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Abstract
Extensive studies of the biology of the pigment-producing cell (melanocyte) have resulted in a wealth
of knowledge regarding the genetics and developmental mechanisms governing skin and hair
pigmentation. The ease of identification of altered pigment phenotypes, particularly in mouse coat
color mutants, facilitated early use of the pigmentary system in mammalian genetics and
development. In addition to the large collection of developmental genetics data, melanocytes are of
interest because their malignancy results in melanoma, a highly aggressive and frequently fatal cancer
that is increasing in Caucasian populations worldwide. The genetic programs regulating melanocyte
development, function, and malignancy are highly complex and only partially understood. Current
research in melanocyte development and pigmentation is revealing new genes important in these
processes and additional functions for previously known individual components. A detailed
understanding of all the components involved in melanocyte development and function, including
interactions with neighboring cells and response to environmental stimuli, will be necessary to fully
comprehend this complex system. The inherent characteristics of pigmentation biology as well as
the resources available to researchers in the pigment cell community make melanocytes an ideal cell
type for analysis using systems biology approaches. In this review, the study of melanocyte
development and pigmentation is considered as a candidate for systems biology-based analyses.
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Introduction
Melanocytes are derived from a multipotent stem cell population called the neural crest. Neural
crest cells migrate extensively and along specific pathways throughout developing vertebrates
while proliferating and differentiating into a variety of cell types, including neurons and
schwann cells of the entire peripheral nervous system in addition to melanocytes. Melanocyte
precursors, melanoblasts, migrate along a dorsal-lateral pathway beneath the ectoderm, and
subsequently colonize skin and hair follicles, where they complete differentiation into mature
melanocytes and begin production of melanin pigment, which is transferred to skin
keratinocytes and hair. Synthesis of the two forms of melanin, brown/black eumelanin and red/
yellow pheomelanin, occurs within specialized organelles known as melanosomes. Pigment
production by melanocytes not only produces the extensive and complex coloration patterns
seen in mammals, but also provides protection from sun exposure, as melanocytes increase
pigment production in skin in response to solar UV radiation (1). Other notable features of
melanocytes include complex sub-cellular trafficking of the components needed to assemble
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functional melanosomes (2), and an intricate network of factors needed for the establishment,
maintenance and differentiation of adult melanocyte stem cells within hair follicles (3–5).

Defects in melanocyte development and function are associated with a variety of human
diseases and disorders, including albinism (6), piebaldism (7), Waardenburg syndrome (WS)
(8), Tietz syndrome (9), Chediak-Higashi syndrome (CHS) (10), and Hermansky-Pudlack
syndrome (HPS) (11). The cancerous growth of melanocytes results in melanoma, an
aggressive cancer with a high mortality rate (12). These diseases/disorders are often genetically
heterogeneous, and identification of the various genetic insults that cause these abnormalities
have revealed many genes and pathways that function in melanocytes (Fig. 1). Analysis and
assembly of cellular pathways associated with human disorders has directed much of
melanocyte research. However this type of gene-centric, reductionist research approach, which
has traditionally been used in biological research, may not capture the complexity of
biochemical interactions and pathways regulating neural crest/melanocyte development and
pigment production, as these processes exhibit complex spatial, temporal, and environmental
variations. Reductionist approaches may also overlook the full spectrum of genes/proteins
involved; for example, those with no assayable phenotype when mutated, or those so
fundamental that they are lethal before effects can be seen.

Systems biology, herein defined as the systematic study of complex interactions in biological
systems, endeavors to analyze biological processes from a holistic rather than reductionist
perspective, seeking to define and understand systems that are by definition irreducible and
unpredictable, where the outcome of the system cannot be fully predicted by independent
analysis of the parts. Ultimately this information may propel biological analyses from a
descriptive to predictive science, allowing a better understanding of a disease state and
highlighting rational avenues for intervention. This field has emerged as large-scale screens
and data collection have permitted global examination of the genome/proteome under defined
experimental parameters, in combination with novel, computational biology-based modeling
programs, which allow manipulation and analysis of these large data sets. Because complex
computational model formulation rather than simplified mathematical formulas is the
foundation of systems biology (13,14), detailed experimental data are required to lay the
groundwork for future analyses at the systems level. The extensive conventional studies of
genes/proteins already performed in the field of pigmentation biology will provide a solid
framework to direct future analyses and computational modeling that will identify all the genes,
proteins, and cofactors that regulate the unique functions attributable to melanocytes, with the
ultimate goal of a complete, integrated, and dynamic picture of all communication that occurs
within a melanocyte, from detailed biochemistry at the single cell level to cell-cell
communication that regulates differentiation and migration. It is this system-wide
understanding of all stages of melanocyte biology that will unravel melanocyte developmental
programs and pigmentary diseases such as melanoma. In this review, we discuss the advantages
and challenges of studying melanocytes using systems biology approaches, as well as current
experimental approaches that are collecting the data necessary for future analyses.

Historical perspective
The pigmentary system has been used to model biological and disease systems for more than
a century, resulting in a wealth of knowledge regarding the genetics and developmental
mechanisms governing pigmentation. Historically, mouse pigmentation mutants were crucial
tools for testing Mendelian theories in the early 1900s and were the first loci used to describe
genetic linkage analyses in vertebrates (15,16). These studies used readily identifiable
variations in pigmentation that were both heritable and easily scored (17). However it was not
until the 1990’s that we learned that these traits resulted from alterations in melanocyte
development, function, or interaction with neighboring keratinocytes and hairs. In the 1930’s,
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variations in coat pigmentation patterns of spotted piebald mice were studied as quantitative
genetic traits. Crosses of piebald strains with varying patterns predicted the presence of an
interactive network of determinants with quantitative effects on the extent and patterns of white
spotting (18). These studies utilized holistic approaches and studied the biological system as
an entire entity, aiming to understand complex interactions among multiple loci to account for
the final pattern observed.

With the advent of linkage mapping and positional cloning, the molecular defects and genes
responsible for many of the single gene mutations affecting pigmentation were discovered.
Today, more than 100 genes regulating melanocyte development and pigmentation have been
identified (19,20). These genes can be categorized by the different functions assigned to them
while analyzing observed phenotypic perturbations correlated with the presence of mutant
alleles. Many disease-associated genes have also been studied in animal models with similar
traits, providing insight into both melanocyte development/function and human diseases (21,
22). While these studies have provided a solid base for establishing linear relationships in the
melanocytic pathways, our knowledge is often limited to information about a gene’s role in
the particular disease or stage of development in which it was discovered. Figure 1 illustrates
the known roles for many genes in various melanocyte processes and the focal points from
which interaction pathways can be constructed. These processes include melanoblast
development and migration, regulated by cascades of transcription factors; formation of the
melanosome, regulated by factors that contribute to organelle biogenesis and vesicular
transport; melanogenesis, an enzymatic process; melanosome transfer to melanocyte dendrites,
regulated by actin transport molecules; and pigment formation in response to environmental
stimuli. However, this framework of knowledge lacks a full understanding of all molecules
involved and all roles of individual molecules, as reductionist research has by necessity focused
on one gene or pathway at a time. It is likely that genes with only one known function in
melanocyte systems are in fact working in multiple systems.

Melanocyte research has often focused on a subset of these genes in which a molecular defect
was associated with a mouse model or human disease, providing impetus for a series of studies
to understand their mode of action. For example, much has been learned about melanocyte
development by studying the function of the three transcription factors MITF, PAX3, and
SOX10. The pathways of these genes interact to regulate crucial aspects of melanocyte
development and function, and each is mutated in various forms of WS (8). Many of the
interactions documented for these genes are shown in Figure 2. Microphthalmia-associated
Transcription Factor (MITF) has been termed the “melanocyte master regulator”, because it
plays such a central role in melanocyte development and function (Fig. 2a). It is required for
melanocyte differentiation and survival, activates transcription of melanogenic enzymes and
melanogenic proteins, and is associated with melanoma progression (23–32). MITF also
governs numerous other cellular functions in the melanocyte, including environmental
response (27,33), cell survival (34,35), cell motility (36), and cell cycle progression (37–39).
MITF itself undergoes complex post-transcriptional regulation, including phosphorylation,
sumoylation, ubiquitination, and caspase cleavage (40–45). Paired box gene 3 (PAX3) has a
broader expression pattern than MITF, regulating neural tube closure, early development of
myoblast and neural crest lineages, and the formation of nervous, muscular, cardiovascular
and melanocyte systems (Fig. 2b). PAX3 regulation of early neural crest development appears
to maintain neural crest stem cell properties via inhibition of apoptosis (46–48), and PAX3 has
been proposed to inhibit apoptosis in melanoma (49,50). In melanocytes, PAX3 activates
transcription of MITF (51–53) and plays a crucial role in maintaining melanocyte stem cells
(3). SRY-box containing gene 10 (SOX10) regulates specification of neural crest-derived
melanocytes, neurons, and glia (54) (Fig. 2c). SOX10 strongly activates MITF and regulates
expression of melanogenic enzymes (51,52,55–58). Upstream regulation of SOX10, as well as
additional downstream targets, interacting factors, and posttranslational modifications are only
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beginning to be ascertained (59–62). In summary, MITF, PAX3, and SOX10 serve to illustrate
that the extensive data currently known on cellular processes governing melanocyte biology
will provide an ideal foundation for future systems biology analyses in these cells.

Alongside traditional gene discovery methods, the techniques of germline mutagenesis and
RNA interference (RNAi) are increasing this essential foundation and identifying novel
pathways important to melanocyte biology. Chemical mutagenesis screens in model systems
such as mice and fish have discovered new molecules that regulate melanocyte development/
function (63–69). As mutations in some genes alone may cause embryonic lethality or have
melanocyte phenotypes too subtle to measure, screens have been established in mice with a
known mutation that disrupts melanoblast homeostasis, thus sensitizing the animals to modest
perturbations but resulting in reproducible phenotypes (70–72). While these approaches search
for random loci that alter melanocyte function in the context of the whole animal, many aspects
of melanocyte biology can be studied in melanocytes isolated away from the organism. Genome
wide approaches that knockdown gene expression in melanocyte cell culture have provided
useful insights into function and disease, discovering new genes and cellular pathways
functioning in melanocytes. For example, a recent genome-wide siRNA screen in human
melanocytes identified 92 novel genes that function in melanogenesis, and also revealed a
requirement for autophagy in melanin production (73), and an siRNA screen in melanoma
identified a candidate gene for metastasis (74).

Both these techniques are powerful tools that can be employed to expand our knowledge of
melanocyte biology; however, each technique comes with its own limitations. Using germline
mutagenesis to generate multiple functional variants in all genes (ie. loss of function,
hypomorphic, and gain of function) would require generation and maintenance of large
numbers of animals, which is often cost prohibitive for vertebrate research. Moreover, the
phenotypic screening required is labor intensive and requires development of efficient yet
sensitive phenotyping methods (75). Screening of genome mutations using cell-based assays
avoids some of these cost limitations, but in these assays the cells are usually taken out of
context for in vitro phenotype assessment. Moreover, random mutagenesis approaches using
cell-based systems often use pooled populations where mutagenic events need to be determined
after screening or selection. RNAi screening techniques can overcome this limitation by using
an arrayed format of siRNA delivery, but a limited spectrum of gene alterations can be assessed,
in most cases hypomorphs. RNAi approaches also require stringent internal control
experiments to prevent generation of false positives, necessitating consistent standards of
RNAi screening and ongoing development of statistical methodology applicable to RNAi
screens (76,77).

Genomic-scale approaches: Moving melanocyte biology towards a systems-
level understanding

Given the solid foundation provided by previous melanocyte biology/disease research, the field
is poised to take full advantage of the rapid technological advances that are allowing systems
biology-focused analysis to be feasible and cost effective. Because it is now possible to analyze
melanocytes at various stages of development and disease in both model organisms and
humans, the response of migrating melanoblasts to temporal and spatial differences and the
alteration of melanoblast patterns based upon their developmental stage and embryonic
location can be studied. Global analyses of these various stages will illuminate the detailed
molecular programming that regulates development and the misprogramming that occurs in
disease. One of the first steps that will lay the groundwork for these stage-specific global
analyses is application of genome-wide approaches to identify all the genes and proteins that
function in melanocyte systems. Many recent studies have made great strides towards this
endeavor, as described below.
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Significant effort has been made to catalog the proteins and transcripts of melanocytes, both
identifying them and analyzing their changes based upon temporo-spatial or environmental
differences. A proteomics analysis of the melanosome provided a catalog of the ≈1500 total
proteins present in this organelle, and subdivided these data based upon various stages of
melanosome maturation, revealing the similarities and differences of protein expression among
melanosome stages (78–80). Gene expression in mature melanocytes has been studied by
several groups, including analysis of melanocytes isolated from hair follicles (5,81),
fractionated skin layers (82), and melanocytes grown in culture (83,84), thus providing
comprehensive information on the mature melanocyte transcriptome. Limitations of
proteomics and gene expression profiling techniques involve the inherent problems of
variability that occur at multiple levels of the experiment and are unique for each platform
used, resulting in false positives or false negatives. For example, hybridization-based gene
expression studies are limited to those genes or splice variants represented in the baseline
dataset, thus an incomplete representation of the proteome/transcriptome will generate false
negatives. Hybridization-based microarray expression analyses are also limited in their ability
to discern absolute expression values. However these issues are not present with emerging
Next-Generation Sequencing-based technologies, which use counting-based approaches to
measure expression values and are unrestricted in sequence selection (85). Regardless of the
platform used, RNA/protein source homogeneity is a limitation of these studies, as the
experimental results are reflective of a representative average of the pooled population of cells
and do not capture individual variations that may occur from variables such as cell cycle or
cellular interactions. Also, significant barriers remain in data analysis and in data comparison
among platforms and labs (86,87). Nevertheless, these studies represent an excellent starting
point for characterization of the proteins and transcripts that make up pigment cells.

The many components involved in transcriptional regulation of melanocytic genes need to be
fully elucidated to lay the foundation for a systems biology approach. Transcription start sites
for melanocyte-expressed genes have been predicted computationally and many have been
validated from alignment of cDNA to genomic sequence (88). A small number of genes have
been analyzed to identify consensus sequence elements recognized by a subset of transcription
factors, such as MITF (89). These approaches need to be expanded to the entire genome for
multiple transcriptional regulators, and also need to include more analysis of genomic elements,
modifications and structure, as has been done for a subset of the human genome (90).
Comparative analysis of genomic sequence from multiple species has allowed the identification
of candidate functional genomic regions based upon their evolutionary conservation, an
excellent example being the discovery of regulatory regions for the Sox10 locus (91–93). In
the near future, this type of analysis will be expanded using predictive algorithms and
Chromatin Immunoprecipitation coupled with Next Generation Sequencing-based
technologies (94) to identify relevant transcription factor binding sequences in an unbiased
manner. Applying these approaches to melanocytes from various developmental stages and
disease states will aid in our interpretation of changes in networks.

The study of differential responses to perturbations in homeostasis can also provide useful
insights into how networks respond to defined stimuli. Melanocyte biology has exploited this
approach for examining global changes in response to stimulation of signaling pathways as
well as environmental insults such as UV exposure. UV radiation results in activation of
multiple cellular processes in melanocytes, including the Melanocortin1 receptor pathway,
which stimulates cAMP formation and subsequently initiates melanogenesis, stimulates
proliferation, inhibits apoptosis, and enhances DNA repair of the direct mutagenic effects of
UV radiation on DNA (95). Several studies have made use of microarray analysis of UV-
irradiated melanocytes to catalog the resulting changes in mRNA expression (96–98), and
applied systems analyses approaches to identify the numerous pathways involved (98). Future
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studies need to expand these analyses to a more global genomic level and to also measure the
effects of additional stimuli.

Applying a systems biology approach to determine how normal melanocyte gene expression
is altered during melanoma progression and metastasis with respect to global genomic, RNA,
and protein differences will provide a solid foundation to apply target-specific therapeutic
approaches to this disease. Such a comprehensive approach to investigate melanoma is required
given that melanomas show significant genetic heterogeneity (99–102). Genomic-based
technologies have identified large regions of the genome that exhibit DNA copy number
changes which correlate with melanoma and genes relevant for melanoma progression (103,
104). Numerous gene expression profile studies have been performed using melanoma samples
(http://www.ncbi.nlm.nih.gov/geo/), identifying melanoma subtypes based upon global gene
expression profiles (99,101,102), providing details of melanoma genetics, such as the discovery
of Wnt5a misregulation resulting in increased motility in melanoma (99,105,106), and
providing details of basic melanocyte biology, such as the discovery of Rab38 function in
melanosomal protein trafficking (107). Numerous independent melanoma expression analysis
studies have been performed on comparable microarray platforms (101,102,108–110),
allowing for pooling of data that yields increased statistical power in subsequent analysis. This
technique facilitated the discovery of novel MITF target genes by identifying transcripts that
exhibited a correlation to MITF gene expression (83). These expression analyses have had a
tremendous impact on our understanding of melanoma biology, but are only beginning to
unravel the complexity of melanoma biology (111). The relative ease with which melanoma
cells can be cultured from biopsy samples will provide the biological materials needed for
future studies of the network signaling changes associated with various stages of progression
of this devastating disease.

The extensive pre-existing knowledge of melanocyte biology has allowed assessment of the
consistency and relevance of the genome-wide approaches described above. For example,
proteomics analysis of melanosomes detected many of the genes identified by reductionist
approaches to be involved in the biology of pigmentation, and gene expression analyses aimed
at identifying targets of MITF pinpointed previously identified targets (78–80,83). This
correspondence with previously known data validates the ability of comprehensive, genome
platform-based techniques to find new molecules and interactions, demonstrating that the
integration of reductionist and genome-wide approaches will be useful for both modeling and
discovery.

Conclusion
Scientists within the pigment research community are well-integrated (http://www.ifpcs.org/)
and readily embrace new technology, two characteristics necessary to advance pigment biology
into the realm of systems biology. Pigment biology researchers should keep the goal of a
systems biology understanding in mind as they expand our knowledge of the molecules
involved in pigmentation, including standardization of techniques to facilitate data comparison,
and collection of quantitative data such as protein concentrations or mRNA/protein dynamics.
Although key molecules in melanocyte development and function are already known, system-
wide approaches will circumvent preconceived hypotheses on the global importance of the few
well-studied factors and accelerate our discovery of additional relevant pathways.

Useful resources available for melanocyte research should be fully employed, such as
immortalized melanocyte cell lines. These cell lines have been isolated from a variety of
animals with different genetic backgrounds and are readily manipulated, allowing introduction
of precise developmental or environmental insults and detailed expression analyses. For
example, cell lines harboring mutations in pigmentary genes along with Ink4a-Arf deletions
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allow comparison of defined changes in pigment genes in the context of a uniform, minimally
rearranged genomic background
(http://www.sgul.ac.uk/depts/anatomy/pages/Dot/Cell%20bank%20holdings.htm). Full-
length mouse cDNA libraries constructed from pigmented melanoma and immortalized albino
embryonic melanocyte cell lines are a readily available collection of genes expressed in these
pigment cells of differing origin (112,113).

Software is available for initial studies annotating and displaying biological systems (for
example Cytoscape, http://www.cytoscape.org/features2.php, and Metacore,
http://www.genego.com/metacore.php), but subsequent analyses will require more complete
computational modeling of biological systems. Much work remains to overcome the
computational challenges of biomedical data integration and to develop computational
modeling that can demonstrate the complexity of biological systems in a user-friendly output.
However, recent advances have begun to allow computational modeling of cellular processes
on a large scale, showing promise for these computational tools to be accessible to non-theorists
(13). For example, recent mathematical modeling of the dynamics of transcriptional control of
gene expression (114) will be relevant to a full understanding of MITF, SOX10, and PAX3
functions.

Additional challenges include the development of experimental approaches to provide precise
details of molecular interactions within melanocytes, such as subcellular localization studies,
single-cell analyses, kinetic approaches, in vivo analyses, and systematic chemical
pertubations. These approaches have the potential to reveal the activities of proteins within
individual cells at high resolution, uncovering details of gene/protein expression that could be
obscured by averaging data over a population of cells. This was recently shown by retrovirus-
mediated fluorescent labeling of proteins within human cells (115), and could be applied to
melanocytes, for example to extend the gene expression profiling of individual mouse
melanocyte stem cells (5). Cultures of primary neural crest cells also have the potential to allow
real-time, single cell studies of melanocyte development.

Single-cell isolation studies necessitate removal from the in vivo environment, thus destroying
melanocyte contacts with neighboring keratinocytes or hair cells as well as all extracellular
interactions regulating development, growth, or pigment production. These interactions within
the correct temporal and spatial context are crucial to a systems biology understanding of
melanocyte development and function, and could be addressed by harnessing recent
technological advances for in vivo melanocyte studies. For example, innovations in
nanoparticle technology allow targeted introduction of small molecules into living systems,
coupled with three-dimensional live cell imaging in vivo (116,117), opening up new
possibilities in the resolution at which single molecules can be observed, tracked and
manipulated to query cellular processes in live cells. These technologies could be tailored to
suit the unique biology of the melanocyte, for example by selective labeling of melanosomes,
as was recently done for lysosomes of lung cancer cells utilizing pH-activitable fluorophores
(118), and even extended to melanocyte visualization within the hair follicle of living
organisms, as the hair follicle is ideally suited for in vivo modification with little intervention.
The feasibility of in vivo analyses of reporter gene expression with single-cell resolution has
recently been demonstrated in C. elegans embryos (119), giving promise that this technology
may eventually be extended to vertebrate embryonic development.

In the past, reductionist experiments have been designed to evaluate the results obtained from
drastic alterations in a single pathway, which in and of itself creates a bias in the type of data
collected. The challenge for the future is to consider ways to query melanocyte biology with
respect to the contribution of multiple pathways at varying levels of induction, to gain a more
complete understanding of how responses to biological processes are coordinated within the
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cell and ultimately within the entire organism. Such application of systems biology approaches
to investigate melanocyte biology will allow the molecules and the associated quantitative
measurements within the networks governing melanogenesis and melanocyte function to be
determined. The utilization of this data along with advances in computational modeling will
ultimately allow a more detailed understanding of the fundamental systems at work in
melanocytes.
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Figure 1.
The majority of genes known to affect melanocyte development and function have a known
role in only one system or disease. Although a multitude of genes have known functions in
individual melanocyte cellular processes, few have been correlated with multiple processes
and/or human diseases. Each line between a gene and a cellular process or human disease
indicates that this gene has been experimentally demonstrated to have a role in this process or
disease. Each line between a gene and disease was validated by the presence of an article
relating to both the disease and specific gene, identified by a PubMed search
(http://www.ncbi.nlm.nih.gov/sites/entrez?db=PubMed). Loss of cells includes WS, and
abnormal function includes albinism, piebaldism, HPS, and CHS. Most functions of the genes

Baxter et al. Page 16

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ncbi.nlm.nih.gov/sites/entrez?db=PubMed


in these processes have been discovered on an independent basis, using gene-centric,
reductionist research approaches. The absence of multiple roles for many pigmentation genes
suggests that a full understanding of all the molecules involved is lacking. In the future, a full
understanding of all the roles each of these genes plays will reveal many more functions for
each gene, covering this diagram with lines. This figure is not meant to be exhaustive, but to
illustrate the current knowledge of gene functions in melanocyte cellular systems.
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Figure 2.
Navigational maps of the regulation and downstream targets of (A) MITF, (B) PAX3, and (C)
SOX10, three key transcription factors that govern melanocyte development. Illustrated are
the pathways known to be active in developing neural crest precursors to melanoblasts,
melanoblasts themselves, or mature melanocytes of mammalian organisms. The black triangles
represent DNA promoters/enhancers, illustrating direct transcription factor binding; the
absence of direct binding illustrates indirect regulation. Pathways that appear unique to
melanoma, details of post-translational modifications, as well as interactions identified in only
non-melanocyte cell types or non-mammalian systems to date are excluded from this diagram.
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