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Abstract

:

MicroRNAs (miRNAs) play an important role in regulating almost all biological processes. miRNAs bind to the 3′ untranslated region (UTR) of mRNAs by sequence matching. In a previous study, we demonstrated that miR-21 was differently expressed in alpaca skin with different hair color. However, the molecular and cellular mechanisms for miR-21 to regulate the coat color are not yet completely understood. In this study, we transfected miR-21a-5p into mouse melanocytes and demonstrated its function on melanogenesis of miR-21a-5p by targeting Sox5, which inhibits melanogenesis in mouse melanocytes. The results suggested that miR-21a-5p targeted Sox5 gene based on the binding site in 3′ UTR of Sox5 and overexpression of miR-21a-5p significantly down-regulated Sox5 mRNA and protein expression. Meanwhile, mRNA and protein expression of microphthalmia transcription factor (MITF) and Tyrosinase (TYR) were up-regulated, which subsequently make the melanin production in melanocytes increased. The results suggest that miR-21a-5p regulates melanogenesis via MITF by targeting Sox5.
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1. Introduction


The synthesis and distribution of melanins determine pigmentation. Melanin has two main types: brown/black eumelanin and red/yellow pheomelanin [1]. Melanin is synthesized in the melanosomes of melanocytes and transferred to the neighboring keratinocytes, where the accumulation of melanins generates pigmented skin or hairs [2,3]. Melanin granules are transferred to cortical and medullary keratinocytes and form pigmented hair shafts [4]. Melanin is a protective pigment and absorbs ultraviolet (UV) irradiation in skin function [5]. Many members of the Sox protein family are important developmental regulators and extensively expressed in the vertebrate embryo [6,7]. Sox5 is one of the SoxD transcription factors and also a key cell fate modulator [8]. Moreover, Sox5 is the major SoxD protein in melanoblasts, and it occurs in the neural crest cells of mouse. It is implicated in regulating the life cycle of melanocyte and participates as a transcription factor that affects key melanocytic genes in both regulatory and modulatory manners [9,10]. Microphthalmia transcription factor (MITF) is a major regulator of melanocyte development, and expresses in the process that distinguishes a melanoblast from a migrating neural crest cell [11]. However, melanin pigmentation in mammalian skin is also regulated by many factors, including UV radiation, hormones, and genes [12]. MITF is one of these factors. As hormone-like regulators, l-tyrosine and l-DOPA play an important role in melanocyte functions [13].



miRNAs play an significant role in the regulation of gene by targeting genes with sequences complemented to the mature miRNA sequence and then regulating targeted genes expression by various mechanisms [14]. A number of studies about the function and expression of miRNAs in the skin of mammalian species, including mouse, goat, sheep and alpaca, have been reported [3,15,16]. Studies about miRNAs functions on melanogenesis are limited, though many miRNAs have been shown to play significant role in melanoma [17,18]. Some miRNAs can change coat color. As an example, the mouse skin color changes from black to brown when overexpression of miR-137 in mouse [19].



The expression of miR-21 has a significant difference between in white alpaca skin and brown skin [20]. In our work, we investigated the functional role of miR-21a-5p in promoting melanogenesis in mouse melanocytes.




2. Results and Discussion


2.1. miR-21a-5p Targets the 3′ Untranslated Region (UTR) of Sox5 mRNA


The target genes of miR-21a-5p were predicted using TargetScan (http://www.targetscan.org/) and miRanda (http://www.microRNA.org/). Sox5 involved in melanogenesis among the common target genes (Figure 1A). Through the forecast miRNA integration point to confirm the characteristic of miR-21a-5p convention of Sox5, not only the wild type Sox5 3′ UTR (pmiRGL0-Sox5-wt-3′ UTR) but also the mutant Sox5 3′ UTR (pmiRGL0-Sox5-mut-3′ UTR) was contained when luciferase reporter assays were done using luciferase reporter constructs. The constructs were co-transfected into HEK293T cells with the pcDNA6.2™-GW/EmGFP-miR-21a-5p expression plasmid or negative control plasmid (NC). The results showed that the luciferase activity in cells co-transfected by pmiRGL0-Sox5-wt-3′ UTR and pcDNA6.2™-GW/EmGFP-miR-21a-5p was decreased by 46% compared with that in cells of NC. No difference in luciferase activity was found between the cells co-transfected with pcDNA6.2™-GW/EmGFP-miR-21a-5p and those with pmiRGL0-Sox5-mut-3′ UTR (Figure 1B). The results indicated that miR-21a-5p could bind and regulate the 3′ UTR of Sox5.




2.2. Effect of miR-21a-5p Overexpression on miR-21a-5p and Sox5 Expression


The expression of mRNA and protein for Sox5 was determined in melanocytes transfected by the miR-21a-5p overexpression vector. As shown in Figure 2A, the result showed that the expression of miR-21a-5p was significantly higher in the miR-21a-5p transfected group than that in the negative control (NC) group with a significant difference (p < 0.01). However, the overexpression of miR-21a-5p resulted in the expression of Sox5 mRNA decreased (p < 0.05, Figure 2B). Meanwhile, the level of Sox5 protein was decreased in the miR-21a-5p transfected group compared with that in the NC group (p < 0.01, Figure 2C). The result intimates that the overexpression of miR-21a-5p inhibits the Sox5 expression at the protein level. The results reveals that miR-21a-5p might regulate Sox5 protein translation by affecting Sox5 expression, consistent with the rules of miRNA actions on the target genes [21,22].




2.3. Effect of miR-21a-5p Overexpression on Microphthalmia Transcription Factor (MITF) and Tyrosinase (TYR) Expression


The expression of mRNA and protein for MITF and Tyrosinase (TYR) was examined in melanocytes transfected by the miR-21a-5p overexpression construct. As shown in Figure 3A,B, quantitative real-time PCR (Polymerase Chain Reaction ) analysis result showed that the expression of MITF and TYR was significantly higher in the miR-21a-5p transfected group than in the NC group with a significant difference (p < 0.01). The expressions of MITF and TYR protein in the miR-21a or NC group were determined by Western blotting, respectively (Figure 3D). Meanwhile, the level of MITF and TYR protein were increased in the miR-21a group compared with that in the NC group (p < 0.01, Figure 3E,F). The tyrosinase activity was examined in melanocytes transfected by the miR-21a-5p overexpression construct. As shown in Figure 3C, the data suggested that the tyrosinase activity in the miR-21a group was significantly higher than that in the NC group.




2.4. Effect of miR-21a-5p Overexpression on the Cell Pellets


Melanocytes were transfected with miR-21a-5p and NC to determine the effect of miR-21-5p on the pellets of melanin. Melanocytes were collected by centrifugation. The results showed that there was no obvious effect on melanin pigmentation in the miR-21a transfected group compared with that in the NC group (Figure 4).



This paper is the first time to examine how miR-21a-5p inhibits Sox5 expression and promotes melanogenesis by regulating MITF expression in mouse melanocytes. The results are consistent with a previous study, which found that the transcriptional activation of MITF promoters could be inhibited by the binding of Sox5 to the regulatory regions of MITF [9]. Mutations of Sox5 affecting the MITF pathway lead to pigmentary and auditory defects [1]. Therefore, the functional role of MITF in the control of genes important for coat color/pigmentation was well established. A significantly enhanced expression of MITF (>2 fold) was noted in mouse skin melanocytes in the miR-21-5p group vs. the negative control group (Figure 3A). According to some studies, Sox5 is a molecular switch which determines the xanthophore versus leucophore fate and the pigment cell fate choice from the shared progenitorand neural crest cells (NCCs), respectively [23]. Sox5 also ensures the proper development of specific neuronal cell types by controlling the timing of critical cell fate and differentiation decisions [24,25]. Sox5 can control cell cycle progression in neural progenitors by interfering with the WNT–β-catenin pathway [26]. The WNT–β-catenin pathway is also present in melanocyte regulation. Sox5 potentially affects the WNT–β-catenin pathway in the regulation of melanin. However, overexpression of Sox5 on chick embryo promotes the generation of the neural crest [27]. In all vertebrates, melanocytes life cycle starts with the emergence of the NCCs from the dorsal neural tube [28]. The NCCs destined to become melanocytes immediately upregulate melanocyte-specific genes beginning with MITF [29,30,31,32]. Thus, the above evidence suggests that a link exists between Sox5 and MITF as Sox5 binds to the regulatory regions of MITF and inhibits MITF activity [9]. miR-21a-5p can repress Sox5 to promote MITF and melanogenesis in mouse melanocytes.



Many miRNAs can affect melanin. In the process of melanogenesis, many miRNAs play a crucial role in governing the regulation of melanin. For example, miR-340 and miR-145 have been shown to participated in the pigmentation [33,34]. miR-434-5p was discovered to inhibit TYR to turn mouse skin white [35]. Moreover, miR-21 was widely expressed in other tissues [36]. For example, miR-21 prevented the inhibitory effects of BMP4 on cell proliferation and migration in primary keratinocytes and HaCaT cells [37]. In addition, the up-regulation of miR-21 resulted in decreased apoptosis and increased proliferation in melanocytes [38]. miR-21 has many target genes such as PDCD4 (programmedcelldeathprotein4) [39], PTEN (phosphate and tension homology deleted on chromsome ten) [40], P53 (tumor suppressor P53) [41], TIMP3 (tissue inhibitor of metalloproteinase 3) [42], etc. Chen et al. [43] found that Sox5 was one of many targets of miR-21. Our experiment found that the gene mutation of Sox5 was the target gene of miR-21a-5p. The overexpression of miR-21a-5p in mouse melanocytes downregulated the expression of Sox5 both at the transcriptional and translational levels (Figure 2B,C). Therefore, miR-21a-5p may play a significant role in melanogenesis in mouse melanocytes by regulating Sox5, which is a potential hair color gene. In present study, we provided evidence supporting the role of miR-21a-5p in promoting melanogenesis (Figure 3). The tyrosinase activity and other melanogenesis related proteins can be stimulated without an increase in melanin pigmentation in certain models [44]. This may be related to the fact that melanogenesis can be differentially regulated at the levels of gene expression, protein expression, their processing, melanosome formation translocation of tyrosinase to the melanosomes and enzyme activation [12,45,46,47,48]. Therefore, it was interesting that the stimulation of melanogeneic genes caused by miR-21a-5p didn’t result in the stimulation of melanin. Although many studies have confirmed that miRNAs are involved in regulating melanogenesis, few studies have focused on the formation and transport of melanosomes in miRNA function. Consequently, studies should focus on the miRNA function in the future.





3. Material and Methods


3.1. Sample Material Selection


This study and melanocytes of mouse source were permitted by Ethics Committee of Shanxi Agricultural University, Taigu, 030801, China.




3.2. Plasmids


Mouse miR-21a-5p expression plasmid was constituted by inserting an oligonucleotide conforming to the sequence of the mmu-miR-21a-5p into a mammalian expression vector, pcDNA6.2-GW/EmGFPmiR (Invitrogen, Carlsbad, CA, USA).



Fragment (249 bp) of the mouse Sox5 3′ UTR was PCR amplified by Sox5 primers and then inserted into pmiRGL0 dual-luciferase miRNA target vector (Promega, Fitchburg, WI, USA) with Sal I and Xho I restriction sites to form the pmiRGL0-Sox5-wt-3′ UTR construct. The pmiRGL0-Sox5-mut-3′ UTR construct was created by Sox5 specially designated primers using the KOD-Plus-Mutagenesis Kit (TOYOBO CO., OSAKA, Japan) (Table 1).




3.3. Cell Culture


Melanocytes were established in Alpaca Biological Engineering Laboratory, Shanxi Agricultural University, Taigu, China. Melanocytes were cultured in MelM (ScienCell, Carlsbad, CA, USA). HEK 293T cells were cultured in DMEM (Gibco, New York, NY, USA) complemented fetal bovine serum (FBS) (10%).



Melanocytes were transfected with miR-21a-5p plasmid or the negative control plasmid using X-tremeGENE HP DNA Transfection Reagent (Roche Diagnostics GmbH, Mannheim, Germany). Two days after the cells were collected to extract total RNA and protein.




3.4. Luciferase Reporter Assay


Two days after transfection of HEK293T cells with 0.15 µg of pmiRGL0-Sox5-wt-3′ UTR or pmiRGL0-Sox5-mut-3′ UTR together with 0.25 µg of miR-21a-5p or negative control, cells were dissolved in 1× Passive Lysis Buffer. Then, the luciferase activity was determined using GLOMAXTM 96 Microplate Luminometer (Promega, Madison, WI, USA), which was decided by the Firefly luciferase values normalized to the Renilla luciferase values.




3.5. Quantitative Real-Time PCR Analysis


Following the total RNA of melanocytes being extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), cDNA was synthesized for the quantitative real-time PCR analysis of miR-21a-5p using cDNA synthesis kit (TAKARA, Dalian, China) and a miR-21 stem loop primer (Table 1). The expression of miR-21a-5p was performed by miR-21 sequence-specific forward primer (Table 1) using SYBR® PrimeScript™II RT-PCR kit (TAKARA, Dalian, China), on the StepOnePlus Real-Time PCR system for triplicate (Life Technologies, Grand Island, NE, USA). The quantification of miR-21a-5p abundance was determined using the 2−ΔΔCt method normalized to U6. The analysis of mRNA abundance was performed for Sox5, TYR and MITF using gene specific primers normalized to 18S rRNA.




3.6. Western Blot Analysis


The cell lysates were separated on 10% gels by SDS-PAGE electrophoresis and then transferred to nitrocellulose filter membranes (Millipore, New York, NY, USA). After the membranes were blocked in 5% evaporated skimmed milk (Boster, Wuhan, China) at 25 °C for 1 h and washed five times using Tris-buffered saline-Tween (TBST) for 8 min each time, it was incubated with anti-Sox5 primary antibody at 1:800 dilution (from rabbit, Abcam, Cambridge, MA, USA), anti-MITF primary antibody at 1:500 dilution (from rabbit, Abcam, Cambridge, MA, USA), anti-TYR primary antibody at 1:1000 dilution (from rabbit, Abcam, Cambridge, MA, USA) and anti-β-actin primary antibody at 1:2000 dilution (from rabbit, Boster, Wuhan, China) overnight at 4 °C, respectively. Following washing four times in TBST for 8 min each, the membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit-IgG at 1:2000 (Boster, Wuhan, China) at 37 °C for 1.5 h. Subsequently, a super ECL chemiluminescence plus (Boster, Wuhan, China) was used for visualization after the membranes were washed. The relative intensities of the above proteins were analyzed by Image Lab software (Bio-Rad Laboratories, Philadelphia, PA, USA).




3.7. Determination of Tyrosinase Activity in Melanocytes by DOPA Oxidation Reaction


Transfected cells were added 90 µL concentration 1% TritonX-100 solution in each hole and placed in −80 °C refrigerator frozen stored for 30 min and made cell lysis completely. Then, 10 µL 0.1% l-DOPA solution was added in each hole and incubated for 2 h in an incubator. The absorbance A value was measured at 490 nm using a Multiscan Spectrum microplate reader (Thermo, Waltham, MA, USA).




3.8. Observation of Cell Pellets


Melanocytes were transfected with miR-21a-5p plasmid or the negative control plasmid. Two days after, the cells from each condition were centrifuged into pellets for the purpose of photography.




3.9. Statistical Analysis


The differences of mRNA and protein in Sox5, TYR and MITF in miR-21a transfected group and NC group were measured by SPSS 17.0 software (IBM, Chicago, IL, USA).





4. Conclusions


In summary, our data support the important functional role of miR-21a-5p by targeting Sox5 in mouse melanocytes. Sox5 binds to the regulatory regions of MITF, which regulates melanogenesis through the MITF pathway. The proposed pathway for the miR-21a-5p regulation of melanogenesis in mouse melanocytes is portrayed in Figure 5, which also showed the potential mechanism of melanogenesis through the WNT–β-catenin pathway. Thus, it is one of the candidate genes for producing natural wool fiber in fiber-producing species through the genetically modified method.







Acknowledgments


This study was supported by grants from Aid Program for Innovative Research Team in Shanxi Agricultural University (CXTD 201201); Chinese National “863” Projects (Grant No. 2013AA102506) and Special Fund for Agro-scientific Research in the Public Interest (Grant No. 201303119).




Author Contributions


Pengchao Wang and Changsheng Dong designed the experiments. Pengchao Wang and Yuanyuan Zhao performed most of the experiments together. Pengchao Wang wrote the paper. Ruiwen Fan and Tianzhi Chen performed technological support. All authors analyzed the data, read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lin, J.Y.; Fisher, D.E. Melanocyte biology and skin pigmentation. Nature 2007, 445, 843–850. [Google Scholar] [CrossRef] [PubMed]

	



Luca, M.D.; D’Anna, F.; Bondanza, S.; Franzi, A.T.; Cancedda, R. Human epithelial cells induce human melanocyte growth in vitro but only skin keratinocytes regulate its proper differentiation in the absence of dermis. J. Cell Biol. 1988, 107, 1919–1926. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Z.; He, J.; Jia, X.; Jiang, J.; Bai, R.; Yu, X.; Lv, L.; Fan, R.; He, X.; Geng, J.; et al. MicroRNA-25 functions in regulation of pigmentation by targeting the transcription factor MITF in alpaca (Lama pacos) skin melanocytes. Domest. Anim. Endocrinol. 2010, 38, 200–209. [Google Scholar] [CrossRef] [PubMed]

	



Slominski, A.; Wortsman, J.; Plonka, P.M.; Schallreuter, K.U.; Paus, R.; Tobin, D.J. Hair follicle pigmentation. J. Investig. Dermatol. 2005, 124, 13–21. [Google Scholar] [CrossRef] [PubMed]

	



Slominski, A.T.; Zmijewski, M.A.; Skobowiat, C.; Zbytek, B.; Slominski, R.M.; Steketee, J.D. Sensing the environment: Regulation of local and global homeostasis by the skin’s neuroendocrine system. Adv. Anat. Embryol. Cell Biol. 2012, 212, 1–115. [Google Scholar]

	



Bowles, J.; Schepers, G.; Koopman, P. Phylogeny of the Sox family of developmental transcription factors based on sequence and structural indicators. Dev. Biol. 2000, 227, 239–255. [Google Scholar] [CrossRef] [PubMed]

	



Research, N.A. From head to toes: The multiple facets of Sox proteins. Nucleic Acids Res. 1999, 27, 1409–1420. [Google Scholar]

	



Lefebvre, V. The SoxD transcription factors—Sox5, Sox6, and Sox13—Are key cell fate modulators. Int. J. Biochem. Cell Biol. 2010, 42, 429–432. [Google Scholar] [CrossRef] [PubMed]

	



Stolt, C.C.; Lommes, P.; Hillgärtner, S.; Wegner, M. The transcription factor Sox5 modulates Sox10 function during melanocyte development. Nucleic Acids Res. 2008, 36, 5427–5440. [Google Scholar] [CrossRef] [PubMed]

	



Harris, M.L.; Baxter Laura, L.; Loftus Stacie, K.; Pavan, W.J. Sox proteins in melanocyte development and melanoma. Pigment Cell Melanoma Res. 2010, 23, 496–513. [Google Scholar] [CrossRef] [PubMed]

	



Goding, C. Mitf from neural crest to melanoma: Signal transduction and transcription in the melanocyte lineage. Genes Dev. 2000, 14, 1712–1728. [Google Scholar] [PubMed]

	



Slominski, A.; Tobin, D.J.; Shibahara, S.; Wortsman, J. Melanin pigmentation in mammalian skin and its hormonal regulation. Physiol. Rev. 2004, 84, 1155–1228. [Google Scholar] [CrossRef] [PubMed]

	



Slominski, A.; Zmijewski, M.; Pawelek, J. l-Tyrosine and l-Dopa as hormone-like regulators of melanocytes functions. Pigment Cell Melanoma Res. 2012, 25, 14–27. [Google Scholar] [CrossRef] [PubMed]

	



Eulalio, A.; Huntzinger, E.; Izaurralde, E. Getting to the root of miRNA-mediated gene silencing. Cell 2008, 132, 9–14. [Google Scholar] [CrossRef] [PubMed]

	



Andl, T.; Murchison, E.P.; Liu, F.; Zhang, Y.; Yunta-Gonzalez, M.; Tobias, J.W.; Andl, C.D.; Seykora, J.T.; Hannon, G.J.; Millar, S.E. The miRNA-processing enzyme dicer is essential for the morphogenesis and maintenance of hair follicles. Curr. Biol. 2006, 16, 1041–1049. [Google Scholar] [CrossRef] [PubMed]

	



Wenguang, Z.; Jianghong, W.; Jinquan, L.; Yashizawa, M. A subset of skin-expressed microRNAs with possible roles in goat and sheep hair growth based on expression profiling of mammalian microRNAs. Omics A J. Integr. Biol. 2007, 11, 385–396. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Liu, R.; Wang, Y.; Tang, J.; Tang, S.; Chen, X.; Xia, K.; Xiong, W.; Xu, D.; Wang, S. miR-199a-5p regulates the expression of metastasis-associated genes in B16F10 melanoma cells. Int. J. Clin. Exp. Pathol. 2014, 7, 7182–7190. [Google Scholar] [PubMed]

	



Ram, P.; Santosh, K.K. Down-regulation of miRNA-106b inhibits growth of melanoma cells by promoting G1-phase cell cycle arrest and reactivation of p21/WAF1/Cip1 protein. Oncotarget 2014, 5, 10636–10649. [Google Scholar]

	



Dong, C.; Wang, H.; Xue, L.; Dong, Y.; Yang, L.; Fan, R.; Yu, X.; Tian, X.; Ma, S.; Smith, G.W. Coat color determination by miR-137 mediated down-regulation of microphthalmia-associated transcription factor in a mouse model. RNA 2012, 18, 1679–1686. [Google Scholar] [CrossRef] [PubMed]

	



Tian, X.; Jiang, J.; Fan, R.; Wang, H.; Meng, X.; He, X.; He, J.; Li, H.; Geng, J.; Yu, X. Identification and characterization of microRNAs in white and brown alpaca skin. BMC Genom. 2012, 13, 555. [Google Scholar] [CrossRef] [PubMed]

	



Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [Google Scholar] [CrossRef]

	



Wu, L.; Fan, J.; Belasco, J.G. MicroRNAs direct rapid deadenylation of mRNA. Proc. Natl. Acad. Sci. USA 2006, 103, 4034–4039. [Google Scholar] [CrossRef] [PubMed]

	



Nagao, Y.; Suzuki, T.; Shimizu, A.; Kimura, T.; Seki, R.; Adachi, T.; Inoue, C.; Omae, Y.; Kamei, Y.; Hara, I. Sox5 functions as a fate switch in medaka pigment cell development. PLoS Genet. 2014, 10, 72–73. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kwan, K.Y.; Lam, M.M.S.; Zeljka, K.; Yuka Imamura, K.; Veronique, L.; Nenad, S. Sox5 postmitotically regulates migration, postmigratory differentiation, and projections of subplate and deep-layer neocortical neurons. Proc. Natl. Acad. Sci. USA 2008, 105, 16021–16026. [Google Scholar] [CrossRef] [PubMed]

	



Lai, T.; Jabaudon, D.; Molyneaux, B.J.; Azim, E.; Arlotta, P.; Menezes, J.R.L.; Macklis, J.D. Sox5 controls the sequential generation of distinct corticofugal neuron subtypes. Neuron 2008, 57, 626. [Google Scholar] [CrossRef]

	



Martinez-Morales, P.L.; Quiroga, A.C.; Barbas, J.A.; Morales, A.V. Sox5 controls cell cycle progression in neural progenitors by interfering with the WNT-βcatenin pathway. Embo Rep. 2010, 11, 466–472. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Perez-Alcala, S.; Nieto, M.A.; Barbas, J.A. LSox5 regulates RhoB expression in the neural tube and promotes generation of the neural crest. Development 2004, 131, 4455–4465. [Google Scholar]

	



Graham, A. The neural crest. Curr. Biol. 2003, 13, R381–R384. [Google Scholar] [CrossRef]

	



Lister, J.A.; Robertson, C.P.; Lepage, T.; Johnson, S.L.; Raible, D.W. nacre encodes a zebrafish microphthalmia-related protein that regulates neural-crest-derived pigment cell fate. Development 1999, 126, 3757–3767. [Google Scholar] [PubMed]

	



Opdecamp, K.; Nakayama, A.; Nguyen, M.T.; Hodgkinson, C.A.; Pavan, W.J.; Arnheiter, H. Melanocyte development in vivo and in neural crest cell cultures: Crucial dependence on the Mitf basic-helix-loop-helix-zipper transcription factor. Development 1997, 124, 2377–2386. [Google Scholar] [PubMed]

	



Thomas, A.J.; Erickson, C.A. FOXD3 regulates the lineage switch between neural crest-derived glial cells and pigment cells by repressing MITF through a non-canonical mechanism. Development 2009, 136, 1849–1858. [Google Scholar] [CrossRef] [PubMed]

	



Nakayama, A.; Nguyen, M.T.T.; Chen, C.C.; Opdecamp, K.; Hodgkinson, C.A.; Arnheiter, H. Mutations in microphthalmia, the mouse homolog of the human deafness gene MITF, affect neuroepithelial and neural crest-derived melanocytes differently. Mech. Dev. 1998, 70, 155–166. [Google Scholar] [CrossRef]

	



Peter, D.; Pieter, M.; Gert, V.P.; Jo, V.; Karen, G.; Peelman, L.J.; Barbara, G.; Speeckaert, R.M.; Lambert, J.L.W.; Gele, M.J.L.V. Identification of miR-145 as a key regulator of the pigmentary process. J. Investig. Dermatol. 2013, 133, 201–209. [Google Scholar]

	



Srikanta, G.; Tarapore, R.S.; Teslaa, J.J.; Yevgenya, G.; Vijayasaradhi, S.; Spiegelman, V.S. MicroRNA-340-mediated degradation of microphthalmia-associated transcription factor mRNA is inhibited by the coding region determinant-binding protein. J. Biol. Chem. 2010, 285, 20532–20540. [Google Scholar]

	



Wu, D.T.; Chen, J.S.; Chang, D.C.; Lin, S.L. miR-434-5p mediates skin whitening and lightening. Clin. Cosmet. Investig. Dermatol. 2008, 1, 19–35. [Google Scholar] [PubMed]

	



Yi, R. MicroRNA-mediated control in the skin. Cell Death Differ. 2009, 17, 229–235. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, M.I.; Mardaryev, A.N.; Lewis, C.J.; Sharov, A.A.; Botchkareva, N.V. MicroRNA-21 is an important downstream component of BMP signalling in epidermal keratinocytes. J. Cell Sci. 2011, 124, 3399–3404. [Google Scholar] [CrossRef] [PubMed]

	



Satzger, I.; Mattern, A.; Kuettler, U.; Weinspach, D.; Niebuhr, M.; Alexer, K.; Gutzmer, R. MicroRNA-21 is upregulated in malignant melanoma and influences apoptosis of melanocytic cells. Exp. Dermatol. 2012, 21, 509–514. [Google Scholar] [CrossRef] [PubMed]

	



Asangani, I.A.; Rasheed, S.A.; Nikolova, D.A.; Leupold, J.H.; Colburn, N.H.; Post, S.; Allgayer, H. MicroRNA-21 (miR-21) post-transcriptionally downregulates tumor suppressor PDCD4 and stimulates invasion, intravasation and metastasis in colorectal cancer. Oncogene 2008, 27, 2128–2136. [Google Scholar] [CrossRef] [PubMed]

	



Meng, F.; Henson, R.; Wehbe-Janek, H.; Ghoshal, K.; Jacob, S.T.; Patel, T. MicroRNA-21 regulates expression of the PTEN tumor suppressor gene in human hepatocellular cancer. Gastroenterology 2007, 133, 647–658. [Google Scholar] [CrossRef] [PubMed]

	



Thales, P.; Alice, S.; Kosik, K.S. MicroRNA-21 targets a network of key tumor-suppressive pathways in glioblastoma cells. Cancer Res. 2008, 68, 8164–8172. [Google Scholar]

	



Galina, G.; Thomas, W.; Santosh, K.; Esau, C.C.; Julja, B.; Linsley, P.S.; Krichevsky, A.M. MicroRNA 21 promotes glioma invasion by targeting matrix metalloproteinase regulators. Mol. Cell. Biol. 2008, 28, 5369–5380. [Google Scholar]

	



Yang, C.; Wei, L.; Chao, T.; Yu, Z.; Yan, X.; Gong, Y.; Qiang, B.; Yuan, J.; Sun, M.; Peng, X. MicroRNA-21 down-regulates the expression of tumor suppressor PDCD4 in human glioblastoma cell T98G. Cancer Lett. 2008, 272, 197–205. [Google Scholar]

	



Slominski, A.; Moellmann, G.; Kuklinska, E. MSH inhibits growth in a line of amelanotic hamster melanoma cells and induces increases in cyclic AMP levels and tyrosinase activity without inducing melanogenesis. J. Cell Sci. 1989, 92, 551–559. [Google Scholar] [PubMed]

	



Slominski, A.; Moellmann, G.; Kuklinska, E.; Bomirski, A.; Pawelek, J. Positive regulation of melanin pigmentation by two key substrates of the melanogenic pathway, l-tyrosine and l-Dopa. J. Cell Sci. 1988, 89, 287–296. [Google Scholar] [PubMed]

	



Slminski, A.; Moellmann, G.; Kuklinska, E. l-Tyrosine, l-Dopa, and tyrosinase as positive regulators of the subcellular apparatus of melanogenesis in bomirski Ab amelanotic melanoma cells. Pigment Cell Res. 1989, 2, 109–116. [Google Scholar] [CrossRef]

	



Slominski, A.; Costantino, R. l-tyrosine induces tyrosinase expression via a posttranscriptional mechanism. Experientia 1991, 47, 721–724. [Google Scholar] [CrossRef] [PubMed]

	



Slominski, A.; Costantino, R. Molecular mechanism of tyrosinase regulation by l-Dopa in hamster melanoma cells. Life Sci. 1991, 48, 2075–2079. [Google Scholar] [CrossRef]








[image: Ijms 17 00959 g001 1024] 





Figure 1. Sox5 is a target of miR-21a-5p: (A) the sequences of Sox5 3′ untranslated region (UTR) around the miR-21a-5p binding site from its homology across species; and (B) relative luciferase activity transfected with reporter constructs containing the wild-type (wt) or mutated (mut) seed sequences of pmiRGL0-Sox5 together with pcDNA6.2™-GW/EmGFP-miR-21a-5p (miR-21a) or the negative control plasmid (NC). The underline sequence are binding site. *** p < 0.001. 
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Figure 2. Expression levels of miR-21a-5p and Sox5 mRNA in NC and miR-21a-5p transfected groups: (A) the miR-21a-5p expression level was significantly higher in the miR-21a group than in the NC group (miR-21a: 1.59, NC: 1); (B) many significant differences were found in the Sox5 mRNA expression between the NC and miR-21a groups (miR-21a: 0.71, NC: 1); and (C) the Sox5 protein amount in melanocytes transfected with miR-21a as well as the negative control. Data are mean ± SD. * p < 0.05, ** p < 0.01. 
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Figure 3. (A) The mRNA expression levels of microphthalmia transcription factor (MITF); (B) The mRNA expression levels of Tyrosinase (TYR); (C) Tyrosinase activity in melanocytes transfected with miR-21a plasmid and their negative control; (D) Western blot analysis of MITF and TYR protein expression; (E) Expression levels of MITF protein; (F) Expression levels of TYR protein. Data are mean ± SD. ** p < 0.01. 






Figure 3. (A) The mRNA expression levels of microphthalmia transcription factor (MITF); (B) The mRNA expression levels of Tyrosinase (TYR); (C) Tyrosinase activity in melanocytes transfected with miR-21a plasmid and their negative control; (D) Western blot analysis of MITF and TYR protein expression; (E) Expression levels of MITF protein; (F) Expression levels of TYR protein. Data are mean ± SD. ** p < 0.01.



[image: Ijms 17 00959 g003]







[image: Ijms 17 00959 g004 1024] 





Figure 4. Effect of miR-21a on cell pellets. Melanocytes transfected with: miR-21a plasmid (A); and NC (B). 
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Figure 5. Potential pathway of miR-21a-5p in regulating melanogenesis in melanocytes of mouse. 
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Table 1. Primers used in this study. The underline sequence are mutation site.
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Primer Name

	
Primer Sequence 5′–3′

	
Application






	
Sox5 F

	
TGGCAATGGGATCAGGGAAC

	
Real time PCR (Polymerase Chain Reaction)




	
Sox5 R

	
ATCATACCCATGAGCTGCCG

	
Real time PCR




	
Sox5 3′ UTR F

	
CCGCTCGAGGCTGACAAATAGACCTCAGCC

	
Luciferase reporter-wt




	
Sox5 3′ UTR R

	
ACGCGTCGACTGTTGGCACTGTGTACCTGA

	
Luciferase reporter-wt




	
Sox5-3′ UTR-mut F

	
GAAGAAGAGATCGAAATTTCGTATGGGTTAAACAGTGCC

	
Luciferase reporter-mut




	
Sox5-3′ UTR-mut R

	
GGCACTGTTTAACCCATACGAAATTTCGATCTCTTCTTC

	
Luciferase reporter-mut




	
miR-21a F

	
ACACTCCAGCTGGGTAGCTTATCAGACTGAT

	
Real time PCR




	
Universal Primer

	
TGGTGTCGTGGAGTCG

	
Real time PCR




	
U 6 F

	
CTCGCTTCGGCAGCACA

	
Real time PCR




	
U 6 R

	
AACGCTTCACGAATTTGCGT

	
Real time PCR




	
miR-21a R

	
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGTCAACAT

	
Real time PCR




	
MITF F

	
CAGCAACGAGCTAAGGACC

	
Real time PCR




	
MITF R

	
GGATGGGATAAGGGAAAGT

	
Real time PCR




	
18S-F

	
GAAGGGCACCACCAGGAGT

	
Real time PCR




	
18S-R

	
CAGACAAATCACTCCACCAA

	
Real time PCR




	
TYR-F

	
ACTTACTCAGCCCAGCATCC

	
Real time PCR




	
TYR-R

	
AGTGGTCCCTCAGGTGTTCC

	
Real time PCR
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