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ABSTRACT 

Exosomes are currently defined as a type of extracellular vesicles with a diameter of 20 to 100 nm whose origin is 
still not completely understood and that can carry a wide variety of molecules, such as mRNA, miRNA, cytoplas-
mic and membrane proteins, etc. Recently, exosomes and their cargo have been observed to play a significant role 
in the intercellular communication between keratinocytes and melanocytes during melanogenesis. Thus, LoCicero 
et al. (2015) identified a group of miRNAs, carried by keratinocytic exosomes, targeting melanocyte genes in 
order to regulate their expression.  
The main objective of this work was to identify target genes for these miRNA that were both under selection and 
related with melanogenesis. MiRNA target genes were predicted by computational tools such as Diana Tools and 
miRDB resources. DNA haplotypes for these target loci were then obtained from the 1000 Genomes Project data-
base for both African and European populations, and were subjected to Tajima’s D test in order to detect selection 
on those genes. Some genes related with either pigmentation or melanoma showed to be under purifying selection. 
Of special interest, ERCC6, an UV-dependent gene which codes for an important nucleotide excision repair com-
plement, showed to be under purifying selection in the African population. In addition, a region within ERCC6, 
which coincides with exons 11 and 12 of the gene and which comprises a binding site for c-Fos transcription fac-
tor, shows the strongest evidence of selection. This transcription factor is known to play a key role both in the 
regulation of melanogenesis (Tomicic et al. 2011), and in UV-induced DNA-damage repair (Torres et al. 2013).  

RESUMEN 

Actualmente, los exosomas se definen como un tipo de vesícula extracelular con un diámetro entre 20 y 100 nm, 
cuyo origen no es del todo conocido, y que pueden transportar una amplia serie de moléculas como mRNAs, 
miRNAs, proteínas citoplásmicas y de membrana, etc. Recientemente se ha empezado a estudiar su implicación y 
la de su contenido, en la comunicación intercelular entre queratinocitos y melanocitos durante la melanogenesis. 
Así, LoCicero et al. (2015) identificaron un conjunto de miRNAs, transportados por exosomas queratinocíticos, 
que regulaban la expresión de genes diana de melanocitos.  
El objetivo principal de este trabajo fue identificar genes diana para estos miRNAs que estuviesen bajo selección 
y, además, relacionados con la pigmentación. Para ello, hemos predicho estos genes computacionalmente median-
te software como Diana Tools y miRDB y, estos se procesaron posteriormente. Los haplotipos de los genes diana 
se obtuvieron de la base de datos 1000 Genomes Project para poblaciones africanas y europeas. Los genes fueron 
sometidos al test de Tajima, D para evaluar el efecto de la selección sobre ellos. Ciertos genes implicados  en pig-
mentación o en melanoma, demostraron estar bajo selección purificadora. Resulta de especial interés el ERCC6, 
que codifica para un complemento importante del complejo de reparación por escisión de nucleótidos, que es re-
gulado por la luz UV, y que muestra el efecto de la selección en la población africana.  Además, una región dentro 
del ERCC6, que coincide con los exones 11 y 12 del gene y que posee un lugar de unión para el factor de trans-
cripción c-Fos, demuestra los valores más altos de selección. Este factor de transcripción se ha visto implicado 
tanto en la regulación de la melanogénesis como en el proceso de reparación del ADN dañado por la luz UV (To-
micic et al. 2011; Torres et al. 2013).
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Introduction 

 Skin pigmentation is an important human phe-
notypic trait, whose regulation is nowadays not com-
pletely understood. Recently, exosomes have been 
proposed as new regulators of melanogenesis (LoCice-
ro et al. 2015). In particular, exosomes facilitate com-
munication (without direct physical contact) between 
keratinocytes and melanocytes. Exosomes can be 
found in all biofluids (blood, urine, saliva…) and are 
secreted by all cell types, which is a key factor in the 
communication process. Depending on the cell of ori-
gin, they have been related to different functions, such 
as antigen presentation, degradation of proteins, facili-
tation of the immune response, storage and transport of 
genetic material (Ludwig & Giebel 2012; Raposo & 
Stoorvogel 2013). This variety of applications has in-
creased their therapeutic and clinical diagnostic impor-
tance. 

 The biogenesis of exosomes is linked to the 
endosomal pathway. Early endosomes are formed by 
direct budding from the plasma membrane and, as they 
mature, they accumulate intraluminal vesicles, small 
structures enclosed by a lipid bilayer that transport 
different types of cargo. This type of late endosome is 
called multivesicular body (MVB). MVBs fuse with 
the plasma membrane secreting its vesicles, which are 
called exosomes (Stoorvogel et al. 2002; Lee et al. 
2012). It is known that, in order to facilitate exocyto-
sis, late endosomes locate strategically close to the 
place where they will fuse with the membrane.  

 Among the exosomal cargo, RNAs are of spe-
cial importance since these molecules can interact and 
modulate genetic expression (Ferguson & Nguyen 
2016). In particular, exosomes derived from kerati-
nocytes have been observed to transport miRNAs ai-
med at regulating the expression of target genes in 
melanocytes during melanogenesis.  

 miRNAs are a class of 17-24 nucleotide (nt) 
small, non-coding RNAs which mediate post-trans-
criptionally gene expression by binding to the 3’ UTR 
or open reading frame region of the mRNAs of their 
target genes with perfect or near perfect complementa-
rities (Zhang et al. 2015). They can either repress 
transcription, induce mRNA degradation (Cai et al. 
2009) or upregulate gene transcription. For example, 

miR-203 has been directly linked to the upregulation 
of TYR in primary melanocytes (LoCicero et al. 2015). 

 The basic prerequisite for miRNA targeting in 
metazoans is a short perfect match, called ‘the seed’, 
which consists in a 6-8 nt long substring within the 
first 8 nt at the 5′-end of the miRNA and which is 
complemented by imperfect matches in the neighbour 
region (Kehl et al. 2017). Depending on the amount of 
paired nucleotides (i.e. the length of the seed), miR-
NAs can be classified as 6mers, 7mers or 8mers (Ell-
wanger et al. 2011).  

 Due to the growing importance of exosomal 
content in molecular pathways related to melanogene-
sis, this work aims to report new genes from a series of 
target genes of a group of miRNAs found in kerati-
nocyte-derived exosomes that are under selection.  

Material and Methods 

Data Collection 

 A total number of 30 miRNA were obtained 
from the work by Lo Cicero et al. (2015). By miRNA 
microarray analysis, the authors proved that exosomes 
released by keratinocytes contained miRNAs that were 
targeting melanocytes. Expression levels of all miR-
NAs were measured for Caucasian, Caucasian irradia-
ted and Black keratinocytes. Caucasian irradiated kera-
tinocytes were seeded and irradiated 24h later with one 
shot of 30 mJ/cm2 of ultraviolet B 312 nm using a Bio-
sun machine (Vilber Lourmat, Suarlée, Belgium) (Lo-
Cicero et al. 2015). From the total list of miRNA only 
those which were differentially expressed between the 
3 groups (Table S1, Annex 1) have been selected for 
analysis in this work. This selection includes 30 miR-
NAs. 

Prediction of miRNA target genes 

 The target genes for those 30 miRNA were pre-
dicted from two resources:  

a) DIANA Tools  
 This resource offers target prediction algo-
rithms and databases of experimentally verified miR-
NAs through high-throughput techniques, such as mi-
croarrays or Next-Generation Sequencing (NGS). The 
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algorithm behind Diana Tools is microT-CDS, the only 
algorithm available online specifically designed to 
identify miRNA targets both in 3’ untranslated region 
(3´UTR) and in coding sequences (CDS). This algo-
rithm identifies the optimal alignment between the 
miRNA extended seed sequence and every 9 nt win-
dow on the 3’UTR or CDS. A minimum of four conse-
cutive Watson–Crick (WC) binding nucleotides is re-
quired starting at position 1 or 2 of the miRNA exten-
ded seed (Reczko et al. 2012; Paraskevopoulou et al. 
2013). 

b) miRDB  
 miRDB is an online resource for miRNA target 
prediction based on the MirTarget algorithm, which 
was developed by analyzing high-throughput expres-
sion profiling data in a support vector machine frame-
work. Unlike most other prediction algorithms, Mir-
Target predicts both conserved and nonconserved gene 
targets by treating target site conservation as an impor-
tant but non-essential sequence feature. For either cus-
tom miRNAs or custom targets, the program first eva-
luates each potential miRNA-target pair by initially 
screening for 7-mer seed complementarity in the target 
site. Based on the relative strength of each sequence-
based target- recognition feature, the MirTarget algo-
rithm predicts miRNA targets (Wong & Wang 2015). 

 In this work, only those genes with a reliability 
score greater than 0.9 (0=lowest, 1= highest) in both 
approaches (Diana Tools and miRDB) were chosen as 
candidate target genes. 

Reference sequences and candidate genes haplotypes 

 Reference sequences for the chosen genes, were 
obtained from the UCSC Genome Browser (hg19). 
Haplotypes (only SNPs) for an African sample (N= 
246 inds, GRCh37/hg19) and a European sample (N= 
380 inds, GRCh37/hg19) for the target genes were 
obtained from the 1000 Genomes project repository 
(Phase I). All genetic variations were previously pha-
sed onto high quality haplotypes, including bi- and 
multi-allelic SNPs. 

Selection analysis: Tajima’s D  

 To apply Tajima’s D test, two different home-
made scripts were developed. One script selects the 

DNA regions from the whole genome data, which con-
sist of the whole gene region (exon + introns) plus an 
additional region of 5000bp immediately up- and 
downstream. The other script calculates Tajima’s D 
value for windows of 3000bp (sliding each time 
500bp) in each set of haplotypes for the African and 
the European population samples independently (for 
each gene). 

 Only regions of genes with D < -1.8 were taken 
as positive hits. Although the precise threshold D value 
may vary depending on the diversity of the region, in 
our experience a D value lower than -1.8 can be a safe 
cut-off point to infer selection (even accounting for the 
effects of human demography) (Figure 1). Also, diver-
sity values (Ɵ and π) for the African and the European 
populations were estimated independently and FST for 
both populations was calculated for the selected re-
gions. 
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Figure 1: Pipeline for the methodological procedure
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Results 

 We started with a selected list of 30 candidate 
miRNA contained inside keratinocytic exosomes and 
which correspond to those most differentially expres-
sed between Caucasian, Caucasian irradiated and 
Black keratinocytes (LoCicero et al. 2015). We obtai-
ned a list of their target genes by using two different 
predictors (Diana Tools and miRDB). Only genes pre-
dicted by both approaches (with a reliability score hig-
her than 0.9) were considered and were subjected to 
further analysis. Thus, a total of 112 genes were 
shortlisted and of these, 47 genes turned out to contain 
regions (windows) with a Tajima’s D value lower than 
-1.8 in any of the 2 populations analysed (Table S2, 
Annex 1). Sixteen of these genes showed positive re-
sults for both African and European populations, 13 
only in Africans and 18 only in Europeans (Table 3, 
Annex 1). In addition, 9 of these genes are associated 
to 2 different miRNA. Notably, 18 genes showed no 
variability and thus, no Tajima’s D value could be cal-
culated: GRIP1, HMCN1, HS3ST2, KLF12, MSI2, 
MTOR, NAV3, NFIA, NOX4, NR6A1, PAPPA, PDE7A, 
PITPNC1, RICTOR, ROBO1, STAC, STK39 and ZEB2. 
This could be indicating that these genes are subject to 
strong purifying selection in both populations, and 
consequently are strongly conserved. Expression levels 
in not sun-exposed and sun-exposed skin for these 
genes are represented in Table 1.  

 Among these, MTOR is worth highlighting, as 
it is a negative modulator of melanogenesis (Hah et al. 
2012; Cao et al. 2017). In addition, the mTOR path-
way has been shown to be activated in the majority of 
malignant melanomas (Karbowniczek et al. 2008). 
Besides, mTOR can inhibit apoptosis and force cell 
cycle transition upon activation by UVR (Carr et al. 
2012). Remarkably, MTOR is a target of miR-99a-5p, 
which is more expressed in black melanocytes.  

Evidence for selection  

 From the 47 genes that show evidence of selec-
tion (D < -1.8), four of them are in some way related 
with pigmentation (ERCC6, ADRB2, PPARGC1B and 
SLC7A11) and two others are related with melanoma 
(TRIB2 and LIN28B). 

 ERCC6, located in 10q11.23, turns out to be of 
special interest. This gene encodes a DNA-binding 
protein that is important in transcription-coupled nu-
cleotide excision repair (NER), which is particularly 
relevant in the removal of UV light-induced DNA da-
mage. Mutations in this gene are associated with Coc-
kayne syndrome type B, a recessive disorder characte-
rized by cutaneous sensitivity to UV sunlight, in addi-
tion to mental retardation and abnormal slow growth 
(Sin et al. 2016). Mutations in this gene are also rela-
ted to UV-sensitive syndrome 1 and xeroderma pig-
mentosum, two less aggressive skin illnesses. 

 From the two populations analysed, only the 
African population shows the effect of positive selec-
tion for ERCC6, more specifically in two regions of 
5 0 0 0 b p . T h e f i r s t r e g i o n ( c h r 1 0 : 
50.683.526-50.688.526, GRCh37/hg19), with a D = 
-2.085 corresponds with exons 11 and 12 of ERCC6 
and a transcription factor binding site for c-Fos. The 
second (chr10: 50.717.526-50.722.526, GRCh37/
hg19) has a D = - 2.098. Other windows within this 
broad region showed a Tajima’s D value lower than 
-1.8, but they were not considered due to their isolated 
nature (Figure 2).  

 Here, the presence of rs4253190 (chr10: 
50.683.508, GRCh37/hg19) is worth highlighting. Alt-
hough it is located 300 bp upstream of the first region, 
this SNP is the cause for an intron variant, which ap-
pears in different frequency in the 1000 Genomes Pha-
se I African and European populations: while in Euro-
pe (N = 380) the frequency of the derived allele (A) is 
0.421, the frequency in Africa (N = 246) for this allele 
is only 0.039 (p<0.0001, Fisher’s exact test).  Also, 
rs4253190 has a FST = 0.3634 between the African and 
the European population, indicating a high level of 
differentiation between both populations (hsb.upf.edu, 
The 1000 Genomes Selection Browser). Interestingly, 
rs4253190 is contained within a binding site for the c-
Fos transcription factor. The c-Fos transcription factor 
has been described as a regulator of cell proliferation, 
differentiation and transformation. It is coded by the 
proto-oncogene FOS, which has been associated with 
apoptotic cell death and malignant cell transformation. 
Thus, c-Fos is mostly related with tumoral develop-
ment and cancer, and most relevantly for this work, it 
has also been observed to play a role in melanogenesis 
and reparation of UV-induced damage (Englaro et al. 
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1995; Tomicic et al. 2011). In addition, rs4253190 has 
been described to be an eQTL in transformed fibro-
blasts and cells in the mucosa of the esophagus, which 
could modify mRNA expression of ERCC6 (https://
www.gtexportal.org/home/snp/rs4253190). However, this 
has not been observed yet in skin cell. 

The second subject region contains a SNP, rs3763730 
(chr10: 50.719.500, GRCh37/hg19) which also shows 
differential frequencies between African and Cauca-
sian populations. For the derived allele G, the fre-
quency in the African population (N= 246) is 0.232, 
while in the European population (N= 380) this fre-

 "24

Gene N Not Sun Exposed Skin  
(Median TPM) N Sun Exposed Skin 

(Median TPM)
Highest Median Expression  

(TPM)

GRIP1 387 5.477 473 5.079 5.079  
(Sun Exposed Skin, N = 473)

HMCN1 387 1.217 473 1 36.690  
(Artery-Aorta, N = 299)

HS3ST2 387 2.618 473 3.378 18.860  
(Brain-Frontal Cortex, N = 129)

KLF12 387 2.073 473 2.468 13.170  
(Artery-Tibial, N = 441)

MSI2 387 9.145 473 8.954 69.850  
(Ovary, N = 133)

MTOR 387 12.51 473 12.83 35.380  
(Testis, N = 259)

NAV3 387 1.844 473 2.617 18.670  
(Cells-Transformed fibroblasts, N = 343)

NFIA 387 10.09 473 11.31 36.440  
(Artery-Aorta, N = 299)

NOX4 387 0.453 473 0.893 34.400 
(Artery-Aorta, N = 299)

NR6A1 387 3.682 473 3.776 43.330 
(Testis, N = 259)

PAPPA 387 1.262 473 1.348 67.870 
(Cells-Transformed fibroblasts, N = 343)

PDE7A 387 7.531 473 7.957 48.160 
(Cells-EBV-transformed lymphocytes, N = 130)

PITPNC1 387 2.704 473 3.347 27.990 
(Brain-Nucleus accumbens, basal ganglia, N = 147)

RICTOR 387 15.02 473 15.04 22.880 
(Uterus, N = 111)

ROBO1 387 19.12 473 17.22 24.050 
(Cells-Transformed fibroblasts, N = 343)

STAC 387 0.924 473 1.511 18.960 
(Artery-Aorta, N = 299)

STK39 387 13.28 473 17.72 68.820 
(Brain-Spinal cord, cervical c-1, N = 91)

ZEB2 387 7.187 473 9.074 90.700 
(Brain-Spinal cord, cervical c-1, N = 91)

Table 1: Expression profile of genes that show no variability in our analysis (no Tajima’s D value) in not sun-exposed and sun-exposed skin. 
 (Expressed in Transcripts per Kilobase Million) (www.gtexportal.org/home/gene/, GRCh37/hg19)
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quency is 0.487 (p<0.0001, Fisher’s exact test). 
rs3763730 has a FST = 0,1041 between the African and 
the European population (hsb.upf.edu, The 1000 Ge-
nomes Selection Browser). It is tempting to speculate 
that this difference might be associated to the different 
pigmentation degree in those populations. rs3763730 
has also been described as eQTL in cells in the atrial 
appendage of the heart, in transformed fibroblasts and 
in adipose-subcutaneous cells (https://www.gtexpor-
tal.org/home/snp/rs3763730).  

 From the other genes of interest, PPARGC1B 
and SLC7A11 are under selection both in the African 
and the European population, LIN28B and TRIB2 only 
in the African and ADBR2 only in the European. 
  

Discussion 

 In order to estimate the effect of selection on 
pigmentation genes and their regulation in Africans 
and Europeans, we looked for target genes for miR-
NAs transported by keratinocytic exosomes. Still, 
every database uses different samples and its own al-
gorithm to offer the requested information: none of 
them takes into account that the 3’UTR length of a 
sequence might be different according to the biological 
conditions in which the sample has been taken (Singh 
2017). This heterogeneity in the 3’UTR length is the 
cause for a high false positive rate of available predic-
tions in databases. In addition, the overlaps between 

prediction results in different databases are very low, 
ranging from 5 to 70% (Afonso-Grunz & Müller 
2015). Moreover, most databases are not updated regu-
larly. Thus, for instance, both Diana Tools and miRDB 
were last updated in 2012. However, the main diffe-
rence between these databases, and probably the cause 
for obtaining different results, is the algorithm they 
use. One potential limitation of MirTarget (the algo-
rithm used by mirDB) against micro-T-CDS (the algo-
rithm used by Diana Tools) is that the first one is only 
able to localize one single seed pairing site in the 
3’UTR region of the gene. On the other hand, micro-T-
CDS finds multiple target sites not just in 3’ UTR re-
gions, but also in CDSs (Peterson et al. 2014).  

 In relation to our statistical methodology, it is 
important to know that different estimators vary their 
sensitivity to frequency changes in the population. 
Tajima’s D is mostly useful to obtain information 
about ancient processes. For this reason, it would be 
necessary to perform other statistical tests, such as, for 
instance, Fay and Wu’s H (which takes into considera-
tion the high-frequency variants relative to the inter-
mediate-frequency ones) and other tests, in order to 
complete the information and to obtain more inferen-
ces across different time windows (Zeng et al. 2007). 
Of the 47 genes with Tajima < -1.8, ERCC6, ADRB2, 
PPARGC1B and SLC7A11 are related with pigmenta-
tion and TRIB2 and LIN28B, with melanoma. In this 
study, we focused  specially on ERCC6, due to its clear 
and direct relation with melanogenesis. 
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Figure 2: Scatter plot of Tajima’s D value, (Y-axis) in ERCC6 in each 500bp (X-axis).  
All values below the red line (D = -1.8) imply the effect of selection on these regions.  

Two main regions of 5000bp each are considered.
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 ERCC6 shows two regions under selection in 
the African population. Only one of these regions is 
worth highlighting because it comprises two exons and 
because close to it (but outside it) locates a c-Fos 
transcription factor binding site, which comprises a 
SNP (rs4253190) with statistically different allele fre-
quencies between the African and the European popu-
lations. We suspect that purifying selection is taking 
place in the African population because similar levels 
of genetic diversity are observed in Africans and Euro-
peans (Figure 3A and Figure 3B). Nevertheless, the 
demographic history of modern humans suggests that 
the highest genetic variability should reside in Africa, 
and thus, under neutral conditions, we would have 
expected higher haplotype diversity for ERCC6 in 
Africans. FST values for the study regions also show 
very low levels of differentiation between both popula-
tions (Figure 3C). 

 In addition, the ancestral allele of rs4253190 
shows a higher frequency in the African population 
(0.961, N = 246 inds) than in the European population 
(0.579, N = 380  inds). The fact that it is the ancestral, 
and not the derived allele, the one that has higher fre-
quency in Africans is evidence for purifying selection. 
  
 Purifying selection in ERCC6 might be explai-
ned through the function of this gene in the cell and 
the environmental pressure caused by high UV radia-
tion in Africa. ERCC6 codes for a nuclear helicase that 
works as a nucleotide excision repair (NER) comple-
ment (Aamann et al. 2013). In fact, mutations in this 
gene have been associated to several diseases, inclu-
ding photosensitivity (Laugel et al. 2010).  

 From the genes that showed no variability (and 
no Tajima’s D value could be calculated), it is interes-
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Figure 3A: π distribution of ERCC6 for African and European populations. Figure 3B: Ɵ distribution of ERCC6 for African and European 
populations. Both estimators show similar diversity in both populations, which contradicts the expectation of a higher diversity in the 
African population. Figure 3C: FST  distribution between the African and the European population for ERCC6. Values in red represent the 
study regions with Tajima < -1.8.
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ting that GRIP1, which encodes a member of the glu-
tamate receptor interacting protein family, shows high 
expression levels both in sun-exposed and not sun-
exposed skin (Table 1). This could be correlated with a 
lack of diversity between the African and the European 
population in this gene, but we do not have access to 
the individual data of the population from which these 
expression levels were obtained, so this is will remain 
as an hypothesis. 

 Most relevant for this work is the fact that the 
region detected herein as under selection comprises 
mutations associated to melanoma development. Thus, 
Torres et al. (2013) showed that the derived allele for 
rs4253190, located upstream of exon 11 in ERCC6 and 
within a transcription factor binding site for c-Fos, is 
associated to a high risk of melanoma development. 
The derived allele of this SNP appears in a very low 
frequency (0.039, N = 246 inds) in the African popula-
tion in contrast to the European population (0.421, N = 
380 inds) (Figure 4).  

 Due to a higher UV irradiation in Africa vs Eu-
rope, developing a stronger molecular machinery to 
repair UV-induced damage would make evolutionary 
sense in Africans. In this sense, several studies have 
shown that c-Fos plays a pivotal role both in the upre-
gulation of melanogenesis and in the protection against 

UV damage. This is consistent with the fact that the 
transcription factor binding site for c-Fos has been 
conserved in the African population. Thus, on one 
hand, UV irradiation has been demonstrated to activate 
c-Fos promoter and c-Fos protein expression in kerati-
nocyte cell lines (Silvers et al. 2003). Moreover, c-Fos 
is known to enhance NER capacity by triggering the 
upregulation of ERCC family proteins, and conse-
quently protecting against UV triggered cell damage 
(Tomicic et al. 2011). Simultaneously, α-MSH stimula-
tes melanocytes by binding MC1R in the membrane, 
which activated the cAMP pathway. cAMP stimulates 
AP-1 production, formed by c-Fos and c-Jun transcrip-
tion factors (Newton et al. 2007). AP-1 regulates target 
gene expression by binding TRE (Tetracycline Res-
ponse Elements) in its promoter regions. TYR shows a 
TRE-like domain in its promoter region, which sug-
gests a regulation of melanin production through c-Fos 
transcription factor (Englaro et al. 1995) (Figure 5).  

 Relative to the regulation of ERCC6, it is worth 
mentioning that the expression level of miR-29b-3p, 
the miRNA that targets this gene, is different between 
keratinocytes of Black (7.606), Caucasian UV irradia-
ted (7,315) and Caucasian normal (7,238) individuals 
(LoCicero et al. 2015). Remarkably, miR-29b-3p has 
been described to play an important role in the regula-
tion of melanoma development. A reduced expression 
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Figure 4: rs4253190 (located within a transcription factor binding 
site for c-Fos) shows a very high frequency of its ancestral allele 
(0.961) and is, thus, associated to the upregulation of melanogene-
sis, protection against UV damage and a low melanoma risk.

Figure 5: c-Fos transcription factor is activated through UV irra-
diation and enhances NER activity for UV induced damage DNA 
repair. In addition, by dimerizing with c-Jun, they form AP-1 
transcription factor which binds TRE sequence in the promoter 
region of TYR, enhancing melanogenesis.
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of this miRNA, and the consequent increased expres-
sion of its target genes have been associated with an 
increase in the invasiveness of melanoma cell lines 
(Andrews et al. 2016). However, the fact that 
miR-29b-3p binds ERCC6 implies a downregulation of 
the gene, which results in a smaller protection against 
UV irradiation for the African population, which 
seems, in turn, contradictory. This event had already 
been described as incoherent regulation, when a 
miRNA represses a gene whose allelic variant was 
shown to be under positive selection. This is the case 
of TYRP1, which shows several binding sites for 
miRNAs and, at the same time, is expressed ~2.6-fold 
higher in Africans than in Europeans (Wu et al. 2009). 
In fact, some authors have shown how SNPs located in 
those seed regions modulate the action of the miRNAs 
depending on the expressed allele. rs638 is located in 
TYRP1, in a binding site for miR-155, and its ancestral 
allele is nearly fixed in the African population. Trans-
cripts carrying the derived allele were suppressed 2-
fold higher than the ones carrying the ancestral allele 
(Li et al. 2012). 

 Concretely, ERCC6 shows two binding sites for 
miR-29b-3p (chr10:50.666.487-50.666.509 and 
chr10:50.663.552-50.663.569). The first region con-
tains three SNPs (rs757732685, rs78645997, 
rs766516440), and the second 2 SNPs (rs945996985, 
rs1042005680). Even if population frequencies have 
not been yet established for any of them, it is possible 
that some of their allelic variants play an important 
role in the regulation of miR-29b-3p.  

 In our study, some other genes have also shown 
to be under selection and are as well related with pig-
mentation. Precisely, human epidermal melanocytes 
express ADRB2 and activation of the ADRB2 pathway 
was shown to increase melanin synthesis (Gillbro et al. 
2004). Besides, melanocytes increase ADRB2 expres-
sion in response to UV irradiation (Yang et al. 2006). 
Furthermore, Sivamani et al. (2009) showed that 
ADRB2 is able to induce melanogenesis when its li-
gand epinephrine binds to it, and that keratinocytes 
increase the production of epinephrine after expossure 
to UV irradiation. 

 In turn, Shoag et al. (2013) demonstrated that 
PGC1s (alpha and beta) play a role in the induction of 
MITF expression. Inhibition of PGC-1α and PGC-1β 

blocks the α-MSH-mediated induction of MITF and 
other melanogenic genes. Furthermore, a polymorp-
hism in the PPARGC1B (rs32579) has been associated 
to tanning ability and protection from melanoma in 
humans. 

 SLC7A11 could also be involved in pigmenta-
tion, as its mice orthologue has been associated to 
pheomelanogenesis. SLC7A11 is responsible for the 
transport of cysteine to melanocytes to produce pheo-
melanin by encoding the plasma membrane cystine/
glutamate exchanger xCT (Chintala et al. 2005). 

 In conclusion, ERCC6, a gene involved both in 
the upregulation of melanogenesis and DNA repair, is 
targeted by miR-29b-3p, a miRNA located inside kera-
tinocyte-derived exosomes, and shows as well to be 
under purifying selection in the African population. In 
addition, ADRB2, PPARGC1B and SLC7A11, directly 
related with pigmentation, show as well to be under 
purifying selection and to be target of miRNAs from 
keratinocytic origin. 

 These discoveries help understanding the mole-
cular pathways that modulate pigmentation and ex-
plain as well, in some way, the genetic differences 
between populations that are subject to different envi-
ronmental conditions. In order to understand both the 
evolutionary and clinical implications of every allelic 
variant of the study genes, it is compulsory to support 
this information with functional assays. This would 
imply giving another step in the description of our 
actual population distribution. 
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miRNA p-value miRNA p-value
 miR-99a-5p 4,18E-03  miR-143-3p 1,65E-02

 miR-30c-5p 5,23E-03  miR-4685-3p 1,65E-02

 miR-342-3p 5,23E-03  miR-29c-3p 1,65E-02

 miR-132-3p 1,06E-02  miR-30b-5p 1,69E-02

 miR-200a-3p 1,06E-02  miR-5002-5p 1,84E-02

 miR-203a 1,09E-02  miR-26b-5p 1,87E-02

 miR-126-3p 1,09E-02  miR-3656 1,87E-02

 miR-323-3p 1,09E-02  miR-7-5p 1,87E-02

 miR-625-3p 1,09E-02  miR-491-3p 2,25E-02

 miR-339-5p 1,09E-02  miR-943 2,31E-02

 let-7g-5p 1,18E-02  miR-340-5p 2,39E-02

 miR-191-5p 1,35E-02  miR-548as-3p 2,43E-02

 miR-4732-3p 1,60E-02  miR-29b-3p 2,64E-02

 miR-129-1-3p 1,60E-02  miR-204-3p 2,64E-02

 miR-4500 1,60E-02  miR-3195 2,64E-02

Table S1: List of differentially expressed miRNAs between Caucasian, Caucasian irradiated and 
African keratinocytic exosomes obtained by LoCicero et al. (2015). All miRNAs show a p-value 
lower than 0.05.
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A) miRNA Diana Tools + miRDB B) Tajima < -1,8
 miR-99a-5p AP1AR HS3ST3B1 AP1AR

 BAZ2A MTOR BAZ2A
 CTDSPL NOX4 CTDSPL
 FGFR3 RAVER2 FGFR3
 FZD5 SMARCA5 RAVER2
 FZD8 TRIB2 TRIB2
 HS3ST2 ZZEF1  

 miR-30c-5p ANKRA2 PHTF2 CELSR3
 BRWD3 PIP4K2A KLF10
 CELSR3 PPARGC1B KLHL20
 EED RRAD LHX8
 GMNC RTKN2 PHTF2
 KLF10 SCN2A PPARGC1B
 KLHL20 STAC RRAD
 LHX8 STK39  
 NT5E TNRC6A  
 PDE7A   

 miR-132-3p DAAM1 SAP30L DAAM1
 GTF2H1 TIMM9 TIMM9
 TJAP1 TJAP1

 miR-200a-3p ATP8A1 HMG20A BRD3
 BRD3 KLF12 CDK13
 CDK13 MYBL1 DCP2
 DCP2 RANBP6 HMG20A
 DUSP3 TMEM170B MYBL1
 EPHA2 ZBTB34 ZBTB34
 ZEB2  

 miR-203a AFF4  AFF4
 let-7g-5p LIN28B  LIN28B
 miR-4500 ADAMTS8 LIN28B ADRB2

ADRB2 NR6A1 C14orf28
C14orf28 PAPPA IGDCC3

FZD3 TRIM71 LIN28B
IGDCC3 TTLL4 TRIM71

ZFYVE26 ZFYVE26

Table S2: A) List of coincident target genes for subject miRNAs in Diana Tools and miRDB for a fiability score lower than 0.9. 
Table S2: B) List of target genes with regions with Tajima’s D < -1.8 showing evidence for selection.
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A) miRNA Diana Tools + miRDB B) Tajima < -1,8
 miR-143-3p IGFBP5 IGFBP5

 ITM2B ITM2B
 MSI2

miR-29c-3p ATAD2B HMCN1 ELN
 BRWD3 NAV3
 COL3A1 NFIA
 COL5A3 PXDN
 DGKH RNF19A
 ELN ROBO1
 GRIP1 TMEM183A

miR-30b-5p ANKRA2 PHTF2 CELSR3
 BRWD3 PIP4K2A KLHL20

CELSR3 PPARGC1B LHX8
EED RRAD PHTF2

GMNC RTKN2 PPARGC1B
KLHL20 SCN2A RRAD
LHX8 STAC
NT5E STK39

PDE7A TNRC6A
 miR-26b-5p ADM NAP1L5 CILP

 CILP PITPNC1 CLASP2
 CIPC RNF6 FAM98A
 CLASP2 SLC25A16 FRMD4B
 FAM98A SLC7A11 RNF6
 FRMD4B STRADB SLC7A11
 NAB1 ULK2 ULK2

ZDHHC6
 miR-340-5p BAI3 DMD CXADR

CXADR JPH1 CYLD
CYLD MSRB3 MSRB3

 miR-548as-3p KAT6B SLC39A14 KAT6B
SH3RF1 ZBTB38 SH3RF1

ZBTB38
 miR-29b-3p ATAD2B GRIP1 ELN

BRWD3 HMCN1 ERCC6
COL3A1 NAV3
COL5A3 NFIA
DGKH PXDN
ELN RNF19A

ERCC6 ROBO1
 TMEM183A
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Table S3: List of genes showing the effect of selection (D < -1.8) both in African and European 
populations, only in the African population and only in the European population.

Tajima < -1,8 
AFR+EUR

Tajima < -1,8 
 AFR

Tajima < -1,8 
EUR

AP1AR  AFF4 ADRB2 
BRD3  CDK13 BAZ2A

CELSR3  DAAM1 C14orf28 
CILP  ERCC6 CLASP2 

CTDSPL  FAM98A CXADR 
CYLD  IGDCC3 DCP2 
ELN  KLF10 FGFR3 

FRMD4B  LHX8 IGFBP5 
HMG20A  LIN28B ITM2B 
KAT6B  RAVER2 KLHL20 
PHTF2  TRIB2 MSRB3 

PPARGC1B  TRIM71 MYBL1 
SLC7A11  ZBTB34 RNF6 
TIMM9   RRAD 
ULK2  SH3RF1 

ZBTB38  TJAP1 
ZBTB38 

ZFYVE26 


