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ABSTRACT

Background: The accumulation of somatic mutations contribtibesgeing and cancer. Sunlight is the
principal aetiological factor associated with s&ancer development. However, genetic and phenotypic
factors also contribute to skin cancer risk. Thiglg aimed at exploring the role of photoagingwatl as
other well-known epidemiological risk factors, retaccumulation of somatic mutations in cancer-free
human epidermis.

Material and Methods. We deeply sequenced 46 genes in normal skin @sfiom 127 healthy

donors, from which phenotypic data (including gggmentation-related genotype and phenotype) and
sun exposure habits were collected. We determimedamatic mutational burden, mutational signafures
clonal selection and frequency of driver mutationall samples.

Results: Our results reveal an exponential accumulatiod\éfrelated somatic mutations with age,
matching skin cancer incidence. The increase oftiwrtal burden is in turn modified by an individsal
skin phototype. Somatic mutations preferentiallguaaulated in cutaneous squamous cell carcinoma
(cSCC) cancer genes and clonally expanded withvaitie distinct mutational processes underpinning
different age groups. Our results suggest losilefify in transcription-coupled repair later ifeli
Conclusion: Our findings reveal that aging is not only asstedavith an exponential increase in the
number of somatic mutations accumulated in norrmpalezmis, but also with selection and expansion of
cancer-associated mutations. Aged, sun-exposedahskin is thus an extended mosaic of multiple

clones with driver mutations, poised for the acijois of transforming events.
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HIGHLIGHTS

- As skin cancer incidence increases, UV-relatedagi mutations accumulate exponentially with
increasing age in normal epidermis

- UV-related mutations do not only accumulate veife, but also repair processes are less effigient i
elderly individuals

- Apart from age, an individual’s skin phototypekey in the build-up of somatic mutations in heglth
skin

- Distinct mutational processes may operate irediifit age groups

- Aging is associated with positive selection argamsion of clones with cancer mutations in sun-

exposed normal skin



INTRODUCTION

Cancers arise as a result of somatic alteratioosrdng in the genomic DNA sequence of ‘normallsel
Somatic genomic alterations accumulate spontangousklls throughout a person's life as a resiult o

errors occurring during cell replication and aft@posure to mutagenic agents, such as certain caksmi

in tobacco smoke or UV radiation from sunlight2].,

The accumulation of clones of cells harbouring rioites across tissues may be expected to have
functional consequences on the physiology of nowabs, contributing to ageing and promoting digeas
progression, as in the case of cancer. In thisdegecent sequencing studies have revealed that, i
general, the somatic mutational burden and profilghysiological normal tissues seem to be summigi
similar to those found in tumours from the samsuiis[3—6]. These results suggest that the majofity
somatic alterations may pre-date tumour formatéom only a small fraction of all somatic mutatigms

cancer genome are, therefore, directly relevanaiminogenesis, disease classification and tredatmen

In the case of skin, a recent study analysing aainee epidermal samples from four individuals skdw
that the frequency of driver mutations in physidtadly normal skin cells is remarkably high [7].rsu
exposed epidermal cells carried a multitude of erdterations, and about 25-30% of these norikial s
cells had already acquired at least one driver tiutaindicating that cancer-causing mutationsuareer
strong positive selection even in epidermis mairitg normal physiological functions. The mutational
profile found in eyelid samples, a chronically ssxposed area, was similar to cutaneous squamdus cel
carcinomas (SCCs), but distinct from the profilarcteristically observed in cutaneous melanoma [7]
This may be due to the low number of epidermal natgtes (cells from which melanoma develops) in
relation to keratinocytes [8], but also due tofie that melanoma appears more frequently in
sporadically, rather than chronically, sun-exposexhs of the body — those that are usually coveyed
clothing. This apparently paradoxical fact is atitable to injuries caused by an intermittent patt#

intense and acute sun exposure associated witkatenral activities [9].



Skin cancer incidence worldwide reveals a cleatigiship between pigmentation traits and sunlight
damage, with individuals with fair skin and inatyilto tan showing greater cancer susceptibility.
Cutaneous sensitivity to sunlight exposure (abtlityanversus tendency to burn) is defined by certain
genetically determined pigmentation traits [10]uhindividuals carrying genetic variants assodiate
with increased sun sensitivity should have higloenatic mutational rates, as they have reduced rimelan
levels, insufficient to protect the genome of epidla cells from the mutagenic action of UV light[1

12].

While previous studies have confirmed that seemgingtmal cells harbour mutations, the key factors
that determine which individuals are more pronadquire and therefore accumulate somatic mutations
remains unclear. In this study, we aimed at inéngasur understanding of the accumulation of somati
mutations in the skin because of different pattefrsunlight exposure (Figure S1). Furthermore, we
explored if there is an added risk to accumulateatic mutations according to intrinsic characterssof

individuals (including age, and pigmentation-retbggenotype and phenotype) and to sun exposureshabit

MATERIALSAND METHODS

We focused on sequencing healthy skin samples &targe cohort of 123 cancer-free individuals, aged
11 to 92 years (mean of 58.50 years) (Table Sih &lmples were collected from different body areas
classified according to the pattern of sunlightasype as chronically-photoexposed (n=44) and
intermittently-photoexposed (n=79). Only one sampés collected from each donor due to ethical

reasons.

Deep sequencing of 46 genes implicated in skineraneas performed on each epidermal sample,

obtaining an average on-target coverage acrossleami23.44x (range 377.96-1657.37x).



To identify somatic mutations in the skin biopsies, developed a bespoke pipeline. In brief, we firs
applied the Mutect2 tumour-only mode, due to theeabe of a matched control sample. Putative
germline variants and technical artefacts wereemlsntly removed by applying several key filtering
steps, which were applied with the aim of having tteximum specificity. To validate the specifiaity
our pipeline, we applied it to an external datag#t available germline data. We found a very |ater
of false positives (<0.05%) (Figure S2A). The pntiom of mutations likely missed after applying our

stringent filtering procedure was estimated adyikeetween 10-20%.

Further details of sampling, sequencing, variallingpand filtering, and data analyses (including
mutational burdens, mutational signatures, cloekdion, frequency of driver mutations, and copy

number aberrations) are provided in Supplementathivtls.

RESULTS

Variation of mutational burden across samples

A total of 5,214 somatic mutations were identifiadur dataset, with an average of 42.39 mutatpmrs
sample (range 2-169) (Figure 1A), correspondingri@verage rate of 132.47 mutations per megabase
(range 6.25-528.13). Consistent with previous ssi0f normal tissue, most mutations were presdgt on
in a small fraction of cells, evidenced by the fiaett nearly all mutations exhibited a variantlalle

frequency (VAF) lower than 5% (Figure S2B).

The size of our cohort offered us a unique oppdtin directly quantify the key factors associateith
mutational burden in sun-exposed skin samplesehdgeveral phenotypic and behavioural risk factors
were collected from the participants, including,sege, Fitzpatrick’s skin phototype, history of kgimt
exposure, body site pattern of sun exposure, sifjggn damage in the skin area biopsied @R

genotype.



To empirically assess the relative importance ohgatential risk factor in contributing to the ratibnal
burden of skin lesions, we first evaluated whighetpf model could best represent the data. A loggli
multivariate model was identified as providing test fit, compared to linear, non-linear, quadratid
cubic models (Figure S3). When using this log-lmeadel, the total variance of mutational burden
explained by all variables combined was high (aeji$¥ = 49.88%). Age explained the largest
proportion of the total variance (55.16%; Figure.1&n individual's skin phototype was, surprisingly
the second strongest predictor, explaining 17.92#%emutational burden variance across samples. Ou
results suggested a significant decregs@)in the number of somatic mutations accumulateskin
samples from individuals with high skin phototyggskin types that normally tan after sunlight expe3u
as compared with individuals with low skin photatgp(skin types that normally burn rather than feer a
sunlight exposure) (Table S2). The lack of tanmiagacity confers greater susceptibility to develkip

cancers, due in part to the inability to protectiagt UV-related DNA damage [10].

Contrary to previous studies [13], no associationinivariate or multivariate analysis, was found
between the somatic mutational load and the gerdatybIC1R, a key pigmentation-related gene
determining the ability to respond to UV exposuré][ Moreover, a lack of significant association
between mutational burden and the pattern of badypkotoexposure (chroniersus intermittent) was
observed after including all risk factors in thedah explaining only 7.82% of the variance of that
number of mutations accumulated across samplesd@arsuggested a comparable effect of intermittent
exposure to sunlight, perhaps while on recreatiantities, and continuous exposure, through sipgnd

a large amount of daylight time outdoors, with reigato the accumulation of somatic mutations in
normal epidermis. None of the other risk factoreaed significantly associated with mutationaldmur

in the multivariate model (Figure 1C).

Given that age and phototype were the two mosifgignt contributors to explain mutational burdere

guantitatively assessed age-related mutationaklmuadcording to skin phototype. For each skin



phototype, we determined the mutation rate incibpse year of lifef) in the panel of 46 genes (0.32
Mb) using a log-linear model (Figure 1D). Nonpar#igebootstraps (1000 runs) were conducted to
estimate the 95% confidence intervals (C195) ofdfiect of age. Somatic accumulation rates per géar
life increased across skin phototypes. Strikinglythe age of 65 years old, we expect 68.63 mutsitio
(C195: 40.65-122.73) to have accumulated in theelécted genes for phototype |, whereas only 14.22

mutations (CI95: 8.16-20.54) are expected for tiype

Taken together, these results suggest a profodi@iite of age on the accumulation of somatic
mutations in normal skin. This age-associatedafsautational burden is in turn modified by an
individual's skin phototype, reflecting the inabjliof UV-sensitive individuals to protect againstU
related DNA damage. We note that although sequgrumimerage had an impact on the number of
mutations called, our overall conclusions wereatfdcted by discrepancies in sequencing coverage

across samples (Supplementary Text and Figure S4).

Aging and the rise of UV-associated mutations

To explore the mutational processes underpinniagatttumulation of mutations in sun-exposed samples,
we considered the specific substitution typeshidohort as a whole, we observed a predominance of
C>T and CC>TT mutations at dipyrimidine sites (T@QCpC), likely reflecting repair of 6,4-
photoproducts and the production of cyclobutanémugine dimers (CPDs) in response to UV-induced
DNA damage [15](Figure 2A). These C>T substitutisrese preferentially accumulated on the non-
transcribed compared to the transcribed str@aeh{ue = 4.21x10), consistent with the activity of
transcription-coupled nucleotide excision repaig(ife 2B). In addition, we also observed an enriehim

of T>C/A>G mutations at CTT sites, potentially cadidy indirect DNA damage after UV radiation —
greater incorporation of G, rather than A, oppatitanidine and cytidine photodimers by translesion
polymerases (Figure 2A). This is in line with tlaetfthat these mutations tended to accumulateein th

transcribed rather than in the non-transcribedet@-value = 5.43x18) (Figure 2B).



To quantify the presence of specific mutationahatgres, which may reflect underlying mutational
processes, we applied deconstructSigs [16] todh@mned set of mutations within the cohort. The
specific mutational spectrum observed in our samplainly resembles the COSMIC base substitution

signatures related to UV radiation (mutational atgnes SBS7a-d) (Figure S5B).

The relative contribution of UV-related mutatiopathogenesis varied significantly with age (Figure
2C). Mutational signatures directly related to Wdhtributed 68.14% of all mutations detected after t
age of 63 (the cohort median age), but only 46.69%e mutational burden in individuals youngemtha
63 (Figure S5B). This observation is in accordanmite the fact that non-melanoma skin tumours
typically occur at advanced age and are relatediiaulative sun exposure [17]. In fact, we obseited
the increase of UV-mutations in normal skin witle dgllows a similar exponential trend than skinaam
incidence in Spain (data downloaded from the Gl@saicer Observatory, http:/gco.iarc.fr)(Figure 2D)
This exponential growth of UV-related mutations was affected by the frequency of variant reads
(Figure S4D). The main difference between the gtderd younger individuals in terms of mutational
spectra, apart from the fraction of UV-related riotss, was related to the fraction of T>C/A>G
mutations at CTT contexts, being proportionallyhtegin younger individuals. This mutational pattern
closely matched the SBS17a signature, a COSMIGagiga with unknown aetiology that has been
shown to contribute to cutaneous melanoma [18dia insight into the context dependency of this
T>C/A>G substitutions, we explored the local segqeerontexts (from -5 to +5 positions) and observed
specific pattern of contextual preference (CTTThormal skin samples biopsied from younger
individuals (Figure S7A). Additionally, the degrektranscriptional strand bias detected for T>C/A>G
substitutions was substantially higher in youngelividuals (Figure S7B). These differences in the
mutational spectra between different age groupdeaattributed to the exponential increase of C>T

substitutions with age, coupled with a relativebyistant, linear increase in T>C/A>G mutations \aigfe



(Figure S7D). These observations suggest that, thiteage of 60, the mutagenic process related to

sunlight is the predominant contributor to the awualation of somatic mutations in skin.

To confirm that the differences shown in mutatiosyagctra with age was not solely due to unequal
representation of sunlight exposure patterns betwabgroups (the proportion of chronically-
photoexposed skin samples is higher in the eldgdyp than in the young group), we implemented
deconstructSigs splitting samples of each age gacuprding to the pattern of sunlight exposurenef t
skin tissue biopsied. These results confirmedttiasunlight exposure of the skin sample was not a

confounding factor in the age-specific mutatiorattern observed (Figure S7E).

Taken together, our results reveal that mutatipnatesses may sculpt the genome in distinct waysgeas
age. While SBS17, a signature that seems to acetenai a constant rate during life, UV-related
mutational processes appear to become the dondaasé of mutational acquisition with age. This
suggests a decline in the ability to repair UV-iogld mutagenic lesions later in life. Consistenhlits,
we observed a trend for decreased transcriptiopleduepair, as captured by transcription straag bt

C>T mutations, in older compared to younger indreid P-value = 0.078; Figure S7C).

Positive selection of driver mutations in normahsk

We next considered whether protein-altering sonmatitations were subjected to positive selection and
the interplay between age and selection. We evaduhe footprint of positive selection in two
orthogonal ways, by quantifying the excess of ngmeaymous mutations as well as by estimating clone

sizes.

The majority of the normal sun-exposed skin sampseboured multiple protein-altering mutations, reve
though these epidermal samples were histologitahign (Figure 3A). The catalogue of recurrently

mutated genes in normal skin was almost identac#tiat of cSCC, witAP53, NOTCH1, NOTCH2 and



FAT1 being the most recurrently mutated genes. Weidésdified samples with canonical hotspot
mutations with therapeutic relevance (accordinthéodatabase of curated mutations) in several
oncogenes such &RAF (F595L, V600OE)HRAS (G12D, G12V)PIK3CA (P471L, E542K, E726K,
M1043l, H1047L), andFGFR3 (R248C, S249C, Y373C, A391E). In total, thirty-fq63.12%) skin
samples from elderly individuals carried at leas of the 50 different relevant disease-causing
mutations identified. Conversely, only eight (124)0young individuals harboured at least one ofghes

canonical mutations (Figure 3A).

In order to quantify the extent of positive selectdriving minor clonal expansion in normal skin
samples in both elderly and young donors, we censilthe ratio of missense, nonsense and essential
splicing mutations compared to synonymous mutaticisg the dNdScv package [19]. Our results
provided evidence of significant positive selectiamen considering mutations in all known canceregen
as a whole, while a lack of selection pressurdseoved in non-cancer genes (Figure 3B). Indeéndgus
the dN/dS ratios, we found that a considerablegreage of mutations (50.42%) accumulated in cancer
genes may confer a growth advantage and thus mpgdively selected in normal skin. However, non-
cancer genes seemed to accumulate neutral mutéti@nsay not be affected by natural selection and,

hence, their growth/expansion can be attributegktwetic drift (Figure S9B).

At a single gene level, we had power to detectifigmt positive selection in three out of 46 senpedd
genes for normal skin samples collected from botmg and elderly individual§ P53, NOTCH1, and
FATY1) (Figure 3C). Notably, all three genes were alsmas to have a significant excess of non-
synonymous mutations in normal sun-exposed epiddifhiand have been shown to be drivers of cSCC
[20, 21]. InterestinglyNOTCH2 andCDKNZ2A, two tumour suppressor genes recurrently mutatetin
cancers [20-22], only had a significant excesswfdating mutations in samples from elderly
individuals.NOTCH2 was also the gene most frequently subject to ocopyber aberrations

(Supplementary Text and Figure S8).



The majority of sun-exposed samples (79.67%) aaaideast one non-synonymous mutation in a cancer
gene under positive selectiofP63, NOTCH1, andFAT1). Samples harbouring mutationsTiR53,

NOTCH1 andFATL, as well as other canonical hotspot mutations,ehsignificant increase in the overall
number of mutations. Although this increase seetndxt largely influenced by the participant’s atpe,
increase in mutation count associated with carrpimgein-altering mutations in these positivelyestéd

genes was observed in both age groups (Figure S10A)

To confirm whether these protein-altering mutatiares subject to positive selection, thereby resglin
clonal expansions, we scrutinized the VAF spectsomatic mutations in each age group. The average
VAF of non-synonymous mutations per gene was sianitly higher than that of synonymous mutations
in normal skin samples from both youriRp(alue = 9.96x106) and elderly donor$¢value = 6.21x16;
Figure 3D). The highest average VAF was observa@dinter-associated genes under significant positive
selection NOTCH1, FAT1 andTP53), suggesting that these selectively advantageauations may

appear early and expand with age in sun-exposadai@kin. However, the modest VAF of even these
somatic mutations (mean VAF of 0.014 and 0.00%fderly and young donors, respectively) suggested
that they are present in only a small subset of sklls, therefore remaining in a minority of swpesed

cells.

Overall, frequencies of both non-synonymous an@symous mutations significantly increased in
epidermal samples from elderly donors comparetided collected from young donosyalue =
8.30x10° andP-value = 1.53x10, respectively; Figure 3D and S10B), suggestingréoice and selection
for larger clones with age. Intriguingly, while dnegencies of synonymous mutations were found tobixhi
a linear relationship with patient age, an age-ddpat exponential growth was observed for non-
synonymous mutations (Figure 3E). Conceivably ithear expansion of synonymous mutations (which

are generally expected to be neutral) with agectdlfixation by drift, while the exponential grdwaf



clones carrying protein-affecting mutations (wharlke generally expected to increase cell fithest) wi
age indicates positive selection. Although ther® isoad VAF spectrum in all samples, the assaociadf
clonal expansion with age and mutation effect wes abserved when all mutations were analysed

(Figure S9A).

Taken as a whole, our data suggest that sun-expmseathl skin already harbours protein-affecting
mutations in cancer genes, with 5 genes subjestatsstically significant positive selection. Fuetimore,
we find that skin from elderly individuals not ortharbours more mutations, but a larger fractiothege

reflect positive selection and expansion.

DISCUSSION

Like other tissues, skin undergoes chronologicalgthat might lead to its functional decline, whis
accelerated by chronic sun damage. This study aimegplore the role of photoaging, as well as othe
well-known epidemiological risk factors, in the aowlation of somatic mutations in cancer-free human
epidermis. Our experimental design was focusechatysing the mutational landscape in a large cohort

of subjects with a wide range of ages and phenotsiparacteristics.

A profound variability in terms of mutational burdand driver mutations was observed among
individuals, which was largely explained by age.éxponential increase of mutation count with
increasing age was observed in the panel of 46sgémaddition, normal skin samples collected from
donors with low skin phototypes (individuals witirfskin who tend to burn rather than tan aftengei
exposed to sunlight) tended to accumulate a highetber of somatic mutations over time. Fair-skinned
individuals are more severely affected by photog4]. Therefore, the increased risk of developing
skin cancer, at least for sporadic cancers, agedcwith these phenotypes may be due to the presg#nc
a higher reservoir of mutant cells waiting to acgunore cancer-driving mutations, evade clonal ¢jnow

control and initiate malignant transformation. Byntrast, sun exposure habits were not significantly



correlated to mutational burden variability acreamples. Note that our samples were collected from
Spanish individuals living in a region with relaly high UV index and pleasant weather throughbet t
year. Perhaps a higher effect of sun exposurerpditebody site would be found in populations from
more northerly latitudes, exposed to sunlight mathlring summer vacations. Furthermore, the
retrospective and subjective nature of some beheadioisk factors, particularly those related to su
exposure habits, raises the potential for recab.brherefore, validation in independent and larger
cohorts will be needed to further analyse the aason between behavioural risk factors and mutetio
burden. Additionally, future efforts should be ddnexplore other factors (i.e. repair mechanisms
efficiency, antioxidant capability, etc.) that maypact on somatic mutation acquisition among

individuals.

Analysing a large cohort with a wide age rangedilasved us to investigate the timing of somatic
mutation accumulation in normal skin. The numbeF®€ mutations accumulated in normal skin
appeared to accumulate at a steady linear ratanimast, an exponential rise of UV-related mutetio

with increasing age was evident in normal epiderifigs exponential increase of UV-related mutatjons
together with the fact that the ratio of these riotes accumulated in the non-codiveysus the coding
strand tend to decrease with age, could be retattte decline of nucleotide excision repair (NER)
capacity with age [25]. NER is a highly evoluticihaconserved mechanism for repairing bulky DNA
lesions resulting, among others, from sunlight expe. The importance of NER activity in the
prevention of skin cancer is denoted by the extreemsitivity to sunlight and severe predispositimn
UV-induced skin cancers of patients with the inteetidisorder xeroderma pigmentosum, in which genes

encoding for the different components of the NEBcede are mutated [26].

The age-dependent exponential increase of skirecamcidence in Spain followed a similar trend than
the accumulation of UV-related mutations in norsidh. Apart from the decline of NER function, skin

photoaging has also been linked to impaired skmdustasis [27]. It is thought that strategies iisue



maintenance have a noteworthy impact on canceténcie, consistent with the dramatic increase of
cancer incidence with tissue and stem cell fitmesdine [28]. Aged/damaged tissue microenvironment
may therefore provide an opportunity for cloneshweitselective advantage to expand, and that méhyebe

reason why mutational profile notably differs bedwanormal skin samples from young and adult donors.

Our results revealed an enrichment of driver maitstin most normal sun-exposed skin samples,
especially in those collected from elderly indivédii In addition, there was a marked overrepretienta
of protein-altering mutations in several cSCC drigenes, especially NOTCH1, TP53 andFAT1,

likely reflecting positive selection. As previoudgen in blood [29], the quantitative analysisedéstion
by measuring the excess of non-synonymous mutafetslS ratios) were in line with clone size
distributions. Analysing the VAF spectra of mutascaccumulated in normal skin, we noted that clone
size seems to be closely related to age (time guvlrich it has been expanding) and to the variant

impact on cell growth (rate at which it has beepaading).

However, because these positively-selected geneshieen shown to be frequently mutated in normal
skin [7, 23], it seems unlikely that these mutagialone confer a sufficient growth advantage teedgr
cancer development. Indeed, although clones cartyiese selectively advantageous mutations have
expanded in normal skin, it is notable that onlyoli¥ of 123 donors (13.82%) carried more than one
mutation with clinical relevance in their skin. Beemutant clones also seem to be relatively small,
suggesting even in these cases the somatic adtesatre mostly in distinct clones. Indeed, usingd@N
ratio, the number of canonical mutations estimgtedcell was only 0.21 (range of 0.07-0.72) in skasip
carrying at least two clinically relevant mutatiokge speculate that most cells carrying driver tiong
may not have yet acquired the right combinatiomatated genes for expanding and culminating in the

development of malignancy.



Cellular senescence, an irreversible proliferasitrest triggered by exogenous and endogenousestess
may be a plausible explanation for the limited egdan of clones carrying cancer-causing mutations i
normal tissues. Oncogenic-induced senescence $&devad a crucial protective mechanism against cell
transformation. Several reports from animal modajfgport the idea that cell senescence may occur in
tissues after acquiring a mitogenic mutation, pnéing carcinogenesis at an initial step [30, 3HeT
biology of naevi is a clear example of cellularessence following an initial activating oncogenic
mutation, normally irBRAF or NRAS[32, 33]. Melanocytic nevi are clonal proliferataf non-
malignant melanocytic cells, which can remain nomwing for many years, but also can act as
precursors of melanoma if cells overcome senescémegventions that favour oncogene-induced
senescence may help restrict the growth of cloagyiag cancer-causing mutations in normal tissues

and thus tumour progression.

The question arising from our observations, togethith those shown in different sequencing studies
previously performed on healthy tissues [3-5, 7,38, is whether or not targeting these early rions
recurrently found in normal tissues will be relewfom preventing carcinogenesis. Further efforisudth
be done to delineate the succession of geneti@titinas needed for malignant transformation of
physiologically normal tissues to premalignant preor lesions, and finally to tumours, with the aifn

discriminating drivers of the disease from the patihogenic mutational landscape.



ACKNOWLEDGMENTS

We are extremely grateful to all the volunteersgieing their consent to take part in this studyweell as

to all the medical specialists for supervising ptgpe collection of all samples. This work is suged

in part by the Jaume | University of Castellon @42016-13). B.H. is funded by the Jaume | Universit
of Castellon under a Postdoctoral Research con{ROISDOC-A/2018/07), and received additional
funding for conducting a research exchange at @Bk Qancer Institute (E-2019-34). N.M is a Sir Henry
Dale Fellow, jointly funded by the Wellcome Trushda the Royal Society (Grant Number
211179/Z/18/Z), and also receives funding from CRWR¢setrees, and the NIHR BRC at University
College London Hospitals, and the CRUK Universitgll€ge London Experimental Cancer Medicine

Centre.

AUTHOR CONTRIBUTIONS

B.H. treated skin tissues, performed DNA extractimepared samples for sequencing, conducted
bioinformatics analysis, and wrote the manuschpD. helped with mutational signatures analysif®?.G.
helped with variant calling and filtering, and camymber aberration analysis. M.G-B. helped with lab
work. G.P, L.M. and F.V-C collected tissue samjgled phenotypic data of donors. N.M. provided
expertise in interpreting the results, supervisethformatics analyses, and wrote the manuscrigtl-C
conceived the project, supervised the study, amdevthe manuscript. All co-authors provided critica

feedback and contributed to manuscript preparation.

DECLARATION OF INTERESTS
N.M. has received consultancy fees and has stawngpin Achilles Therapeutics. All remaining autho

have declared no conflicts of interest.

DATA AVAILABILITY

Sequencing data has been deposited at the Eur@mame—phenome Archive (EGA) under the



accession code EGAS00001004279. The somatic mugafiboind in all samples are listed in the
Supplementary Dataset S1. Clinical data of eacloidoan be found in the Supplementary Dataset S2.

Any other relevant data can be obtained from thisesponding authors upon reasonable request.

FIGURE LEGENDS

Figure 1. Risk factors contributing to the accumulation of somatic mutationsin normal epider mis.
(A) Total number and type of somatic mutations detkateoss the 46 genes sequenced in each sample.
Clinical and demographic characteristics are presknelow(B) Relative importance of predictors
included in the log-linear multivariate regressioadel. The total variance explained by the model
(adjusted-R = 49.88%) is decomposed in order to know the iiddial contribution (effect size) of each
predictor. Asterisk denotes significant predict¢®). Heatmap showing the-values of univariate and
multivariate log-linear model coefficients from thralyses-of-variance (ANOVA) tabldf) A log-
linear regression is used for analysing the agecetin the accumulation of somatic mutations fahea
skin phototype. Solid lines represent the bootgiedpmean of the slope, and shaded areas its
bootstrapped 95% confidence intervals (C195). Resjom coefficientsA) for each skin phototype are

also presented.

Figure 2. Spectrum of somatic mutationsin normal epider mis. (A) Bar plot showing the fraction of
single (top) and doublet (bottom) base substitgtimund in each of the possible 96 trinucleotidetexts
(strand independent)B) Relative number of each substitution type presarthe transcribed (dark
shading) and untranscribed strand (light shadifsgderisks indicate significant transcriptional stila
asymmetries (Poisson teq(}.) Mutational spectra in samples from young (left) aiderly donors

(right). Heatmaps show the fraction of each trirotide change in each sample (middle). Bar plots
represent the contribution mean of each 96-mutdgipa per age group (top). Clinical and demographic

characteristics are presented next to each samgité) ((D) Age-dependent increase of both UV-



mutation accumulation and skin cancer incidencéa@askin cancer incidence in Spain was

downloaded from the Global Cancer Observatory {titggo.iarc.fr).

Figure 3. Occurrence, positive selection and expansion of driver mutationsin normal skin with age.
(A) Heatmap showing the distribution of recurrent sgnenymous mutations per coding kilobase of
sequence for each one of the 46 genes targetessamltmormal skin samples. Genes are sorted from
higher (top) to lower (bottom) number of non-synmoys mutations per kb. Percentage of normal skin
samples carrying at least one non-synonymous matatieach gene is shown in brackets. Clinical and
demographic characteristics are presented aboveseatple. Th&MT2B gene is not included in this
plot since none non-synonymous mutation was founosa samples. Red asterisks denote samples
harbouring at least one canonical mutation in aifipeyene.(B) Global dN/dS values (top) and
frequency of driver mutations (bottom) calculatgddking together all cancer and non-cancer games i
normal skin biopsied from both young and elderlpals. Error bars represent 95% confidence intervals
Percentage of driver mutations was only calculatken dN/dS ratios denoted positive selection (dN/dS
> 1).(C) dN/dS ratios for each of the 46 target genes. &ander significant positive selection in both
age groups are coloured in red, while genes pesitselected only in the elderly group are coloured
blue (overall g-value < 0.05). Genes are sorteahfinigher (bottom) to lower (top) significant valinethe
elderly group(D) Distribution of VAFs of somatic non-synonymous aytionymous mutations per
gene. Red dots denote positively selected genestimyoung and elderly groupSAT1, NOTCH1, and
TP53), and blue dots indicate genes under positiveegeteonly in the elderly groupNOTCH2 and
CDKNZ2A). Dots representing the other genes sequencemblngred in grey. A Wilcoxon-Mann-
Whitney test is used for testing differences ammgation types in each age gro() Expansion of
non-synonymous and synonymous mutations with ageh Bot represents the mean VAF of somatic
non-synonymous and synonymous mutations per saififtied lines show that the variant allele

frequencies of hon-synonymous mutations (with atpesfitness effect) grew exponentially with age



denoting selection, while synonymous mutationsh{aineutral fitness effect) expanded linearly \aige

indicating fixation by drift.

SUPPLEMENTAL MATERIAL
Supplemental material includes supplementary matlhaod references, eleven figures, three tables and

two datasets.

Figure S1. Schematic overview of the experimental design.

Figure S2. Evaluation of variant calling and filtering. (A) Validation of filtering procedure efficiency
in an independent dataset comprising tumour aratad} benign FFPE samples collected from six
melanoma patients. A noteworthy decrease of falsdipe rates (proportion of germline variantshe t
set of somatic mutations) was denoted after apgliiie procedure for filtering out germline variarii)
Histogram of somatic mutations identified by VAFo# somatic mutations remain in a subclonal state
with low VAFs (VAF << 5%).(C) Spectra of mutation sets removed after applyiagegific filtering
step. All mutational spectra are very differentfrthe typical UV-related mutational spectrum, iradiicg
that the filtered variants are unlikely to be reamatic mutationgD) Global dN/dS ratios estimated
before and after mutation filtering called with Mat2 tumour-only mode. The global dN/dS << 1
denotes contamination of germline variants ana/dnnical artefacts in the non-filtered dataset of
somatic mutations. This problem seems to be safted applying the different filtering steps (dN/&S
1). Error bars denote 95% confidence inter{i).Results of applying a log-linear regression maalel
the non-filtered mutation dataset for predicting tumber of mutations per sample. The low variance
explained by the model (adjusted=R6.08%) denotes that the non-filtered list of niotss includes a

large number of likely false positive calls.



Figure S3. Selection of the best model explaining the age-dependent incr ease of somatic mutations

in normal skin. Model selection was performed using the Akaike rimfation criterion (AIC).

Figure $4. Evaluation of theimpact of mutation detectability on mutational burden variability

across samples. (A) Scatter plots showing a high correlation betwdenumber of mutations predicted
from the original dataset and from each down-sathgiasets values denote the gradient of impact of
coverage metric on mutational burden estimgisBox plots showing the ratio of increase, expressed
fold change (FC), in mutational burden estimateséxh increase in coverage metr{€&. Heatmap
showing the analyses-of-variance (ANOVR&Vvalues of multivariate log-linear model coefficigmof

each dataset. DS, down-sampled. N, sample sizeafatase{D) Scatter plot showing the mean VAF
and the number of all mutations found per samphés Plot shows that mutation detectability did not
significantly influence the number of mutations iduacross sampleg) Heatmap showing the-values
of univariate log-linear model coefficients fronetANOVA tables. The normalized mutational burden of
each sample was calculated by dividing the numbamuations per sample by the mean VAF of all

mutations found in the sample.

Figure Sb5. Mutational spectrain normal skin. (A) Heatmap showing the fraction of each 96-mutation
type per sample. Clinical and demographic charaties are presented above each saniBle.
Percentage of substitutions attributed to eachobitiee six mutational signatures for all mutatidrsn

all 127 samples together (Total), as well as fomaitations included in each age subgroup.

Figure S6. Linearization of the exponential increase of both UV-mutation accumulation and skin
cancer incidencewith age. Logarithmic transformation of data displayed igute 2D. The relatively
high R-squared values denote that a high propodidhe total variance in UV-mutation accumulation

(blue dots) and in skin cancer incidence (blaclsYistexplained by the respective log-linear model.



Figure S7. Age-related mutational spectrain normal skin. (A) Local mutational context of T>C
substitutions in samples biopsied from young adéry} donors(B) Relative number of each
substitution type present on the transcribed (dhdding) and untranscribed strand (light shadimg) i
samples biopsied from young and elderly donorsersdits indicate significant transcriptional strand
asymmetries (Poisson teqi.) Percentage of C>T mutations per strand in youmigedaterly individuals.
ANOVA test used for comparing the ratio of non-cagdcoding C>T mutations between age gro(p}.
Age-dependent increase of T>C substitutigi3.96-barplot depicting the number of mutations obser
at each trinucleotide context taking together athples biopsied from young and elderly individuals
(Total), as well as splitting samples of each ageig by the body site pattern of sun exposure

(Chronically- and Intermittently-photoexposed).

Figure S8. Occurrences of copy number alterationsin the 46 cancer genes across samples. (A)
Heatmap showing the significant copy number evdatscted in our cohorfB) Scatter plots of four
samples showing allelic imbalanceNOTCH2. The b-allele fraction (BAF) and 95% confidence
interval of each germline heterozygous polymorphistdOTCH2 is shown. Red dots denote a deviation
of the observed fraction of reads supporting theamallele from the expected fraction (dashed Jines
which is calculated by averaging the BAFs of alingine heterozygous SNPs in each sample and in all

samples.

Figure S9. Mutation effect in cell fitness, selection and clonal expansion. (A) VAF spectra of non-
synonymous and synonymous mutations in both dewernon-driver genes according to g@.Global
dN/dS values (top) and frequency of driver mutati@imottom) estimated in driver and non-driver genes
according to mutation frequencies. Percentageiegidmutations was only calculated when dN/dS matio
denoted positive selection (dN/dS > 1). Mutatiomsendivided into four equal parts according torthei

VAF. VAF Q1, mutations with VAF values below thesfi quartile. VAF Q2, mutations with VAF values



between the first and second quartiles. VAF Q3 atmoris with VAF values between the second and third

guartiles. VAF Q4, mutations with VAF values abdkre third quartile.

Figure S10. Clonal expansion of cloneswith oncogenic mutations. (A) Number of non-synonymous
mutations per sample in normal skin samples noriecaror carriers of one or multiple non-synonymous
mutations ilNOTCH1, TP53 andFAT1, as well as in normal skin without or with canaiibotspot
mutations. Each dot represents a sample and isredl@ccording to the donor’s age. For avoiding the
confounding effects of age, samples were stratdi@brding to donor age for statistical analyses. |
panels comparing more than two groups, a Kruskallhg/(KW) test is used for testing differences
among groups. In panels comparing two groups, adXin-Mann-Whitney (WMW) test is used for
testing differences among groufB) Heatmap showing the mean VAF of all non-synonymuusations

found per gene across normal samples collected yoamg and elderly individuals.

Figure S11. Coverage and mutational burden across genes and samples. (A) Plot showing the number
of mutations per gene across all samples (bartojp},and the mean coverage per gene and sample (bo
plot, bottom). Genes in the x-axis sorted by mearermage across samples. Blue line indicates themea
coverage across all sampléB) Plot showing the number of mutations per sampde piot, top) and the
mean coverage per sample (bar plot, bottom). Sampléne x-axis sorted by mean coverage across all
sequenced regions. Blue line indicates the meaarage across all sampl€€) Scatter plot showing the
coverage and number of mutations per gébg Scatter plot showing the coverage and number of
mutations per sample coloured by skin phototypit) @&d per age group (right). These plots show tha
coverage did not significantly influence the numbemutations found across genes and/or across

samples.

Table S1. Demographic and clinical data of all Spanish donors.



Table S2. Log-linear modelling of the accumulation of somatic mutationsin normal skin.

Table S3. Information from literatur e about the function and the rolein car cinogenesis of thelist of

genes sequenced in this study.

Dataset S1: List of all somatic mutationsincluded in thefinal list

Dataset S2: Clinical and phenotypic data of donors
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