage and protein oxidation. Notably, autophagy-deficient keratinocytes were shown to display increased DNA damage, senescence and aberrant lipid composition after oxidative stress in vitro and in vivo [222]. The melanin protective functions may be lost in melanoma cells, at least in part, resulting from excessive oxidation of melanin itself. Moreover, the production of ROS in melanoma cells is further enhanced by oncogenic activation, inflammation, glycolytic respiration, and deregulation of oxidoreductases or the mitochondrial manganese-dependent SOD (see the SLC40A1 gene, Supplementary file S1) among others. In addition, a variety of melanoma‐associated defects on signaling cascades depending on MAPK, AKT, NOTCH1, and NF‐κB affect or are modulated by ROS production [223]. A theory on the role of oxidative stress in graying of hair was formulated by the above-mentioned work by Arck et al. [180].
The degradation of melanosome by autophagy is largely unknown. A functional genome screening study revealed that some autophagy regulatory genes play a role in pigment accumulation while another study showed that autophagy affects skin color determination by the regulation of melanin degradation in keratinocytes [224,225] occasionally found autophagosomes in melanocytes from perilesional halo nevi skin, from stable vitiligo skin and from healthy control skin. In contrast, in active vitiligo, autophagosomes could not be found anywhere. This result was interpreted by the authors as a sign of a dysfunction of mitophagy in melanocytes from perilesional vitiligo skin, with possible accumulation of damaged mitochondria, which may then expand the oxidant imbalance. However, the authors did not provide a direct evidence that the described autophagic mechanism was specifically targeting mitochondria. Evidences have suggested that autophagy may play a role also in biogenesis/destruction of melanosomes [226,227]. Small interfering RNA-based screens identified autophagy genes as having an impact on melanogenesis and maturation of melanosomes, and heterozygosity for the autophagy regulator beclin 1 results in altered fur color of mice [228]. Kim et al. [224], by using ARP101, a known inhibitor of Matrix Metallopeptidase 2, previously known to induce autophagy in various cancer cell types, provided a direct evidence that autophagosomes engulf melanin and melanosomes. They showed that ARP101 inhibits α-MSH-stimulated melanin synthesis by down-regulation of melanogenesis regulators (tyrosinase, TRP1, and MITF) in melanocytes, it induces autophagy in melanocytes, and that its anti-melanogenic effect is strictly dependent on autophagy activation. Finally, electron microscopy confirmed that autophagosomes engulfed melanin or melanosomes following combined treatment with α-MSH and ARP101. The results of this study suggest that autophagy is dispensable for melanogenesis but important for the control of the stress response and sustained proliferation of melanocytes. In 2019, Xiao et al. [229] reported that, while mice fetal hair follicle melanocytes were shown to occasionally contain autophagosomes, in cortical hair follicle keratinocytes, melanosome degradation clearly occurred in the phagolysosomes. Zhang et al. [176] demonstrate that the disruption of autophagy in melanocytes does not prevent melanogenesis, although it leads to a slight but significant reduction in melanin in both mice hair and tail epidermis. Cultured autophagy-deficient melanocytes showed a strongly reduced proliferative capacity and became prematurely senescent. At the molecular level, the lack of autophagy was associated with the accumulation of p62/SQSTM1 both in vivo and in vitro, the upregulation of nuclear factor E2–related factor 2 (Nrf2) signaling but also reactive oxygen species (ROS) and lipid oxidation. Mitochondrial autophagy has been shown to further increase cellular ROS levels that stimulate lipid peroxidation and glutathione depletion, leading to combined necroptotic and ferroptotic cell death [221]. Whether a similar phenomenon may occur as a consequence of dysregulated autophagy of melanin/melanosomes it is not known yet. Ferroptosis is a type of programmed cell death dependent on iron and characterized by the accumulation of lipid peroxides and is genetically and biochemically distinct from other forms of regulated cell death such as apoptosis. Iron dysregulation is associated with aberrant redox metabolism and ROS accumulation, feeding the enzymatic lipid peroxidation. See Supplementary file S1 for iron homeostasis (genes SLC40A1 and OSGEPL1) and pigmentation. Intricate and complicated interplay between ferroptosis, ionizing radiation (IR), ATM (ataxia-telangiectasia mutated)/ATR (ATM and Rad3-related), and tumor suppressor p53 have been described, which signifies the participation of the DNA damage response (DDR) in iron-related cell death [84]. AKT activation has been shown to be needed in cardiomyocytes to lower the tumor-induced mitophagy and autophagy, as well as UPS activity [230]. See the discussion concerning the PMS1 and the OSGEPL1 genes, and the role of DNA-damage response in melanoma and vitiligo, in Supplementary file S1. 
TMED4 (Transmembrane P24 Trafficking Protein 4, alias Putative NF-Kappa-B-Activating Protein 156, alias Endoplasmic Reticulum Stress-Response Protein 25, alias P24 Family Protein Alpha-3) encodes a member of the Transmembrane p24 trafficking protein family, which includes four sub-families, alpha, beta, gamma and delta, with TMED4 belonging to sub-family alpha. These proteins play an important but poorly understood role in the selective transport processes at the endoplasmic reticulum (ER)-Golgi interface. The p24 proteins are abundantly present in early secretory pathway membranes and cycle continuously between these compartments. Proposed functions range from a role as receptor for specific secretory cargoes or as machinery for COPI vesicle budding, to the supply of machinery proteins to secretory pathway sub-compartments or in the quality control of protein transport out of the ER, and they have been suggested to be involved in endoplasmic reticulum stress response [231,232]. By using Xenopus laevis intermediate pituitary transgenic neuroendocrine melanotrope cells as a physiologically relevant, inducible cell model to study the p24 proteins, these authors (Strating et al., 2011) demonstrated that even p24 proteins from the same sub-family may have non-redundant roles in secretory cargo biosynthesis and processing of their major secretory cargo protein proopiomelanocortin (POMC), which proteolytically yields the bioactive α-melanophore-stimulating hormone (MSH). Rötter et al. [233] had previously demonstrated that TMED4, together with other but not all subunits of the p24 family, is coordinately expressed with POMC. Strating et al. [231] provided evidence that the transgene expression of TMED4 greatly reduces POMC transport and leads to accumulation of the prohormone in large, ER-localized electron-dense structures, as well as to an abnormal structural organization of the Golgi apparatus. In C. elegans, mutated p24 proteins damaged the supply of machinery cargo involved in the quality control system, allowing the transport of a mutant cargo protein out of the ER [234]. Another member of the p24 protein family, TMED5, was shown to be up-regulated by the MIR-G-1 microRNA in cervical cancer cells where increased TMED5 expression was shown to promote cell proliferation, migration, invasion and EMT progression. TMED5 was shown to interact with WNT7B activating the WNT-CTNNB1/-catenin pathway. MIR-G-1 over-expression was shown to promote nuclear autophagy [235]. The Alzheimer disease associated TMED10 protein was shown to negatively regulate autophagy by inhibiting ATG4B activity [196].
Diseases associated with TMED4 include Neuronal Ceroid Lipofuscinosis 8. See Supplementary files S1 and S4 for additional direct/indirect implications of candidate genes detected in our study (ORMDL1, SLC40A1, ELOVL3, MFSD13A) in pathogenesis of neuronal ceroid lipofuscinosis
DDX56 (DEAD-Box Helicase 56, alias DDX21) encodes a member of the DEAD box protein family. DEAD box proteins, characterized by the conserved motif Asp-Glu-Ala-Asp (DEAD), act principally as ATP-dependent RNA helicases. However, it is now thought that rather than being processive RNA helicases, several of these proteins may be acting as RNA ‘chaperones’, promoting the formation of optimal RNA structures through local RNA unwinding, or as RNPases by mediating RNA–protein association/dissociation. These proteins are now of major interest because they are known to play important roles in virtually all aspects of RNA synthesis and function, including transcriptional regulation, pre-mRNA processing, ribosome biogenesis, RNA turnover, RNA export and translation, processes that involve multi-step association/dissociation of large RNP complexes as well as the modulation of complex RNA structures [236,237]. Notably, DDX56 is a nucleolar protein involved in the control of the two transcriptional arms of ribosome biogenesis: (i) synthesis and processing of the rRNA in the nucleolus, and (ii) transcription of ribosomal protein genes in the nucleoplasm. It has been shown to indirectly respond to dysfunction of TCOF1, a gene encoding a nucleolar protein that acts as a regulator of RNA polymerase I by connecting RNA polymerase I with enzymes responsible for ribosomal processing and modification. TCOF1 mutations have been associated with abnormal craniofacial development primarily originating from diminished allocation of cranial neural crest cells into the first and second pharyngeal arches. This study nicely exemplifies how nucleolar stress and rDNA damage may affect embryo development in a tissue–selective fashion. Mutations in factors involved in ribosome biogenesis can lead to ribosomopathies, a collection of congenital disorders typically displaying tissue-selective defects, despite the broad requirement for ribosomes across growing tissues [238]. DDX56 has been also shown to cooperate with SIRT7 in preventing accumulation of R-loops and the deriving DNA damage, thus safeguarding genome integrity. Moreover, DDX56 resolves estrogen-induced R loops on estrogen-responsive genes in breast cancer cells, which prevents the blocking of transcription elongation on these genes [222]. DDX56 nucleolar compartmentalization and rRNA binding was shown to be regulated by c-Jun, a well-established transcriptional regulator of AP-1-mediated gene expression that play an important role in the positive regulation of G1/S cell cycle progression, cancer cell proliferation, and survival [239].
The protein encoded by DDX56 shows ATPase activity in the presence of polynucleotides and associates with nucleoplasmic 65S preribosomal particles. In colorectal cancer, DDX56 expression was upregulated and high DDX56 expression was associated with lymphatic invasion and distant metastasis and was an independent poor prognostic factor. DDX56 was shown to promote proliferation ability through regulating the cell cycle. DDX56 knockdown reduced intron retention and expression of the tumor suppressor WEE1, which functions as a G2-M DNA damage checkpoint [240]. A role in cell proliferation for this gene was also reported in gastric cancer tissues. Indeed, DDX21 was significantly up-regulated in gastric cancer tissues compared to paired adjacent normal tissues. The expression of DDX21 was closely related to the pathological stage of gastric cancer. In vitro and in vivo studies had shown that knockdown of DDX21 inhibited gastric cancer cell proliferation, colony formation, G1/S cell cycle transition and xenograft growth, while ectopic expression of DDX21 promoted these cell functions. Mechanically, DDX21 induced gastric cancer cell growth by up-regulating levels of Cyclin D1 and CDK2 [241].
An interesting recent study by Santoriello et al. [242] demonstrated that DDX21/DDX56 mediates nucleotide stress responses in neural crest and melanoma cells. First, they showed that progesterone, which is an activator of the progesterone receptor PGR, rescued expression of neural crest markers crestin, SOX10, PAX3 and FOXD3 and rescued elongation defects observed in zebrafish treated with leflunomide. Leflunomide is an inhibitor of DHODH, which is an enzyme involved in de novo nucleotide biosynthesis, whose inhibition was previously shown to lower pyrimidine levels and block transcription elongation in neural crest and melanoma cells. Based on these evidences, a role for progesterone signaling in overcoming transcriptional defects was been proposed. Progesterone was also shown to reduce PGR levels by almost twofold in zebrafish embryos, possibly explaining why both exposure to progesterone and loss of its receptor yield the same biological effect in vivo. They found interactions between the progesterone receptor and proteins from two major biological processes. First, the progesterone receptor associated with enzymes involved in nucleotide metabolism, highlighting a function for the progesterone receptor in the regulation of nucleotide levels. They hence identified DDX21/DDX56 as a major interactor of the progesterone receptor and showed that knock-down of DDX21/DDX56 rescued the neural crest following leflunomide treatment. In addition, they observed that crestin rescue recovered in vivo melanocyte differentiation potential. Pigmentation defects characterizing leflunomide-treated embryos were overcome by DDX21/DDX56 knockdown (Fig. 3c). This established that knockdown of DDX21/DDX56 confers resistance to nucleotide depletion. Given the dual function of DDX21 in regulating mRNA transcription and rRNA transcription, processing and modifications, the authors addressed the issue whether DDX21/DDX56 may respond to changes in nucleotide levels and observed that its binding to rRNA was reduced by nucleotide stress, accompanied by a simultaneous increase in the binding of DDX21/DDX56 to mRNA. The shift in DDX21/DDX56 interaction from rRNA to mRNA was reversed by nucleotide supplementation, indicating that this effect is specific to a reduction of nucleotide pools. Based on their observation that DDX21/DDX56 engages mRNAs when there are low nucleotide levels, they investigated whether DHODH inhibition affected DDX21/DDX56 localization, observing partial relocalization of DDX21/DDX56 from the nucleolus to the nucleoplasm, which was reversed by nucleotide supplementation. These observations revealed that DDX21/DDX56 can interpret nucleotide levels and relocalize to the nucleoplasm when nucleotide pools are limited. They also showed that nucleotide stress negatively affects DDX21/DDX56 binding to chromatin, while chromatin binding was re-established by the addition of nucleotides. The reduced genomic occupancy of DDX21/DDX56 was found to correlate with gene expression changes, being associated with 32% of the genome that was at least twofold downregulated and 17% of genes showing significant upregulation. Gene set analysis of downregulated DDX21/DDX56 targets uncovered an enrichment in genes associated with RNA metabolism and the cell cycle. These observations could explain the transcriptional and proliferative defects seen in neural crest and melanoma cells after DHODH inhibition. In summary, limited nucleotide pools reduce the expression of DDX21/DDX56-bound genes. 
Another recent work [243] highlighted that the metastasis-associated phosphatase of regenerating liver 3 (PRL3), a p53 target gene, binds to the RNA helicase DDX21/DDX56 impairing its binding and distribution on chromatin, thereby restricting productive transcription by RNA polymerase II. This PRL3-DDX21 transcriptional regulation was shown to be active in selectively downregulating MITF-dependent endolysosomal genes and represents a new regulatory mechanism of MITF-controlled gene expression, with MITF being essential for the proliferation and differentiation of melanocyte stem cell-derived melanocyte populations. In zebrafish, this mechanism was shown to control premature melanoblast expansion and differentiation from melanocyte stem cells into melanocytes. With this work, the authors hence provided evidence that regulation of transcription elongation may prevent premature melanocyte stem cell differentiation and reveal a new mechanism that regulates endolysosomal target genes via PRL3-DDX21-mediated inhibition. Since transcription through gene bodies is subject to dynamic changes in elongation rate and is a highly regulated process in development and differentiation, they proposed that the PRL3-DDX21 regulation of productive transcription elongation may function as a fine-tuning mechanism for matching the regenerative response with tissue needs. Unexpectedly, they did not identify enriched genes that are specific to the melanosome or to melanin synthesis. Rather, the endolysosomal genes regulated by PRL3 are associated with lysosomal-related acidic organelle biosynthesis and trafficking and with autophagosome formation. Thus, it seems likely that PRL3-dependent restrained transcriptional elongation of endolysosomal components leads to more than simply delaying melanosome biogenesis and points to a function in maintaining a stem cell state. The function of these vesicles in melanocyte stem cells differentiation is not known but may involve regulation of signaling pathways, such as the Notch pathway that is regulated by endomembrane vesicles and inhibits premature differentiation of the melanocyte stem cells in the hair follicle niche. 
The DDX56 paralog EIF-4A1 was shown to be consistently overexpressed in human melanoma cells in vitro and to contribute to the control of melanoma cell proliferation [244]. By investigating age-dependent alternative splicing (ADAS) in the context of postnatal organ growth in mice, mRNA of EIF4A2, another DDX56 paralog, was shown to undergo alternative splicing at high significance, with exon 11 included in the juvenile form and excluded from the adult form throughout the three studied compartments (cerebral cortex, cardiomyocytes and hepatocytes). The alternative splicing was mediated by SRSF7, a juvenile-specifically expressed splicing factor. The authors hence suggested that SRSF7 mediates juvenile patterns of alternative splicing, thus giving rise to the juvenile transcriptome. Mutation of SRSF7 causes a premature switch from the juvenile to adult isoforms of EIF4A2 both in vitro and in vivo, resulting in altered cellular juvenescence, which is instead characterized by the cellular capacities for growth, maturation, differentiation, anabolic metabolism, and resistance to premature senescence. 
NPC1L1 (NPC1 Like Intracellular Cholesterol Transporter 1) is a p53 target gene [245] that encodes a multi-pass membrane protein. It contains a conserved N-terminal Niemann-Pick C1 (NPC1) domain and a putative sterol-sensing domain (SSD) functioning as a plasma membrane to trans-Golgi network transport signal in other proteins. NPC1L1 proteins traffic between the plasma membrane and intracellular compartments through the endocytic recycling pathway, which is regulated by cellular cholesterol availability. Acute cholesterol depletion relocates NPC1L1 to the cell surface, resulting in an increased uptake of free cholesterol through NPC1L1 [246,247]. Most of the vesicular trafficking events are dependent on the cytoskeleton and motor proteins. Chu et al. [248] provided evidence that the transport of NPC1L1 to the plasma membrane is dependent on the microfilament-associated myosin Vb/Rab11a/Rab11-FIP2 triple complex. Hence, this protein takes up free cholesterol into cells through vesicular endocytosis. As such it plays a critical role in the absorption of intestinal cholesterol. Studies are missing to show a possible role of NPC1L1 in melanocytes. Schallreuter et al. [249] highlighted that epidermal melanocytes hold the capacity for autocrine cholesterol synthesis as well as its uptake by the LDL receptor⁄Apo-B100 signal and showed the presence of cholesterol in the plasma membrane of melanocytes including the melanocyte-specific organelle (melanosome). Furthermore, they demonstrate that cholesterol increases melanogenesis in epidermal melanocytes and melanoma cells. Moreover, they demonstrated that early stage melanosomes have significantly higher cholesterol content compared with mature melanosomes. 
In addition, cholesterol has been shown to play an important role in dendrite differentiation [250] and synaptic activity [251]. Cholesterol can be detected in detergent-insoluble membrane microdomains such as caveolae. Caveolae are specialized, invaginated plasma membrane domains that are defined morphologically and by the expression of signature proteins called, caveolins, which can bind cholesterol and requires cholesterol for oligomerization. Caveolae and caveolins are abundant in a variety of cell types where they play critical roles in endocytosis and transcytosis, mechano-transduction and mechano-protective role [252], cell fate (proliferation, survival, and differentiation), membrane lipid homeostasis, and signal transduction [253]. A recent work by Domingues et al. [254] reported an additional function for caveolae in controlling melanin transfer to keratinocytes and epidermis pigmentation. Interestingly, they found that caveolae distribute asymmetrically in melanocytes and the number of cultured melanocytes showing caveolae asymmetrically distributed doubled when co-cultured with keratinocytes, whereas co-culture with HeLa cells had no effect. Caveolae were shown to be preferentially located at the melanocyte–keratinocyte interface in human epidermis and to be more abundant in melanocytes during UV-induced tissue pigmentation. Most interesting, caveolin-1 was shown to regulate cAMP production in melanocytes, thus enhancing the activity of protein kinase A (PKA), through phosphorylation of the cAMP responsive element binding protein (CREB) and therefore upregulating the transcription of genes associated with pigmentation. Notably, caveolin-1 was shown to control early signaling events in melanocytes that affect the transcriptional regulation of melanin-synthesizing enzymes, melanin production and melanosome maturation. Caveolin 1 depleted melanocytes displayed an elongated shape and formed fewer dendritic projections and were mostly unresponsive to any contact made by keratinocytes. Hence, caveolae in melanocytes have a key role in melanocyte dendrite outgrowth and the establishment and maintenance of contact with keratinocytes. In particular, caveolae were shown to control the cAMP-dependent changes in shape and dendricity of melanocytes by modulating the contractile force generated by the actomyosin subcortical network. Loss of caveolae was shown to impair melanin transfer in 2D co-cultures of keratinocytes with Caveolin 1 depleted melanocytes and in a 3D model of skin epidermis. Consistently with the scenario depicted above, Schmitz et al [255] highlighted that, in oligodendrocytes, process formation is differentially affected by modulating the intra- and extracellular cholesterol content and that this cell type express NPC1L1. 
Cholesterol depletion has been shown to increase the expression of autophagy related genes and initiated autophagy. Yu et al. [256] further investigated the connection between cholesterol and autophagy after brain ischemia using the specific inhibitor of the NPC1L1 protein. Inhibition of NPC1L1 induced autophagy through an AMPK-dependent mechanism, attenuating neuronal apoptosis. A role for NPC1L1 in the regulation of autophagy was also suggested by Wang et al. [188] in a mouse model expressing human NPC1L1 in the liver under conditions of alcohol consumption. It was concluded that NPC1L1 expression reduced hepatic autophagy.
An alternative pathway for the role of cholesterol in melanogenesis could be because of its central role as the precursor for steroid hormone synthesis. Here it seems important to remember that cholesterol is the precursor for cortisol, which is the main mediator for the hypothalamus–pituitary–adrenal (HPA)-axis. An equivalent of this axis has been identified in the human skin where melanocytes hold the capacity for autocrine proopiomelanocortin (POMC) processing, catecholamine and acetylcholine synthesis as well as the CRH⁄CRHR-1 signal. In addition, the influence of 17-estradiol and other estrogens on melanogenesis has been the subject of many studies. Today it is well documented that melanocytes and pigmented melanoma cells synthesize 17-oestradiol [249]. Natale et al. (2018) transiently exposed primary human melanocytes to estrogen or progesterone. Continuous estrogen exposure drove increases in melanin production, while progesterone had opposite effects. After hormone withdrawal, progesterone treated cells quickly returned to their baseline level of melanin production. In contrast, estrogen treated cells stably produced more melanin through continual cell divisions over the subsequent 50 days. A subset of cells that were exposed to transient estrogen were subsequently treated with progesterone. This reversed the estrogen effects, and melanin production decreased to the sub-baseline level seen upon initial progesterone treatment. Remarkably, after progesterone withdrawal, these cells fully returned back to the heightened level of melanin production induced by the initial estrogen exposure. In addition to increased melanin production, transient estrogen exposure was associated with stable increases in well-established melanocyte differentiation proteins including tyrosinase (TYR), p-CREB and MC1R. These results indicate that estrogen signaling, even transiently, induces durable, long-lasting effects in melanocytes associated with markers of a more fully differentiated cell state. Consistent results were obtained in melanoma cells, both when treating cells with estrogen or with the specific agonist of GPER (G protein-coupled estrogen receptor), previously demonstrated as the sole mediator of the estrogen and of the GPER agonist effects in normal primary human melanocytes [257]. In addition, treatment with the GPER agonist resulted in a dose-dependent inhibition of melanoma proliferation. To test whether transient GPER signaling may induce a persistent state in melanoma cells that affects subsequent tumor growth in vivo, they treated melanoma cells with estrogen, G-1, or vehicle in vitro, and subsequently injected equal numbers of treated cells into host mice. Pretreatment with estrogen or G-1 markedly reduced subsequent tumor size, indicating that transient GPER activation has durable, long-lasting effects on melanoma cells that limit tumor growth in vivo. GPER signaling in melanoma cells was shown to stably deplete c-Myc protein, a transcription factor that antagonizes differentiation and promotes proliferation and survival, and induced a relative growth arrest. A study suggests that hormonal factors may upregulate GPER expression [258]. See Supplementary files S1 and S4 for additional candidate genes (ORMDL1, ELOVL3) related with cholesterol synthesis/metabolism. 
NPC1L1 has also the ability to transport alpha-tocopherol (vitamin E) [259]. In addition, this protein may play a critical role in regulating lipid metabolism. Lack of NPC1L1 activity leads to multiple lipid transport defects. 
NPC1L1 has been associated with the Niemann-Pick Disease (NPD), a lysosomal storage disease. NPD disease is an autosomal recessive human lipidosis characterized by the accumulation of unesterified cholesterol in lysosomes. Studies using NPD fibroblasts demonstrated the inability of these cells to esterify endocytosed cholesterol, confirming the observation that cholesterol is unable to exit the endosomal/lysosomal system. 
Hanson et al. [260] highlighted that in a certain number of NPD patients, dermal melanocytosis can be observed and may represent a cutaneous sign of the underlying lysosomal storage disease. They also describe two young patients with extensive dermal melanocytosis in association with two lysosomal storage diseases, GM1 gangliosidosis type 1 and Hurler syndrome, respectively. In addition, Schmuth et al. [261] highlighted that a fraction of patients with NPD showing grayish-brown hyperpigmentation of the skin as a cutaneous sign of the disease, also showed abnormal permeability barrier homeostasis, i.e., delayed recovery kinetics following acute barrier disruption by cellophane tape-stripping and found this being associated with severe acid-sphingomyelinase deficiency, thus demonstrating an important role for enzymatic processing of sphingomyelin-to-ceramide by acid-sphingomyelinase as a mechanism for generating a portion of the stratum corneum ceramides for permeability barrier homeostasis in mammalian skin. 
Melanosomes are lysosome-related organelles (LROs). Cells that harbor these LROs must exploit specific mechanisms to divert cargoes from conventional endocytic organelles and deliver them to nascent LROs. Failure of these mechanisms can lead to LRO deficiencies and consequent disease [262]. The early endosomal network, comprising sorting and recycling endosomes, consists of vacuolar and tubulovesicular domains that promote trafficking to and from the cell surface or toward lysosomes or the trans-Golgi network [263]. Pre-melanosomes derive from early endosomes undergoing a specialization toward the biosynthesis and storage of melanins [264]. Biogenesis of melanosomes requires the transport of melanin-synthesizing enzymes from tubular recycling endosomes to maturing melanosomes. PMEL17 has been shown to enter melanosomes after internalization from the plasma membrane with kinetics consistent with receptor-mediated endocytosis. Melanosomal delivery of TYRP1 employs tubular recycling endosomal transport [265]. The subversion of the endocytic pathway to form melanosomes in melanocytes parallels similar processes in other cell types possessing specialized organelles and functions, including the modification of the early endosomal system for synaptic vesicle biogenesis in neurons and the development of secretory lysosomes [266]. Melanin transfer between donor melanocytes and acceptor keratinocytes occurs via coupled exo/endocytosis [267]. Depletion of syntaxin 13, a recycling endosomal Qa-SNARE, inhibits pigment granule maturation in melanocytes by rerouting the melanosomal proteins such as TYR and TYRP1 to lysosomes [268]. Based on the above, a role for NPC1L1 in pigmentation seems reasonable, although not yet investigated. 
NUDCD3 (NudC Domain Containing 3, alias NUDCL) The product of this gene functions to maintain the stability of dynein intermediate chain. Depletion of this gene product results in aggregation and degradation of dynein intermediate chain, mislocalization of the dynein complex from kinetochores, spindle microtubules, and spindle poles, and loss of gamma-tubulin from spindle poles. The protein localizes to the Golgi apparatus during interphase, and levels of the protein increase after the G1/S transition. 
A number of studies in Aspergillus nidulans have demonstrated that genes in the nuclear distribution (NUD) pathway are homologous to components or regulators of the cytoplasmic dynein complex. NUDC orthologs have been identified from fungi to mammals, which show high sequence and structure conservation. NUDC was originally identified as a prolactin-inducible gene in rat T cells [269]. Two paralogs of the mammalian NUDC, NudC-like (NUDCL), and NudC-like 2 (NUDCL2) genes were also identified, which are present in vertebrates. All NUDC gene products share a similar conserved p23 domain. p23 protein is a cochaperone of heat shock protein 90 (Hsp90) and participates in the folding of various client proteins, such as progesterone receptor and estrogen receptor [270]. Accumulating data have demonstrated that NUDC plays multiple roles in cell cycle progression, neuronal migration, inflammatory response, platelet production, and ciliogenesis. Either depletion or overexpression of NUDC has been shown to induce cytokinesis defects [271,272]. It was shown to play essential roles in regulating actin dynamics and ciliogenesis by stabilizing cofilin 1 [273]. Depletion of NUDC causes the accumulation of bundled stress fibers and inhibits cell spreading and lamellipodia formation, indicating that NUDC is a crucial regulator of actin dynamics. Further results show that NudC colocalizes with cofilin 1 especially at the leading edge and influences the stability of cofilin 1 via an Hsp90-independent pathway. Knockdown of NUDC promotes cilia elongation and increases the percentage of ciliated cells, which is similar to those by actin cytoskeleton disruption or cofilin 1 depletion [273]. NUDCL has been reported to be essential for cell cycle progression and cell viability by stabilizing the dynein intermediate chain [274]. Depletion of NUDCL was found to induce multiple mitotic defects, including chromosome misalignment, multipolar spindles, failure of chromosome segregation, formation of dumbbell-like DNA structures, and accumulation of micronuclei, leading to cell death. Moreover, NUDCL was shown to bind to the dynein intermediate chain, and knockdown of NUDCL promoted degradation of the dynein intermediate chain. Additionally, overexpression of NUDCL that is localized to the centrosome and midbody results in cytokinesis defects and inhibits cell proliferation. NUDCL has been found to play a role in retrograde mitochondrial motility in axons [275]. Depletion of both NUDCL and NDEL1 almost blocks retrograde mitochondrial transport, suggesting these proteins may work together to regulate retrograde mitochondrial transport, possibly by linking the LIS1/ dynein complex [275]. Previous studies showed that the cytoplasmic dynein 2 complex is the motor for retrograde intraflagellar transport to drive the transport of activated components from the cilia tip to the cell body [276]. Depletion of dynein 2 components was shown to diminish the ability of cells to generate primary cilia [277]. Interestingly, NUDCL associates with dynein 2, and knockdown of NUDCL exhibits similar cilia phenotypes to that of dynein 2 depletion [278,279]. We recall here that cytoplasmic dynein is a well-known minus-end-directed microtubule motor present in most eukaryotic cells. Cytoplasmic dynein plays essential roles in many cellular processes, as it can hydrolysis ATP to generate force to move on and towards the minus end of the microtubule. Dynein is able to power the trafficking of various cargo towards microtubule minus ends including endosomes, lysosomes, components of the centrosomes, and mRNAs. It also contributes to Golgi positioning in the perinuclear region, nuclear rotation and positioning, centrosome separation, and nuclear envelope breakdown for entry into mitosis. During mitosis, dynein localizes to the kinetochore where it is thought to remove spindle-assembly checkpoint proteins by transporting them towards the spindle poles [280,282].
LOC104972146 Uncharacterized locus 
CAMK2B (Calcium/Calmodulin Dependent Protein Kinase II Beta) encodes the beta chain of a calcium/calmodulin dependent protein kinase, belonging to the serine/threonine protein kinase family, and composed of four different chains: alpha, beta, gamma, and delta. Calmodulin-dependent kinases (CaMK) mediate many of the second messenger effects of Ca2+. At basal Ca2+ levels, CaMKs are maintained in a dormant state through autoinhibition, which can be relieved by increases in Ca2+ levels. Calcium signaling is crucial for several aspects of plasticity at glutamatergic synapses. A link between glutamate, calcium/calmodulin-dependent protein kinases and dendrite spines and synapses morphology in brain neurons has been established [282,283].  Glutamate activates NMDA (N-methyl-d-aspartate) receptors, leading to large calcium influx which can in turn activate CaMKII. Activated CaMKII phosphorylates and activates calmodulin-dependent kinase kinase (CaMKK, CaMK1). These kinases form a multimolecular complex with the guanine-nucleotide exchange factor bPIX. Phosphorylation of this results in activation of Rac1 and Pak1. Pak1-mediated phosphorylation then activates LIM kinase (LIMK), which inactivates actin-depolymerizing protein cofilin (see above, the role of NUDC genes in stabilizing cofilin), hence promoting stabilization of F-actin and giving spine enlargement. In developing hippocampal neurons, promotes arborization of the dendritic tree and in mature neurons, promotes dendritic remodeling. Also regulates the migration of developing neurons. The CaMK pathway, alike the MAPK, PKC and PLC pathways, all converging on transcription factors like CREB or MEF-2, has been shown to be activated by oxytocin [284]. CAMK2B is involved in the neurotrophin signaling pathway [285], with neurotrophins known to affect melanocyte maturation [286] and pigmentation [287-290]. In a recent paper, Jiang et al. highlighted that, under ER-stress conditions, activated CAMK2B phosphorylates FAM134B, which enhances FAM134B oligomerization and activity in membrane fragmentation and selective ER autophagy. The endoplasmic reticulum (ER) is the largest intracellular organelle, which constitutes a continuous intracellular network of sheet and tubular membrane structures. ER plays essential roles in protein and lipid synthesis, calcium homeostasis, organelle communication and innate immunity. The oscillation of ER size and shape in response to varying environmental cues is crucial to cell homeostasis. Elimination of redundant ER is mediated by a selective autophagy pathway, which is coined as ER-phagy. Selective autophagy is a cellular quality control pathway through which a variety of autophagy cargoes are specifically engulfed by autophagosomes and delivered to lysosomes for degradation. The specificity of this process is governed by autophagy receptors that simultaneously bind to cargoes and the LC3 family members on the expanding autophagosomal membranes. 
YKT6 (YKT6 V-SNARE Homolog) encodes a vesicular soluble NSF attachment protein receptor (v-SNARE) protein implicated in vesicular transport between secretory compartments. It is a membrane associated, isoprenylated protein that mediates vesicle docking and fusion to a specific acceptor cellular compartment. YKT6 is the most conserved SNARE protein in eukaryotes. It shows lipid-regulated conformational changes. Crucial SNARE activities, including vesicle-target protein recognition, association, and dissociation, are governed in part by conformational changes of SNARE proteins. In yeast, YKT6 functions in homotypic fusion of ER and vacuolar membranes, retrograde Golgi trafficking and autophagosome formation [291-295]. In higher eukaryotes, it seems to play a role in non-canonical autophagosome formation under starvation conditions. Loss of YKT6 was shown to lead to large-scale accumulation of autophagosomes that are unable to fuse with lysosomes to form autolysosomes [296] in Drosophila. It has been shown to regulate epithelial cell migration [297]. It is highly expressed in brain neurons. It was shown to have a conserved function in endosomal Wnt trafficking in Drosophila and in human cells, possibly a mechanism for fine-tuning of Wnt secretion in endosomes [298]. Cytosolic YKT6 is normally autoinhibited by a unique farnesyl-mediated regulatory mechanism; however, during lysosomal stress, it has been shown to activate and redistribute into membranes to preferentially promote hydrolase trafficking and enhance cellular clearance. α-Synuclein has been shown to aberrantly bind and deactivate YKT6 in Parkinson's patient-derived neurons, thereby disabling the lysosomal stress response and facilitating protein accumulation. Activating YKT6 by small-molecule farnesyltransferase inhibitors was shown to restore lysosomal activity and reduce α-synuclein in patient-derived neurons and mice [299]. We finally recall here that syntaxins also belongs to SNAREs, including STX17 whose mutation has been shown to be responsible for the grey color in horse breeds [300].
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