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ABSTRACT

High naevus count is the strongest risk factomiefanoma and although gene
variants have been discovered for both traits,es@tic variation is unexplored. We
investigated 322 healthy human skin DNA methylorassociated with total body
naevi count, incorporating genetic and transcriptorariation.

DNA methylation changes were identified at geneslved in melanocyte
biology, such afRAF1 (p = 1.2 x 1¢f) andCTCL1 (region:p = 6.3 x 10%), and other
genes includindhRRDC1 (p = 3.1 x 10'). A subset exhibited coordinated methylation
and transcription changes within the same biopdye Total analysis was also
enriched for melanoma-associated DNA methylatioriatian ( = 6.33 x 10).
Additionally, we show that skin DNA methylation #&ssociated irtis with known
GWAS SNPs for naevus count, RItA2G6 (p = 1.7 x 10*) andNID1 (p = 6.4 x 10
% as well as melanoma risk, including in or NBEE1R, MX2 and TERT/CLPTM1L
(p< 1x10%".

Our analysis using a uniquely large dataset conmgribealthy skin DNA
methylomes identified known and additional regutattmci and pathways in naevi
and melanoma biology. This integrative study imgsvour understanding of

predisposition to naevi and their potential conttibn to melanoma pathogenesis.



INTRODUCTION

The total body number of melanocytic naevi is theorgyest risk and
predictive factor for melanoma in Caucasian poputet (Gandini et al. 2005; Olsen
et al. 2009). Melanoma is the most aggressive of skmours with an increasing
incidence (Siegel et al. 2014). These malignanaiese from an existing benign
naevus in 20% to 50% of cases (Haenssle HA e0db;2Purdue et al. 2005; Shitara
et al. 2014; Weatherhead et al. 2007). The vasbnityjof naevi never progress to
melanoma, however naevi count is still a predidmosimarker for melanoma arising
de novo (Chang et al. 2009). Therefore, furthereustdnding of the biology of naevi
will give insights into the development and patlgyl@f melanoma.

Typically, the number of naevi decrease after the af 40, however, in
individuals at high risk of melanoma, this loss raevi is delayed, reflecting an
altered senescence (Newton et al. 1993). Furtherneothigher total body naevus
count has also been associated with longer teloteagth in blood in individuals
from the TwinsUK cohort (Bataille et al. 2007). $hiink with senescence may
indicate that the total numbers of naevi refledtedénces in senescence pathways
between individuals that can be detected in sldsug where naevi are found. The
usefulness of naevus counts as an intermediateoplpEnto melanoma has already
been shown in genome-wide association studies (GWAS common single
nucleotide polymorphisms (SNPs) in the [0eLA2G6 and MTAP were first
associated with total body naevus count (Falclail.e2009; Nan et al. 2011) and then
subsequently with melanoma risk (Barrett et al.1Z2@ishop et al. 2009). For naevus
count, variants inPLA2G6 were replicated across two studies that also ifledti
additional associations MID1, cl1lorf74, andMTAP. Though GWAS have identified

genetic variation for naevi count and melanoma, ¥heéance in naevus counts



explained by these genes is low and no study hegqusly examined epigenetic
variation in this context.

Here, we explore epigenome-wide DNA methylationiataon in healthy
human skin tissue in relation to total body naewosnts in 322 female individuals
from the TwinsUK cohort. The focus of this studyas the potential to identify a
predisposing DNA methylation signature of normahdgio the number of naevi and
not the malignant changes occurring in melanocytesnselves. It has become
increasingly acknowledged that cross talk betwekrcells within the skin and
melanocytes is important in the progression to nafaa (Kaur et al. 2016; Kim et al.
2013; Li et al. 2003; Shih et al. 1994). We invgsted individual CpG differentially
methylated positions (DMPs), as well as differdhtimethylated regions (DMRS) in
healthy skin tissue, and corresponding gene expresshanges within the same
tissue. To study the potential interaction betwegsmetic variants and DNA
methylation, we examined the association betweensttin DNA methylome and
genetic variants previously associated with naegosnt or melanoma risk by

GWAS.



RESULTS

The skin DNA methylome and its tissue layer specificity

As expected, due to the differing cell types innslithin the dermis and
epidermis, these tissue layers harbour distinct DiNthylation profiles (Vandiver et
al. 2015). In our study, skin tissue DNA was dedifeom a peri-umbilical punch
biopsy (adipose tissue was removed from the bidpsipre freezing) from 322
healthy female twins and profiled using the InfmiuHumanMethylation450
BeadChip. To confirm which skin layer was represdnin our biopsy sample, we
compared our DNA methylation dataset to recentlplished DNA methylation
profiles of mechanically separated epidermal (3tividuals) and dermal tissue (36
individuals) from Vandiveet al. (Vandiver et al. 2015). Principal component analysi
(PCA) was performed on unadjusted DNA methylatioofifes of the three groups of
samples (dermis (n=40), epidermis (n=38), and durle/skin sample (n=322)). The
first two principal components (PCs) explain 55.6%the variance, capturing the
skin layer specificity of the dermis and epidermssmples as previously shown
(Vandiver et al. 2015). Our whole skin DNA methidat profiles cluster closely with

the dermal layer DNA methylation profiles (Figure 1

Single CpG site differential skin DNA methylation in relation to total body

naevus count
We first explored evidence for differential skin BNnethylation associated

with total body naevus count at the single CpG-l&tel across the genome in 322



healthy female twins. We fitted a linear mixed effe model regressing DNA
methylation levels on fixed effects (age, BMI, snmukstatus, chip, order on the chip,
and bisulphite conversion efficiency) and randonfea$ (family structure and
zygosity). Three differentially methylated positsowere identified to be significantly
associated with total body naevus count (n-DMPsg) tdise discovery rate (FDR) of
5% and a further 45 associations were observed=8tRaof 10% (Figure 2 A, Table
1, Table S1). The 48 n-DMPs are enriched for stemgancers (ChromHMM state 4)
in the NHEK cell line derived from epidermal keretcytes p = 0.03) and for CpG
island (CGlI) shores (2kb either side of the Q&+ 0.04), while depleted for signals
located in open sea genomic regions that are nhare 4kb beyond CGIp(E 2.2 X
10°).

The strongest signals are shown Table 1 and F@uBeThe most associated
signal (cg06244240p = 5.5 x 10°) lies in a CGI shore ~6.5kb downstream of
METRNL, which is expressed in skin (Ushach et al. 201%) s also involved in
neural cell formationThe second ranked signal (cg061239#2,2.2 x 10) is in the
5 CGI promoter ofC150rf48, that displays reduced expression in squamous cell
carcinoma (Freiberger et al. 2015). The third randignal (cg2538415p= 3.1 x 10
") is positively associated with the number of naawd is in a CGI shore ~1.5kb
upstream of the transcription start site (TSSABRDC1, a negative regulator of the
Notch signalling pathway (Puca et al. 2013). Th&Qpg11297934p = 1.2 x 1)
lies ~200 bp upstream of the TSS of proto-oncogefiel (also known a<CRAF),
which is a member of the RAF family in the ERK/MARiathway that includes the
key playerBRAF.

Six out of our top 10 n-DMPs did not show direcs@sation with agep =

0.05) including two of the top four resultARRDC1 and RAF1), with no n-DMP



associations with age surpassing FDR 10% corre¢ttagure 2 C). The remaining
four signals did not show stronger evidence fooeission with age alone compared
to naevus count. These results suggest that tharitgagf top-ranked n-DMPs are not

directly associated with age.

Regional differential skin DNA methylation associated with total body naevus

count

We next aimed to identify differentially methylatedgions, that is, small
genomic regions that contain multiple CpG sites ahdw consistent directional
association with total body naevus count (n-DMR3MRs have been found in
general to be enriched for functionally relevardioes as well as for GWAS SNPs
from the GWAS catalogue (Ziller et al. 2013). Weplsgd the BumpHunter (Jaffe et
al. 2012) algorithm and identified 48 n-DMRp € 0.01) genome-wide (Table 2,
Table S2).

Subsequently, we examined the genomic contexthef n-DMRs. The
strongest signalp(= 6.8 x 10°, Figure 3 A) was observed overlapping the 5' CGI
promoter of ARRDC1. This n-DMR includes the third ranked FDR 5% indual
CpG n-DMP (cg25384157). We also identified an n-DMRCTCL1 that shows
consistent negative association with total bodywonaecount amongst its three CpG
sites (Figure 3 B). It is in a region with activeomoter evidence across multiple
ENCODE cell types including NHEK, that resides e t3' UTR of CTC1 but also
2kb upstream of the lincRNAINC00324. CTCL1 is a component of the CTS complex

that has a pivotal role in protecting telomeresnfregradation.

Naevus differ ential methylation signaturesreflected in gene expr ession changes




We then explored individual CpG sites in the 4BMRs for association with
gene expression levels using transcription profesilable in 248 individuals using
the same skin biopsy as for DNA methylation prafli The analysis focused on CpG
sites that showed the same direction of effech@rnt-DMR as in the single CpG site
EWAS. We analysed gene expression data at 36 gen23 n-DMRs, where the n-
DMRs were either located in or were within 20khktlod gene (Table S3). Both DNA
methylation and expression levels were adjusted donilar covariates and
corresponding technical covariates and compared R&arson correlation. At least
one CpG site in 12 unique n-DMRs were shown todreetated with the expression
levels of 14 unique genes at nominal significarne (.05, Table S3). This included
one of the three CpG sites forming the third rankddMR in KCNN4 (cg15977816,

r = 0.19,p = 2.9 x 10°. Strong n-DMRs that have more than one CpG sitthé
region correlated with one of more expression psobethe same gene include n-

DMRs at:MED11, C14orf50, FAM64A, KRT86, TTC15, andC6orf27.

Naevus DNA methylation signature is enriched for melanoma associated DNA

methylation changes

Healthy tissue DNA methylomes can show risk-factdated signatures also
found in malignant tissue (Noreen et al. 2014).tl@nmore, tumour methylation
patterns have been shown to derive from the comtmaf maturation states that are
reflected in normal developmental stages (Oakes. &016). We therefore examined
the DNA methylome data of melanomas to see whethar identified n-DMP
signature was enriched within this malignant tisspiggenome.

The most comprehensive melanoma DNA methylome stiodglate is a

comparison between normal melanocytes from threeordoand 27 metastatic



melanoma DNA samples using methylated-CpG islamdvery assay sequencing
(MIRA-Seq) by Jinet al. (Jin et al. 2015). They reported 3,113 regioret there
hypermethylated in melanoma. Of these, 2,039 regmontained at least one CpG
site profiled in our dataset and 13.4% (274 regiamtaining 406 CpG sites) of
these were identified as nominally significant watlpositive association to total body
naevus count. Within CGls, which the MIRA-Seq tague targets, we observed an
enrichment of hypermethylated nominally signific&pG sites (Fisher's = 6.33 x
10°). Another study, a genome-wide screen of prombBfeA methylation (24,103
RefSeq promoters) between normal skin, naevi, aiwhreced stage melanoma
identified four differentially methylated genes (@ et al. 2009). At two of these
genes, THBS1 and TNFRSF10D, we identified a positive association between total
body naevus count and promoter CpG methylationijn@ with their findings of

increased DNA methylation in advanced stage melanom

I mpact of GWAS SNPs associated with total body naevus count or melanoma

risk on skin DNA methylation in cis

We next investigated the influence of genetic vd@sapreviously associated
in GWAS with naevus count or melanoma risk, on bg&@NA methylation levels in
skin tissue for a subset of 283 individuals. Westeld 4 SNPs previously associated
with the number of cutaneous naevi (Falchi et @2 Nan et al. 2011) and 23 SNPs
associated with melanoma risk from the GWAS catatof/Velter et al. 2014) that
fall within 100 kb of CpG sites available in ourtaset. Mixed linear models were
performed to test for association accounting fanifa structure and results are

presented at a thresholdm& 1.0 x 1C°. This is comparable to a genomewide cut-off



at FDR 1%, as reported previously< 8.6 x 10%) where all DNA methylation was
assessed within 100 kb of common genetic varidgtsr(dberg et al. 2013).

Thirteen SNPs were significantly associated withADiethylation changes
in skin @ < 1 x 10°, Table 3). These included three of the four Skiestified by
GWAS to be associated with total body naevus cas@284063 in intron dPLA2G6
(cg25457927p = 3.5 x 10°®), rs3768080 in intron oRlID1 (cg18765906p = 6.4 X
10%, and rs738322 in another intronREA2G6 (cg25457927p = 1.7 x 10°). The
results also included ten SNPs previously idertifier melanoma risk reported at
MCI1R (2 SNPs) MX2, TERT/CLPTM1L, PLA2G6, CASP8, ACTRT3, ASP,
CDC91L1, and ARNT/SETDBT/LASS2ANXA9/MCLL/CTX (Figure 4). Six of these
CpG sites occurred in active promoters or enhanagerdNHEK (derived from
epidermal keratinocytes) (Ernst et al. 2011). Noh¢he CpG sites associated with
these SNPs were epigenome-wide statistically sagmt n-DMPs or within n-DMRs
from our EWAS analysis. However, 9 naevus count Gg€s within these regions
were associated with naevus count at nominallyifstgmmce @ = 0.05), including the
result atPLA2G6.

The thirteen SNPs have not been previously reporisd expression
guantitative loci (eQTL) using the same skin biopgpression data (Grundberg et al.
2012). However, results from the Genotype-Tissugréssion Project (GTEX)
(Consortium 2015) datasets show that eight of ti8NBs are eQTLs in either skin
tissue (sun or not sun exposed) and/or transforitbeoblasts. These GTEx eQTLs
were associated with the expression of 16 gendstah, and at seven of these we
identified DNA methylation variation associated hwithe same SNPCASP8
(rs1301693) MAFF, PLA2G6, TMEM184B, and BAIAP2L2 (rs2284063, rs738322,

and rs60010275PATA33 (rs258322)MX2 (rs45430), an€DK10 (rs4785763).
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DISCUSSION

To our knowledge, this is the first study to expl@pigenome-wide DNA
methylation in the largest healthy human skin essiataset to date, in relation to
number of naevi, the strongest risk factor of mefaa. This analysis adds an
additional layer to our current understanding oé thenomic biology of naevi
development on top of that previously obtained @4/AS. We used normal skin
biopsies of 322 healthy female twins and showetttiese biopsies represent mostly
homogenous dermis cells due to their distinct epmge signature. We identified
DNA methylation variation associated with total podaevus count at, to our
knowledge, previously unreported genes and além@in genes in naevi formation
or melanoma, both at single CpGs as well as regidhsese top-ranked results are
significantly enriched for strong enhancers in NHE&l lines as well as for CGI
shores, regions identified as more dynamic andtiomal in both cancer (Irizarry et
al. 2009) and stem cell reprogramming (Doi et 809). Approximately half of the
regional epigenetic changes tested also had camdspy gene expression differences
in the same biopsy. Finally, we identified DNA mg#tion variation incis associated
with known GWAS SNPs for both naevi number and metaa risk

We identified many genomic loci that exhibited drfntial methylation
associated with total body naevus count that weghly relevant to melanocyte
biology and cancer. Among these is the n-DMRCAC1, involved in telomere
maintenance and associated with telomere lengtmg¢ia et al. 2012). Telomere
length has been positively associated with highvasecount and melanoma risk
(Bataille et al. 2007), as well as via a genetiere@nalysis from 7 telomere length

associated SNPs (lles et al. 2014). This sugghatst¢lomeres within healthy skin

11



may already be longer in high naevus count indizisilas a similar rate of age-
dependent telomere length attrition has been shibetween leukocytes and skin
(Daniali et al. 2013), and supports previous warknelanoma biology . It may also
explain why individuals with multiple atypical ndeare relatively protected against
photo ageing, due to potential reduced skin semesce

An important molecular pathway highlighted, due ddferential DNA
methylation inRAF1, is the MAP/ERK pathway that includ8RAF. BRAF mutations
are found in ~50% of all melanoma tumours and &rggmificant clinical utility as
major therapeutic decisions are made accordingh® fgresence or absence of
mutations in this gene (Flaherty et al. 2010). S@mmanutations in the oncogene
RAF1 are remarkably rare in human cancers (Emuss €08b), however, ilBRAF
negative melanomas, targetimfAF1 leads to apoptosis. Therefore the significant
identification that this pathway is altered via DNrethylation could lead to the re-
evaluation of using mutational status alone in aded melanoma treatment
decisions (Heyn and Esteller 2012).

Another result of note IBRRDC1, part of the highly conserved cell signalling
NOTCH pathway. This pathway is pivotal in cell-fadetermination across many
organ systems in embryogenesis and also tissugenaimce in adults. Expression of
Notchl is low or not detectable in melanocytes as welhasvi, however, higher
expression is associated with their transformatmmelanoma (Massi et al. 2006;
Pinnix et al. 2009) ARRDC1 is necessary for Itch E3 ubiquitin ligase mediated
NOTCH receptor degradation (Puca et al. 2013).

We also found that our naevi signature was enddioe DNA methylation
changes previously identified in melanoma (Jin let2815). This may indicate a

priming or predisposition to melanoma of normalnskith more naevi. We then
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investigated the effect of 26 unique genetic vasapreviously associated by GWAS
with naevus number (4 SNPs) or melanoma risk (2P<gNon DNA methylation
within 100 kb (Falchi et al. 2009; Nan et al. 20Welter et al. 2014). Half of these
SNPs were significantly associated with DNA methgla changes in skin tissue. For
all three GWAS SNPs reported fBLA2G6, which is associated with both naevus
numbers and melanoma, eQTLs have been reportedkiimn and/or transformed
fibroblasts impacting on the expression BEA2G6, MAFF, TMEM184B, and
BAIAP2L2. All of these genes harboured SNP-associated DNAytadton variation
in our study. This highlights the usefulness oégrating DNA methylation analysis
with robust GWAS discoveries to identify functionahthways underlying strong
genetic signals. Furthermore, we identified GWASPS$sociated DNA methylation
variation, not only in genes with known eQTLSs, blgo in novel genes.

Compared to other studies, our sample is mucletahgan previous skin DNA
methylation studies (Roberson et al. 2012; Roddgekeal. 2014; Vandiver et al.
2015), and we have profiled only women, who arewkmoto have different
distribution of naevi on the body compared to meutier et al. 2004) as well as sex-
specific differences in DNA methylation (Singmannaé 2015). Additionally, this
study benefits from the extensive data for naevasnts collected by trained
dermatology nurses of healthy individuals. In castrto blood-based EWAS, this
study also highlights the strength of investigatihg phenotype-appropriate tissue to
help understand biological pathways implicatedigedse.

To conclude, this study based on skin biopsies322 healthy female
Caucasians using DNA methylome, transcriptome, @GMdAS data from the same
individuals identified DNA methylation differencessociated with number of naevi.

We identified pathways and genes that add to owrenti understanding of the

13



biology of the number of naevi and the pathologyn&lanoma. These data open up
avenues for future exploration in skin, not onlyywéome individuals have higher

numbers of naevi but how this phenotype contribtdeselanoma risk.
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MATERIALSAND METHODS

Sample selection

Detailed information regarding naevus count wasaioled from twins
registered with the TwinsUK Adult Twin Registry. &lwins in this registry are not
selected for diseases and were similar in meansaarges of quantitative phenotypes
to an age-matched population in the UK (Andrew let2801). Written informed
consent from all subjects was obtained in accorgavith Guy's & St Thomas' NHS
Foundation Trust Ethics Committee (EC04/015 - 15-8). The selected
individuals did not have a personal medical histofynalignant melanoma or other
skin cancers obtained through record linkage withNational Cancer Registry at the
Office for National Statistics (ONS). The examioatiwas performed by trained
research nurses following a standardised and repiolé naevus count protocol as
described previously (Bataille et al. 2000). Tdiatly naevus count was the sum of
all naevi > 2mm across 17 body sites.

DNA methylation data profiled from skin tissue wamilable for 322 female
twins with a mean age of 59 years old, includingv&s twin-pairs, 64 DZ twin-pairs,
and 144 unrelated individuals of European desdeéatch biopsies (8 mm) were
taken from a relatively photo-protected area adjnead inferior to the umbilicus and
were mechanically dissected for skin tissue rengvire fat layer prior to freezing.
Written informed consent from all study subjectssvadbtained and the procedures
were in accordance with the ethical standards efSh Thomas’ Research Ethics
Committee (REC reference 07/H0802/84). The skimp$yosamples were obtained

within 6.5 and 11.9 years after naevus count withean of 9.7 years (Figure S1).
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Genome-wide DNA methylation profiles

Genome-wide DNA methylation profiles were obtairfexin 326 bisulphite-
converted skin tissue DNA samples assayed by Itami Infinium
HumanMethylation450 BeadChip. DNA methylation levelere denoted as betas:
the ratio of intensity signal from the methylatewlges over the sum of intensity
signals from both unmethylated and methylated wodultiple measurements of
analytical quality were applied. Probes were remdof@ the main analyses that:
failed detection in at least one sample or hadaal lseunt less than 3 in more than 1%
of the samples (n=18,208), had a 50 bp probe sequtrat aligned to multiple
locations in the genome (n=17,764), harboured comgametic variants (MAE 1%)
within 10 bp on the probe at the interrogated Cp&(45,827), or contained variants
at any MAF within 10 bp at the interrogated Cp ¢it1,236), and were located on
the sex chromosomes (n=11,650). Probes with gewatiants within the 50 bp of the
CpG, but not within 10 bp were not excluded for GB/ANP analyses but were
highlighted as such in the figures and accompantgrg

Individuals were verified using the 57 autosomalPSphrobes included as
control probes on the BeadChip. Overall intensitgnal as well as bisulphite
conversion efficiency were assessed and the dataingpected visually for outliers
using beta density plots, boxplots, and imprintedions (using the R package
wateRmelon (Schalkwyk et al. 2013)). Four individsamples were excluded based
on low mean intensity signals. The remaining 328das were normalised using the
BMIQ method to correct for probe type bias (Tesduwefi et al. 2013). Principal
component analysis (PCA) was performed on BMIQ radised beta values that were
standardised (N(0,1)) at each probe. The firstethpenciple components (PCs),

which when combined explain 36% of the total var@nwere assessed for
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associations with possible confounders for DNA mkion data including
BeadChip, position on the BeadChip, age, smokiatust body mass index (BMI),
and bisulphite conversion efficiency. Strongly siigant associations (p < 1 x T8

were identified with BeadChip and bisulphite corsin efficiency.

Gene expression profiles

Gene expression profiles were obtained of the sslmetissue biopsies which
were profiled for DNA methylation for 248 individisafrom the MuTHER project
(Multiple Tissue Human Expression Resource) asipusly described (Grundberg et
al. 2012). In short, punch biopsies (8mm) were nakem a photo-protected area
adjacent and inferior to the umbilicus of whichrskissue was dissected. RNA was
extracted and expression profiling was performadgufilumina Human HT-12 V3
BeadChips. Probes with less than three beads presem® excluded and lgg
transformed expression signals were normalizedraggq per tissue, with quantile
normalization of the replicates of each individt@lowed by quantile normalization

across all individuals.

Genotypes

Genotype data of 283 individuals were availablenftbhe TwinsUK dataset as
previously described (Small et al. 2011), genotypsithg a combination of lllumina
HumanHap300, HumanHap610Q, 1M-Duo, or 1.2M-Duo amsérrays. Imputation
was done based on 1000 Genomes data phase 3.yQuamaditol measures included
minimum genotyping rate (>95 %), Hardy—Weinberg ikgium (p > 1079,
minimum MAF (>1%) and imputation quality score >®% GWAS catalogue SNPs.

This subset of individuals included only individsi&@if Caucasian ancestry.

17



Statistical analysis

DMPs associated with total body naevus count waeatified using a linear
mixed effects model fitted on the normalized betlugs per probe (N(0,1)) with total
body naevus count, age, BMI, smoking, bead chigjtiom on the bead chip, and
bisulphite conversion efficiency as fixed effecdsd family and zygosity as random
effects. This model was compared to a null modat #xcluded total body naevus
count by ANOVA. Results were considered genome-wgignificant if they
surpassed a FDR threshold of 5% and considerecstigg when surpassing an FDR
of 10%, estimated using ‘gvalue’ in R.

Naevus count DMPs were tested for association ag#husing a linear mixed
effects model fitted on the normalized beta valpessprobe (N(0,1)) with age, BMI,
smoking status, BeadChip, position on the BeadChm] bisulphite conversion
efficiency as fixed effects, and family and zyggsits random effects. This was
compared to a null model without age by ANOVA tsttior significance.

Small differentially methylated regions (DMRs) asisited with naevus count
were identified using R package ‘Bumphunter’ (Ja&ffal. 2012). Regions required at
least three consecutive probes with a maximum ¢&00 bp between each probe.
DNA methylation was adjusted for covariates desatipreviously for DMP analysis
before using Bumphunter. Naevus count DMRs weresidened with a p-value <
0.01 estimated based on 1000 permutations.

Gene expression analysis of the top-ranked DMRspeaformed in a sample
of 248 individuals using the same skin tissue byopsed for DNA methylation
profiling. A linear mixed model was fitted on the&peession data with age, BMI,
smoking status, batch, and concentration (fixeeot$h) and family and zygosity

(random effects) as well as the linear mixed mditield for DNA methylation data
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described previously for n-DMP analysis. The reaigdufrom both models were
compared with Pearson correlation.

Genotype variation analyses using GWAS SNPs werenpeed in a sample
of 283 individuals using genome-wide efficient ndxeodel association (GEMMA)
to account for family structure present in the damal adjusted DNA methylation
levels for fixed covariates used in the n-DMP as@&ly(age, BMI, smoking status,

BeadChip, position on the BeadChip, and bisulptuteversion efficiency).
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Table 1. Most associated naevus differential matioyrh positions (nDMPs)

. Associated . CpG
Rank | CpG Position (hgl19) Location | Beta St. Error P value FDR
gene island
1 cg06244240 chrl7: 81058948 - - Shore 0.0052  09.000 5.52 x 10° 5%
2 €g06123942 chrl5: 45722795 | C150rf48 5'UTR Island -0.0074| 0.0014 2.20X10 | 5%
3 €g25384157 chr9: 140499131 | ARRDC1 TSS1500 | Shore 0.0063  0.0012 3.06 X 10 | 5%
4 cgl1297934 chr3:12705868 RAF1 TSS200 Island -0.0046 0.0009 1.16 X°10 | 10%
5 cg14762973 chr2:187714067 | ZSMM2 TSS200 Island 0.0069| 0.0014 1.49 X°10 | 10%




Table 2. Most associated naevus differential metigm regions (nDMRS)

Rank | Position (hg 19) | Associated | Location CpG Number DNA P value Overview direction
Gene Island of CpG methylatio CpG sites
sites n

1| chr9:140499132- | ARRDC1 TSS1500- | Island + 25x10 [ ++---++
140500813 Body

2| chrl0:14647154-| FAM107B Body Shore + 25x 10 | +++
14647530

3| chr19:44285297-| KCNN4 TSS200- |- + 29x10' [ +++
44285568 1stExon

4 | chrl7:8129997- | CTC1 3'UTR Shelf - 6.3x10"|---
8130356

5| chr15:26915414- | GABRB3 Body Island - 83x10"|---
26915752

27




Table 3. Strongest CpG association per GWAS SNP.

Trait rs Position (hgl9) | Reported cpg beta | Pvalue | Associated | Location | CpG | Distanc
Genes Gene Islan | eto
d SNP
(kb)
Melanoma rs401681| chr5:1322087| TERT, cg06550200 0.788 2.6 x 10 | CLPTM1L | Body - -3.5
CLPTMIL 50
Cutaneous nevi| rs738322 chr22:38569008.A2G6 925457927 0.851 1.7x 10/ - - Shelf -26.4
49
Melanoma rs45430 chr21:4274608MX2 €g22778903 -0.711 1.9 x 10| MX2 S5'UTR - 4.4
42
Melanoma rs6001027 chr22:3854561 9L A2G6 cg25457927 0.848 1.3x 10| - - Shelf -49.8
38
Cutaneous nevi| rs2284063| chr22:38544298PLA2G6 925457927 0.834 3.5x10] - - Shelf -51.1]
& Melanoma 38
Melanoma rs741274¢ chrl:15086047ARNT, cgl5448220 0.662 1.4 x 10| SETDB1 TSS150Q Shore -37,.
SETDBL, 3
LASS,
ANXA9,
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MCL1,
CTX
Melanoma (2) rs258322| chrl6:897559081C1R cg05714116 -0.728 5.5 x 10| CDK10 TSS1500 Shore 3i3
14
Cutaneous nevi| rs3768080 chrl1:236179869D1 €cgl8765906 -0.374 6.4 x 10| NID1 Body - 4.5
14
Melanoma rs4785763 chrl6:9006693C1R cg08547343 -0.3461.0 x 10° | CENPBD1; | 5UTR; | Island 28.1
AFG3L1 TSS200
Melanoma rs910873| chr20:331717YZDC91L1 | cg01901788 -0.4411.8 x 10° | MAP1LC3 | TSS1500| Shore 259
A
Melanoma rs1309702 chr3:169464942 ACTRT3 cg27020690 -0.2892.0 x 10° | - - Island -17.4
8
Melanoma rs1301696¢ chr2:202162811 CASP8 €g24599065 -0.2302.1 x 10° | CASP10 3'UTR - 69.0
3
Melanoma rs228437| chr6:13489845@9P cg24504307 -0.3559.2 x 10° | - - - -64.7
Melanoma rs3219090 chrl:22656469PARP1 cg18764804 0.2406.2 x 10' | PARP1 TSS1500 Shore -32.0
Melanoma rs1031925% chr3:51379274DOCK3 cg09456445 -0.3158.5x 10" | DOCK3 3'UTR Shore -41.1
Melanoma rs1722784 chrl:150961869NXA9 cg07479786 0.2618.9 x 10" | ANXA9 3'UTR - -6.0
Melanoma rs1695300 chrl6:5411482&TO cg01083598 -0.1697.2 x 10° | - - Island -41.2
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2
Melanoma rs35390 chr5:33955326 S_LC45A2 cg01990593 0.6898.8 x 10° | ADAMTS1 | Body Shore 65.(
2
Melanoma rs1801516 chrl1:10817548TM cg08954307 -0.2499.8 x 10° | ATM Body - -59.3
2
Cutaneous nevi| rs4636294 chr9:21747803MTAP cg03724238 -0.128 0.013] - - Island 51.1
Melanoma rs4698934 chr4:10613938TET2 cg08530497 -0.195 0.037| TET2 Body - -15.9
Melanoma rs1847134 chrl1:89005253YR cg25941151 -0.158 0.041| TYR TSS200 | - 94.3
Melanoma (2) rs7023329 chr9:21816528CDKN2A cgl4548963 0.118 0.068| MTAP Body - 3.6
Melanoma (2) rs1393350 chr11:89011046YR cg03508346 -0.118 0.142| NOX4 3'UTR - -48.8
Melanoma rs1711946 chr10:10751635 NR cgl8758405 -0.290 0.333] - - - 65.0
1 2
Melanoma rs1889497 chr6:65432283EYS €cgl11999886 -0.026 0.760| EYS Body - 90.8
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FIGURE LEGENDS

Figure 1. Global DNA methylation profiles and skin tissue specificity.
First two principal components coloured by layeeaficity; red for dermal tissue,

blue for epidermal tissue, and green for our de¢a (egend)

Figure 2. Naevus count epigenome-wide resultsin 322 female individuals.

[a] Manhattan plot of the epigenome-wide associatiesults in 322 female
individuals, where each point represents the oleserlog, p value at a CpG-sit¢b]
Panel plot depicting direction of association at tinree top-ranked signals for
€g06244240 (left), cg06123942 (middle), and cg23534(right). Results are plotted
using normalised unadjusted beta values per indalidrhe lines represent the linear
correlation between DNA methylation and total bathevus countc] Heatmap of
top 48 ranked n-DMPs coloured by —logfpGralues of age association and naevus

association.

Figure 3. Location of two top ranked n-DMRsin the human genome.

Figures obtained from UCSC Genome browser, disptpayiosition in the genome
(hg19), CpG sites from HumanMethylation450 BeadCmpMR (in light blue),
RefSeq genes, CpG island, transcription factor Gidfa, DNase-| sensitivity sites,

and ChromHMM genomic segmentati¢a] At ARRDCL. [b] At CTC1.
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Figure 4. GWAS SNPs for naevus count or melanoma risk vs DNA methylation

in skin tissuein cis.

Regional plot of 100kb flanking regions around @&AS SNP of interest denoted as
striped black line. Each point is a CpG site withp value on the y-axis. The plots
are annotated with a gene track from LocusZoomhpaint is coloured according to
occurrence of genetic variants on the probe seguésee legend)A] rs738322
identified for cutaneous naeyB] rs3768080 identified for cutaneous na¢d]

rs45430 identified for melanoma rifR] rs401681 identified for melanoma risk.
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