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Chapter 1:
Introduction
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1.1 Transcriptome Analysis of Human Melanocytes using RNA-Seq
Human epidermal melanocytes (HEMs) are neural crest derived cells that
synthesize the tyrosine based polymer melanin. HEMs are located at the basal
layer of the epidermis and transfer melanin to neighbouring keratinocytes. The
dendrites of 1 melanocyte can contact up to 40 keratinocytes [1]. At first, the site
of melanin synthesis was believed to occur inside mitochondria but in 1960 it was
discovered that melanin is synthesized in melanosomes [2].
Melanosomes are lysosome-related organelles responsible for melanin
synthesis, storage and transport. Melanin also protects the skin from the
deleterious effects of ultraviolet radiation (UVR) such as sunburn and skin cancer
[3]. Constitutive skin pigmentation which is primarily determined by the amount of
melanin produce by epidermal melanocytes has been closely correlated with skin
cancer incidence [4, 5]. In the United States, melanoma incidences are 13 times
lower in dark compared to light skin and the degree of basal and squamous cell
carcinomas is significantly reduced in African Americans compared to
Caucasians [6-8]. The urgent need to better understanding melanocyte
physiology and melanin synthesis is also highlighted by the rising incidence of
skin cancer. Nearly 3.5 million people a year are diagnosed with skin cancer in
the US alone. Melanoma, resulting from melanocyte transformation is the most
fatal form of skin cancer and accounts for ~9000 deaths annually in the United
States [9]. The melanin produced in the eye is also critical for vision and eye
development. Melanocyte dysfunction and loss of melanin not only increases

2

susceptibly to skin cancer but can result in various forms of pigmentation
disorders such as albinism.
Albinism is a hypopigmentation disorder that can affect the skin, and eyes
(oculocutaneous albinism) or only the eyes (ocular albinism). There are 7 types
of oculocutaneous albinism (OCA) caused by mutations in their respective
genes/loci: tyrosinase (OCA1), P-protein (OCA2), tyrosinase-related protein
(OCA3), solute carrier family 45, member 2 (OCA4), loci 4q24 (OCA5), SLC24A5
(OCA6), and c10orf11 (OCA7) [10]. There are also less common forms of
albinism with phenotypes that affect more than pigmentation, such HermanPudlak Syndrome (HPS), Chediak-Higashi Syndrome (CHS) and Griscelli
Syndrome (GS) [11]. Altogether, human melanocytes and the melanin they
produce provide critical protection against UVR and a loss of melanocyte function
can lead to severe pigmentation disorders. Therefore, a better understanding of
melanocyte function will not only advance our understanding of human
pigmentation but may lead to new therapies for pigmentation disorders.
Much of our understanding of human pigmentation and albinism causing genes
can be attributed to the study of mouse coat color genetics [12]. These studies
have played a critical role in identifying and characterizing OCA causing genes
and genes that regulate melanin synthesis. There are 378 loci that affect mouse
coat color with only 171 genes cloned. That leaves over 200 uncloned mouse
coat color genes [12]. This highlights the potential for discovery of many novel
genes that affect mouse coat color as well as human pigmentation. In this study
we use high-throughput RNA sequencing (RNA-Seq) to perform a comparative
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transcriptomic analysis of lightly versus darkly pigmented melanocytes. This new
approach may allow us to identify novel pigmentation genes and melanogenesis
regulators.
RNA-Seq provides many benefits over the use of microarrays. RNA-Seq is more
sensitive, provides information about transcript size, has single base-pair
resolution, and the data is not static and can be re-analyzed if new transcript
variants are identified [13, 14]. Previous microarray studies of human
melanocytes probed for 14,500 transcripts [15]. Today the number protein coding
transcripts has increased to over 30,000 [16]. Therefore the reassessment of the
human melanocyte transcriptome is necessary and would be a great resource.
Interestingly, previous transcriptome analysis using microarrays found highly
homogeneous expression profiles of melanocytes of different pigmentation
levels. It’s possible that the increased sensitivity of RNA-Seq will better detect
differentially expressed genes and allow for the discovery of novel regulators of
melanin synthesis.
Another goal of our transcriptome analysis is to organize the melanocyte gene
expression data into cell signalling families (GPCRs, ion channels, transcription
factors, etc.). Cell signalling families such as GPCRs and ion channels represent
the first and second largest groups of known drugs targets [17, 18]. Therefore
this analysis may provide a useful resource for identifying new drug targets and
cell signalling mechanisms.
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1.2 Investigation of Solute Carrier Family 45, Member 2 (SLC45A2)
Our transcriptomic analysis of lightly versus darkly pigmented melanocytes
sparked our interest in SLC45A2. Out of the 16 genes found to have significant
differences in transcript expression levels, SLC45A2 was the only pigmentation
gene detected. Since the SLC45A2 L374F polymorphism has been associated
with lower tyrosinase activity and melanin content [19], we sought to determine if
that association also existed in our transcriptome study. Interestingly, the lightly
pigmented melanocytes were homozygous for 374F mRNAs and the darkly
pigmented melanocyte were homozygous for 374L mRNAs. Based on these
findings we sought out to investigate SLC45A2 function and the effect of the
L374F polymorphism on melanocyte melanin content.
Solute Carrier Family 45, Member 2 (SLC45A2) has 12 predicted
transmembrane domains, is on chromosome 5p, spans 40kb and has 7 exons,
encoding a 530 amino acid protein. Mutations in SLC45A2 are responsible for
the pigmentation disorder oculocutaneous albinism type 4 (OCA4)[20]. The
hypopigmentation and pathological effects caused by mutations in SLC45A2 is
not specific to humans and occurs across many species [21-27]. Previous
studies indicate that SLC45A2 may be involved in the trafficking of tyrosinase. It
has also been characterized as a sucrose transporter based on weak sequence
homology to a Drosophila sugar transporter and heterologous studies [28, 29].
There is also evidence that SLC45A2 may regulate melanin synthesis by
changing melanosomal pH [29-31]. Altogether, these studies have provided
much needed insight but the exact localization and function of SLC45A2 in
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human melanocytes remains unclear. We therefore sought to investigate the
localization SLC45A2 and role of the L374F polymorphism.
1.3 Characterization of Opsins in Human Skin
UVR is separated into three categories based on wavelength: UVA (400-320nm),
UVB (320-280nm), and UVC (<280nm). UVR at the Earth’s surface is comprised
of ~95% UVA, ~5% UVB, and 0% UVC [32]. In contrast to UVA, which is weakly
absorbed by DNA, UVB is absorbed by nucleic acids and may cause DNA
damage and skin cancer [33]. It is widely accepted that the UVR mediated
tanning response and increase in melanin content serves as a primary protection
against UVR induced damage. The established mechanism for UVB induced
increases in melanin has been well characterized [33, 34]. UVB causes direct
DNA damage of melanoctyes and keratinocytes leading to activation of DNArepair pathways and of p53, and results in increased transcription of proopiomelanocortin (POMC) and release of alpha-melanocyte stimulating hormone
(α-MSH). α-MSH activates the melanocortin 1 receptor (MC1R) signalling
pathway in melanocytes resulting in increased transcription of microphthalmia
transcription factor (MITF). Elevated levels of MITF increases expression of
tyrosinase (a critical rate-limiting enzyme in melanin biosynthesis) and other
melanogenic genes. In contrast, the cell signalling mechanisms underlying UVA
induced increases in melanin is not as well understood.
Recently, we identified a novel retinal dependent UVA signalling pathway in
human epidermal melanocytes [35, 36]. Melanocytes exposed to physiological
doses of UVA in the presence of retinal elicited an increase in intracellular
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calcium concentrations and increased melanin synthesis. The retinal dependency
and pharmacological profile of this pathway suggests that it might be an opsin
[35].
Interestingly, our transcriptome analysis of HEMs and past studies have detected
the expression of opsins in the human skin[35, 37]. The number of opsins
expressed in human skin and their relative expression levels was unclear. We
therefore sought out to characterize the expression of opsins in the human
epidermis focusing on the two major cells types, melanocytes and keratinocytes.
This analysis could bring insight into potential mediators of UVA signalling,
extraocular phototransduction and melanin synthesis in human skin.
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Chapter 2:
RNA-Seq: A Dynamic Tool
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2.1 RNA Sequencing and Next Generation Sequencing Technologies
The application of Next generation sequencing (NGS) to study the
transcriptome (RNA-Seq) has become a powerful and dynamic tool. Previous
methods used to study the transcriptome that often required EST data and gene
prediction tools have been limited and biased [1]. The accuracy and sensitivity of
RNA-Seq is highly attributed to the number of reads obtained per base pair of
transcript (sequencing depth/coverage). For example, the Illumina HiSeq 2000
can produce 10 reads per base pair (10X coverage) of the Human genome (~3
billion bp). Sequencing the Human transcriptome which is 50 times smaller would
produce on average 500 reads per base pair of transcript (500X coverage). This
extensive coverage allows for a high sensitivity and accuracy capable of
detecting rare transcripts and novel isoforms. As a result RNA-Seq has
pioneered the unveiling of the vast complexities surrounding transcriptome
analysis.
2.2 Sequencing Technology from First Generation Until Now
The concept of DNA sequencing was presented by Frederick Sanger
during the 1975 Croonian Lecture [2]. Two years later pioneering DNA
sequencing methods were developed: Frederick Sanger’s dideoxy chain
termination method and Allan Maxam’s and Walter Gilbert’s chemical
modification method. In 1986 the first automated DNA sequencers were
developed by researchers at Caltech using a combination of both methodologies
[3]. This automated Sanger method is considered to be first generation of
sequencing technology. For about 24 years first generation sequencers utilizing
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the Sanger method dominated the industry and are responsible for many
monumental achievements. One of the most notable accomplishments is its use
in the sequence improvement and finishing of a draft human genome in 2001 [4].
Even with the onset of first generation sequencing there remained a great
need for technological advances that would reduce cost and increase
sequencing throughput. The GS 20 was first of these next generation sequencing
(NGS) platforms to become commercially available and was released by 454 Life
Sciences in 2005. Illumina, 454 Lifes Sciences, Applied Biosystems, and Helicos
Biosciences are four of the most prominent companies presently producing their
own NGS platforms [4]. What these NGS platforms have in common is that
sequencing is performed in a massively parallel fashion producing large amount
of data (millions to billions of short reads). The developments of these newer
technologies have not only circumvented many of the limitations of Sanger
sequencing but also revolutionized the way scientists approach research
questions in a way that resembles the beginnings of PCR [5].
2.3 RNA Sequencing: Data Generation and Analysis
NGS technologies utilized a variety of methods that can be arranged into 4
category workflow: library construction, template preparation,
sequencing/imaging, and assembly.
Library Construction:
The first step in performing high-throughput RNA sequencing is to construct an
RNA library. The library consists of a collection cDNA fragments that are
prepared for sequencing. To generate a typical RNA-Seq library it is first
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necessary to isolate the total RNA and remove any contamination. The RNA is
then fragmented chemically or by shearing in the range of 35-500bp depending
on the desired read length and application. The fragmented RNA is then reverse
transcribed into cDNA and sequencing adapters are then ligated onto both sides.
The target cDNA fragments are often then enriched via PCR [6]. The need to
prepare cDNA fragments is due to the sequencing size limitation of Next
Generation sequencers. After library preparation the next step is template
preparation.
Template Preparation:
The two techniques used to prepared templates are clonally amplified
templates and single DNA molecules templates. Many imaging techniques
require amplification and are not capable of detecting fluorescence from a single
molecule. Therefore clonally amplified templates are used with the two most
current approaches being emulsion PCR (emPCR) and solid phase amplification.
The emPCR technique requires that the DNA or cDNA library template fragments
are separated into single strands. The emPCR method is used by 454 Life
Sciences NGS platforms. Each single stranded DNA fragment attaches itself to a
bead and is copied. Millions of these emPCR beads are then immobilized on a
plate in order to be imaged [5].
The second approach to clonally amplify templates is solid phase
amplification. This technique is utilized by Illumina NGS platforms and requires
the DNA/cDNA fragments to attach themselves to a glass slide that contains
reverse and forward primers. The template fragments are then amplified by a

17

process called bridge amplification. During bridge amplification up to 1000 copies
of each template are made forming a cluster of identical template strands. The
millions of clusters (~1 micron in length) are bound to the glass slide and imaged.
Although the benefit of clonally amplified templates are enhance detection, other
companies such as Helicos Biosciences have devised methods to use single
molecule templates. Single molecule templates often requires less starting
material and has a reduced preparation time [5]. With the elimination of PCR
steps it prevents mutations or false detection of sequence variants. The removal
of PCR steps also avoids any amplification bias that may be introduced when
copying AT-rich and GC-rich regions [7]. After the template strands are prepared
(clonally amplified or single DNA-molecule templates) the next step is
sequencing and imaging.
Sequencing/Imaging:
The Illumina NGS technology is the most prominent sequencing
technology and is the current leader in the NGS market. Therefore the focus will
be made on their method of sequencing and imaging which is cyclic reversible
termination (CRT). CRT is a method that adds fluorescently labelled nucleotides
that inhibits synthesis upon addition. The nucleotides that were not added to the
template are washed away and the incorporated nucleotides are imaged. The
inhibiting group and the fluorescent label are then removed and the next labelled
reversible terminator is added. This process is repeated in a cyclic fashion and
the sequence of each fragment is then recorded [5].
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Assembly:
The two main transcriptome assembly strategies are a reference based
strategy or a de novo strategy. In order to use the reference based strategy a
reference genome must be available. The first step is to align the RNA-Seq reads
to reference genome using software such as TopHat and MapSplice. The second
step is to detect all possible splicing isoforms by construction of a splice graph.
The last step is to join the reads together to represent all possible isoforms. The
disadvantages to reference based assembly is that it is dependent on a quality
reference genome. Many reference genomes contain mis-assemblies that can
result in an incomplete transcriptome assembly [8].
When a reference genome is not available another strategy is to perform a
de novo assembly. De novo assembly utilizes the excess of short reads and
combines the overlapping segments between the reads into full length
transcripts. The major advantages of de novo assembly are that it does not
require a reference genome , and it does not need to align reads to
predetermined splice sites[8]. Therefore de novo assembly is useful to discover
novel splicing isoforms. The disadvantage to de novo assembly is that it often
requires a larger data set and more computing power. Therefore it is difficult to
implement this strategy when sequencing higher eukaryotic transcriptomes .
Some researchers have found it useful to combine both reference based and de
novo assembly strategies.
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2.4 Challenges and Future Perspectives of RNA-Seq
RNA-Seq like many NGS applications presents a large bioinformatics
challenge. The data set produce by NGS produces millions of short reads can be
several gigabases. This requires a large amount of computing power and
computational expertise. It is also thought that the cost of handling and
annotating NGS data will one day outweigh the cost of sequencing itself.
Another major challenge to transcriptome studies besides computing
power is the wide variability in sequencing depth. Genomic DNA sequences are
expected to have an even sequencing depth. In fact, areas that have unusually
high depth (coverage) are often seen by genome assemblers as being repetitive
DNA. This same assembly approach could not be taken with RNA-Seq that has
large variations in sequencing depth. Unlike genomic DNA sequencing high
sequencing depth is an indication of abundant transcripts and not repetitive
sequences. Another challenge of RNA-Seq is the existence of overlapping
sense and anti sense strands making the availability of strand specific
information necessary. Matters are often further complicated by transcripts that
have shared exons that can be difficult to differentiate. Although these obstacles
exist, NGS technology is improving rapidly and new assays are being continually
developed. For example, the emergence of ribosomal profiling RNA-Seq has
shed new light into translated proteins [9, 10]. Single cell RNA-Seq has provided
a new way to study cellular heterogeneity and to characterize novel cell
types[11]. Even with the numerous advances many challenges facing RNA-Seq
remain.
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The availability of quality reference genomes is a limiting factor for the
expansion of RNA-Seq applications. Therefore with the release of new reference
genomes RNA-Seq applications will expand. There will also be advances in de
novo transcription as techniques are being devised to assemble thousands of
bacterial transcriptomes at once (metatranscriptomics). Sequencing protocols are
continually being optimized to reduce PCR steps and fragmentation methods that
may produce biases when preparing NGS libraries [7]. As NGS technology
continues to advance and platforms continue to increase in read length capability
a future can be envisioned where no assembly is necessary.
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3.1 Abstract
Because human epidermal melanocytes (HEMs) provide critical protection
against skin cancer, sunburn, and photoaging, a genome-wide perspective of
gene expression in these cells is vital to understanding human skin physiology. In
this study we performed high throughput sequencing of HEMs to obtain a
complete data set of transcript sizes, abundances, and splicing. As expected, we
found that melanocyte specific genes that function in pigmentation were among
the highest expressed genes. We analyzed receptor, ion channel and
transcription factor gene families to get a better understanding of the cell
signalling pathways used by melanocytes. We also performed a comparative
transcriptomic analysis of lightly versus darkly pigmented HEMs and found 16
genes differentially expressed in the two pigmentation phenotypes; of those, only
one putative melanosomal transporter (SLC45A2) has known function in
pigmentation. In addition, we found 166 transcript isoforms expressed exclusively
in one pigmentation phenotype, 17 of which are genes involved in signal
transduction. Our melanocyte transcriptome study provides a comprehensive
view and

may help

identify novel

pigmentation

genes and

potential

pharmacological targets.
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3.2 Introduction
Human epidermal melanocytes (HEMs) play a critical role in protecting our skin
from sunburn, photoaging, and skin cancer [1]. HEMs are located on the basal
layer of the epidermis and are responsible for the synthesis of the
photoprotective pigment melanin [2]. Impaired melanocyte function can have
severe consequences such as increased skin cancer risk, premature skin aging,
or pigmentation disorders. Skin cancer is the most common form of cancer in the
US and melanoma, resulting from melanocyte transformation, accounts for
~9000 deaths annually in the United States alone [3]. Thus, obtaining a better
understanding of melanocyte function and human skin pigmentation is key to
identifying novel targets for the treatment of skin cancer and pigmentation
disorders.
Current insight into melanocyte function and human pigmentation has been
based in part on comparative genomics studies using mouse coat color genes.
Of the 378 loci that affect mouse coat color, 171 genes are cloned and 207
remain unidentified [4], suggesting that the molecular mechanisms that regulate
pigmentation are far from being elucidated. With the recent advances in highthroughput sequencing technologies the identification of such pigmentation
genes might become feasible.
The constitutive pigmentation of the skin is primarily determined by the amount of
melanin produced in epidermal melanocytes and is closely correlated with the
incidence

of

skin

cancer,

indicating

that

melanin

has

an

important

photoprotective function [5, 6]. Indeed, in the United States, the incidence of
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basal and squamous cell carcinomas is 50 times lower in African Americans
compared to Caucasians, while melanoma rates are 13 times lower in dark
compared to light skin [7-9]. Melanin is produced and stored in organelles named
melanosomes using a specific set of melanocyte-specific proteins. Some of these
pigmentation proteins are enzymes involved in melanin synthesis [e.g. tyrosinase
(TYR), tyrosinase-related protein 1 (TYRP1), and tyrosinase related protein 2
(DCT)], while others are structural proteins or have unknown functions.
Microphthalmia transcription factor (MITF), considered the master regulator of
melanocyte function, modulates the transcription of many of the pigmentation
genes [10, 11]. Mutations in seven of the pigmentation genes result in ocular or
oculocutaneous albinism, characterized by reduced pigment levels in the skin
and eye [12].
The protective function of melanin and the identification of pigmentation proteins
raised the question of what accounts for the difference between dark and light
skin. It was hypothesized that the main melanogenic enzyme TYR is expressed
at higher levels in melanocytes from dark skin, thus producing more melanin.
However, early studies showed that the mRNA and protein levels of TYR were
similar in light and dark skin, but the activity of the enzyme appeared to be
different between the two skin types, being correlated with the amount of cellular
melanin [13-16]. What regulates the activity of TYR is not well understood; one
possibility is that it depends of the levels of TYRP1 and/or DCT, which might be
higher in dark skin [17, 18]. Recent studies suggested that different pigmentation
phenotypes could be the result of various combinations of single nucleotide
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polymorphisms (SNPs) in some pigmentation genes [19]. One particular SNP
resulting in a point mutation in the melanosomal protein mutated in
oculocutaneous albinism IV (OCA4 or SLC45A2) shows strong correlation with
skin color [20, 21]. Moreover, the mRNA for the allele present in light skin was
found to be higher than the allele present in dark skin [22]. Thus, the molecular
mechanisms that determine and regulate skin color are yet to be revealed.
The advent of high-throughput RNA sequencing (RNA-Seq) has provided a more
sensitive and dynamic way to study mRNA expression. RNA-Seq results contain
less noise and have higher specificity compared with microarray experiments.
Unlike microarray experiments, RNA-Seq provides quantitative data at singlebase resolution, information on transcript size, and is not limited to the number of
known genes and transcript isoforms at the time of the study [23, 24]. In addition,
RNA-Seq data can be reanalyzed as sequence databases are updated.
Expression profiling of human epidermal melanocytes using Affymetrix
microarrays was used as a reference point for changes in melanoma lines in a
study that identified only 14,500 transcripts in normal melanocytes [25]. Another
microarray study sequenced melanocytes from diverse geographical origin and
found highly homogenous gene expression profiles among melanocytes from
skin with different pigmentation levels [18]. The recent expansion of the
transcriptome to over 30,000 known protein coding transcripts [26] and the
critical role of melanocytes in normal and abnormal skin physiology, make the
reassessment of the melanocyte transcriptome an important task.
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In this study we performed RNA-Seq on lightly and darkly pigmented human
epidermal melanocytes (HEMs) using the Illumina HiSeq 2000 platform. The vast
data set obtained was used to perform a comparative transcriptomic analysis of
mRNA expression levels in lightly versus darkly pigmented HEMs. This analysis
provides an unbiased approach to detect novel regulators of melanin synthesis,
providing insight into genes critical to melanocyte function. By compiling the gene
expression data into specific families of cellular signalling molecules, we bring to
light potential pharmacological targets and genes important for melanocyte signal
transduction. This genome-wide transcriptome analysis may serve as a valuable
resource for investigating human melanocyte function and provide insight into
therapeutic targets for skin cancer and pigmentation disorders.
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3.3 Material and Methods
Sample collection, library preparation and sequencing
Lightly and darkly pigmented primary human epidermal melanocytes (HEMs)
from neonatal foreskin (Life Technologies/Gibco) were cultured in Medium 254
and Human Melanocyte Growth Supplement (HMGS2, Life Technologies/Gibco).
The four HEM lines used for this study (HEM-D1, -D2, -L1, -L2) were each
derived from a different donor; all lines were propagated in culture under identical
conditions for ≤15 population doublings. Total HEM RNA was isolated using the
mirVana miRNA Isolation Kit (Ambion) and its quality was assessed using an
Agilent 2100 Bioanalyzer: RNA Integrity Number (RIN) ≥ 8.7 for all samples, in
agreement with Illumina recommended RIN ≥ 8. cDNA libraries were prepared
with 4µg total RNA using standard Illumina protocols (TruSeq RNA Sample
Preparation Kit) and resulted in cDNA fragments with 229 bp average size, or
355bp including adapter sequences. Each cDNA library was sequenced with 50
bp single-read chemistry using the IIlumina HiSeq 2000 system. All of the
sequence files have been submitted to the NCBI Sequence Read Archive for
public access [Accession No. SRP039354
http://dx.doi.org/10.7301/Z0MW2F2N].
Data analysis and annotation
The computational pipeline used for data analysis is shown in Fig. 3.1. The
quality of the raw sequencing data was checked using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and the quality
scores of the reads for each library and for each position in the read were above
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30, which is defined as high quality (Fig. 3.2). The sequencing data in FASTQ
format was then mapped against NCBI build 37.2 of the human genome using
Bowtie 2 (version 2.1.0.0) [27]. RNA sequencing metrics were obtained using
Picard tools (http://picard.sourceforge.net/) (Table 3.1). Spliced junctions were
identified using Tophat (version 2.0.8) [28] and transcript abundance estimates
were performed using Cufflinks (version 2.1.1) [29]. EdgeR was used to perform
differential gene expression analysis between samples with different
pigmentation levels [30, 31]. Genes differentially expressed were considered
significant if they had a FDR adjusted p-value < 0.05 [32]. For the isoform
analysis we imported the Cufflinks isoform expression data of lightly and darkly
pigmented HEMs into Microsoft Excel. Using Excel functions we identified the
isoforms only present in HEM-L or HEM-D and excluded those with high degree
of variability (standard error mean > 35% the average FPKM).
qPCR analysis
3µg of total RNA was extracted from the same HEM lines used for RNA-Seq
using the RNeasy Plus Kit (Qiagen) and reverse transcribed (RT) using
SuperScript III kit (Life Technologies). The resulting cDNA was used for qPCR
validation of each biological replicate analysed by RNA-Seq. Reactions were
prepared according to the manufacturer’s protocol using SYBR Select Master
Mix (Invitrogen) and cycled on a VIIA-7 Real-Time PCR System (Applied
Biosystems). β-actin was used as an internal control and all reactions were run
in triplicate. mRNA levels were quantified by calculating average 2 -∆Ct values,
where Ct is the cycle number for the control and target transcript at the chosen
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threshold. ∆Ct = Cttarget - Ctβ-actin was calculated by subtracting the average Ct of
β-actin from the average Ct of the target transcript. Primers were designed to
span an exon-exon junction to avoid amplification of any contaminate DNA.
Primers used for SLC45A2, OCA2, and SLC24A5 qPCR were designed using
Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) and were as follows:
SLC45A2 (NM_016180.3) - F: CCCTGTACACTGTGCCCTTT and R:
CTTCCCTCTCACGCTGTTGT,
OCA2 (NM_000275.2) - F: GTGTGCAGGGATTGCAGAAC and R:
ACATCCCAACAGTGCAGGAC,
SLC24A5 (NM_205850.2) - F: GCAGCAGGAACAAGCATACC and R:
ATGGAATACCAAGGCACAACA.
The relative difference in expression between the two pigmentation phenotypes
(HEM-D and HEM-L) was calculated as fold change in HEM-L vs. HEM-D (HEML/HEM-D); for RNA-Seq it was calculated by dividing average FPKM of HEM-L
by that of HEM-D and for qPCR by dividing the average 2-ΔCt of HEM-L by that of
HEM-D.
Melanin quantification
HEMs were grown to 70 – 90% confluence in 35 mm Petri dishes and melanin
collected and quantified as previously described [33]. Briefly, after cell lysis
soluble and insoluble fractions were separated by centrifugation. The soluble
fraction was used to determine the total amount of protein in each sample using
a Bradford assays (Bio-Rad Laboratories). The insoluble fraction containing
melanin was resuspended in 100 µl of 1 M NaOH and incubated at 85ºC until
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melanin was fully dissolved (15 – 30 min). Melanin was quantified by comparing
the optical density of samples at 405 nm with a standard curve generated with
serial dilutions of synthetic melanin (Sigma) dissolved in 1 M NaOH. Average
cellular melanin values were calculated as the ratio between total melanin and
total protein from the same dish of cells. All melanin quantifications were
performed in triplicate to account for dish-to-dish variability.
Statistical analysis
P-values were calculated using an unpaired two-tailed Student's t-test with P <
0.05 considered significant. For the differential gene expression analysis a FDR
adjusted p-value < 0.05 was considered significant [32]. qPCR and melanin
quantification were performed using the same biological replicates used for RNASeq analysis.
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3.4 Results & Discussion
RNA sequencing of human epidermal melanocytes
Because melanocytes in the human epidermis are important for the constitutive
pigmentation of our skin, which correlates with the risk of skin cancer and is also
affected by many pigmentation disorders, we sought to obtain a global gene
expression profile of melanocytes from skin with different pigmentation levels.
We used primary human epidermal melanocytes (HEMs) in culture to perform a
genome-wide transcriptome analysis. We used samples derived from lightly
pigmented (HEM-L) and from darkly pigmented melanocytes (HEM-D), which
have ~ 7-fold higher cellular melanin content than the lightly pigmented ones
(Fig. 3.3). To ensure biological replication, we used RNA sequencing (RNA-Seq)
on four different libraries: two libraries derived from individual donors of darkly
pigmented melanocytes (HEM-D1 & HEM-D2) and two from individual donors of
lightly pigmented melanocytes (HEM-L1 & HEM-L2). Each HEM cDNA library
was derived by isolation of polyA(+) mRNA and reverse transcription with random
hexamer primers, and sequenced using 50bp single-read chemistry. The total
number of reads for each cDNA library varied between 78 million and 188 million
for the four samples (Table 3.1). The sequenced fragments were aligned to the
NCBI build 37.2 of the human genome using Bowtie 2 [27], splice junctions were
detected using Tophat [28], and transcript abundances were calculated in
Fragments Per Kilobase of exon per Million fragments mapped (FPKM) using
Cufflinks [29] (Fig. 3.1). Because FPKM reflects the expression level of the
genes to which the fragments correspond, we chose a significance threshold of
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FPKM ≥ 0.1 to prevent analysis of transcripts with expression levels close to zero
(bottom 25th percentile of transcripts had FPKM values < 0.05). Using this
criterion we detected between 14,782 and 15,252 genes for all four libraries
(Table 3.1). We also identified over 21,000 transcript variants across all four
libraries. The gene expression statistics for each HEM cDNA library are shown in
Table 3.1, while a complete data set of transcript abundances, sizes, and
alternative splicing for all four libraries is found in the on-line (see Table 1 in [34]).
The expression of different genes, as measured by FPKM, was in some cases
variable between the four libraries. Genes that were expressed at different levels
in the two dark HEM libraries compared to the two light ones were further
analysed and discussed in Tables 3.5-3.7. For the rest of the genes that show
variable expression levels, however, variability was not linked to the pigmentation
phenotype of the cells and might represent biological variation between different
individuals. Because we cannot exclude technical variability during library
preparation, we used the average FPKM and the standard error mean for each
gene to calculate the % variability among the four different samples. We
generated a set of “high confidence” genes that had less than 35% variability
among all biological replicates (see Table 1 in [34]).
Genes highly expressed in human epidermal melanocytes
HEMs, due to their unique ability to produce melanin, require a constant turnover
of melanosomes, specialized intracellular organelles in which melanin is
synthesized, stored, and transferred to neighbouring keratinocytes. The
abundant presence of these unique organelles in melanocytes suggests that in
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HEMs highly expressed genes also encode melanosomal components such as
melanogenic enzymes, structural proteins, or regulators of the melanosomal
environment and function. We determined the highest expressing genes in HEMs
by arranging our results in the decreasing order of their average FPKM (Table
3.2). Not unexpectedly, we found that many melanocyte specific pigmentation
genes (bolded in Table 3.2) are expressed at or above the level of the common
housekeeping genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
β-actin (Table 3.2; highlighted in dark grey background). In particular, six
melanocyte specific pigmentation genes: tyrosinase (TYR), tyrosinase related
protein 1 (TYRP1), tyrosinase related protein 2 (DCT), premelanosomal protein
(PMEL17), glycoprotein NMB (GPNMB), and melanoma antigen 1 (MLANA) are
among the 30 highest expressing genes in HEMs (highlighted in Table 3.2).
PMEL17, a structural melanosomal protein important in early stage melanosome
biogenesis, had the highest average expression in HEMs (FPKM = 8302.8 ±
2306.6) compared with all genes, almost an order of magnitude higher than βactin (FPKM = 852.5 ± 140.8). TYR, TYRP1 and DCT are key enzymes involved
in the melanin synthesis pathway; mutations in TYR and TYRP1 cause severe
hypopigmentation and oculocutaneous albinism type 1 (OCA1) and type 3
(OCA3), respectively [35-37]. Widely expressed genes such as vimentin (VIM),
ferritin heavy polypeptide (FTH1), ferritin light polypeptide (FTL), and prosaposin
(PSAP) are also among the highest expressed genes.
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Receptors and ion channels highly expressed in human epidermal
melanocytes
Receptors and ion channels play a crucial role in cellular signalling and are often
used as drug targets. To identify receptors and ion channels highly expressed in
HEMs and presumably important for their function, we compiled gene family lists
of all known G protein-coupled receptors (GPCRs), receptor kinases, and ion
channels using the IUPHAR database and the HUGO genes repository [38], then
sorted these categories in the order of their average FPKM (Tables 3.3, 3.4, and
3.5). As expected, we found that several genes known to be important for
melanocyte function (shown in bold) among the highly expressed receptors and
ion channels.
We first sorted GPCRs and receptor kinases to find the highest expressed
signalling receptor genes in HEMs. Both the endothelin receptor type B (EDNRB)
and the melanocortin 1 receptor (MC1R) are among the top 25 highest
expressing GPCRs in HEMs (Table 3.3). EDNRB plays an important role in
melanocyte development and migration [39], while MC1R is critical for hair and
skin pigmentation and plays a critical role in the UVB-induced pigmentation
response [40-42]. The melanosomal receptor GPR143 (mutated in ocular
albinism type 1, OA1), a receptor important for melanosome structure and
biogenesis, was the highest expressing GPCR gene [43-45]. Interestingly, eleven
of the top 25 GPCRs highly expressed in HEMs are orphan receptors (Table 3.3;
shown in dark grey background). This finding is particularly exciting because
identifying endogenous ligands for these receptors and associated signalling
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mechanisms might uncover novel pathways important for melanocyte function.
Interestingly, the serotonin receptor, 5-hydroxytryptamine receptor 2B (HTR2B),
and the predicted extraocular photoreceptor encephalopsin (OPN3) are also
highly expressed, yet their physiological functions in melanocytes are not known.
Critical melanocyte receptor kinases such as stem cell growth factor receptor cKit (KIT), tyrosine-protein kinase receptor TYRO3 (TYRO3), and the hepatocyte
growth factor receptor (MET) are among the 10 highest expressed receptor
kinase genes (Table 3.4) [46-48].
We next sorted the ion channels according to expression values in HEMs and
found that among the top 25 highly expressed ion channel genes in HEMs are
TRPM1, TRPM7, and TRPML3 (shown in bold in Table 3.5), known to function in
regulating melanin content and pigmentation of human, mouse, and zebra fish
[33, 49-51]. Interestingly, nine out of the top 25 highly expressed ion channel
genes are chloride channels (Table 3.5; shown in dark grey background),
suggesting that chloride regulation is important for melanocyte function. Among
the highly expressed channels are the calcium activated chloride channel BEST1
[52], the intracellular CLIC1 channel [53], and the non-selective cation channel
TRPV2 [54, 55]. Interestingly, TRPV2 ion channels were also found by a
proteomics study in purified melanosomes [56]. In addition, the highly expressed
chloride channel, CLCN7, and the two-pore channel, TPCN2, are associated with
variations in pigmentation [57, 58], suggesting a role in melanosomal physiology
and melanin content of melanocytes. The Transient Receptor Potential A1
(TRPA1) channel that was shown to be expressed in melanocytes and important
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for melanocyte responses to ultraviolet A radiation [59] is not among the highly
expressed ion channels (TRPA1, FKPM = 0.3 ± 0.1), in agreement with the small
size of the TRPA1 currents measured in HEMs by patch clamp [59]. This
suggests that while high expression of ion channels could correlate with
important physiological function, low expressing signalling proteins can also be
critical for cell function. For the complete list of GPCR, receptor kinase and ion
channel gene expression in HEMs see Table 2 in [34].
Transcription factor gene expression in human epidermal melanocytes
Transcription factors regulate a multitude of cellular processes by controlling the
rates at which genes are transcribed. Using a previously compiled list of 1391
human transcription factor genes [60], we generated a table of the top 25 highest
expressing transcription factor genes in HEMs (Table 3.6). We found
transcription

factor

genes

important

for

melanocyte

function

such

as

microphthalmia-associated transcription factor (MITF), sex determining region Ybox 10 (SOX10), and Y box binding protein 1 (YBX1) to be among the top 25
highly expressed transcription factor genes. MITF is responsible for regulating a
multitude of genes necessary for melanocyte development and differentiation
[61]; SOX10 is a regulator of MITF and has a major role in melanocyte
development [62, 63], while YBX1 is an activator of MIA (melanoma inhibitory
activity) and plays an important part in the progression of malignant melanoma
[64]. For a complete list of transcription factor gene expression in HEMs see
Table 3 in [34].
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Differentially expressed genes and isoforms in lightly versus darkly
pigmented melanocytes
HEMs contain different amounts of melanin correlated with the pigmentation
phenotype of the donor.

Because melanin is photoprotective, we sought to

identify differentially expressed genes and isoforms in lightly vs. darkly
pigmented HEMs (HEM-L vs. HEM-D). We performed a global differential gene
expression analysis using EdgeR software [30, 31] and found 94 genes
expressed at significantly different levels (false discover rate (FDR) adjusted pvalue < 0.05), with 16 genes remaining after filtering genes expressed below
threshold (FPKM ≥ 0.1) [32] (Table 3.7). Apolipoprotein C-II (APOC2) had the
highest fold change in expression between HEM-L and HEM-D. Interestingly,
solute carrier family 45, member 2 (SLC45A2) was the only known pigmentation
gene that was significantly different between the two pigmentation phenotypes.
Moreover, SLC45A2 was increased 8-fold in HEM-L compared to HEM-D (shown
in bold in Table 3.7), as previous studies have suggested [22].
To confirm the EdgeR results and to further compare pigmentation gene
expression in melanocytes, we analysed the average FPKM values of 11
melanocyte specific pigmentation genes (as defined in [65]), as a function of
pigmentation levels and represented them in groups according to their predicted
function (Table 3.8). As expected, all of the pigmentation genes were expressed
at high levels, some of these transcripts had high variability between samples,
but, with the exception of SLC45A2, we did not detect any pigmentation gene
that was significantly different in darkly vs. lightly pigmented cells (Table 3.8).
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The similar mRNA expression levels of the rate limiting enzyme, tyrosinase
(TYR) in HEM-L and HEM-D was confirmed with average FPKM ± SEM values of
1429.8 ± 18.0 (HEM-L) and 1604.6 ± 98.9 (HEM-D), respectively [14].
SLC45A2 is predicted to function as a melanosomal transporter [66, 67], similar
to P-protein and SLC24A5, but the role of these proteins in melanosomal function
is not known. Moreover, mutations in all of these predicted transporters result in
reduced melanin levels and oculocutaneous albinism: mutations in SLC45A2
result in oculocutaneous albinism type 4 (OCA4) [66], mutations in P-protein
results in OCA2 [68], and mutations in SLC24A5 result in OCA6 [12]. To further
explore differences in the expression levels of the melanosomal transporters
between lightly and darkly pigmented melanocytes we represented their average
FKPM as a function of pigmentation phenotype (Fig. 3.3A).
To validate the RNA-Seq data and to verify the identified difference between
SLC45A2 mRNA expression in HEM-L vs. HEM-D, we measured by qPCR the
mRNA levels of the three predicted melanosomal

transporters: P-protein,

SLC45A2, and SLC24A5 in cells derived from the same biological samples as
used for RNA-Seq and corresponding to the two pigmentation phenotypes. We
then calculated for each gene the average mRNA fold increase in HEM-L
compared to HEM-D for RNA-Seq and qPCR (Fig. 3.3B). In our analysis genes
enriched in HEM-L would have values greater than one, while genes expressed
at higher levels in HEM-D would have values less than one. Both RNA-Seq and
qPCR results showed similar fold changes and confirmed our previous
observations that SLC45A2 (OCA4) is expressed at significantly higher levels in

41

HEM-L.

P-protein (OCA2) was found to be higher in HEM-D by qPCR

(consistent with previous studies [22, 69]) as well as SLC24A5 (OCA6), but the
difference was not statistically different by RNA-Seq. Interestingly, the SLC45A2
mRNA found in the HEM-L libraries was exclusively accounted for by the 374F
allele, while HEM-D libraries contained the 374L allele, in agreement with
previous findings [20-22].
In addition to our EdgeR analysis of differential gene expression, we investigated
whether different isoforms of the same genes were differentially expressed for
each pigmentation phenotype. Using Cufflinks isoform expression data, we
isolated transcripts only expressed in HEM-L or HEM-D. After filtering out
transcripts with a standard error mean greater than 35% of the average FPKM,
we identified a total of 103 isoforms expressed only in HEM-L and 63 isoforms
only HEM-D (Fig. 3.4, see Table 4 in [34]). From these isoforms, we isolated the
genes likely to have a signalling role and to function as potential melanogenesis
regulators, shown in Table 3.9. Only four signalling isoforms were identified in
HEM-D (Table 3.9A) and 13 isoforms in HEM-L (Table 3.9B). Three of the
differentially expressed transcripts were G protein coupled receptors (GPCR),
one was a receptor kinase (RK), one was a regulator of G protein signalling
(RGS3) and 12 isoforms represented transcription factors. Among those, some
isoforms encoded the canonical sequence of the gene, while others were splice
variants resulting in truncated proteins.
Thus, our differential analysis results, despite the limited number of biological
replicates, offered valuable insight into the expression of signalling proteins in
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melanocytes and revealed a single melanocyte specific gene and several genes
and isoforms with unknown function in pigmentation being differentially
expressed as a function of pigmentation phenotype.
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3.5 Conclusions
In this study, we performed global gene expression analysis of HEMs with a
focus on gene families related to signal transduction. To our knowledge this
study is the first report of a comparative transcriptomic analysis of lightly versus
darkly pigmented HEMs using high throughput sequencing technology. This work
revealed a novel set of 15 genes and 166 transcript isoforms that are
differentially expressed in lightly versus darkly pigmented HEMs that are
potentially related to differences in skin pigmentation. SLC45A2 was the only
melanocyte specific pigmentation gene differentially expressed, suggesting that
SLC45A2 may be a key regulator of melanogenesis. These results provide a
comprehensive view of the HEM transcriptome and a foundation for discovering
novel pharmacological targets for treatment of pigmentation disorders and
melanoma.

44

3.6 Tables
Table 3.1 RNA sequencing metrics and summary analysis of gene expression in HEMs
Library

Produced/Aligned
Reads
(million)

Sequenced
bases
(Mb)

mRNA
bases
(%)

Number of
genes
detected

Gene expression
(FPKM)

Range
Mean
HEM-D1 78.7 / 76.4
3939.2
83.3
14,782
0.1-14645.4 27.02
HEM-D2 181.0 / 177.1
9053.1
85.3
15,252
0.1- 8627.7
31.51
HEM-L1 174.0 / 168.4
8700.0
80.0
15,060
0.1- 9180.9
28.63
HEM-L2 188.1 / 183.8
9405.2
83.9
15,071
0.1- 5347.3
24.07
Table 3.1. RNA sequencing metrics of human epidermal melanocytes (HEMs) for two
darkly pigmented (HEM-D1 & HEM-D2) and two lightly pigmented (HEM-L1 & HEM-L2)
samples. The mean FPKM, and the FPKM range was calculated for each HEM cDNA library,
as well as the number of genes detected. A threshold of FPKM ≥ 0.1 was used for all
calculations.
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Table 3.2 Highly expressed genes in HEMs
Gene Name (Gene ID)

Average FPKM ± SEM

premelanosome protein (PMEL17)

8302.8 ± 2306.6

tyrosinase-related protein 1 (TYRP1)

7481.6 ± 882.4

eukaryotic translation elongation factor 1 alpha 1 (EEF1A1)

3172.8 ± 734.0

vimentin (VIM)

2912.1 ± 526.4

ferritin, heavy polypeptide (FTH1)

2536.3 ± 416.5

CD63 molecule (CD63)

2355.4 ± 229.4

ferritin, light polypeptide (FTL)

1848.3 ± 268.5

glycoprotein (transmembrane) nmb (GPNMB)

1795.5 ± 447.3

tumor protein, translationally-controlled 1(TPT1)

1722.7 ± 362.5

Prosaposin (PSAP)

1682.8 ± 327.1

ATPase, Na+/K+ transporting, alpha 1 polypeptide (ATP1A1)

1628.1 ± 255.3

tyrosinase-related protein 2 (TYRP2)

1566.2 ± 538.9

actin, gamma 1 (ACTG1)

1562.1 ± 86.3

melanoma antigen 1 (MLANA)

1550.1 ± 244.1

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

1524.2 ± 141.1

tyrosinase (TYR)

1517.2 ± 65.0

thymosin beta 10 (TMSB10)

1367.6 ± 158.3

eukaryotic translation elongation factor 1 gamma (EEF1G)

1155.6 ± 157.7

annexin A5 (ANXA5)

1139.9 ± 93.8

lectin, galactoside-binding, soluble, 3 (LGALS3)

1087.2 ± 76.5

spermidine/spermine N1-acetyltransferase 1 (SAT1)

1033.1 ± 387.8

lectin, galactoside-binding, soluble, 1 (LGALS1)

1030.8 ± 63.7

ubiquitin B (UBB)

961.3 ± 161.7

heat shock 70kDa protein 8 (HSPA8)

944.6 ± 81.0

cofilin 1 (non-muscle) (CFL1)

922.6 ± 89.3

ATP1A1 opposite strand (ATP1A1OS)

853.4 ± 134.1

actin, beta (ACTB)

852.5 ± 140.8

stearoyl-CoA desaturase (delta-9-desaturase) (SCD)

848.4 ± 188.4

TIMP metallopeptidase inhibitor 2 (TIMP2)

835.1 ± 143.4

G protein, beta polypeptide 2-like 1 (GNB2L1)

813.6 ± 110.9

Table 3.2. Highly expressed genes in HEMs. Highly expressed genes in melanocytes were
obtained by averaging their FPKM from each library. For concision, ribosomal and non-coding
genes we excluded from this table (for the complete data set see Table 1 in [34]). Melanocyte
specific pigmentation genes are highlighted in bold and, for comparison of expression levels,
commonly used housekeeping genes (GAPDH and β-actin) are shown in dark grey
background.
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Table 3.3 Top 25 highly expressed G protein-coupled receptors in HEMs
Gene Name (Gene ID)

Average FPKM ± SEM

G protein-coupled receptor 143 (OA1)

254.7 ± 44.0

endothelin receptor type B (EDNRB)

211.6 ± 43.0

G protein-coupled receptor 56 (GPR56)

148.8 ± 29.3

G protein-coupled receptor 137B (GPR137B)

117.4 ± 7.1

5-hydroxytryptamine (serotonin) receptor 2B (HTR2B)

66.4 ± 37.5

cysteinyl leukotriene receptor 2 (CYSLTR2)

29.5 ± 14.4

G protein-coupled receptor 107 (GPR107)

25.4 ± 2.6

coagulation factor II (thrombin) receptor (F2R)

24.6 ± 9.2

G protein-coupled receptor 108 (GPR108)

21.5 ± 3.6

G protein-coupled receptor 125 (GPR125)

21.2 ± 1.5

G protein-coupled receptor 175 (GPR175)

14.6 ± 3.3

G protein-coupled receptor, C, group 5, member A (GPRC5A)

13.3 ± 1.9

melanocortin 1 receptor (MC1R)

12.8 ± 4.9

cadherin, EGF LAG seven-pass G-type receptor 2 (CELSR2)

11.9 ± 3.0

G protein-coupled receptor 124 (GPR124)

11.3 ± 1.9

CD97 molecule (CD97)

10.9 ± 1.8

encephalopsin (OPN3)

10.1 ± 1.5

G protein-coupled receptor, C, group 5, member B (GPRC5B)

9.5 ± 3.8

smoothened, frizzled family receptor (SMO)

8.8 ± 1.3

lysophosphatidic acid receptor 6 (LPAR6)

8.5 ± 3.9

frizzled family receptor 6 (FZD6)

8.5 ± 3.1

G protein-coupled receptor 137 (GPR137)

8.2 ± 1.3

gonadotropin-releasing hormone (type 2) receptor 2 (GNRHR2)

7.9 ± 0.7

gamma-aminobutyric acid (GABA) B receptor, 1 (GABBR1)

7.9 ± 1.4

G protein-coupled receptor 155 (GPR155)

7.8 ± 1.4

Table 3.3. Top 25 highly expressed G-protein-coupled receptors in HEMs. The highest
expressed GPCRs in melanocytes were obtained by averaging their FPKM from each library.
The mean expression levels of orphan GPCRs shown in dark grey background and receptors
known to be important for melanocyte function (GPR143, EDNRB, and MC1R) are in bold.
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Table 3.4 Top 10 highly expressed receptor kinases in HEMs
Gene Name (Gene ID)

Average FPKM ± SEM

tyrosine kinase-type cell surface receptor HER3 (ERBB3)

67.3 ± 9.4

stem cell growth factor receptor Kit (KIT)

53.6 ± 11.7

transforming growth factor, beta receptor II (TGFBR2)

48.7 ± 10.4

tyrosine-protein kinase receptor TYRO3 (TYRO3)

23.7 ± 3.4

hepatocyte growth factor receptor (MET)

23.4 ± 6.1

fibroblast growth factor receptor 1 (FGFR1)

23.3 ± 2.7

discoidin domain receptor tyrosine kinase 2 (DDR2)

21.0 ± 4.7

receptor-like tyrosine kinase (RYK)

17.6 ± 3.0

transforming growth factor, beta receptor 1 (TGFBR1)

16.1 ± 5.3

activin A receptor, type I (ACVR1)

15.7 ± 1.4

Table 3.4. Top 10 highly expressed receptor kinases in HEMs. The highest expressed
receptor kinases in melanocytes were obtained by averaging their FPKM from each library.
Receptor kinase genes known to play a vital role in melanocyte function are highlighted in
bold.
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Table 3.5 Top 25 highly expressed ion channels in HEMs
Gene Name (Gene ID)
chloride intracellular channel 1 (CLIC1)

Average FPKM ± SEM
242.8 ± 28.6

purinergic receptor P2X, ligand-gated ion channel, 7 (P2RX7)

78.4 ± 16.7

TRP cation channel, subfamily V, member 2 (TRPV2)

75.6 ± 16.2

chloride channel, voltage-sensitive 3 (CLCN3)

72.4 ± 13.5

chloride intracellular channel 4 (CLIC4)

71.4 ± 16.7

TRP cation channel, subfamily M, member 1 (TRPM1)

57.8 ± 9.4

two pore segment channel 2 (TPCN2)

52.1 ± 7.2

chloride channel, voltage-sensitive 7 (CLCN7)

50.6 ± 8.0

polycystic kidney disease 2 (PKD2)

31.6 ± 7.6

bestrophin 1 (BEST1)

31.3 ± 7.4

pannexin 1 (PANX1)

25.2 ± 2.7

anoctamin 10 (ANO10)

23.5 ± 3.1

anoctamin 6 (ANO6)

21.7 ± 4.0

potassium channel, subfamily J, member 13 (KCNJ13)

17.6 ± 9.4

purinergic receptor P2X, ligand-gated ion channel, 4 (P2RX4)

17.1 ± 1.7

mucolipin 1 (MCOLN1, TRPML1)

16.8 ± 3.3

mucolipin 3 (MCOLN3, TRPML3)

15.5 ± 5.6

inositol 1,4,5-trisphosphate receptor, type 3 (ITPR3)

12.6 ± 3.0

chloride channel, voltage-sensitive 6 (CLCN6)

11.8 ± 2.3

potassium channel, delayed-rectifier, subfamily S, member 3
(KCNS3)
TRP cation channel, subfamily M, member 7 (TRPM7)

10.7 ± 2.3
10.2 ± 3.1

gap junction protein, gamma 1, 45kDa (GJC1)

9.5 ± 2.7

two pore segment channel 1 (TPCN1)

8.8 ± 2.3

chloride channel, voltage-sensitive 5 (CLCN5)

5.1 ± 0.6

gap junction protein, alpha 3, 46kDa (GJA3)

4.8 ± 0.3

Table 3.5. Top 25 highly expressed ion channel genes in HEMs. The highest expressed
ion channels in melanocytes were obtained by averaging their FPKM from each library. Nine
out of the 25 genes are chloride channels (shown in dark grey background). Ion channels
reported to be important for melanocyte function are in bold.
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Table 3.6 Top 25 highly expressed transcription factors in HEMs
Gene Name (Gene ID)

Average FPKM ± SEM

Y box binding protein 1 (YBX1)

463.6 ± 49.3

high mobility group 20B (HMG20B)

210.4 ± 84.3

activating transcription factor 4 (ATF4)

200.0 ± 27.6

endothelial differentiation-related factor 1 (EDF1)

176.7 ± 17.5

SRY (sex determining region Y)-box 10 (SOX10)

171.0 ± 39.4

microphthalmia-associated transcription factor (MITF)

159.3 ± 58.4

eukaryotic translation initiation factor 3, subunit K (EIF3K)

154.8 ± 13.0

prohibitin 2 (PHB2)

141.6 ± 10.1

upstream transcription factor 2, c-fos interacting (USF2)

140.4 ± 38.6

transcription factor AP-2 alpha (TFAP2A)

133.0 ± 41.7

cold shock domain containing E1, RNA-binding (CSDE1)

125.9 ± 19.2

v-ets avian erythroblastosis virus E26 oncogene homolog 1 (ETS1)

122.7 ± 14.6

interferon, gamma-inducible protein 16 (IFI16)

117.2 ± 39.9

plexin C1 (PLXNC1)

114.9 ± 22.6

nuclear factor, erythroid 2-like 1 (NFE2L1)

106.5 ± 23.2

H1 histone family, member 0 (H1F0)

103.8 ± 18.9

snail family zinc finger 2 (SNAI2)

101.2 ± 24.3

ceramide synthase 2 (CERS2)

98.8 ± 6.7

sterol regulatory element binding transcription factor 2 (SREBF2)

93.5 ± 15.5

high mobility group box 1 (HMGB1)

84.2 ± 32.2

EWS RNA-binding protein 1 (EWSR1)

82.1 ± 14.5

transcription elongation factor A (SII)-like 8 (TCEAL8)

81.6 ± 14.3

zinc finger protein 106 (ZFP106)

80.9 ± 13.2

ets variant 5 (ETV5)

78.0 ± 11.3

signal transducer and activator of transcription 6 (STAT6)

76.6 ± 13.8

Table 3.6 Top 25 highly expressed transcription factor genes in HEMs. The highest
expressed transcription factors in melanocytes were obtained by averaging their FPKM from
each library. Transcription factors important for melanocyte function are in bold.
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Table 3.7 Differentially expressed genes in lightly (HEM-L) vs. darkly (HEM-D)
pigmented melanocytes
Relative
Gene Name
Fold
expression in
(Gene ID)
Change
HEM-L vs. HEM-D

FDR
p-value

apolipoprotein C-I
(APOC1)

Up-regulated

13

3.81 x 10

apolipoprotein C-II
(APOC2)

Up-regulated

117

2.74 x 10

family with sequence similarity 171, member
A1 (FAM171A1)

Up-regulated

12

1.81 x 10

glyceraldehyde-3-phosphate
dehydrogenase (GAPDHS)

Up-regulated

8

1.63 x 10

leucine rich repeat containing 61
(LRRC61)

Up-regulated

20

2.23 x 10

leucine rich repeat neuronal 1
(LRRN1)

Up-regulated
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1.12 x 10

protein tyrosine phosphatase N, polypeptide
2 (PTPRN2)

Up-regulated

24

3.23 x 10

sarcoglycan, delta
(SGCD)

Up-regulated

15

2.74 x 10

solute carrier family 45, member 2
(SLC45A2)

Up-regulated

8

4.22 x 10

tudor domain containing 12
(TDRD12)

Up-regulated

27

2.69 x 10

zinc finger protein 423
(ZNF423)

Up-regulated

17

2.71 x 10

claudin 1
(CLDN1)

Down-regulated

10

1.43 x 10

CXXC finger protein 4
(CXXC4)

Down-regulated

19

1.59 x 10

kinase insert domain receptor
(KDR)

Down-regulated

8

2.21 x 10

myosin VIIB
(MYO7B)

Down-regulated

25

3.81 x 10

protein tyrosine phosphatase, receptor type,
O (PTPRO)

Down-regulated

18

4.88 x 10

-3

-7

-2

-2

-2

-2

-2

-2

-2

-3

-2

-2

-2

-2

-2

-2

Table 3.7 Differentially expressed genes in lightly (HEM-L) vs. darkly (HEM-D)
pigmented melanocytes. The number of reads that aligned to the identified genes in the
HEM-L and HEM-D libraries were analyzed with the edgeR software to detect significant
differences (FDR p-value < 0.05). The only pigmentation-associated gene differentially
regulated (SLC45A2) is shown in bold.
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Table 3.8 Expression of melanocyte specific pigmentation genes in lightly (HEM-L)
vs. darkly (HEM-D) pigmented melanocytes.
Gene Name
(Gene ID)

Function
(predicted)

P protein
(OCA2)
solute carrier family 45 member
2 (SLC45A2)

melanosomal
transporter

solute carrier family 24 member 5
(SLC24A5)
premelanosome protein
(PMEL)
melan-A
(MLANA)

melanosome
structure

G protein-coupled receptor 143
(OA1)
glycoprotein (transmembrane)
nmb
(GPNMB)

melanosomal
component

melanogenic
enzyme

dopachrome tautomerase
(DCT)
osteopetrosis associated
transmembrane protein 1 (OSTM1)

Average
HEM-D
FPKM ± SEM

174.5 ± 28.7

308.3 ± 114.7

160.6 ± 14.0

23.2 ± 8.8

134.3 ± 3.4

167.6 ± 53.2

7047.6 ±
1700.3

9558.0 ±
5087.4

1677.3 ±
415.4

1423.0 ±
390.7

238.9 ± 71.2

tyrosinase
(TYR)
tyrosinase-related protein 1
(TYRP1)

Average
HEM-L
FPKM ± SEM

pheomelanin
synthesis

270.5 ± 77.9

1582.8 ±
302.6

2008.2 ±
1009.1

1429.8 ± 18.0

1604.6 ± 98.9

7250.1 ±
1930.9

7713.1 ±
914.7

1922.6 ±
1187.3

1209.8 ±
280.5

105.4 ± 8.0

128.3 ± 62.2

Table 3.8 Expression of melanocyte specific pigmentation genes in lightly (HEM-L) vs.
darkly (HEM-D) pigmented melanocytes. The average FPKM for HEM-L and HEM-D libraries
was calculated for melanocyte specific genes involved in pigmentation, classified according to
their predicted function. The predicted melanosomal transporter SLC45A2, shown in bold, is the
only gene expressed at significantly different levels in HEM-L vs. HEM-D.
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Table 3.9 Expression of cell signaling isoforms in HEM-L and HEM-D.
A. Isoforms only expressed in HEM-D
Gene Name (Gene ID)

Accession Number

Gene
Transcript Variant
Family

5-hydroxytryptamine (serotonin) receptor 7
(HTR7)

NM_019859.3

GPCR

Variant D
Canonical
sequence

frizzled class receptor 6 (FZD6)

NM_001164616.1

GPCR

Variant 3
32aa missing

activin A receptor, type IC (ACVR1C)

NM_145259.2

RK

Variant 1
Canonical
sequence

histone linker H1 domain, spermatid-specific
1 (HILS1)

NR_024192.1

TF

Variant 2
Non-coding

zinc finger protein 83 (ZNF83)

NM_001105550.1

TF

Variant 3
Different 5’UTR

nuclear receptor subfamily 6, group A,
member 1 (NR6A1)

NM_001489.4

NR

Variant 2
5aa missing
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B. Isoforms only expressed in HEM-L
Gene Name (Gene ID)

Accession Number

Gene
Family

Transcript Variant

histamine receptor H4 (HRH4)

NM_001143828.1

GPCR

Variant 2
88aa missing

regulator of G-protein signaling 3 (RGS3)

NM_001282922.1

GAP

Variant 2
398aa missing

postmeiotic segregation increased
1(PMS1)

NM_001128143.1

TF

Variant 2
39aa missing

ets variant 7 (ETV7)

NM_001207038.1

TF

Variant 5
77aa missing

T-box 3 (TBX3)

NM_016569.3

TF

Variant 2
Canonical sequence

hes family bHLH transcription factor 6
(HES6)

NM_018645.4

TF

Variant 1
Canonical sequence

cut-like homeobox 1 (CUX1)

NM_001202546.1

TF

Variant 7
39aa missing

myoneurin (MYNN)

NM_001185119.1

TF

Variant 3
29aa missing

WD repeat & HMG-box DNA binding
protein 1 (WDHD1)

NM_001008396.2

TF

Variant 2
123aa missing

zinc finger protein (ZNF200)

NM_198087.2

TF

Variant 3
1aa missing

zinc finger protein (ZNF662)

NM_207404.3

TF

Variant 1
Canonical sequence

zinc finger protein (ZNF674)

NM_001039891.2

TF

Variant 1
Canonical sequence

zinc finger protein 75D (ZNF75D)

NM_001185063.2

TF

Variant 2
95aa missing

zinc finger protein (ZNF805)

NM_001145078.1

TF

Variant 2
133aa missing

Table 3.9 Expression of cell signaling isoforms in HEM-L and HEM-D. Transcript isoforms
from cell signaling gene families expressed exclusively in lightly pigmented (A) or darkly
pigmented (B) HEMs Isoforms below expression threshold (FPKM < 0.1) and with high variability
(SEM > 35% of its average FPKM) were excluded. Abbreviations: GPCR, G protein-coupled
receptor; RK, receptor kinase; GAP, GTPase-accelerating protein; TF, transcription factor; NR,
Nuclear receptor.

54

3.7 Figures

Figure 3.1 Computational pipeline and analysis steps for RNA sequencing data.
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Figure 3.2 FastQC quality scores for all base positions. Quality analysis for sequences
obtained from HEM-D1 (A), HEM-D2 (B), HEM-L1 (C), and HEM-L2 (D). For each base position
(x-axis) the y-axis shows the average quality scores with higher scores equalling better quality.
The background of the graph is divided into high quality (green), acceptable quality (yellow), and
poor quality (red).
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Figure 3.3 Average melanin concentration of HEM-D vs. HEM-L. The average melanin
concentration in the two darkly pigmented cell samples (HEM-D1 & HEM-D2) was ~ 7 fold higher
than the average of the two lightly pigmented cell samples (HEM-L1 & HEM-L2) (n = 4, p <
0.002). Bars represent average ±
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Figure 3.4 Expression of predicted melanosomal transporters in HEM-L vs. HEM-D. (A)
Average transcript abundance of P-protein (OCA2), SLC45A2 (OCA4) and SLC24A5 (OCA6) in
HEM-D and HEM-L determined by RNA-Seq (n = 2). SLC45A2 is expressed at significantly
higher levels in HEM-L, compared to HEM-D (p < 0.015). Bars represent average FPKM ± SEM.
(B) Comparison of fold change in transcript abundance of predicted melanosomal transporters in
HEM-L vs. HEM-D, as determined by RNA-Seq or qPCR. SLC45A2 is expressed at higher levels
in HEM-L by both RNA-Seq and qPCR, while P-protein and SLC24A5, with values less than one,
have higher expression levels in HEM-D as measured by qPCR (n = 3, p < 0.01) but are not
significantly different by RNA-Seq (n = 2, p > 0.36). The error bars represent the error
propagation of the standard error mean from the average 2-ΔCt with respect to β-actin for qPCR,
and ± the standard error mean from the average FPKM for RNA-Seq.
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Figure 3.5 Distribution of the total number of transcripts identified from HEM-D and HEM-L.
Venn diagram representing the distribution of the total number of transcripts between libraries
obtained from darkly (HEM-D) and lightly (HEM-L) pigmented cells. The transcripts with FPKM <
0.1 in any of the libraries and variability >35% between the two libraries derived from the same
pigmentation phenotype were filtered out.
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Chapter 4:
Functional Analysis of the SLC45A2
L374F Polymorphism

In this chapter K.D.H. performed all experiments, analysed the data, and wrote
the text. K.D.H. and E.O. designed the experiments. The underwhite cells were
provided by the Dr. Michael Marks' Lab at the University of Pennsylvania.
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4.1 Introduction
Our genome-wide transcriptome analysis of lightly versus darkly pigmented
melanocytes identified solute carrier family 45, member 2 (SLC45A2) as the only
pigmentation gene with a significant difference in mRNA levels. We also found
that the lightly pigmented melanocytes were homozygous for 374F and the darkly
pigmented melanocyte were homozygous 374L. These findings sparked our
interest in SLC45A2 and its role in human pigmentation.
The story of SLC45A2 started with mouse mutagenesis studies of underwhite
mice. Underwhite mice carry mutations in the underwhite (uw) gene and display
a dramatic loss of coat color and a lack of eye pigment. On a subcellular level,
their melanosomes are irregular in shape, smaller in size, and the melanocytes
display a reduced fraction of mature melanosomes [1]. After identification of the
mouse underwhite gene, the human orthologue was identified as SLC45A2 [2].
SLC45A2 is on chromosome 5p, spans 40kb and has 7 exons, encoding a 530
amino acid protein. Its mRNA expression also correlates with pigmented tissues
such as the eye and skin (Figure 4.1-4.2). Based on its sequence, SLC45A2 has
12 putative transmembrane domains with significant homology to a Drosophila
sucrose transporter [3]. A recent study confirmed that SLC45A2 transports
primarily sucrose and other sugars when heterologously expressed in
Saccharomyces cerevisiae [4]. Interestingly, the sucrose transport was coupled
to an H+ gradient [4]. Previous studies have also shown that sugar
concentrations within melanocytes and melanosomal pH regulate tyrosinase
activity and cellular melanin content [5-7]. Altogether, these findings suggest that
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SLC45A2 may regulate melanosome size and melanin synthesis by changing the
osmolarity and pH of melanosomes, respectively. What remains to be elucidated
is the exact function of SLC45A2 in melanocytes. It is established that SLC45A2
is highly conserved and plays a critical role in pigmentation across many species
[2, 8-14]. SLC45A2 also underlies the human pigmentation disorder,
oculocutaneous albinism type 4 (OCA4) [2, 15] and is the most common form of
albinism in Japan [16].
OCA4 is part of a group of pigmentation disorders that causes hypopigmentation
in the skin, hair and eyes. To date 7 types of OCA have been identified with each
type caused by mutations in their respective genes/loci: tyrosinase (OCA type 1),
P-protein (OCA type 2), tyrosinase-related protein (OCA type 3), solute carrier
family 45, member 2 (OCA type 4), loci 4q24 (OCA type 5), SLC24A5 (OCA type
6), and c10orf11 (OCA type 7) [17]. Previous work characterizing OCA causing
genes has been essential to increasing our understanding of human skin
physiology and melanin synthesis. Although progress has been made, like
SLC45A2 the exact function of many of these OCA genes are not well
understood.
The functional analysis of normal and deleterious mutations in these genes is a
critical step to better understanding variations in skin, hair and eye pigmentation
as well as developing treatments for pigmentation disorders. In this study we
conduct a functional analysis of two protein isoforms of SLC45A2 resulting in
374L and 374F. These isoforms are non-pathological and are caused a single
nucleotide polymorphism (SNP). The allelic distribution of the 374F mutation was
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linked to a loss of pigmentation among Caucasians with higher prevalence in
Germans, less in Indians, Bangladeshi, Han Chinese, and Indonesian and
absent from African and Japanese [18-20]. On a molecular level, the 374F
isoform of SLC45A2 is also associated with a decreased tyrosinase activity and
melanin content in melanocytes [21]. Altogether, the population studies and the
cell culture analysis suggests that 374L is associated with higher amounts of
pigmentation, and 374F with lower amounts. The actual effect of the L374F
amino acid change on SLC45A2 is unclear and needs to be investigated. In this
study we perform a functional analysis of the SLC45A2-374L and SLC45A2-374F
isoforms. Better understanding how these isoforms function may bring insight
into normal variations in human pigmentation, melanocyte function, and potential
therapies for pigmentation disorders.
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4.2 Material and Methods
Cell culture
Primary human epidermal melanocytes (HEM) obtained from neonatal foreskin
(Cascade Biologics/Invitrogen) were cultured in Medium 254 containing Human
Melanocyte Growth Supplement (HMGS2, Cascade Biologics/Invitrogen) and
propagated for a limited number of cell divisions (≤ 15). Primary human
keratinocytes (KER; Lifeline Cell Technology) were cultured in keratinocyte
media with keratinocyte growth factors (Lifeline Cell Technology) and propagated
in an undifferentiated state for a limited number of cell divisions (usually ≤ 10).
HEK293 (ATCC) cells were cultured in DMEM containing 10% FBS and human
lung fibroblasts CCD-19Lu (ATCC) were cultured in EMEM/FBS. Mouse melan-a
melanocytes were culture in RPMI Medium 1640, 10% FBS and 200nM 12-0tetradecanoyl phorbol acetate (TPA). Mouse underwhite melanocytes were
cultured in RPMI Medium 1640, 10% FBS, 200nM 12-0-tetradecanoyl phorbol
acetate (TPA) and 200pM cholera toxin (CT).
qPCR analysis
Total RNA was extracted from HEM, HKER, and Fibroblast cell lines using the
RNeasy Plus Kit (Qiagen) and reverse transcribed (RT) using SuperScript III kit
(Life Technologies). The resulting cDNA of each cell type was used for qPCR
quantification of SLC45A2 mRNA levels. β-actin was used as an internal control
and all reactions were run in triplicate. Reactions were prepared according to the
manufacturer’s protocol using SYBR Select Master Mix (Invitrogen) and cycled
on a VIIA-7 Real-Time PCR System (Applied Biosystems). mRNA levels were
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quantified by calculating average 2-∆Ct values, where Ct is the cycle number for
the control and target transcript at the chosen threshold. ∆Ct = Cttarget - Ctβ-actin
was calculated by subtracting the average Ct of β-actin from the average Ct of
the target transcript. For the human tissue analysis cDNA samples were
normalized to GAPDH (OriGene). SLC45A2 (NM_016180.3) primers were
designed to span an exon-exon junction to avoid amplification of any
contaminate DNA. The primers used were designed using Primer3
(http://bioinfo.ut.ee/primer3-0.4.0/) and were as follows:
F: CCCTGTACACTGTGCCCTTT and R: CTTCCCTCTCACGCTGTTGT
Immunofluorescence Microscopy
Melan-a melanocytes and Human embryonic kidney (HEK) AD293 cells were
seeded on poly-L-lysine coated cover slips, transfected the next day using
Lipofectamine 2000 with 4µg and 1µg of DNA, respectively. For DAMP staining,
the next day HEK cells were incubated in 30 μM DAMP for 30 min at 37°C. For
NH4Cl studies, after DAMP uptake HEK cells were incubated overnight with
10mM NH4Cl. Cells were fixed in PBS/4% paraformaldehyde (Sigma) for 10 min
at room temperature, washed two times with PBS and labeled with primary and
secondary antibodies diluted in PBS with 0.2% (wt/vol) saponin, 0.1% (wt/vol)
bovine serum albumin, 0.02% (wt/vol) sodium azide as described[22]. Antibodies
used were: rat anti-HA (Roche); mouse anti-LAMP1 (Developmental Studies
Hybridoma Bank); goat anti-DNP (Oxford Biomedical Research);. Cells were
imaged using a Zeiss LSM 510 Laser Scanning Microscope and 63× PlanApochromat lens using ZEN 2009 software.

76

Melanin Quantification
HEMs were grown to 70 – 90% confluence in 35 mm Petri dishes and melanin
collected and quantified as previously described [23]. Briefly, after cell lysis
soluble and insoluble fractions were separated by centrifugation. The soluble
fraction was used to determine the total amount of protein in each sample using
a Bradford assays (Bio-Rad Laboratories). The insoluble fraction containing
melanin was resuspended in 100 µl of 1 M NaOH and incubated at 85ºC until
melanin was fully dissolved (15 – 30 min). Melanin was quantified by comparing
the optical density of samples at 405 nm with a standard curve generated with
serial dilutions of synthetic melanin (Sigma) dissolved in 1 M NaOH. Average
cellular melanin values were calculated as the ratio between total melanin and
total protein from the same dish of cells. All melanin quantifications were
performed in triplicate to account for dish-to-dish variability.
Western Blot Analysis
HA-tagged SLC45A2 was used for transfections of HEK293 cells using
Lipofectamine 2000 (Life Technologies). Underwhite cells cultured in 10 cm Petri
dishes were homogenized in ice cold buffer containing: (in mM) 300 sucrose, 35
Tris (pH 7.4), 10 EDTA, 10 EGTA, and protease inhibitor cocktail (Roche Applied
Science). Samples were centrifuged at 16,000 g for 30 min at 4°C using an
Eppendorf Micro Centrifuge 5415 C. The supernatant was placed in 1.5mL
microcentrifuge tubes and total protein content was determined using the Pierce
BCA Protein Assay Kit (Thermo Scientific). Equal amounts of protein were
loaded onto each lane, separated by electrophoresis on NuPAGE Bis-Tris gels
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(Life Technologies), and then transferred to nitrocellulose membranes (Bio-Rad).
Membranes were blocked at room temperature for 2 h and incubated overnight at
4°C with rabbit anti-HA antibody (1:1000, Cell Signaling), or anti-GAPDH
antibody (1:2500) for 1 hr at room temperature (RT), followed by 1 hr at RT with
HRP-conjugated goat anti-rabbit IgG affinity purified antibody (1:10,000,
Invitrogen), or with HRP-conjugated goat anti-mouse IgG affinity purified antibody
(1:10,000, Invitrogen). Immunoreactive protein bands were detected using
SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) and
visualized with CL-XPosure Film (Thermo Scientific).
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4.3 Results and Discussion
Localization of SLC45A2-374L and SLC45-374F Isoforms in Melanocytes
The sub cellular localization and function of SLC45A2 is not well understood. In a
earlier study SLC45A2 was predicted to be bound to vesicles and responsible for
trafficking tyrosinase to melanosomes [24]. It has also been suggested that
SLC45A2 localizes to the melanosomal membrane and regulates pH [25].
Previous localization studies using specific antibodies against SLC45A2 have
also been unclear [15, 26]. We therefore sought out to further investigate the
localization of SLC45A2 and its protein isoforms 374L and 374F. To detect the
full length protein we inserted an in-frame HA epitope at the N-terminus of both
isoforms. We then expressed the HA-SLC45A2 transgene products in mouse
melan-a melanocytes. Both isoforms exhibited a circular pattern around the
pigment granules and displayed significant co-localization visualized by bright
field and fluorescence microscopy (Figure 4.3).
Because melanosomal proteins expressed in non-melanocytes often localize to
late endosomes or lysosomes [22, 27-30], we tested the localization of 374L and
374F in HEK cells. Both isoforms of the HA-SLC45A2 transgene were expressed
and detected by anti-HA staining. The HA stained vesicles overlapped
significantly with the membrane protein and endolysosomal marker LAMP-1
(Figure 4.4). This observation indicates that SLC45A2 localizes to late
endosomes and lysosomes in non-melanocytes. Since late endosomes and
lysosomes are acidic organelles we tested this finding by utilizing the acidic
compartment stain 3-(2,4-dinitroanilino)-3’-amino-N-methyl-dipropylamine
(DAMP) [31, 32] in HEK cells expressing SLC45A2. DAMP is a weak base that
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accumulates in acidic compartments and remains after aldehyde fixation. We
found that acidic vesicles stained with DAMP overlapped with the compartments
expressing 374L and 374F (Figure 4.5). As a negative control and to
demonstrate a loss of the acidic vesicles, transfected HEK cells were incubated
overnight in 10mM NH4Cl. Altogether, these data suggest that both isoforms of
SLC45A2 are targeted to melanosomes in melanocytes and late
endosomes/lysosomes in non melanocytes.
Melanin Production of SLC45A2-374L and SLC45A2-374F isoforms
The effect of the L374F polymorphism on melanin content is unclear.
Interestingly, in a albino zebrafish model human 374F was unable to rescue the
albino phenotype [33]. It would be expected that 374F partially rescues
pigmentation since it is non-pathological and does not cause OCA4. The partial
activity of 374F is also supported by genetic association studies showing 374F
associated with a partial decreased in tyrosinase activity and melanin content in
cultured melanocytes [21]. To test the hypothesis that 374F partially increases
melanin content, we used uw melanocytes that lack SLC45A2 as an in vitro
model [34]. As expected the negative control uw cells displayed low levels of
pigmentation (Figure 4.6A). In contrast, uw cells expressing 374L were darkly
pigmented and uw cells expressing 374F were moderately pigmented (Figure
4.6A). To substantiate this visual assessment, the cellular melanin content was
measured (Figure 4.6B). The 374L cells produced approximately 5 times as
much melanin than negative control cells and ~ 25% more melanin than 374F
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cells. These results indicate that both 374L and 374F isoforms are capable of
rescuing melanin in uw cells.
Since the mRNA expression of both isoforms are regulated by the same
promoter, we hypothesized that the reduced melanin content is posttranscriptionally regulated and is caused by increased degradation of 374F
protein. To test this we assessed the protein levels of both isoforms using a
Western Blot. The expression of 374F protein was significantly lower than 374L
(Figure 4.7). This data suggests that the L374F mutation leads to limited
translation or increased degradation of SLC45A2 protein. Interestingly, in our
transcriptome analysis of lightly versus darkly pigmented melanocytes we found
SLC45A2 to be 8 fold higher in lightly pigmented melanocytes (Chapter 3, Table
3.7). It's plausible that the higher mRNA levels found is a response to
compensate for the post-transcriptional down regulation of 374F. The increased
transcription may serve as a regulatory buffer needed to maintain SLC45A2
protein homeostasis.
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4.4 Conclusions & Future Directions
In this study we show that both the 374L and 374F non-pathological isoforms of
SLC45A2 localize to melanosomes. Like many melanosomal proteins, we find
that both isoforms of SLC45A2 localize to late endosomes and lysosomes when
expressed in non-melanocytes. This finding allows for future experiments to
possibly study SLC45A2 function heterologously in lysosomes.
We also provide the first evidence that 374F has the ability to partially rescue
melanin content in uw cells. This evidence supports the genetic association
studies linking 374F to lower melanin content in melanocytes [21]. Our Western
blot analysis suggests that the lightly pigmented phenotype associated with 374F
is caused by reduced protein expression. As a future experiment, determining
how the mRNA levels of both isoforms correspond to their overall protein levels
would bring more insight.
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4.5 Figures
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SLC45A2 mRNA Level (2-ΔCt)

Figure 4.1 Tissue Expression of Human SLC45A2 mRNA

Figure 4.1 Tissue Expression of Human SLC45A2 mRNA. The amount of
SLC45A2 mRNA was determine using qPCR. The concentration of cDNA for
each tissue was normalized to GAPDH. The data represents the results of three
independent experiments (n=3). Error bars indicate the standard error mean.
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SLC45A2 mRNA Level (2-ΔCt)

Figure 4.2 Expression of SLC45A2 mRNA in Human Skin
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Figure 4.2 Expression of SLC45A2 mRNA in Human Skin. The mRNA levels
of SLC45A2 was determine using qPCR. The concentration of cDNA for each
cell type was normalized to β-actin. The data represents the results of three
independent experiments (n=3). Error bars indicate the standard error mean.
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Figure 4.3 Localization of SLC45A2 Isoforms in Melanocytes

Figure 4.3 Localization of SLC45A2 Isoforms in Melanocytes. Transfected
cells were detected by anti-HA staining (red) and the pigmented melanosomes
were visualized using bright field microscopy (grey scale). Merged images (right)
show that both SLC45A2 isoforms primarily localize to melanosomes. Insets, 16X
magnification of boxed regions. Arrows point to regions of HA-SLC45A2-374L
(top), and HA-SLC45A2-374F (bottom) staining around melansomes. Bar, 10µm.
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Figure 4.4 Localization of SLC45A2 Isoforms in HEK cells

Figure 4.4 Localization of SLC45A2 Isoforms in HEK cells. Late endosomes
and lysosomes were visualized using anti-LAMP1 staining (green). Transfected
HEK cells were detected by anti-HA staining (red) and the merged images (right)
show that both isoforms of SLC45A2 localize to late endosomes and lysosomes.
Insets, 7X magnification of boxed regions. Arrows point to regions of overlap
between HA-SLC45A2-374L (top), HA-SLC45A2-374F (bottom) and late
endosomes/lysosomes. Bar, 10µm.
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Figure 4.5 DAMP staining of HEK cells expressing SLC45A2

Figure 4.5 DAMP staining of HEK cells expressing SLC45A2.
Transfected HEK cells were detected by anti-HA staining (green-left). Acidic
vesicles (vesicles containing DAMP) were visualized using a dinitrophenol antibody (anti-DNP) shown in red. The merged images of transfected HEK cells
show that both isoforms of SLC45A2 overlap with the stained acidic vesicles. The
right panels display merged images of transfected HEK cells incubated in 10mM
NH4Cl overnight, followed with DAMP staining. This demonstrates the loss of
acidic vesicles after treatment with NH4Cl. Insets, 10X magnification of boxed
regions. Arrows point to regions of overlap between isoforms 374L (top), 374F
(bottom) and acidic vesicles. Bar, 10µm.
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Figure 4.6 Melanin content of uw cells expressing different isoforms of
SLC45A2
A.

A. Bright field microscopy of uw cells expressing different isoforms of
SLC45A2. Bright field microscopy of uw cells expressing SLC45A2-374L (left),
SLC45A2-374F (middle), and mock-transfected control (right). Bar, 20 µm.
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B. Melanin content of uw cells expressing different isoforms of SLC45A2. The
average fold change and the standard error mean (error bars) were calculated for 4
independent experiments performed in triplicate. Melanin content of SLC45A2
expressing cells were normalized to uw mock-transfected control (CTRL). A
significant increase in melanin (µg melanin / mg protein) was observed for both 374L
and 374F isoforms (p < 0.03).
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Figure 4.7 Western Blot Analysis of SLC45A2 Isoform Expression
A.
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4.7 Western Blot Analysis of SLC45A2 Isoform Expression. (A) Representative
Western blot showing SLC45A2-374L, SLC45A2-374F , CTRL (uw cells mocktransfected) and GAPDH expression. (B) Bar graph showing the densiometric
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analyis of 374L and 374F isoforms relative to GAPDH. The average percent pixel
intesity and the standard error mean (error bars) were calculated for 3 independent
experiments (n=3). Expression of SLC45A2-374F protein was significantly lower
than SLC45A2-374L (p < 0.003).
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Chapter 5:
Opsin Expression in Human Epidermal Skin
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5.1 Abstract
Human skin is constantly exposed to solar radiation containing visible light and
ultraviolet radiation (UVR), a powerful skin carcinogen. UVR elicits cellular
responses in epidermal cells via several mechanisms: direct absorption of short
wavelength UVR photons by DNA, oxidative damage caused by long wavelength
UVR, and, as we recently demonstrated, via a retinal-dependent G proteincoupled signaling pathway. Because the human epidermis is exposed to a wide
range of light wavelengths, we investigated whether opsins, light-activated
receptors that mediate photoreception in the eye, are expressed in epidermal
skin to potentially serve as photosensors. Here we show that four opsins —
OPN1-SW, OPN2, OPN3 and OPN5 — are expressed in the two major human
epidermal cell types, melanocytes and keratinocytes, and the mRNA expression
profile of these opsins does not change in response to physiological UVR doses.
We detected two OPN3 splice variants present in similar amounts in both cell
types and three OPN5 splice isoforms, two of which encode truncated proteins.
Notably, OPN2 and OPN3 mRNA were significantly more abundant than other
opsins and encoded full-length proteins. Our results demonstrate that opsins are
expressed in epidermal skin cells and suggest that they might initiate lightinduced signaling pathways, possibly contributing to UVR phototransduction.
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5.2 Introduction
Phototransduction, the mechanism by which photons are absorbed and
converted into a cellular response, occurs primarily through a class of proteins
called opsins [1]. Opsins are light-sensitive members of the superfamily of
heptahelical G protein-coupled receptors (GPCRs), a large family of cell surface
receptors that are activated by a wide variety of stimuli and mediate signaling
across biological membranes [2]. Functional opsin receptors require two
components: an opsin apoprotein plus a covalently bound vitamin A-derived
aldehyde chromophore (retinal), which binds to a highly conserved lysine residue
(K296 in bovine rhodopsin) [3].
Visual pigments include rhodopsin (OPN2) and the cone opsins (OPN1), which
are expressed in rod and cone cells of the retina and mediate dim-light and color
vision, respectively [1]. In addition to the classical visual opsins, a number of
other opsins have been recently described, including panopsin or encephalopsin
(OPN3), melanopsin (OPN4), and neuropsin (OPN5) [4]. OPN4 is expressed in a
subset of retinal cells and mediates circadian photo-entrainment in mammals [58], while OPN3 and OPN5 have been identified in the brain and their function
remains unknown [9-14].
We recently showed that human epidermal melanocytes (HEMs) use a G proteincoupled phototransduction mechanism to increase levels of the protective
pigment melanin at early time points after exposure to long wavelength UVR [15],
[16]. In our previous study we used degenerate primers to investigate expression
of opsin messenger RNA (mRNA) in melanocytes [15]. These primers amplified a
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cDNA fragment containing OPN2 as well as a truncated OPN3 splice variant.
This led us to further investigate the expression and functional role of OPN2/3 in
melanocytes. OPN2, a blue-light sensitive pigment in retinal rod cells, contributes
to the UVR response in HEMs, since siRNA-mediated reduction of its expression
level decreases retinal-dependent UVR responses [15]. Since rhodopsin is
sensitive to blue-green light and couples to different G proteins in rod cells and
melanocytes [17], it is likely that UVR sensitivity in HEMs involves other opsins or
GPCRs. Evidence for receptor-mediated phototransduction in melanocytes
raises the question of whether or not a similar mechanism exists in primary
human epidermal keratinocytes (KERs).
Here, we used a more sensitive approach to detect expression of opsins in the
two major human epidermal cell types, HEMs and KERs. We used multiple
opsin-specific primers to test for expression of opsins using reverse transcription
polymerase chain reaction (RT-PCR) and found that four different opsins express
in both cell types. We showed that, in addition to being expressed in HEMs [15],
OPN2 mRNA and protein are also present in primary KERs. We also found that
the short-wavelength OPN1 (OPN1-SW), but not medium/long wavelength OPN1
(OPN1-M/LW) mRNA is expressed in both HEMs and KERs. Additionally, we
show that the non-visual receptors encephalopsin (OPN3) and neuropsin
(OPN5), as well as novel splice variants of both OPN3 and OPN5 are expressed
in HEMs and KERs. Using quantitative PCR (qPCR) analysis, we show that
these two epidermal cell types differentially express the opsin receptors: while
OPN1-SW, and OPN5 are expressed at similarly low levels, OPN2 and OPN3
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mRNA is expressed at significantly higher levels in both HEMs and KERs. The
expression of opsin mRNA in skin suggests that these proteins might mediate
phototransduction pathways in human skin either singularly or in concert.
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5.3 Material and Methods
Cell culture
Primary human epidermal melanocytes (HEM) obtained from neonatal foreskin
(Cascade Biologics/Invitrogen) were cultured in Medium 254 containing Human
Melanocyte Growth Supplement (HMGS2, Cascade Biologics/Invitrogen) and
propagated for a limited number of cell divisions (≤ 15). Primary human
keratinocytes (KER; Lifeline Cell Technology) were cultured in keratinocyte
media with keratinocyte growth factors (Lifeline Cell Technology) and propagated
in an undifferentiated state for a limited number of cell divisions (usually ≤ 10).
HEK293 (ATCC) were cultured in DMEM containing 10% FBS and human lung
fibroblasts CCD-19Lu (ATCC) were cultured in EMEM/FBS. Neutrophils and
buffy coat cells extracted from blood were kindly provided by Dr. Reichner’s lab
(Brown University) and used without further culturing. Human Umbilical Vein
Endothelial Cells (HUVEC) were cultured in EGM-2 (Lonza) and HL60 cells in
IMDM with 20% FBS.
RNA extraction, Reverse Transcription and PCR
HEM and KER cDNA was obtained by reverse transcription (RT) using
SuperScript III kit (Invitrogen) with total RNA extracted from cultured cells using
the RNeasy Plus kit (Qiagen). PCR reactions were performed with the primers
shown in Table 5.1.
For PCR amplification of full-length OPN2 transcripts we used 30 – 35 cycles of
the following protocol: 95C for 30 s, 58C for 45 s, and 72C for 2 min. In some
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cases we obtained a faint ~1kb band that was purified and re-amplified using the
same protocol. PCR products were sequenced directly, or cloned into a plasmid
vector (TOPO-TA, Invitrogen) before sequencing. For most reactions we used
the following touchdown PCR protocol: 94C for 5 min, 5 cycles of 94C for 15 s
and 70C for 4 min; 5 cycles of 94C for 15 s and 68C for 4 min; 20 cycles of
94C for 15 s and 66C for 3 min; followed by 35 regular PCR amplification
cycles: 94C for 30 s, 55C for 45 s, and 72C for 1 min 30 s. For amplification of
OPN3 we used the GC-Rich Polymerase kit (Invitrogen).
Quantitative PCR was used to determine the abundance of OPN1-SW, OPN2,
OPN3 and OPN5 mRNA in HEMs or KERs, using the primers in Table 5.2.
Primer efficiency was tested by measuring the slope of the template dose
response curve with brain cDNA. Only primers with slopes within 10% of the
theoretical slope were used for amplification.
Reactions were prepared according to manufacturer’s instructions using Power
SYBR Green (Applied Biosystems) and cycled on a 7500 Real-Time PCR
System (Applied Biosystems).

Actin was used as an internal control and all

reactions were run in triplicate. mRNA levels were determined independently for
four different HEM and four different KER donors. mRNA levels were determined
by calculating 2-∆CT values for each opsin.
Light stimulation of cultured cells.
Light stimulation was performed using a 200 W Hg-Xe arc lamp with converging
optics and filters (Newport) consisting of a dichroic mirror (260 - 400 nm)
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combined with 280 nm long pass and 400 nm short pass filters. The light source
comprises ~90% UVA (320 – 400 nm) and ~10% UVB (280 – 320 nm) and each
10 mJ/cm2 exposure equates to 10 s of solar UVR exposure on a day with a UV
index ~10. Filtered light was directed onto a microscope stage using a liquid light
guide and a TTL-driven mechanical shutter (Newport). Power was measured
using a hand-held silicon detector (Newport).
HEMs and KERs cultured in 35 mm Petri dishes were exposed to 500 mJ/cm 2
UVR (4.5 mW/cm2 for 111 s) in extracellular buffer containing (in mM): 125 NaCl,
5 KCl, 1.5 MgCl2, 1.5 CaCl2, 20 HEPES, 10 glucose, pH 7.4. Cells were
immediately rinsed and either used for RNA extraction (t = 0 h) or returned to
their growth medium and incubated at 37°C and 5% CO 2 until the 4, 16, or 24 h
time points.
Western Blot Analysis
For OPN2 expression in KERs, HA-tagged rhodopsin in pcDNA3.1 was used for
transfections of HEK293 cells using Lipofectamine 2000 (Life Technologies).
KERs and transfected HEK293 cells cultured in 10 cm Petri dishes were
homogenized in ice cold buffer containing: (in mM) 300 sucrose, 35 Tris (pH 7.4),
10 EDTA, 10 EGTA, and protease inhibitor cocktail (Roche Applied Science).
Samples were centrifuged at 7000 g for 5 min at 4°C using an OptimaMaxx
Ultracentrifuge (Beckman Coulter), followed by two additional centrifugations at
140,000 g for 1 h at 4°C to enrich the pellet with membrane proteins. Total
protein content was determined using the Pierce BCA Protein Assay Kit (Thermo
Scientific). Equal amounts of protein were loaded onto each lane, separated by
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electrophoresis on NuPAGE Bis-Tris gels (Life Technologies), and then
transferred to PVDF membranes (Roche Applied Science). Membranes were
blocked at room temperature for 1 h and incubated overnight at 4°C with either
mouse monoclonal anti-rhodopsin antibody clone 1D4 (1:1000, Sigma) or rat
monoclonal anti-HA antibody clone 3F10 (1:500, Roche Applied Science),
followed by 1 h at RT with HRP-conjugated goat anti-mouse IgG affinity purified
antibody (1:2000, Invitrogen) or HRP-conjugated goat anti-rat IgG affinity purified
antibody (1:5000, Chemicon). For OPN3 we used anti-Encephalopsin (1:500,
Abcam) as primary antibody and anti-Integrin α5 (1:500, Santa Cruz
Biotechnology) as loading control. Secondary antibodies were obtained from
Santa Cruz and diluted 1:10000. Immunoreactive protein bands were detected
using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific)
and visualized with CL-XPosure Film (Thermo Scientific).
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5.4 Results and Discussion
In order to investigate the ability of human skin to act as a sensory system for
ultraviolet and visible radiation, we examined the expression pattern of opsin
receptors in HEMs and KERs at the mRNA level. We used reverse transcription
polymerase chain reaction (RT-PCR) to identify opsin mRNA transcripts
expressed in HEMs and KERs, followed by quantitative PCR (qPCR) to
determine their relative expression levels.
Functional opsins require a chromophore attached to a lysine residue
homologous to K296 in bovine rhodopsin (Fig. 5.1A). Hence, we first
investigated whether mRNA fragments encompassing the equivalent lysine
residue

of

human

(NM_000513/020061), OPN2

OPN1-SW

(NM_001708.2),

(NM_000539),

OPN3

OPN1-M/LW

(NM_014322),

OPN4

(NM_033282), and OPN5 (NM_181744) are present in HEMs and KERs. Using
cDNA obtained through reverse transcription (RT) of mRNA extracted from
cultured HEMs or KERs, we PCR-amplified bands of the expected size using
primers for OPN1-SW, OPN2, OPN3, and OPN5 from both cell types (Fig. 5.1B).
These fragments were sequenced and found to be identical to the corresponding
annotated opsin sequences (Fig. S1).
Primers specific for OPN1-M/LW did not amplify any transcripts from either
HEMs or KERs, but produced a band of the expected size (~300 bp) using cDNA
obtained from retinal cells (RET). Primers specific to OPN4 amplified a cDNA
fragment of the expected size (~400 bp) from retina (RET), a smaller cDNA
fragment from HEMs (~250 bp) and no fragment from KERs (Fig. 5.1B).
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Sequencing of the two fragments from RET and HEMs indicated that the
amplified retina cDNA corresponded to OPN4, while the fragment amplified from
HEMs did not. Numerous attempts using different primers and amplification
conditions for OPN4 did not yield a fragment corresponding to OPN4 in either
HEMs or KERs. Based on these results, we next attempted to amplify full-length
cDNAs for OPN1-SW, OPN2, OPN3 and OPN5 from HEMs and KERs.
OPN1-SW (short-wavelength-sensitive cone opsin) is one of the three types of
cone opsins responsible for normal color vision, having a maximal absorption in
the blue-violet range. OPN1-SW cDNA consists of five exons (e1-e5), encoding a
348 amino acid protein (Fig 5.2B). Primers based on the coding sequence of
OPN1-SW amplified DNA fragments of the expected size (~ 1kb) from both
HEMs and KERs cDNA (Fig 5.2A); these were sequenced and found to
correspond to the full-length open reading frame of OPN1-SW.
OPN2 (rhodopsin) functions in dim-light photoreception and is highly expressed
in retinal rod cells. We have previously shown that OPN2 mRNA and protein are
expressed in HEMs [15] and Tsutsumi and colleagues detected rhodopsin
immunoreactivity in the upper layer of human epidermis, which consists primarily
of keratinocytes [18]. To determine whether full length OPN2 mRNA is expressed
in KERs, we performed PCR using primers based on the coding sequence of
OPN2, between its 5’ start (ATG) and 3’ stop codons, and amplified a transcript
of the expected size (1047 bp) from both HEMs and KERs (Fig. 5.2C). The
sequenced cDNA fragment corresponded to the five exons of OPN2 (Fig. 5.2D)
and encodes a full-length protein (red bar). We thus conclude that both HEMs

108

and KERs express full-length OPN2 mRNA. Since we previously showed that
HEMs express full-length OPN2 protein [15], we tested if KERs also contain full
length OPN2. Western blot analysis using an anti-OPN2 antibody revealed a
protein band of the expected size (~36 kDa) in KERs, similar in size to the band
recognized by an anti-HA antibody in HEK293 cells expressing HA-OPN2, and
which was absent in untransfected HEKs (Fig. 5.1E).
OPN3 (encephalopsin, panopsin) is a non-visual opsin of unknown function, and
is highly expressed in brain, testes, and retina [9, 10]. Expression analysis of
human OPN3 has shown that it is an ancestral-type opsin, highly conserved
across vertebrates [19]. Recently, the pufferfish teleost multiple tissue opsin
(TMT opsin) and mosquito OPN3 were shown to have the ability to form a greenlight activated photopigment [14]. OPN3 expression or function in skin has not
been previously detected.
Based on our isolation of an OPN3 fragment containing K299 (equivalent to
bovine rhodopsin K296), we sought to amplify larger fragments of OPN3
containing all four coding exons. RT-PCR using a forward primer based on exon
1 and a reverse primer based on exon 4 resulted in 2 bands from both HEMs and
KERs: a longer transcript of ~900 bp and a smaller transcript of ≥500 bp (Fig.
5.3A). Sequencing identified the longer transcript as a 878 bp sequence
encompassing exons 1 - 4 (Fig. 5.3B), and the shorter transcript as a 558 bp
sequence containing exons 1, 3 and 4 but lacking exon 2 (320 bp) (Fig. 5.3C).
This novel splice variant encodes a protein containing a frame-shift that causes
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truncation after exon 1, and resulting in a 143 amino acid peptide (Fig. S2B) that
is presumably non-functional.
OPN5 (neuropsin) is expressed in human brain, testes and retina [12]. Recent
studies suggest that OPN5 is expressed in mammalian skin [11, 20] where it
functions as a G protein-coupled UVR-sensitive receptor in humans [11] and
birds [13, 21]. Together, these findings make OPN5 an attractive candidate for an
epidermal UVR-sensitive photoreceptor.
We sought to amplify the full coding sequence of OPN5 (containing seven exons)
from HEMs and KERs (Fig. 5.4A, 5.4B). Repeated attempts to amplify OPN5
with different primer pairs based on exon 1 and exon 7 did not detectably amplify
transcripts from either HEM or KER cDNA, but did amplify bands of expected
size using brain cDNA (data not shown). Using a forward primer based on the 5’
untranslated region (5’-UTR) and a reverse primer based on exon 3, we amplified
two transcripts (319 bp and 408 bp) from both HEMs and KERs (Fig. 5.4C).
Sequencing identified the shorter of these as the expected 319 bp transcript
encompassing exons 1 through 3. The longer transcript corresponded to a
sequence containing a novel 89 bp exon between exon 1 and 2 (exon 1a),
resulting in a 408 bp splice variant (Fig. 5.4D) encoding a 136 amino acid
peptide, which truncates in exon 3 due to a frame-shift introduced by exon 1a.
Interestingly, the relative abundance of the two transcripts varies in HEMs vs.
KERs (Fig. 5.4A), suggesting that this short, and presumably non-functional,
variant might function to regulate OPN5 expression levels.
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Subsequent PCR reactions using primers designed to amplify OPN5 exons 3
through 6 produced a ~750 bp band using KER cDNA (Fig. 5.4A, right).
Sequencing analysis identified two distinct transcripts: the first corresponded to
the expected 612 bp sequence encompassing exons 3 – 6, while the second
corresponded to a 681 bp transcript containing a novel 69 bp exon between exon
3 and 4 (exon 3a), resulting in a variant encoding a 227 amino acid peptide,
truncated due to a frame-shift introduced by exon 3a (Fig. 5.4E).
We next assessed the relative expression levels of OPN1-SW, OPN2, OPN3 and
OPN5 mRNA in HEMs and KERs using qPCR. We used primer pairs designed to
assess total mRNA levels, without discriminating between splice variants. When
comparing the levels of OPN1-SW, OPN2, OPN3 and OPN5 to actin levels in
HEMs and KERs, we found that OPN2 is expressed at higher levels in HEMs,
while OPN5 is expressed at higher levels in KERs (Fig. 5.5). We measured opsin
levels in at least three biological replicates. We observed significant variability
(10 – 100-fold) between HEM and KER lines from different individuals, but did
not detect any correlation between the expression levels of different opsin and
the pigmentation phenotype of the donor. Surprisingly, we found that OPN3 is
expressed in both HEMs and KERs at significantly higher levels than OPN1-SW
or OPN5 (Fig. 5.5), suggesting that OPN3 might have an important functional
role in human skin. We also found that OPN2, which we previously found to be
involved in UVR phototransduction in melanocytes [15], is expressed in HEMs at
levels comparable to OPN3 and significantly higher than OPN1-SW or OPN5
(Fig. 5.5).
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Because human epidermal skin is physiologically exposed to solar UVR, we
tested if UVR stimulation leads to changes in the opsin expression levels in these
cells. We exposed melanocytes and keratinocytes to 500 mJ/cm 2 UVR
(equivalent to ~ 10 min of bright solar UVR) to minimize cell death and oxidative
damage, and collected RNA at 0, 4, 16 and 24 hours after the treatment. The
cDNA obtained by RT was used to quantify the levels of each opsin by qPCR.
We found that none of the opsins expressed changed their expression levels at
any of the time points measured, in neither HEMs nor KERs (Fig. S6). In
addition, we could not detect OPN4 at later time points after exposure (data not
shown), suggesting that its expression is not UVR dependent. These results
suggest that opsins are not transcriptionally regulated by UVR exposure, but
might contribute to UVR signalling pathways in skin.
Since the levels of OPN3 mRNA measured in Fig. 5.5 consisted of both fulllength coding sequence as well as a truncated isoform, we deemed it important
to determine their relative expression levels. We designed primers based on
exon 2 and 3 to detect full-length OPN3 exclusively, and primers based on exons
3 and 4 to detect both the full-length and truncated isoforms (Fig. S2A). We
calculated the expression level of the truncated isoform by subtracting the
expression of the full-length measured with the first primer pair from the
expression of both isoforms measured with the second primer-pair, and found
that the ratio of full length to truncated OPN3 mRNA was approximately 1:1 both
in HEMs and KERs (Figure 5.6A), suggesting that at least one-half of the OPN3
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mRNA detected in these cells (Figure 5.5) encodes the full length protein (Fig.
S2B).
To test whether OPN3 mRNA is translated into a protein of the predicted size in
HEMs and KERs, we performed Western blot analysis using an anti-OPN3
antibody that recognizes the region between amino acids 181 and 210 of OPN3,
present only in the full-length isoform. Anti-OPN3 detected a band of ~ 45 kDa
both in HEMs and KERs, but not in HEK293 cells (Figure 5.6B), suggesting that
OPN3 protein is expressed in epidermal skin cells.
The detection of mRNA for four different opsins the two main types of human
epidermal cells, with OPN3 being expressed at notably high levels, made us
wonder whether other cells express opsin mRNA. We first tested cDNA obtained
by RT from HEK293 cells with the primers used in Fig. 5.1. Unexpectedly, we
amplified bands that, when sequenced, were found to correspond to each of the
opsins tested (Fig. S4A). However, no protein product was detected for OPN2
(Fig. 5.2E) or OPN3 (Fig. 5.6B) in HEK293 cells, the significance of opsin mRNA
expression in these cells remains unclear. Since HEK293 cells are a polyploidy
cell line that might exhibit aberrant mRNA expression, we tested human lung
fibroblasts and found that the same primers also amplified from lung fibroblasts
cDNA bands that were sequenced and found to correspond to the respective
opsins (Fig. S4B).
Intrigued by this finding, we tested by qPCR the levels of a representative opsin,
OPN3, in cell lines and primary cells derived from diverse tissues: human lung
fibroblasts, primary human neutrophils, buffy coat cells, the leukemia cell line
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HL60, and human umbilical vein endothelial cells (HUVEC). Compared to HEMs
and KERs, OPN3 mRNA was expressed at levels about two to forty fold lower in
other tested cells (Fig. S5A). Interestingly, western blot with anti-OPN3
antibodies detected a band in HEMs and KERs (as also shown in Fig. 5.6B), in
fibroblasts, and in buffy coat cells, a weak band in HUVEC and no band in
neutrophils or HL60 cells. The discrepancy between mRNA and protein
expression could be due to specific protein degradation pathways used by
different cells. Nevertheless, in addition to expression in cells physiologically
exposed to light (HEM and KER), the presence of opsins in primary cells that are
not exposed to light raises the question of their activation mechanism and
functionality in these cells.
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5.5 Conclusions
In conclusion, we find that multiple opsin receptors are expressed in human
epidermal cells. We demonstrate that OPN1-SW, a cone opsin activated by blueviolet light, is expressed in epidermal skin. In addition, we confirm our previous
observation that OPN2 is present in HEMs [15] and show that it is also
expressed in KERs. Our findings also agree with previous reports suggesting that
OPN5 is expressed in human epidermis [11] and, in addition, identify two novel
OPN5 splice variants. The truncated proteins produced by alternative splicing of
OPN3 and OPN5 may serve to regulate the expression levels and function of
these opsins in skin. We found that OPN3 mRNA and protein is expressed at
higher levels that the other opsins in the two major human epidermal cell types
and identified a novel splice variant. The expression of opsins in skin suggests
that they may function as epidermal photoreceptors, prompting further studies
that will uncover their precise physiological roles. The expression of opsins in
other cell types suggests that in the absence of light they might activate by
alternative mechanisms and serve other functions than phototransduction.
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5.6 Tables
Table 5.1 Reverse Transcription PCR Primers
Gene

Primer (5’-3’)

exon span

OPN1-SW

F:GTGGGGCCGTGGGATGGGCCTCAGTACCAC

e1 - e5

R:CCTCAGTTGGGGCCAACTTGGGTAGACGAGACAG
OPN1-SW

F:GGARGTGASSCGCATGGTGGTKGTGATG

e4 - e5

R:CCTCAGTTGGGGCCAACTTGGGTAGACGAGACAG
OPN1-MW/LW

F:GGARGTGASSCGCATGGTGGTKGTGATG

e4 - e5

R:TCATGCAGGCGATACCGAGGACACAGATGAGAC
OPN2

F:ATGAATGGCACAGAAGGCCCTAACTTCTACGTGCC

e1 - e5

R:TTAGGCCGGGGCCACCTGGCTCGTC
OPN3

F:CGGCAACAACCTGCTGGTGCTCGTCCTCTAC

e1 - e4

R:CCTGTCCCCATCTTTCTGTGACATCACAATGG
OPN3

F:GGTCATGGTCACCTGGTCACTCCAACAATATC

e3 - e4

R:CCTGTCCCCATCTT TCTGTGACATCACAATGG
OPN5

F:TTCAGATCCCTCGTGGTTCGAGAACAGA

e1 - e3

R:GCAAGCCGTTCACCATCATCTCTTGCTTTTGTCAC
OPN5

F:GGTGCCAACCCTACTTGCAAAATCTGCAGC

e5 - e6

R:GCAGAAGACTTCCTGACTGTGGTTACGGTGTGC

F, forward primer; R, reverse primer
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Table 5.2 Quantitative PCR Primers
Gene

Primer (5’-3’)

exon span

OPN1-SW

F: TGTGCCTCTCTCCCTCATCT

e3 - e4

R: GGCACGTAGCAGACACAGAA
OPN2

F:GAGTCAGCCACCACACAGAA

e4

R:CATGAAGATGGGACCGAAGTTGGAG
OPN2

F:CGGAGGTCAACAACGAGTCT

e 3- e4

R:TCTCTGCCTTCTGTGTGGTG
OPN3

F:CAATCCAGTGATTTATGTCTTCATGATCAGAAAG

e3 - e4

R: GCATTTCACTTCCAGCTGCTGGTAGGT
OPN3

F:CATTGCTATGGCCATATTCTATATTCCATTCG

e2 - e3

R:ATCATTAAAAAGCACATTTTGGCCAGTTTC
OPN5

F:CTAGACGAAAGAAGAAGCTGAGACC

e2 - e3

R:GCGGTGACAAAAGCAAGAGA

F, forward primer; R, reverse primer
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5.7 Figures
Figure 5.1 Identification of mRNA corresponding to the retinal-binding site
of human opsins in HEMs and KERs.

A

-NH2

membrane
K296

COOH-

A. Schematic representation of the topology of human opsins, seven transmembrane domain light-activated receptors that contain in the seventh transmembrane domain a conserved Lys residue (K296 in rhodopsin) required for
binding retinal.
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DNA
size (kb)
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N
T
OPN1 SW
(cone opsin short wavelength)

0.7
0.5
0.3

OPN1 M/LW
(cone opsin long/medium wavelength)

0.7
0.5
0.3

OPN2
(rhodopsin)

0.7
0.5
0.3

OPN3
(encephalopsin)

0.7
0.5
0.3

OPN4
(melanopsin)

0.7
0.5
0.3

OPN5
(neuropsin)

B. PCR screen of HEM, KER, retina (RET) or brain (BR) cDNA with primers
encompassing the conserved lysine residue (Fig. S1) of cone opsin, short
wavelength (OPN1 SW), medium and long wavelength (OPN1 M/LW),
rhodopsin

(OPN2),

encephalopsin

(OPN3),

melanopsin

(OPN4)

and

neuropsin (OPN5). DNA bands corresponding to OPN1 SW, OPN2, OPN3,
and OPN5, but not OPN1 M/LW and OPN4, were amplified from HEMs and
KERs. Retina cDNA was used as a positive control for OPN1 SW, OPN1
M/LW, OPN2, and OPN4, and brain cDNA for OPN3 and OPN5. NT, no
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template. Dotted lines separate the gel lanes, continuous white lines denote
different gel lanes joined together.
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Figure 5.2 Identification of the mRNA corresponding to full length OPN1
SW and OPN2 in HEMs and KERs.

A. RT-PCR using HEM or KER RNA and primers based on the first and last exon
of OPN1 SW amplified a cDNA fragment (e1-e5) corresponding to the full
length coding sequence of OPN1 SW. No amplification occurred in the
absence of HEM or KER cDNA (NT, no template).
B. The cDNA amplified from HEM or KER in A corresponds to a fragment of the
coding sequence of OPN1 SW that encompasses all five exons and results in
a 348 amino acids peptide containing the retinal binding residue K293.
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C. RT-PCR using HEM or KER RNA and primers based on the first and last exon
of OPN2 amplified a cDNA fragment (e1-e5) corresponding to the full length
coding sequence of OPN2. No amplification occurred in the absence of HEM
or KER cDNA (NT, no template).
D. The cDNA amplified from HEM or KER in C corresponds to the coding
sequence of OPN2 that encompasses all five exons and results in a 349
amino acids peptide containing the retinal binding residue K296.
E. Western blot analysis of HEM and HEK293 cell extracts probed with antiOPN2 antibody shows a ~ 36 kDa band in HEM and HEK293 cells expressing
hemagglutinin (HA)- tagged OPN2, but not in untrasfected HEK293 cells.
Representative of three independent experiments.
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Figure 5.3 Identification of full length and truncated splice variant of OPN3
in HEMs and KERs.

A. RT-PCR using HEM or KER RNA and primers based on exon 1 and exon 4 of
OPN3 amplified two bands that corresponded to exons 1- 4 (e1-e2-e3-e4,
upper band) and to a splice variant missing exon 2 (e1-e3-e4, lower band)
(Fig.S2A).
B. The cDNA amplified in the upper band in A corresponds to a fragment of the
coding sequence of OPN3 that encompasses all four exons and results in a
403 amino acids peptide containing the retinal binding residue K299.
C. The cDNA amplified in the lower band in A corresponds to exons 1, 3, and 4
of OPN4, coding for a 143 amino acid peptide that does not contain the K299
residue (Fig.S2B).
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Figure 5.4 Identification of full length and two truncated splice variants of
OPN5 in HEMs and KERs.

A. RT-PCR using HEM or KER RNA and primers based on exon 1 and 3 of
OPN5 amplified two bands that corresponded to exons 1- 3 (e1-e2-e3, lower
band) and to a splice variant containing an additional exon e1a (e1-e1a-e2e3, upper band).
B. RT-PCR using HEM or KER RNA and primers based on exon 3 and 6 of
OPN5 amplified a band that corresponded to exons 3-6 (e3-e4-e5-e6).
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C. The lower cDNA bands amplified in A and the bands amplified in B
correspond to exons 1-6 of OPN5, coding for a 355 amino acid peptide
containing the retinal binding site K296.
D. The upper cDNA band amplified in A contains an additional 89 bp exon (e1a)
between exons 1 and 2. The coding sequence of this splice variant translates
into an 88 amino acid peptide (Fig.S3A).
E. The cDNA band amplified in B from KERs comprises, in addition to the
fragment shown in C, a splice variant containing an additional 76 bp exon
(e3a) between exons 3 and 4 and results in a 170 amino acid peptide
(Fig.S3B).
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Figure 5.5 Relative expression levels of opsins mRNA in HEMs and KERs.

Figure 5.5 Relative expression levels of opsins mRNA in HEMs and KERs.
qPCR analysis of the mRNA expression level of OPN1-SW, OPN2, OPN3 and
OPN5 in HEM and KER, relative to actin. Bars represent the average of ≥4
experiments; ± SEM.
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Figure 5.6 Relative OPN3 expression in HEMs and KERs.

Figure 5.6 Relative OPN3 expressions in HEMs and KERs
A. Quantitative PCR analysis of the mRNA expression of full length (light color)
and truncated splice variant (dark color) of OPN3 in HEM and KER, using the
primers shown in Fig. S2A and calculated relative to actin levels. Bars
represent the average of 3 experiments; ± SEM.
B. Western Blot analysis of OPN3 protein expression in HEM, KER and HEK293.
A 45 kDa band was detected by anti-OPN3 antibodies in HEM and KER, but
not in HEK293 cells. Integrin α5 was used as a positive control.
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5.8 Supplemental Figures
Figure S1. Alignment of the human opsins cDNA surrounding the bases
coding for the conserved retinal-binding lysine residue (red box).
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Figure S2. Alignment of OPN3 full length and splice isoform.

A. Alignment of full length OPN3 cDNA and the splice variant identified in HEMs
and KERs.
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B. Alignment of full length OPN3 protein and the protein predicted by the splice
variant identified in HEMs and KERs.
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Figure S3. Alignment of OPN5 full length and splice isoforms.

A-B. Alignment of cDNA and predicted protein of full-length OPN5 and the exon1
splice variants identified in HEMs and KERs.
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C-D. Alignment of cDNA and predicted protein of full length OPN5 and the exon3
splice variants identified in HEMs and KERs.
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Figure S4. RT-PCR screen for the region surrounding the retinal-binding site
of human opsins in HEK293 cells and human lung fibroblasts.

133

Figure S5. qPCR and western blot analysis of OPN3 expression in different
human cells.

134

Figure S6. Opsin expression levels in HEMs and KERs stimulated with UVR.

A. qPCR analysis of OPN1-SW, OPN2, OPN3 and OPN5 in HEMs exposed to 500
mJ/cm2 UVR (see methods) at 0, 4, 6, and 24 h after exposure. Bars represent
the average of ≥3 experiments; ± SEM.
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B. qPCR analysis of OPN1-SW, OPN2, OPN3 and OPN5 in KERs exposed to 500
mJ/cm2 UVR (see methods) at 0, 4, 6, and 24 h after exposure. Bars represent
the average of ≥2 experiments; ± SEM.
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Chapter 6:
Discussion and Future Directions
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6.1 Transcriptome Analysis of Human Melanocytes using RNA-Seq
We sought out to identify novel pigmentation genes by performing a comparative
transcriptomic analysis of lightly versus darkly pigmented HEMs using high
throughput RNA sequencing (RNA-Seq). In addition, the number of known protein
coding genes has significantly increased since previous microarray studies of
HEMs, making a reassessment of the HEM transcriptome necessary [1, 2]. In
summary, we identified 16 genes expressed at significantly different levels
between the two pigmentation phenotypes. SLC45A2 was the only pigmentation
gene found to be significantly different, leaving 15 novel genes. In addition, we
found 166 isoforms that are potentially related to differences in pigmentation. We
also analyzed receptor, ion channel and transcription factor gene families to get a
better understanding of the cell signalling pathways used by melanocytes. Overall,
this study provides an updated and comprehensive view of the HEM transcriptome
and a foundation for discovering treatment for pigmentation disorders and
melanoma.
Future Directions:
In future studies, we would investigate the candidate pigmentation genes/isoforms
identified in our transcriptome study. Recent applications of NGS technologies
such as ribosomal profiling (Ribo-Seq) would be interesting to explore. This
technique could bring insight into the number of transcripts that are actively
translated in HEMs [3]. Beyond transcriptome analysis, it also critical to study the
impact of other regulatory mechanisms of human pigmentation.

Therefore,
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additional studies of melanin synthesis regulators at the epigenetic and protein
level are needed.
6.2 Investigation of Solute Carrier Family 45, Member 2 (SLC45A2)
Our transcriptome analysis of HEMs sparked our interest in SLC45A2 in two ways.
First, SLC45A2 was the only pigmentation gene found with significant differences
in mRNA levels with lightly pigmented HEMs having 8 fold higher mRNA levels
that darkly pigmented HEMs. Secondly, the darkly pigmented melanocytes were
homozygous for 374L mRNAs and the lightly pigmented melanocytes were
homozygous for 374F mRNAs. These results suggested that SLC45A2 may be a
key regulator and prompted our analysis of SLC45A2 and the L374F
polymorphism.
In summary, we determined that both the 374L and 374F isoforms of SLC45A2
localize to melanosomes in melanocytes and to late endosomes and lysosomes
when expressed in non-melanocytes. This analysis brings clarity to the localization
of SLC45A2 and insight into its function. We also show that the L374F
polymorphism can partially rescue melanin content in uw cells. This finding
provides functional evidence that supports genetic associations studies linking the
L374F polymorphism to lower melanin content.
Altogether, this work advances our understanding of SLC45A2 and its role in
human pigmentation. Better understanding the consequences of pigmentation
gene polymorphisms on function has profound implications and brings us closer to
connecting genotype to phenotype.
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Future Directions:
Our Western blot analysis found significantly lower protein levels of the 374F
isoform compared to the 374L isoform when heterologously expressed in uw cells.
This exciting result suggests that the 374F polymorphism may cause a decrease
in SLC45A2 protein. Nevertheless, an analysis of the SLC45A2 mRNA levels
when expressed in uw cells is needed. This would allow us to rule out the
possibility that the reduction in 374F protein is caused by lower mRNA levels.
Interestingly, as our results in Chapter 2 show, HEMs homozygous for 374F have
higher SLC45A2 mRNA levels than HEMs homozygous for 374L. With everything
considered, future work is needed to clarify the relationship between SLC45A2
mRNA and protein levels, and whether the L374F polymorphism plays a role.
Still a burning question remains:
What is the exact function of SLC45A2?
Studies suggest that SLC45A2 may be involved in tyrosinase trafficking [4, 5].
SLC45A2 may also regulate melanosome size and melanin synthesis by changing
the osmolarity and pH of melanosomes [6, 7]. Nevertheless, a more detailed
molecular characterization of SLC45A2 is required.
6.3 Characterization of Opsins in Human Skin
Past studies including our transcriptome analysis identified the expression of
opsins in human skin [8-10]. In our lab we also characterized a novel UVA
signalling pathway in HEMs that is potentially mediated by an opsin. To better
understand the role of opsins in human skin, we performed a comprehensive
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analysis of opsin expression in the two major human epidermal cell types,
melanocytes and keratinocytes.
In summary, we demonstrated that blue-sensitive opsin (OPN1-SW), rhodopsin
(OPN2), encephalopsin (OPN3), and neuropsin (OPN5) are expressed in human
epidermal cells. We identified novel splicing isoforms of OPN3 and OPN5 that may
have an important regulatory role. OPN3 was found to have the highest mRNA
levels in both melanocytes and keratinocytes. The detection of opsins in skin
suggests that they function as epidermal photoreceptors, prompting additional
studies to reveal their exact physiological roles. Interestingly, we also identified the
expression of opsins in cells not directly exposed to light suggesting possible
alternative mechanisms of activation apart from phototransduction.
Future Directions:
Further investigation into the function of the identified opsins in human skin is
necessary. The study of these opsins could bring insight into UVR induced
melanin

synthesis

signalling

and

novel

extraocular

phototransduction

mechanisms.
6.4 General Discussion
Human skin is repeatedly exposed to UVR from the Sun. The melanin produced
by epidermal melanocytes is considered to be our primary protection against UVRinduced skin damage [11]. This photoprotective function of melanin is exemplified
by the correlation of skin cancer incidence with melanin content [12, 13]. For
example, the rate of basal/squamous cell carcinomas is 50 times higher, and
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melanoma incidence is 13 times higher among Caucasians when compared to
African Americans [14-16]. Skin cancer is also a major public health issue [17, 18].
This is highlighted by the more than 3 million new skin cancer diagnoses expected
this year in the United States [19]. Furthermore, human exposure to UVR has
increased through the popularity of indoor tanning. This popularity is signified by
the estimated 1 in 5 adolescents exposed to indoor tanning in Western countries
[20]. Startlingly, it is predicted that 450,000 new cases of skin cancer per year will
be attributed to indoor tanning in the United States, Europe, and Austrailia [20]. A
better understanding of UVR signalling mechanisms, skin physiology, and human
pigmentation is key to devising skin cancer therapeutics and addressing this public
health issue.
The study of opsins and extraocular phototransduction in human skin may bring
new insight into skin physiology and UVR signalling. This idea of human skin
detecting light represents a paradigm shift from skin being simply a defensive
barrier to a more sophisticated organ having an active role in response to a
multitude of biological and environmental factors.
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