Editor’s summary (copied directly)
“Skin pigmentation provides crucial protection from the DNA damage caused by sun exposure, but the production of melanin in the skin and hair is known to vary across populations. In this study, Bajpai et al. used flow cytometry and the light-scattering properties of melanin to identify genes important to melanogenesis in human skin cells. The authors performed a genome-wide CRISPR screen and identified 169 genes whose loss was associated with reduced light scattering, and thus melanin. Many of these genes are associated with skin pigmentation in humans, and the authors performed functional work on several of their candidates. This study reveals many new candidate genes with roles in melanogenesis. —Corinne Simonti”

Abstract (copied directly)
“Skin color, one of the most diverse human traits, is determined by the quantity, type, and distribution of melanin. In this study, we leveraged the light-scattering properties of melanin to conduct a genome-wide screen for regulators of melanogenesis. We identified 169 functionally diverse genes that converge on melanosome biogenesis, endosomal transport, and gene regulation, of which 135 represented previously unknown associations with pigmentation. In agreement with their melanin-promoting function, the majority of screen hits were up-regulated in melanocytes from darkly pigmented individuals. We further unraveled functions of KLF6 as a transcription factor that regulates melanosome maturation and pigmentation in vivo, and of the endosomal trafficking protein COMMD3 in modulating melanosomal pH. Our study reveals a plethora of melanin-promoting genes, with broad implications for human variation, cell biology, and medicine.”

Introduction
· Skin and hair color are determined by melanin quantity, type, and distribution
· Melanocytes synthesize melanin within organelles called melanosomes
· Mature melanosomes are transported to epidermal keratinocytes, resulting in pigmentation
· Insights into human pigmentation to date have come primarily from mapping genes involved in hypo- and hyperpigmentation disorders, and through GWAS in the general population
· Here, the authors use light-scattering of melanocytes and a CRISPR-Cas9 genetic screen to identify 169 promelanogenic genes that are upregulated in melanocytes from darkly pigmented individuals

Melanin content of the pigment cells can be reliably monitored by measuring their side-scattering properties
· The melanin content of pigment cells can be monitored by measuring their side-scattering properties (SSC), which is a measure of light scattering during flow cytometry and reflects the internal complexity of cells
· Using pluripotent stem cells, the authors modeled melanogenesis and observed increasing SSC as melanin content increased during cell maturation (strong linear correlation, R2 = 0.82)
· In another approach, the authors used a melanoma cell line and found that deletion of the tyrosinase gene resulted in both loss of pigmentation and decreased SSC, further linking melanin content to SSC
· As a result, the authors determined that SSC measurements reliably reflect changes in the melanosome biogenesis of pigment cells

A genome-wide CRISPR screen to identify melanin-promoting genes
· The authors used this relationship between melanin content and SSC for a CRISPR-Cas9 genetic screen in melanoma cells to identify genes important for melanosome biogenesis and maturation
· Deep sequencing and analysis revealed 169 melanin-promoting genes, 34 that were known and 135 new candidates, and an addition 75 hits at lower confidence level
· Limitations of the screen include missing genes involved in melanocyte development, essential genes for melanocyte survival, and suppressors of melanogenesis
· The screen did capture genes involved in melanosome maturation and associated with albinisms, highlighting its success

Pigmentation screen hits regulate melanosome biogenesis and maturation through diverse biological mechanisms
· Gene ontology analysis of the screen hits revealed enrichment for melanosome organization, pigment granule organization, vesicle organization, and intracellular transport
· Screen hits included genes whose products form the molecular complexes involved in endosomal recycling, emphasizing the role of endosome recycling pathways in human pigmentation
· The analysis also suggests that both transcriptional and posttranscriptional modes of gene regulation contribute toward melanogenesis

67.7% of screen hits are more highly expressed in primary melanocytes from darkly pigmented individuals
· The authors hypothesized that genes identified in their CRISPR screen should be differentially expressed in melanocytes from individuals with different skin colors
· Melanocytes were isolated from foreskin tissues of 33 newborn males with different sin colors, for which melanin content was confirmed by histology and spectrophotometry
· RNA sequencing revealed that gene expression correlated more strongly with melanin content than did reported ancestry
· Of the 158 measurable screen hits studied, 107 were positive correlated with melanin content, 12 negatively correlated, and 39 showed no significant correlation
· Key pigmentation genes and endosomal recycling complexes were found to be differentially expressed in dark and light melanocytes, confirming the connection between screen hits and pigment levels


Differences in expression of select screen hits may contribute to skin color variation in humans
· The differential expression of most screen hits between darkly and lightly pigmented individuals is likely a secondary consequence of their involvement in sustaining a high rate of melanin synthesis
· However, divergence in gene expression is likely genetically encoded, and therefore may contribute to skin color variation in humans
· The authors found that screen hits showed enrichment for skin color heritability in GWAS data for white British individuals
· The authors also found that screen hits were strongly enriched for pigmentation genes across multiple GWAS datasets across various ancestries
· Seven screen-hit genes in particular showed concordant eQTL and GWAS effects, indicating that their expression levels contribute to skin color variation

Select pigmentation screen hits display signatures of adaptive evolution in human populations
· To identify genes with recent adaptive evolution related to skin pigmentation, the authors used the population branch statistic (PBS) to analyze allele frequency changes in African, European, and East Asian populations
· High PBS scores were found tor SNPs in the gene-regulatory regions of some screen hits, supporting adaptive evolution in pigmentation-related genes
· Analysis of GWAS data from Europeans reveals a significant negative correlation between PBS scores and pigmentation effect sizes, suggesting that higher-frequency alleles in Europeans are linked to lighter skin
· Both known and new pigmentation-related SNPs demonstrated evidence of positive selection, highlighting the need for further functional analysis of newly identified loci

Secondary validations confirm involvement of screen hits in different stages of melanosome biogenesis
· In summary, the authors found 135 new candidate melanin-promoting genes associated with diverse biological processes, demonstrate increased expression in dark-skin melanocytes for the majority of the screen hits, and suggest that some loci identified in our study may be involved in skin color variation and associated with evolutionary adaptations in human populations
· Follow-up gene-deactivation experiments and TEM imaging confirmed that several of the screen hits are essential for melanosome biogenesis and maturation, with distinct effects on melanosome stage and pigmentation level

KLF6 regulates melanosome maturation in vivo
· To gain further mechanistic insight, the authors focused on two hits involved in molecular processes: transcription factor KLF6 and endosomal recycling protein COMMD3
· The authors found that KLF6 is essential for melanosome maturation and pigmentation, with loss leading to severe pigment loss and disrupted maturation
· KLF6 depletion in human cells affected the expression of over 900 genes, including 12 melanin-promoting genes

Endosomal trafficking protein COMMD3 modulates melanosomal pH
· The authors also studied COMMD3, and found that it is involved in melanosomal pH regulation, where a COMMD3 knockout causes increased acidity in melanosomes, and in turn, reduced melanin production
· Restoring neutral pH in COMMD3 knockout cells rescues melanin production, suggesting that COMMD3’s impact on pigmentation is linked to maintaining the optimal pH levels for tyrosinase activity (necessary for melanin production)
