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Joanna C Fowler1, Charlotte King1, Christopher Bryant1, Michael Hall1,3, Roshan Sood1, Swee 

Hoe Ong1, Eleanor Earp1, David Fernandez-Antoran1, Jonas Koeppel1, Stefan C Dentro1,2, David 

Shorthouse3, Amer Durrani4, Kate Fife4, Edward Rytina4, Doreen Milne4, Amit Roshan4,5, 

Krishnaa Mahububani6, Kourosh Saeb-Parsy6, Benjamin A Hall3, Moritz Gerstung2,7, Philip H 

Jones1,3* 

 
1 Wellcome Sanger Institute, Hinxton CB10 1SA, UK 
2 European Molecular Biology Laboratory, European Bioinformatics Institute, Cambridge CB10 1SD, 

UK 
3 MRC Cancer Unit, University of Cambridge, Hutchison-MRC Research Centre, Cambridge 

Biomedical Campus, Cambridge CB2 0XZ, UK 
4 Cambridge University Hospitals NHS Foundation Trust, Cambridge Biomedical Campus Cambridge, 

CB2 0QQ, UK. 
5 Cancer Research UK Cambridge Institute, University of Cambridge, Li Ka Shing Centre, Robinson 

Way, Cambridge CB2 0RE, UK 
6 Department of Surgery and Cambridge NIHR Biomedical Research Centre, Biomedical Campus, 

Cambridge CB2 0QQ 
7 European Molecular Biology Laboratory, Genome Biology Unit, Heidelberg, DE 

 

*correspondence to Philip H Jones, Wellcome Sanger Institute, Hinxton CB10 1SA, UK 

Email: pj3@sanger.ac.uk 

Phone: +44 7952506561 

 

 

Conflict of Interest: The authors declare no potential conflicts of interest. 
 
Financial Support:  This study was supported by Cancer Research UK, the Wellcome Trust, the 
Medical Research Council, the Royal Society, the Chan Zuckerberg Initiative, Clare College, 
Cambridge University, and the European Bioinformatics Institute EMBL-EBI.  
Summary:  

 

Skin cancer risk varies substantially across the body, yet how this relates to the mutations 

found in normal skin is unknown.  Here we mapped mutant clones in skin from high and low 
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risk sites.  The density of mutations varied by location. The prevalence of NOTCH1 and FAT1 

mutations in forearm, trunk and leg skin was similar to that in keratinocyte cancers.  Most 

mutations were caused by ultraviolet (UV) light, but mutational signature analysis suggested 

differences in DNA repair processes between sites.  11 mutant genes were under positive 

selection, with TP53 preferentially selected in the head and FAT1 in the leg. Fine scale 

mapping revealed 10% of clones had copy number alterations. Analysis of hair follicles 

showed mutations in the upper follicle resembled adjacent skin, but the lower follicle was 

sparsely mutated.  Normal skin is dense patchwork of mutant clones arising from competitive 

selection that varies by location. 

 

Statement of significance 

Mapping mutant clones across the body reveals normal skin is a dense patchwork of mutant 

cells. The variation in cancer risk between sites substantially exceeds that in mutant clone 

density.  More generally, mutant genes cannot be assigned as cancer drivers until their 

prevalence in normal tissue is known. 
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Introduction: 

 

Normal facial skin from middle aged humans has a substantial burden of clones carrying 

cancer associated mutations generated by UV light (1).  Several mutant genes are under 

strong positive genetic selection, evidenced by an excess of protein altering relative to silent 

mutations (the dN/dS ratio), suggesting these mutations promote clonal expansion rather 

than being neutral ‘passengers’ (2).  The positively selected mutant genes include those 

commonly mutated in basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) of the 

skin, which are among the commonest cancers worldwide.   Both cancers contain frequent 

mutations in TP53, NOTCH1, NOTCH2 and FAT1, all of which are positively selected in facial 

skin (1).  These findings are consistent with cancer emerging from a subset of clones within 

normal tissue. 

 

However, as the risk per unit area of developing BCC or SCC differs substantially between 

body sites (Figure 1a) a more systematic investigation across different parts of the skin 

beyond the face is warranted to understand the influence of frequency of exposure to UV 

light, sensitivity to UV injury (sunburn) and also the histological structure of the skin (3). These 

observations motivated us to use deep targeted and whole genome sequencing to perform 

broad and fine scale mapping of mutations across different locations. Clonal burden, 

mutational processes and competitive selection varied both across body sites and within 

millimeters in individual skin samples. The comprehensive clonal map of the skin at different 

locations, enables evolutionary characteristics to be compared with UV exposure and cancer 

risk. 

 

Results 

 

Mapping mutations in normal skin 

 

Normal skin from chronically and intermittently sun exposed sites was collected from 35 

Caucasian donors whose ages ranged from 26-79 with a balance of males and females (Figure 

1b, Table S1).  Information on skin type was available for 24 donors, 19 of whom had pale 

skin, a history of severe sunburn and limited ability to tan (Fitzpatrick type 1 and 2) (Table 
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S1).   Eight of 28 donors with an occupational history had worked outside for 5 years or more, 

while of the indoor workers six had lived in subtropical or tropical countries.   

 

Samples collected for sequencing appeared normal under a dissecting microscope and the 

adjacent skin had normal histology as assessed by a specialist skin pathologist.  Sheets of 

epidermis were detached from the underlying dermis and cut into a gridded array of 2mm2 

pieces, each containing approximately 105 nucleated cells of which ca. 3x104 were in the 

proliferative basal cell layer (4). A total of 1,261 2mm2 pieces were sequenced at an average 

coverage of 690x using a bait set of 74 cancer associated genes (Figure 1c, Table S2, Table S3) 

(1).  Mutations were called using the ShearwaterML algorithm which detects mutations 

present in 1% or less of nucleated cells in the sample (5,6). In a total area of 25.2cm2 of skin 

sampled across all donors we identified 47,977 single base substitutions (SBS), 3,824 double 

base substitutions (DBS) and 2,090 small (<200 bp) insertion or deletion events (indels) after 

merging mutations shared between adjacent samples (Figure 1d, Table S4, methods,). 

 

Variation in the density of mutant clones 

 

The large difference in SCC and BCC risk and the variation in UV exposure across the body led 

us to hypothesize there would be substantial differences in the mutational landscape of 

different sites. However, while some samples from intermittently sun-exposed sites (e.g. 

abdomen and leg) did show a very low number of mutations, others had a similar number of 

mutations/2mm2 (clonal mutation density, CMD) and mutational burden (synonymous SNV 

per megabase) as frequently sun-exposed sites such as the head (Figure 1e, Figure 1f).  Most 

mutations had a small variant allele frequency (VAF), indicating the skin is colonized by a large 

number of small clones (median VAF=0.015 Figure 1g, Figure 1h), though there is a tendency 

for clone size to increase with age (Figure S1a).     

 

Although large differences were not seen between body sites, we noted intra-donor 

variability in the number of mutations detected per 2mm2 sample (Figure 1e, Figure S1b). The 

accumulation of mutations and the growth of mutant clones are both believed to be 

stochastic processes, which may lead to differences between samples (7).  In stochastic spatial 
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simulations (methods), we found the observed intra-donor range in CMD was consistent with 

such stochastic variation (Figure S1b, S1c).   

 

We also investigated if the environment differed across skin from individual donors.  If this 

was the case we would expect CMD in adjacent samples to be more similar than in more 

distant samples. We found six individuals who showed distinct gradients in the number of 

mutations across their epidermal tissue (Figure S1d). In one such specimen from the ear, the 

sun exposed, pigmented skin on the outside of the ear had 3-fold higher CMD than the 

unpigmented skin at the back of the ear (Figure 1i).  Similar variability was seen in five other 

samples from forearm, breast, ear lobe skin, eyebrow and eyelid (Figure S1e).  In the other 

29 donors there was no significant spatial clustering of CMD (Figure 1j).   Thus, the local level 

of mutations may vary due to both local differences in UV exposure and stochastic fluctuation.   

 

Positive and negative genetic selection 

 

The organization of the skin allows mutant clones to spread laterally and compete for space 

both with wild type cells and clones carrying other mutations, a potential selective 

mechanism in which only the fittest mutants persist (2,7). Analysis of the dN/dS ratio, which 

calculates the ratio of protein altering to silent mutations, is a test for competitive selection.  

Genes with a dN/dS ratio >1 show that non-synonymous mutations in the gene increase 

cellular fitness permitting clonal expansion.  11 genes were found to be under positive 

selection after correcting for genomic context, mutational spectrum and multiple testing (1,5) 

(Figure 2a, Figure S2a, Figure S2b, Table S5).  Six of these genes (NOTCH1, TP53, NOTCH2, 

NOTCH3, FAT1 and RBM10) have been previously identified as being positively selected in 

eyelid skin (1), however five are novel drivers.  Of the newly identified mutant genes, the p53 

family transcription factor TP63 regulates Notch signaling and keratinocyte differentiation 

while the KMT2D histone modifying lysine methyl transferase interacts with TP63 and 

promotes expression of its target genes.  The SWI/SNF complex component, ARID2 and AJUBA 

which regulates Notch and Hippo signaling are both recurrently mutated in squamous cancers 

of the skin and other organs. Thus, positively selected mutant genes are predominant 

regulators of epidermal proliferation and/or differentiation. 
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The proportion of skin colonized by mutant clones in each sample may be estimated by 

summing their variant allele frequencies for each mutant gene, within upper and lower 

bounds that allow for uncertainty over copy number (5).  Five positively selected mutant 

genes, NOTCH1, TP53, FAT1, NOTCH2 and KMT2D occupied a substantial proportion of 

normal skin (Figure 2b; Figure S2c). At several sites the prevalence of mutant NOTCH1 and 

FAT1 was similar to that found in BCC and SCC, hinting that these genes may appear as cancer 

drivers by virtue of colonizing normal skin rather than promoting tumor formation (Figure 

2b).  In contrast, TP53, NOTCH2 and KMT2D mutants are enriched in both SCC and BCC 

compared with normal tissue.  

 

The large number of missense mutations in NOTCH1 and TP53 allowed us to explore mutant 

selection in more detail.  Consistent with previous data sets, missense mutations in NOTCH1 

are concentrated in the ligand-binding region (Figure S2d) (5). Missense mutations that 

destabilise the protein, likely to be functionally equivalent to nonsense mutations, or 

mutations that disrupt the ligand-binding interface or calcium binding sites, which are 

expected to interfere with ligand-mediated NOTCH activation, are significantly selected 

(Figure 2c-f). Most missense mutations in TP53 occur in the DNA binding domain (Figure 2g), 

and were either protein destabilising or clustered close to the DNA binding surface (Figure 

2h-j).  

 

Alongside missense mutations that inactivate proteins, there are also activating point 

mutations.  These may not be detected by dN/dS analysis if they are outnumbered by neutral 

or inactivating mutations in a gene. We found examples of canonical ‘hot spot’ activating 

mutations in receptor tyrosine kinases (EGFR, ERBB2, ERBB3 and FGFR3), signalling 

intermediates (KRAS, HRAS, AKT1, PIK3CA) and the redox response regulatory transcription 

factor NFE2L2. The most frequent activating mutations were in PIK3CA, which encodes the 

catalytic p110α subunit of phosphatidylinositol 3-kinase (PI3K) (Figure 2k).  The dN/dS results 

showed that nonsense mutations in PIK3CA were negatively selected, but that missense 

selection was not significantly different from neutral. However, there was a significant 

enrichment of specific PIK3CA mutations associated with various cancers or overgrowth 

diseases that are known to be driven by PIK3CA activating mutations (Figure 2l) (8).  This 

suggests that there is negative selection of inactivating PIK3CA mutations and positive 
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selection of activating PIK3CA mutations. To test this hypothesis, we assessed the selection 

of mutations in PIK3CA predicted to alter the binding of p110α protein to the inhibitory p85α 

PI3K subunit, finding a small, but statistically significant, enrichment of mutations at the 

interface of p110α with p85α (p=0.03, two-tailed binomial test Figure 2m-n).  We conclude 

that activating PIK3CA mutants are positively selected but mutations that inhibit its function 

are under negative selection.   

 

In addition to PIK3CA we also found a further four mutant genes that appeared to be under 

negative selection, with a dN/dS ratio below 1 (Figure 3a).  PIK3CA, DICER1, CUL3, NSD1 and 

NOTCH4 were all depleted for protein truncating mutations and indels relative to the number 

of silent mutations.  This was not due to variations in sequencing depth at the gene level 

(Figure S3a, methods).  Synonymous mutations are generally distributed evenly across 

protein coding genes. However, in the case of CUL3 two synonymous mutations within the 

first exon were highly enriched (Figure S3b).   This may reflect altered translational start sites 

or transcription factor binding due to the nucleotide changes (Figure S3c).  Such synonymous 

mutations with the potential to alter cellular fitness may render the dN/dS ratio an unreliable 

metric of selection.  

 

To test if the negatively selected mutant genes altered keratinocyte proliferative potential or 

survival, we performed a pooled lentiviral CRISPR/Cas9 knockout screen with a targeted 

library of 317 gRNAs in HaCaT epidermal keratinocyte cells.  Whole genome sequencing of 

HaCaT cells showed that PIK3CA, CUL3, NOTCH1, NSD1 and NOTCH4 were wild type and there 

was a p.S1631A (c.4891T>G) mutation with a VAF of 0.49 in DICER1, that represents a 

conservative change in a poorly conserved region of the protein and therefore seems likely 

to be non-pathogenic (https://www.ncbi.nlm.nih.gov/clinvar/variation/221072/). gRNA 

abundance was determined following lentiviral infection and after 14 days in culture (Figure 

3b). The specific depletion of gRNAs targeting known essential genes compared to those 

targeting known non-essential genes, or the safe-harbour AAVS1 locus, confirmed the ability 

of this assay to detect the dropout of gRNAs affecting cell growth or survival (Figure 3c).  Of 

the genes under negative selection, gRNAs targeting CUL3, PIK3CA and DICER1 were 

significantly depleted arguing knockout of these genes is detrimental to keratinocyte growth 

or survival in vitro (Figure 3c, Table S6).  gRNAs targeting NSD1 and NOTCH4 were not 
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significantly depleted, which may reflect differences between the cultured HaCaT cells and 

keratinocytes in the epidermis.  Although a Crispr screen will, for any given sgRNA, generate 

a cell population containing inactivating indels in either one or both alleles and therefore 

imperfectly models the monoallelic loss we see in human epidermis, it does provide evidence 

that these genes are detrimental to keratinocyte fitness.  In addition, developmental 

mutations argue these genes are haploinsufficient (Decipher database haploinsufficiency 

scores: PIK3CA - 0.26%, DICER1 - 1.99% and CUL3 - 4.57%, https://decipher.sanger.ac.uk ), 

suggesting that a single wild type allele is insufficient to maintain cellular fitness.   

Negative selection has not been observed other epithelial tissues including oesophagus and 

colon (5,9).  To show a mutant gene is negatively selected, a large number of silent mutations 

must be detected for reduction in the dN/dS ratio below 1 to reach statistical significance.  It 

is possible that in normal tissues other than skin, the density of mutations not been high 

enough to reveal negative selection.  

Mutant gene selection and mutational signature vary across the body  

 

To investigate gene selection between body sites we compared the number of non-

synonymous mutations in each gene at each site with that found at all other sites (Figure 4a).  

This revealed differential selection with protein altering FAT1 and NOTCH1 mutants over 

represented in the leg. In contrast FAT1 mutants were depleted in the head and TP53 mutants 

enriched over other sites.  This possibly reflects environmental differences between sites such 

as the frequency of UV exposure. 

 

The majority of mutations observed are consistent with damage induced by UV light, with C>T 

(or G>A) changes accounting for 77% of all single base substitutions and CC>TT (or GG>AA) 

changes accounting for 88% of all double base substitutions (Figure S2b). Although C>T 

changes can be linked with the ageing signature SBS1 as well as the SBS7 UV signatures, once 

the trinucleotide context was taken into account, only a small fraction of the C>T changes can 

be attributed to SBS1.  In addition, both C>T and CC>TT substitutions were more frequently 

found on the un-transcribed strands of genes, suggesting a link with transcription-coupled 

nucleotide excision repair, an observation again consistent with SBS7a and SBS7b rather than 
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SBS1 (10).  In common with other epithelial tissues, there was a positive correlation between 

SBS5, a signature associated with cellular ageing, and patient age (Figure 4b) (linear 

regression p=0.0299, slope 0.067, intercept 0.608) (5,9).  However, the contribution of SBS5 

is relatively modest compared to that of SBS7 (average 19.8% and 76% respectively). 

 

Using the trinucleotide context of each mutation, four single-base substitution reference 

signatures associated with damage by UV light (SBS7a-d) have recently been characterised in 

cancers of the skin (10). SBS7a and SBS7b are likely to arise from UV induced cyclobutane 

pyrimidine dimers or 6-4 photoproducts, with recent work showing that SBS7b is enriched in 

open chromatin and SBS7a in quiescent regions, perhaps caused by differences in repair due 

to genomic context (11). It has been hypothesised that SBS7c and SBS7d may be due to 

translesion DNA synthesis by error-prone polymerases inserting T rather than A, or G rather 

than A, opposite UV damage respectively (10). In all but one donor (Figure 4c), trinucleotide 

spectra were characteristic of SBS7a, SBS7b and SBS7d composition (Figure 4d), however 

mutations consistent with SBS7c (T[T>A]T) were not observed at a frequency any greater than 

other T>A mutation contexts. 

 

Forearm skin from 58 year male (PD38219) was an outlier in terms of mutational spectrum 

(Figure 4c) and also the donor with the highest mutation burden (Figure 1e). This spectrum 

has a cosine similarity of 0.95 with the reference signature SBS32 (10). SBS32 was first 

identified in patients treated with azathioprine to induce immunosuppression and is 

characterised by a predominance of C>T mutations (75%) with a very strong transcriptional 

strand bias favouring higher rates of C>T mutations on the transcribed strand.  The strand 

bias is consistent with azathioprine interfering with purine synthesis leading to incorporation 

of guanine derivates into DNA, which lead to C>T (G>A) mutations, especially with guanosine 

alterations on the coding strand, that escape nucleotide excision repair. This strand bias is in 

contrast to that caused by UV damage, which induces cyclobutane pyrimidine dimers, which 

are more efficiently repaired by transcription coupled-nucleotide excision repair on the 

transcribed strand leading to higher rates of C>T in template strand orientation. Here, this 

donor was on medication for immunosuppression since age 24 following a kidney transplant.  

Despite the high cosine similarity of this donor’s spectrum to SBS32, it is likely that SBS32 

itself is contaminated by the SBS7 (UV) signatures as it was first characterised in cutaneous 
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SCCs (12). The majority (58%) of DBS in this donor were CC>TT substitutions but with the 

opposite transcriptional strand bias to UV induced DBS. Long term azathioprine treatment 

may generate most of the mutations in the normal skin of transplant recipients. 

 

In all other donors, we noticed a visible difference in the frequency of G[T>C]T mutations 

(Figure 4d). A chi-square test revealed a significant difference in the proportions of G[T>C]T 

mutations and all C>T mutations by body site (chi-square = 105, d.f. = 4, p = 0). In fact, the 

proportion of G[T>C]T mutations was found to increase with the increased relative risk of 

cSCC at that site (Figure 4e) (3). G[T>C]T mutations make up the predominant peak of SBS7d, 

suggesting a lower proficiency for DNA repair after UV damage at sites at higher risk of cSCC.  

We conclude that exposure to UV light dominates over aging in generating mutations in 

normal skin and that the nature of UV induced DNA damage and repair differ between high 

and low cancer risk sites. 

 

Higher resolution mapping and clonal genomes  

To map mutant clones at increased spatial resolution 232 additional samples were taken from 

6 donors with a 250 µm diameter circular punch, collected in a rectangular array with 

approximately a punch diameter between each sample (Figure 5a). Each sample corresponds 

to ca. 2400 nucleated cells of which 750 were in the basal layer. While 23 samples could not 

be processed due to low DNA yield, the remaining samples were sequenced for 324 cancer 

associated genes and the mutations called with ShearwaterML as described above (Figure 1c, 

Table S2, Table S3). A total of 2805 mutations were identified with a similar mutational 

spectrum and distribution of single-base substitutions, double-base substitutions and indels 

to the larger skin samples (Figure S4a-c, Table S7). Two additional genes in the expanded gene 

set, PPM1D and ASLX1, were under positive selection (Figure S4d, Figure S4e, Figure S4f). 

PPM1D is a regulator of TP53 under positive selection in normal esophagus while mutations 

of the epigenetic regulator ASLX1 are selected in squamous head and neck cancer.  The 

number of mutations per sample was highly variable within each individual site (Figure 5b, 

Figure S4b, Figure S5a). Two additional genes in the expanded gene set, PPM1D and ASLX1, 

were under positive selection (Figure S4d, Figure S4e). PPM1D is a regulator of TP53 under 

positive selection in normal esophagus while mutations of the epigenetic regulator ASLX1 are 

selected in squamous head and neck cancer. A filtered set of mutations with a variant allele 
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fraction of at least 0.2 was used to spatially map the clones present in the tissue (Figure 5c, 

Figure S5b). The density of clones varied substantially between individuals and within sites; 

for example, trunk samples from PD38217 showed the highest density of clones (Figure 5c) 

whereas the trunk skin from donor PD38215 was lightly mutated (Figure S5b).  

 

In order to better understand the genome-wide mutational burden, mutational processes and 

copy number aberrations, 46 samples from 34 different clones were submitted for whole-

genome sequencing (WGS).  All but three clones harboured one or more of the mutant genes 

under positive selection in the skin, no additional genes under selection were detected 

(Figure 2a, Figure 5d, Figure S4d).  The majority of clones (58%) carried 2 or more positively 

selected mutant genes (Figure S4f). In terms of copy number alteration, we found two 

genomes with clonal non-synonymous mutations in NOTCH1 that displayed loss of 

heterozygosity at 9q, the NOTCH1 locus. In addition, a clone spanning samples PD38217cj and 

bz had a clonal deletion of one whole allele of chromosome 12. This clone harboured a 

missense mutation in KMT2D, a positively selected driver of clonal expansion located on 

chromosome 12. In contrast, PD36126dy had an amplification for one whole allele of 

chromosome 12 (this sample had clonal non-synonymous mutations in 18 genes located on 

this chromosome, but none were under selection or seem to be relevant to skin biology or 

carcinogenesis). Finally, one sample, PD38217dk, has a deletion of one allele at 17p, the TP53 

locus (Figure 5d). 

 

Phylogenetic trees were constructed using shared clonal single-base and double-base 

substitutions across all whole-genome samples for each donor (Figure 5e, Figure S5c). We 

observed a 2 to 3-fold variation in the number of clonal substitutions per genome in the same 

donor, despite the clones being almost adjacent in the skin. 

 

Comparison of the proportion of the mutations in each trinucleotide context revealed 

differences between the branches.  The spectrum of the clone which covers samples dt, dl 

and dk in PD38217 showed several differences when compared with all other clones 

sequenced in this donor (chi-square = 397, d.f. = 4, p = 0, Figure 5f).  Each branch of this clade 

was found to have an increase of T[C>T]T mutations and fewer T[C>T]C and G[T>C]T 

mutations, with the G[T>C]T mutations being characteristic of SBS7d. Since the differences 
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we observe in the frequency of mutations in these trinucleotide contexts were common to 

branches of the same clone, it is likely they are caused by biological differences in the cells of 

that clone (see Methods).  In the whole genome data, we do detect an increased frequency 

of T[T>A]T mutations, characterised as SBS7c, that was not observed in the targeted data. 

However, the contribution of these mutations to the overall burden is small and less than that 

previously described in skin cancers (10). We conclude that genuine differences in UV damage 

or repair exist between clones in very close spatial proximity. 

 

We found double base substitutions, indels and telomere length also varied between clones, 

from the same individual in some cases by nearly 2-fold (Figure 5g). The intra-individual range 

in DBS and indels was as large as that between donors (Figure 5h, Figure 5i respectively).   

Telomere length varied in a similar manner, indeed the variation seen in individuals was 

similar to that across cancers derived from different tissues (Figure 5j). 

 

Copy Number Alteration (CNA) in normal skin 

 

Given the presence of CNA in 6/46 genomes from micro punch biopsies, we explored other 

samples for evidence of genomic instability. Eight (0.4%) of 2mm2 samples were also clonal 

and were submitted for WGS.  We found non-synonymous mutations in at least one driver 

gene in all samples, and CNA of one or more of NOTCH1, FAT1, ASXL1 and TP53 in six of the 

eight samples (Figure 6a). 

 

To get further insight into the extent of CNA we used a heterozygous SNP phasing approach 

to detect sub-clonal allele loss of the genes in the targeted sequencing of 2mm2 samples 

(Figure 6b) (5). This revealed recurrent allele loss of NOTCH1, NOTCH1 and PTCH1, TP53, FAT1 

and FAT1 and FBXW7. There was a higher prevalence of CNA in frequently sun exposed head 

and forearm skin which reached borderline significance (p=0.06 one-way ANOVA), though 

changes were seen at all body sites (Figure 6c). Across all samples there were significantly 

more mutations in samples containing copy number alterations (Figure 6d, Student’s 2 tailed 

t-test, p=3.8x10-4).   
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PTCH1 is of particular interest as it mutated in almost all cases of BCC but is not under 

selection in the epidermis (13). We identified examples of clones that had undergone LOH of 

9q, some including PTCH1, a gene frequently showing CNA in BCC (Figure 6e).   In addition, 

the relatively close proximity of PTCH1 to NOTCH1 suggest a potential mechanism for the 

persistence of PTCH1 mutations, despite their not being under positive selection (Figure 6f).  

Should a PTCH1 mutant cell acquire a NOTCH1 mutation, it will be carried as a passenger in a 

clonal expansion driven by NOTCH1.  Subsequent loss of the wild type 9q allele involving 

PTCH1 as well as NOTCH1 would result in biallelic disruption of PTCH1 in a highly competitive 

clone, with the potential to generate a BCC.  We conclude that normal skin harbors substantial 

numbers of clones with CNA, with recurrent LOH of positively selected mutants linked to 

cancer, particularly in frequently sun exposed sites. 

 

Mutations within hair follicles 

Finally, we assayed mutations in hair follicles, appendages which are discrete self-maintaining 

units and have been proposed as a site of origin of BCC and SCC (Figure 7a)(14). Each follicle 

undergoes cyclical expansion and regression throughout life. Coarse (intermediate type) 

follicles at the largest (anagen) stage of the hair cycle were isolated from forearm, leg and 

trunk skin of 7 donors. We took a 250µm diameter micro-biopsy from adjacent epidermis and 

then dissected each follicle into thirds which were sequenced as described for the punch 

biopsies (Figure 7b). The upper section included the funnel shaped infundibulum which is in 

continuity with the epidermis.  The mid follicle included the bulge region that contains stem 

cells that maintain the follicle base as it undergoes cyclical expansion and regression. Confocal 

imaging of adjacent follicles suggested there was minimal contamination with underlying 

dermis (Figure 7c). 

 

The total number of mutations varied along the follicle; the number of mutations in the upper 

follicle was similar to that in the adjacent epidermis, but lower in the mid-follicle and base, 

consistent with the limited depth penetration of UV light into the skin (Figure 7d, Figure 7e, 

Table S8).  The type of mutations and the mutational spectrum were similar to that of the 

epidermis (Figure S2a, Figure S2d, Figure S4c, Figure S4e Figure S6a, Figure S6b,). There was 

considerable variation in the number of mutations in each segment of the different follicles 

ranging from 3-6 fold in the middle and top areas (Figure 7d, Figure 7e).   
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The maximum VAF across all mutations indicates the clonality of each sample. In all three 

regions VAFs above 0.4 (or 0.8 in mutations with LOH) were seen, indicating it is possible for 

a clone to take over all or most of each region of the follicle (Figure S6c). The distribution of 

all VAFs was similar in the upper and mid follicle, but VAFs were significantly lower in the 

follicle base, indicating the bulk of clones were relatively small in this region (p<0.0001, 

Kruskal Wallis) (Figure 7f). dN/dS analysis showed NOTCH1, TP53 and FAT1 were positively 

selected both in the upper follicle and the adjacent epidermal punch, while NOTCH1 was 

selected in the mid follicle (Figure 7g).  There were too few mutations to analyze selection in 

the base, but no TP53 and only 3 NOTCH1 mutations were detected.   

 

Most mutations were private to each region (Figure 7h) however some mutations spanned 

multiple segments (Figure 7i, methods).  One mutation in the non-selected ACVR gene was 

present with a VAF of over 0.4 in the base and mid follicle.  Several follicles had one or more 

mutations spanning the mid and top follicle and the top follicle to the epidermal sample.   

Seven follicles had clones spreading from mid follicle to the epidermis and two clones 

spanned from the base to the epidermis.  These clones reveal major migrations of cells 

perhaps in response to local injury.  

 

DISCUSSION 

This study reveals normal appearing human epidermis as a competitive battleground 

between mutant clones generated by UV light. We find multiple lines of evidence supporting 

strong competitive selection of mutant genes, both positive and negative. There is strong 

genetic selection and marked enrichment of protein destabilizing or activating missense 

mutations of a subset of mutant genes. Using fine scale spatial mapping we observe multiple 

tightly packed clones indicating the skin is a dense patchwork of mutant clones. These findings 

are consistent with the hypothesis that selected mutant clones expand laterally within the 

proliferative layer of the epidermis as they outcompete neighboring cells. Mutant clones then 

collide and compete at clonal boundaries, resulting in the elimination of less fit mutants (7). 

That this all happens within a normal appearing tissue argues even the fittest mutant clones 

are constrained eventually and revert towards homeostatic behavior (2). 
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Whilst competitive selection is strong it is not uniform over the body, illustrated by the 

different prevalence of TP53 and FAT1 mutants in head and leg skin. Long term low dose UV 

exposure promotes the expansion of pre-existing TP53 mutant clones as well as generating 

new mutations, but the impact of UV on FAT1 clonal fitness is unknown (7). We also see 

variation in the UV signature 7d between frequently sun exposed and intermittently sun 

exposed sites, hinting at differences in UV lesion repair processes. 

 

Hair follicles have been the subject of intense study in mice, but far less is known about human 

hair dynamics. The upper follicle resembles the adjacent epidermis in terms of gene selection 

and the distribution of mutant VAFs. The follicle base is maintained by a small population of 

cells in the bulge region of the mid follicle, but remains highly polyclonal, arguing multiple 

clones sustain the hair cycle over several decades. This differs from other tissues with spatially 

confined niches containing small numbers of stem cells, such as colonic crypts which become 

monoclonal with age (9). 

 

What insights does this study give into carcinogenesis? Firstly, the differences we see in 

mutational landscape across sites are small relative to those in cancer risk. One possible 

explanation for this apparent discrepancy may be variations in environment between body 

sites, indeed this is hinted at by differences seen in mutational signatures and the strength of 

selection of some mutant genes.  If environmental factors that promote transformation can 

be defined they may represent opportunities to intervene to reduce cancer risk. 

 

In addition to these broad patterns, whole genome sequencing revealed differences in 

mutation burden, indels, double base substitution and telomere length in individual clones 

from the same donor in very close proximity. In addition, differences in mutational signatures 

point to variation in DNA damage and repair in clones with near identical UV exposure.  What 

may cause such heterogeneity?  It may reflect stochastic fluctuations, ‘neutral drift’, as it is 

unclear if the extent to which the burden of mutations, indels, DBS and telomere length, or 

indeed the differences in DNA damage/repair alter clonal fitness.  Another source of variation 

is time.  WGS reports the genome of the common ancestor of the clone, which reflects the 

history of that cell up until the time the clone was founded.   A clone originating in the donors’ 

20’s may differ in parameters such as mutational burden and telomere length from a clone 
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founded decades later.  Finally, the fitness of clones and their likelihood of surviving to expand 

to a detectable size may also not merely depend on the genome/epigenome of the clone itself 

but on the fitness of its immediate neighbours during clone expansion (15).    

 

The high prevalence of some positively selected mutant genes in normal skin, similar to that 

in cancers, suggests that FAT1 and NOTCH1 may have little role in transformation, whereas 

TP53 and NOTCH2, which are enriched in cancers, play a part in transformation. One mutant 

gene that is not selected and striking by its low prevalence is PTCH1, mutated in almost all 

BCC. If the vast majority of mutations that have no effect on competitive fitness are 

eliminated by neutral drift, as is the case in mouse epidermis, heterozygous PTCH1 mutant 

clones are unlikely to persist for long enough to undergo biallelic inactivation (7). A potential 

mechanism that would allow heterozygous PTCH1 mutants to expand and persist follows 

from the proximity of PTCH1 and NOTCH1 on chromosome 9q.  If a PTCH1 mutant cell acquires 

a NOTCH1 mutation it will have a strong fitness advantage and will expand and persist. 

Subsequent LOH affecting both genes would result in biallelic PTCH1 inactivation (Figure 6e, 

Figure 6f). The similarities between the upper hair follicle and the epidermis make it possible 

that some cancers may arise from follicles, but the sparsity of clonal mutations in the base of 

larger follicles suggest cancers arising from this area are likely to be rare. 

 

In conclusion, the skin carries a far higher burden of mutant clones than other epithelial 

tissues, due to the effects of UV exposure that both generates mutations and promotes clonal 

expansion (7).  In the light of this, the high incidence of BCC and SCC compared with other 

epithelial cancers seems unsurprising but the resilience of the tissue to mutation is 

remarkable (5,9). The selected mutant genes in skin partially overlap with those in esophageal 

epithelium, another squamous tissue, but there are key differences, for example NOTCH1 

mutant clones are unable to colonize the majority of the skin as they do in the esophagus, 

perhaps because their expansion is restricted by the presence of other strongly competitive 

mutants.  Understanding the environmental differences that promote the transformation of 

mutants in high and low risk sites may give insights that guide skin cancer prevention. 
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Methods 
 
Ethics 
 
Written informed consent was obtained in all cases under ethically approved protocols 
(Research Ethics Committee references 15/EE/0152 NRES Committee East of England - 
Cambridge South and 15/EE/0218 NRES Committee East of England – Cambridge East).   The 
study was conducted in accordance with the Declaration of Helsinki.   
 
 
Human samples 
Normal skin samples were collected from patients undergoing wide local excision after initial 
melanoma excision, patients undergoing browplexy or from deceased organ donors from 
whom organs were being retrieved for transplantation.  For every sample as much underlying 
fat and dermis as possible was removed and samples were cut into approximately 0.5cmx 
0.5cm pieces.  Samples were incubated in 20mM EDTA for 2 hours at 37˚C.  The epidermis 
was then peeled away from the dermis using fine forceps and a dissecting microscope.  The 
epidermis was fixed for 30mins with 4% paraformaldehyde (FD Neurotechnologies) before 
being washed three times in 1xPBS.  For sequencing the epidermis was cut into 2x1mm grid 
samples and DNA extracted using the QIAamp micro DNA extraction kit (Qiagen) by digesting 
overnight and following manufacturer’s instruction.  DNA was eluted using pre-warmed AE 
buffer where the first eluent was passed through the column two further times.  DNA was 
extracted from flash-frozen fat and dermis as for the epidermal samples and was used as the 
germline control.  Patient PD38218 contributed three independent trunk samples.  For the 
purpose of mutational burden, signature and selection these were treated as a single site. 
0.25mm diameter epidermal samples were collected using a brain punch biopsy (Stoelting 
Europe). 
 
Hair follicles were dissected away from the peeled epidermis and cut into equal thirds.  DNA 
from both the punches and hair follicles was extracted using the Arcturus Picopure kit 
(Applied Biosystems) following manufacturer’s instructions. 
 
Immunofluorescence of hair follicles 
PFA-fixed wholemounts were blocked for 2 hours in blocking buffer (0.5% bovine serum 
albumin, 0.25% fish skin gelatin, 0.5% Triton X-100 and 10% donkey serum) dissolved in PHEM 
buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, and 4 mM MgSO4·7H20).  Follicles were 
stained with Vimentin (ab92547, Abcam RRID:AB_10562134) diluted 1:500 in blocking buffer 
for 24 hours at room temperature with continuous rocking.  Samples were washed for a 
minimum of 24 hours with 0.2% Tween-20 in PHEM buffer changing daytime washes every 2-
3 hours.  Follicles were then stained with donkey anti-rabbit Alexa-conjugated 555 (1:500 
dilution), wheat germ agglutinin 657 (1:500) and 1 μg/ml DAPI.  All secondary antibodies were 
diluted in blocking buffer and samples were incubated for 24 hours at room temperature with 
continuous rocking.  Samples were washed for a minimum of 24 hours with 0.2% Tween-20 
in PHEM buffer changing daytime washes every 2-3 hours before imaging on a Leica SP8 
confocal microscope. 
 
CRISPR–Cas9 knockout screening 
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The plasmids used are listed below: 
Plasmids 
Plasmid name Description Supplier/Source 

pKLV2-EF1a-Cas9Bsd-W Cas9 expression vector 

Addgene 
#68343 
RRID:Addgene_
68343  

pKLV2-U6gRNA5(BbsI)-
ccdb-PGKpuro2ABFP-w 

gRNA vector, modified to contain ccdB gene 
between Bbs1 sites for gRNA subcloning. 

Gene Editing, 
Cellular 
operations, 
Wellcome 
Sanger Institute  

psPAX2 VSV-G envelope expressing plasmid. 

 
Addgene 
#12260 
RRID:Addgene_
12260 

pMD2.G 2nd generation lentiviral packaging plasmid. 

 
Addgene 
#12259 
RRID:Addgene_
12259 

pKLV2-U6gRNA5(gGFP)-
PGKBFP2AGFP-W Cas9 activity reporter plasmid. 

 
Addgene 
#67980 
RRID:Addgene_
67980 

pKLV2-U6gRNA5(Empty)-
PGKGFP2ABFP-W Cas9 activity reporter plasmid (control). 

 
Addgene 
#67983 
RRID:Addgene_
67983 

 
Cell culture 
HaCaT keratinocytes are a spontaneously immortalised but non-tumorigenic cell line 
obtained from DKFZ (now distributed by CLS, Eppelheim Germany).  Short tandem repeat 
profiling by the Eurofins Cell Line Authentication Service confirmed the cells had the correct 
marker profile as listed in Cellosaurus (https://web.expasy.org/cellosaurus/CVCL_0038 ).  
HaCaT cells were maintained in calcium-free DMEM (Invitrogen) with 10% FBS (calcium-
chelated using 5% chelex resin) and supplemented to 0.03mM CaCl2 (“low calcium DMEM”). 
HaCaT cells maintained in low calcium DMEM were passaged twice weekly to maintain cells 
in an undifferentiated, proliferating state. Following lentiviral delivery of Cas9 and the gRNA 
library, cells were switched to DMEM with 10% FBS and supplemented with 1.8mM CaCl2, a 
concentration permissive to keratinocyte differentiation.  Cells tested negative for 
mycoplasma on completion of experiments using a LookOut Mycoplasma Detection Kit 
(Sigma-Aldrich Cat# MP0035).  
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gRNA library design and synthesis 
A minipool gRNA library was designed to include gRNAs targeting five genes under apparent 
negative selection (globalq<0.01 see dN/dS analysis). gRNA sequences were selected from 
the previously described Human CRISPR Library v.1.0 (16).  Control gRNAs targeting known 
essential and nonessential genes (17) and the AAVS1 safe-harbour locus were also included.  
An 89-mer oligo pool (oPool) was purchased from IDT in the format 
ATATATCTTGTGGAAAGGACGAAACACCGN19GTTTAAGAGCTATGCTGGAAACAGCATAGCAAGT
TTAAATA, where N19 specifies the variable gRNA sequence. gRNAs were PCR-amplified from 
the oPool under the following conditions: 
 
 
Component 25 µl Reaction Final concentration 
2X Q5 Mastermix (NEB 
M0492) 

12.5 µl 1X 
10 µM Forward Primer 1.25 µl 0.5 µM 
10 µM Reverse Primer 1.25 µl 0.5 µM 
Template DNA (1ng/µl) 1.0 µl 0.04ng/ul 
Nuclease-Free Water 9.0 µl Up to 25 µl 

 
Step Temperature Time 
Initial Denaturation 98°C 30s 

14 Cycles 
98°C 10s 
67°C 10s 
72°C 15s 

Final Extension 72°C 2mins 
Hold 4°C Hold 

 
Forward Primer: 
ATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGA
AACACC 
Reverse Primer: 
TGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTAAACTTGCTATGCTGTTTCCAGCATAGCTCT
TAAAC 
To avoid the need for gel extraction of digested fragments, we utilised a modified version of 
pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W in which the ccdB cassette was inserted between 
the BbsI sites. pKLV2-U6gRNA5(BbsI)-ccdb-PGKpuro2ABFP-W was digested with Fastdigest 
BbsI (Fermentas) for 1h at 37°C. The vector digest and PCR products (4 pooled 25μl PCR 
reactions) were purified using the DNA clean and concentrator kit (Zymo Research) according 
to the manufacturer’s instructions. 
Gibson assembly reactions were set up using 100ng each of the PCR-amplified oligo library 
and the BbsI-digested gRNA vector, and incubated at 50°C for 1 hour. Gibson assembly 
products were purified and concentrated by ethanol precipitation (1h at 4°C) and 
resuspended in RNAse-free water to a final concentration of 100ng/µl. 100µl of Lucigen 
Endura electrocompetent cells were combined with 1μl of Gibson assembly product and 
electroporated using the BTX ECM630 (Harvard Apparatus) (2000V, 200Ω, 25µF). Cells were 
recovered in 1ml of Lucigen recovery medium for 1 hour at 37°C. Bacterial plates were 
prepared using a serial dilution of recovered cells to estimate the total number of 
transformants and calculate library coverage. The remaining cells were grown overnight in a 
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250ml low-salt 2xLB + ampicillin liquid culture at 37°C. Plasmid DNA was extracted using the 
Endofree Maxi Kit (Qiagen) according to the manufacturer’s instructions. The 317 gRNA 
library was transformed at an estimated coverage of >100,000X. Control Gibson assembly 
reactions without oligo insert yielded a negligible number of transformants, indicating a low 
background due to undigested vector and efficient suppression of growth by the ccdB 
cassette. 
For quality control of the generated plasmid library, PCR amplification, Illumina sequencing 
(19-bp single-end sequencing with custom primers on the MiSeq platform) and sgRNA 
counting were performed as described previously (18). 97.1% (309/317) of gRNAs were 
recovered, with a skew ratio of 2.2, indicating a favourable gRNA distribution when compared 
to broadly used genome-wide gRNA libraries (19). 
The ‘ineq’ R package was used to generate Lorenz curves and to calculate a Gini index for the 
generated library and widely used genome-wide libraries, as shown below. The Gini index is 
a measurement of statistical dispersion and reflects the evenness of read count distribution.  
A lower Gini index is indicative of a more even distribution (Figure S7). 
 

gRNA library Skew Ratio Gini Index 
SMS (this study) 2.2 0.19 
Avana 4.9 0.36 
Brunello 4.0 0.29 
Yusa_V1 7.9 0.34 
Yusa_V1.1 3.2 0.23 

 
Lentivirus production and transduction 
Lentiviruses were generated by transfection of HEK293FT cells using Lipofectamine 3000 
(Invitrogen). One day before transfection, 4 million HEK293FT cells were plated in a 10cm dish 
to reach 80 – 90% confluence after 24h. On the day of transfection, 6µg of lentiviral vector, 
7.5µg of the 2nd generation lentiviral packaging plasmid psPAX2, 2.5μg of VSV-G envelope 
expressing plasmid pMD2.G and 35µl of P3000 Enhancer were added to 1.5ml of serum-free 
OptiMEM (Invitrogen). 41μl of Lipofectamine 3000 was diluted in 1.5ml serum-free OptiMEM 
and incubated at room temperature for 5 minutes, before combining with the prepared DNA 
mixture and incubating at room temperature for a further 30 minutes. HEK293FT media was 
replaced with 6ml serum-free OptiMEM, before adding the transfection complexes. After 6 
hours, the transfection medium was replaced with complete DMEM. Lentiviral supernatants 
were collected 24 and 48 hours post-transfection. Harvests were pooled together, 
centrifuged to remove cellular debris and filtered (0.45µm pore, PES)(Merck). Virus aliquots 
were stored at -80°C. 
 
Generation and validation of Cas9-expressing HaCaT keratinocytes 
HaCaT cells were transduced with Cas9-Bsd lentivirus at a low MOI and expanded in the 
presence of blasticidin (10µg/ml) for 7 days. Cas9 activity was confirmed in >90% of cells using 
a previously described dual fluorescence reporter vector system2. Briefly, HaCaT or HaCaT-
Cas9 keratinocytes were transduced with a lentiviral vector to express GFP and BFP in addition 
to a gRNA targeting GFP. Cells were also transduced with vector lacking a targeting gRNA in 
parallel to serve as a control. >90% of transduced (BFP+) cells were efficiently edited (GFP-), 
specifically in HaCaT-Cas9 cells. No GFP loss was detected in parental HaCaT cells, or in either 
cell population transduced with the control vector. 
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Generation of genome-wide mutant libraries and screening 
1.5 x 106 Cas9-expressing HaCaT keratinocytes were transduced in a total volume of 15ml low 
calcium DMEM containing polybrene (8ug/ml) and gRNA lentivirus at a 1/30 dilution. The 
cell/virus suspension was plated at 20,000 cells/cm2 in a T75 cell culture flask, After 6 hours, 
cells had adhered and the transduction medium was replaced with low-calcium DMEM. 
Transduction efficiencies were measured 72h post-transduction by cytometric analysis of the 
BFP+ fraction. Transduction efficiencies varied between 10 – 15% between replicates, 
corresponding to an initial library coverage of ~500 – 700X. gRNA-expressing cells were 
enriched to >95% by 72 hour puromycin selection (2ug/ml). 
Puromycin-selected cells were replated at 10,000 cells/cm2 and grown for 72h under low-
calcium conditions until confluent. Cells were then switched to DMEM + 1.8mM CaCl2 and 
maintained for a further 14 days. Media was refreshed every 3 days. Cells were trypsinized 
and genomic DNA was extracted from ~1.7 million cells (5000X coverage) using a previously 
described method using salt precipitation and purification by isopropanol precipitation. 
 
PCR amplification, Illumina sequencing (19-bp single-end sequencing with custom primers on 
the MiSeq platform) and sgRNA counting were performed as described previously (18). 
 
Identification of positively and negatively selected guide RNAs 
Read counts generated from samples collected 2 weeks post-library transduction were 
compared to those from samples collected immediately after puromycin selection (t = 0) 
using the MAGeCK package to identify positively and negatively selected gRNAs and genes 
(20). 
 
Sequencing 
The two sequence capture bait sets used in this study have been described previously (5,9).  
The ‘grid’ bait set contains a set of 74 genes recurrently mutated in SCC and BCC as well as 
genes commonly mutated in other epithelial cancers.  The ‘punches + follicles’ bait set is 
broader range of genes frequently mutated in a range of cancers based on the COSMIC cancer 
gene census ( https://cancer.sanger.ac.uk/census ).  Samples were sequenced with each bait 
set as detailed below using fat/dermis from the same patient as a germline control.  A list of 
all genes covered by the bait sets can be found in Table S3, and metrics of the bait sets are 
summarized below: 
 

 
Bait set name 

Size 
(Mb) 

Size 
(bases) 

Number 
of Genes 

 
Usage 

Grid 0.39 391,028 74 2mm2 samples 

Punches+ 
follicles 

2.00 1,995,559 324 0.25 mm diameter punch samples 
and hair follicles  

 
Target-enriched samples were multiplexed and sequenced on HiSeq 2000 (Illumina) to 
generate 75bp paired-end reads.  Whole genome sequencing was performed on either HiSeq 
X Ten or NovaSeq 6000 machines (Illumina) to generate 150bp paired end reads. 
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BAM files were mapped to the GRCh37d5 reference genome using BWA-mem (version 0.7.17) 
(21) and targeted sequencing was aligned using the GATK tool IndelRealigner (version 3.6.0) 
(22).  Duplicate reads were marked using Biobambam2 (Biobambam2 version 2.0.86. 
https://gitlab.com/german.tischler/biobambam2, 
https://www.sanger.ac.uk/science/tools/biobambam).  Depth of coverage was calculated 
using Samtools (version 0.1.18) to exclude reads which were: unmapped, not in the primary 
alignment, failing platform/vendor quality checks or were PCR/Optical duplicates. BEDTools 
(version 2.23.0) coverage program was then used to calculate the depth of coverage per base 
across samples (Table S2).  
To determine which samples were suitable for WGS, we used the VAF from targeted 
sequencing to determine which samples were clonal.  For the 0.25mm samples, WGS was 
performed on all clonal samples in the individuals studied. For the 2mm2 samples only eight 
out of 1261 samples were clonal and all of these were sequenced. 
 
Variant calling 
For targeted sequencing data sub-clonal mutation variant calling was made using the 
deepSNV R package (also commonly referred to as ShearwaterML), version 1.21.3, available 
at https://github.com/gerstung-lab/deepSNV, used in conjunction with R version 3.3.0 (2016-
05-03) (5).  
  
deepSNV makes use of statistical testing to differentiate sequencing errors from true low-
frequency mutations, and has been shown to be reliable down to a detection limit of 1/10,000 
alleles (23). The statistical tests compare by position and strand between skin samples and a 
panel of control samples to estimate how likely an observed nucleotide is a sequencing error 
or a true variant. Combining the information for each strand generates a single value used for 
filtering false positive variants. It was noted in development that the performance of deepSNV 
was not strongly dependent upon p, q-values or PCR amplifications, and its sensitivity can be 
increased through higher sequencing depths. A q-value of 0.01 was used to filter the variant 
calls. 
Fat and dermis was used as the germline sample for each donor, and sequenced as outlined 
previously. Aligned germline BAM files for each corresponding sample type (grids, punches 
and follicles) were provided to deepSNV, excluding the germline for the sample being 
analysed, to form a normal sample panel used for statistical testing and false-positive 
variant identification. Variants called from a donor’s germline sample were subtracted from 
the list of variants called from non-germline samples belonging to the donor. 
Mutations called by ShearwaterML were filtered using the following criteria  

o Positions of called SNVs must have a coverage of at least 100 reads (10 reads 
for 0.25mm diameter punch biopsy samples). 

o Germline variants called from the same individual were removed from the list 
of called variants.  

o The p-values of the putative mutations were adjusted with FDR and filtered 
with a q-value threshold of 0.01 

o Mutations not present in at least one read from both strands were removed. 
o Pairs of SNVs on adjacent nucleotides within the same sample are merged into 

a dinucleotide variant if at least 90% of the mapped DNA reads containing at 
least one of the SNV pair, contained both SNVs. 
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o Identical mutations found in multiple contiguous tissue biopsies are merged 
and considered as a single clone in order to prevent duplicate clone counting. 

For the hair follicles samples due to the very low input quantity of DNA, particularly towards 
the middle and base of the follicle, false positive variant calls attributed to sequencing 
artefacts are more likely. We therefore applied a strict method of variant calling with 
ShearwaterML in order to be as conservative as possible. This involved, for all samples within 
each follicle, calling variants against a custom normal panel consisting of all other follicle 
samples from all donors, plus the dermis/fat samples from all other donors. The 
corresponding dermis/fat sample for the donor of that follicle was then used to remove 
germline variants.  For follicle spanning mutations only follicles where adjacent segments 
were successfully sequenced or where the same mutation is present within the same follicle, 
ie base and top, are shown 
 Shearwater was run with a normal panel of >24,000, >31,000, and >12,000x mean coverage 
depth for the 2mm2 grid samples, hair follicles and punch biopsy samples respectively.  
For whole genome sequencing data variants were called using the CaVEMan and Pindel 
algorithms (24) (25).  For SNVs CaVEMan was run with the major copy number set 10 and the 
minor copy number set to 2.  Only SNVs which passed all CaVEMan filters were kept.  
Additional filtering to remove mapping artefacts associated with BWA-MEM were: the 
median alignment score of reads supporting a variant had to be at least 140 and the number 
of clipped reads equal to zero. In addition, the proportion of mutant reads present in the 
matched sample also had to be zero.   Variants with at least one mutant read present in the 
matched sample were also removed. Two SNVs called at adjacent positions within the same 
sample were merged to form a doublet-base substitution if at least 90% of the mapped DNA 
reads containing at least one of the SNV pair contained both SNVs. Small (<200bp) insertions 
and de1letions were called using Pindel.  Only indels which passed all Pindel filters were kept. 
For the punch samples only, variants were filtered to remove a large excess of single base pair 
insertions at homopolymers of length five or more, an artefact likely caused by PCR 
amplification of low-input DNA concentrations during whole-genome sequencing. Indels 
were then classed as clonal if the VAF was at least 0.3. 
 
Variants were annotated using VAGrENT (26).  A full list of called variants from 2mm2 gridded 
samples, 0.25mm diameter punch samples and hair follicles are shown in Table S4, Table S7 
and Table S8 respectively. 
 
 
 
Clonal maps 
Clonal maps were plotted using exonic mutations called from the targeted sequencing data. 
Coloured squares indicate samples dominated by a clone, after correcting for copy number. 
Polygons are used where more than two dominant clones occupy a sample, the clone with 
the larger VAF is shown as the larger polygon. White squares indicate polyclonal samples not 
dominated by a large clone. 
 
Mutational signature analysis 
Mutational spectra and signatures are described using the notation employed by the PCAWG 
Mutational Signatures working group (10).  The frequency of mutations within each 
trinucleotide context was calculated using deconstructSigs 
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(https://genomebiology.biomedcentral.com/articles/10.1186/s13059-016-0893-4). 
SigProfiler, a method of non-negative matrix factorisation, was used to calculate 
transcriptional strand bias and was also used to estimate the contribution of 49 single-base-
substitution and 11 doublet-base-substitution reference signatures (originally characterised 
in human cancers) to the combined mutational spectrum of each donor (10).  
 
Copy number calling 
For whole genome sequencing data the copy number was inferred using ascatNgs using 
dermis/ fat from the same donor as a germline control (27).   
 
SNP phasing 
For targeted sequenced samples the copy number was estimated on a per gene basis by 
phasing heterozygous SNPs, as described previously (1,5). For each sample, a panel of all other 
samples from the same donor was used to call SNP loci. 
 
Telomere length estimation 
Telomere length was estimated using the Telomerecat software package (28). The telomere 
length given is a median of all chromosomes for all cells in that sample.  
 
Phylogeny construction of whole genome sequenced punches 
Substitutions were genotyped prior to phylogeny construction. For each sample in a donor, a 
pile-up of all quality reads was constructed and the number of mutant and wild-type reads 
counted for every locus that had a mutation called in any sample of that donor. Only reads 
with a mapping quality of at least 30 and bases with a base quality of at least 25 were included. 
Mutations with a VAF less than 0.2 were given a genotype of 0 and those with a VAF greater 
than or equal to 0.3 a genotype of 1. For mutations with a VAF between 0.2 and 0.3, the 
genotype was set to NA (not applicable) for the purposes of phylogeny construction. 
Maximum parsimony trees were drawn for each donor after 1000 iterations with MPBoot 
(29). Phylogenies for each donor were drawn with single-base and double-base substitutions 
combined and with single-base substitutions only. The addition of double-base substitutions 
did not alter the structure of the tree, only the branch lengths. Branch lengths of the final 
phylogenies were adjusted so that each double-base change counted as a single substitution. 
Substitutions were then re-assigned to each branch of a phylogeny. Each branch was 
annotated with exonic non-synonymous (missense, nonsense, essential splice, insertion or 
deletion) mutations in genes previously identified as being under positive selection by dNdScv 
in the targeted grid dataset. To reduce the number of false negatives, each phylogeny was 
annotated with a driver mutation in these genes if it was present in either the filtered whole-
genome CaVEMan and Pindel calls, the targeted ShearwaterML calls and/or the targeted 
CaVEMan and Pindel calls with a VAF of at least 0.3. Copy number changes were assigned to 
each phylogeny manually. 
 
Trinucleotide spectra were drawn for all single base substitutions that had been assigned to 
each branch of a phylogeny. A visible difference was noticeable in the frequency of T[C>T]A, 
T[C>T]T and G[T>C]T peaks in branches of the same donor. There are four single-base 
substitution reference signatures associated with damage by UV light (SBS7a-d) that have 
been characterised in cancers of the skin (10) We used a chi-square test to quantitatively 
compare the proportions of mutations in the most prominent peaks of these reference 
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signatures (SBS7a and b: C[C>T]A, C[C>T]C, C[C>T]T, T[C>T]A, T[C>T]C and T[C>T]T; SBS7c: 
T[T>A]T; SBS7d: G[T>C]T) for each branch. Any branches with less than five mutations in any 
of these categories was removed from the analysis. The differences observed between clones 
of the same donor are unlikely to be due to sequencing artefact as they are common to 
branches of samples that share thousands of substitutions attributed to UV damage and are 
spatially adjacent in the tissue (i.e. are of the same clone). Since each branch is treated as an 
independent sample in the analysis, we can be confident that the differences observed in 
mutational spectra are due to biological differences of the cells within each clone. 
 
Calculations of percentage mutant epithelia 
The prevalence of BCC and SCC mutations were assessed using variant calls from previously 
published studies. Variant calls for BCC samples were taken from the publication by Bonilla et 
al (13). 126 whole exome sequenced samples, Agilent SureSelect Human All Exon V5 capture 
kit (50Mb), and 157 targeted samples capturing 387 cancer genes were used for BCCs. Variant 
calls from a total of 103 whole exome sequenced SCC samples were collated from five studies 
(12,30-33). Two studies used Agilent SureSelect Human All Exon V5 (50Mb) (12,31). The 
remaining studies each used: NimbleGen HGSCVCR EXome 2.1 design1 (42Mb) (30). Illumina 
Nextera Rapid Capture Exome Library Prep (37Mb) (32) and unspecified version of the Agilent 
SureSelect Human All Exon capture kit (33). Variant calls were filtered to remove low 
confidence variants below a coverage depth of 10x.  Variant annotation was performed using 
VAGrENT  to enable the calculation of the percentage of samples containing non-synonymous 
mutations for genes of interest. A weighted mean and the confidence interval (95%) were 
calculated for each gene. 
For the current study percentage of mutant tissue and dN/dS analysis was performed as 
described previously (5). Mutation burden was calculated as per section 5.1 of the 
supplementary methods of (5).  This method accounts for the synonymous footprint (Number 
of possible synonymous mutations) over the baitset.   
To test for variation in selection between body sites, dN/dS ratios were compared using 
likelihood ratio tests, as used previously to compare selection between individuals (5). 
 
Simulations of mutation number per biopsy 
Simulations were run using a Wright-Fisher process (34) constrained to a 2-D hexagonal grid 
with periodic boundary conditions. At the start of a simulation, all cells in the grid are assigned 
a fitness of 1. In each step of the simulation, a new generation of cells pick their parents” from 
neighbouring cells in the previous generation (35).  Each cell inherits the fitness of its parent 
unless a mutation occurs. Mutations are introduced at random to a number of cells in each 
generation. Most mutations are “neutral” and do not alter the cell fitness inherited from the 
parent cell, but a small proportion of mutations introduce a fitness advantage drawn from an 
exponential distribution. The new cell fitness is then the product of the parental cell fitness 
and the fitness advantage of the mutation. The fitter a cell compared to its neighbours, the 
more likely it is to be picked as a parent by cells in the next generation, and hence fitter cells 
produce more offspring (35). In this way, a fit cell is more likely to expand into a larger clone. 
Aside from the use of a Wright-Fisher style model to simulate one generation of cells in a 
single step, the simulations follow the same principles as a Moran-style model (single pairs of 
cell birth/stratification events per step) described previously (2). New generations of cells are 
assumed to occur every two weeks. Biopsies are then taken from the simulated grids after 
3000 or 4000 weeks (~58, ~77 years), with a simulated coverage of 690 reads, a minimum of 
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5 mutant reads required for a clone to be observed, and 3×104 cells per 2mm2 biopsy (4). 
Simulations were run for grids of 40 adjacent biopsies (8x5 grid). 
The simulations were run for a wide range of mutation rates and mutation fitness advantages. 
All combinations of the following parameters were run. The mutation rates used were 
0.0000001, 0.000001, 0.00001, 0.0001, 0.001 or 0.01 mutations per cell per generation. The 
proportion of mutations which were non-neutral (changed the cell fitness) was 0.00001, 
0.0001, 0.001, 0.01 or 0.1. The fitness advantages of the non-neutral mutations were drawn 
from exponential distributions with mean 0.01, 0.05, 0.1, 0.2, 0.5, 1 or 4. If the pre-mutation 
fitness of the cell was 𝑓 and the fitness advantage drawn was 𝑠, then the post-mutation cell 
fitness was 𝑓 × (1 + 𝑠). 
 
Testing clustering of mutation counts 
We used the Moran’s I test of spatial autocorrelation (36) to investigate whether 
environmental variation across each sampled region might be affecting mutation density. 
Clones which spread between multiple samples can create local clusters of higher mutation 
density if they contain many passenger mutations, but these clusters could be unrelated to 
environmental factors. To limit the effect of these clusters due to clonal spread, all mutations 
spanning multiple samples were excluded from this test.   
We used the python package PySAL (37) to run Moran’s I. We used the p-value under the 
randomization assumption and multiple test correction was applied using the Benjamini-
Hochberg method (38). 
 
Protein structure analysis 
∆∆G calculation  
We used FoldX 5 (39) to calculate ∆∆G, a measure of the change in protein folding energy 
caused by a mutation.  
For each pdb file, the FoldX command RepairPDB was run to minimise steric clashes and 
optimise residue orientation. Then the FoldX command PositionScan was run for every 
residue of the proteins of interest in the structure, which mutates each residue to every other 
amino acid and calculates the ∆∆G value. Default FoldX settings were used for both the 
RepairPDB and PositionScan commands. 
Calcium binding sites 
The calcium binding residues in EGF11–12 of NOTCH1 were identified defined using MetalPDB 
(40) and the 2VJ3 (41). 
NOTCH1 ligand binding interface 
We used the residues previously identified as on the ligand binding interface (42). 
Distance measurements in protein structures 
Distances from residues in p53 to the DNA molecule were measured using the python package 
MDanalysis  (43) and PDB 2AC0 (44). 
 
Enrichment of pathogenic variants 
We used the variant summary file of Clinvar annotations, 
https://ftp.ncbi.nlm.nih.gov/pub/clinvar/tab_delimited/variant_summary.txt.gz - 
downloaded 7th April 2020) to identify missense variants annotated as pathogenic or likely 
pathogenic.  
The proportions of variants annotated as pathogenic/likely pathogenic in each gene were 
tested using the method described in Methods - Statistical testing for bias in mutation 



 28 

composition and a binomial test. Multiple test correction was applied using the Benjamini-
Hochberg method (38). 
 
Many pathogenic mutations are likely to be missing from the Clinvar database so the numbers 
of annotated pathogenic mutations we find per gene may be an underestimate of the true 
number of pathogenic mutations. 
 
Statistical testing for bias in mutation composition 
If certain types of mutations convey a fitness advantage to their cell of origin, then they will 
be more likely to form clones large enough to detect through sequencing. The observed 
mutations can be compared to the mutations expected under a neutral assumption (that all 
mutations in a gene have an equivalent impact) to test whether certain mutation features are 
selected for.  
The trinucleotide mutational spectrum was used to estimate how frequently each possible 
single nucleotide mutation in a gene would appear in the data if there was no bias due to 
selection. Each possible mutation was scored for a particular metric and weighted using the 
spectrum to form the “neutral” null distribution. The observed distribution was then 
compared to the null to test for a significant bias in the metric scores. For example, if 
destabilising mutations provided a fitness advantage, we would expect the observed 
distribution of a destabilisation metric (like FoldX ∆∆G) to be skewed towards higher values 
than would expected under the neutral null hypothesis.  
The test detects differences in relative selection in a gene or section of a gene. Therefore, if 
there are multiple selected features of mutations in the same region it becomes harder to 
detect selection of each individual feature. This can be mitigated by testing for a one feature 
after segmenting the mutations using the other features.  
Full details of the method have been described previously (45). 
For continuous metrics (∆∆G, distance between the mutated residue and a particular set of 
atoms in the protein structure), a two-tailed Monte Carlo test was used to compare the null 
and observed distributions. 100000 random samples were taken from the null distribution, 
meaning the minimum p-value possible in this test was slightly less than 2e-5. 
For true/false metrics (is the mutation annotated as pathogenic/likely pathogenic in Clinvar 
(https://www.ncbi.nlm.nih.gov/clinvar/ ); is the mutation on an interface or on a calcium-
binding site), a two-tailed binomial test was used. Where 95% confidence intervals are shown 
for the true/false distributions, the intervals were calculated by taking 10000 random samples 
from the null distribution or by bootstrapping 10000 random samples with replacement from 
the observed data. 
 
Visualization of protein structures 
Images of protein structures were generated using VMD (46). 
 
Data and code availability statement 
The sequencing datasets generated during study are available at the European Genome-
phemone Archive (EGA).  2mm2 grid samples (Accession number EGAS00001001933, 
EGAS00001002165), 0.25mm diameter punch and hair follicle samples (Accession number 
EGAS00001002708) and whole genome sequencing (Accession number EGAS00001002416) 
Code for the simulations of mutations counts per sample 
https://github.com/michaelhall28/Fowler_et_al_scripts 
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https://github.com/michaelhall28/darwinian_shift 
https://github.com/michaelhall28/clone-competition-simulation 
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Figure titles and legends 

Figure 1 – Human epidermis is a patchwork of small competing mutant clones 

a. Tumor density (cancers/unit area) for BCC and SCC across different body sites, whole 

body = 1.0.  Data from (3).  

b. Samples were collected from a variety of body sites with traditionally differing levels 

of sun exposure. 

c. Experimental outline:  Normal peeled epidermis was cut into 2mm2 grids and 

sequenced at high depth using a 74 gene panel bait set.  Mutations were called using 

the ShearwaterML algorithm. A total of 35 patients were sequenced across 37 

positions clustered into five main sites; abdomen, head, forearm, leg, and trunk.  An 

average of 39 2mm2 grids were sequenced per position. 

d. Total number of single base (SBS), double base (DBS) substitutions and 

insertion/deletion (indel) events across all 2mm2 grid samples from all body sites. 

e. Number of mutations per 2mm2 grid from all 1261 samples from the 35 patients.  Each 

point represents a single 2mm2 grid. Patients are ordered by age and divided by body 

site. M = male, F = female. 

f. Average mutational burden (substitutions/Mb) per patient per site. Identical 

mutations in adjacent samples of a patient are merged (methods). 

g. Distribution of the number of mutations and maximum variant allele frequency of all 

2mm2 samples per patient. Each point represents a single 2mm2 sample and point 

colours represent the maximum variant allele frequency in that 2mm2 sample.  

Patients are ordered by age.   

h. Variant allele frequency (VAF) distribution ordered by body site.  Where adjacent grids 

share the same mutation this is assumed to be the same clone so the allele 

frequencies are summed as described in the methods. 

i and j.  Heatmaps showing the variation in the number of mutations across the epidermis. 

i shows an example, from a contiguous strip of skin divided into three blocks from an ear, 

where 2mm2 samples carrying a high number of mutations cluster together. This is not 

the case for the leg sample shown in j.  In j the two blocks of samples are approximately 

1cm apart. In i the increase in the number of mutations correlates with an increase in the 

pigmentation seen in the epithelia.    
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Figure 2 – Positive selection of genes linked with cancer in normal skin 

a.  dN/dS ratios for missense, nonsense/splice substitutions and insertions/deletions (indel) 

across all body sites for genes under significant (global q <0.01 and dN/dS>2) positive 

selection.  

b.  Estimated percentage of cells carrying mutations in the most strongly positively selected 

genes (NOTCH1, FAT1, TP53 and NOTCH2) for each body site as well as for basal and 

squamous cell carcinomas (see methods).  Upper and lower bound range allows for 

uncertainty in copy number and biallelic mutations.  Upper bound represents no CNA and one 

mutant allele per gene. 

c-f: Positive selection of categories of missense mutations in NOTCH1 EGF repeats 11-12 that 

form part of the ligand binding domain: 

c.  Structure of NOTCH1 EGF11-13 (PDB 2VJ3). Residues containing missense mutations that 

occur >10 times are highlighted. Ligand binding interface residues, blue; calcium binding 

residues, green; destabilising residues, red; D464N, orange, does not fit into the previous 

categories. Calcium ions shown in yellow. 

d.  Missense mutations that are not on ligand-interface or calcium binding residues are 

significantly more destabilising than would be expected under neutral selection (p<2e-5, 

n=452, two-tailed Monte Carlo test, methods).  

e.  Non-calcium binding missense mutations with ∆∆G < 2kcal/mol (i.e. are not highly 

destabilising) occur on the ligand-binding interface significantly more than would be expected 

under neutral selection (p=2e-25, n=315, two-tailed binomial test, error bars show 95% 

confidence intervals, methods).  

f.  Missense mutations with ∆∆G < 2kcal/mol (i.e. are not highly destabilising) and that are 

not on the ligand-binding interface occur on calcium binding residues significantly more than 

would be expected under neutral selection (p=2e-22, n=195, two-tailed binomial test, error 

bars show 95% confidence intervals, methods). 

g-h: Positive selection of missense mutations in TP53 

g.  Sliding window plot of missense mutations per codon in TP53. Observed counts shown by 

the black line. Expected counts assuming that missense mutations were distributed across 

the gene according to the mutational spectrum (methods) shown in grey. DNA-binding 

domain (DBD) of TP53 shown in blue below the x-axis. 
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h.  Missense mutations in the TP53 DBD that are more than 5Å from the DNA are significantly 

more destabilising than would be expected under neutral selection (p<2e-5, n=760, two-tailed 

Monte Carlo test, methods). 

i.  Missense mutations with ∆∆G < 2kcal/mol (not highly destabilising) in the TP53 DBD are 

significantly closer to the DNA than would be expected under neutral selection (p<2e-5, 

n=395, two-tailed Monte Carlo test, methods). 

j.  Structure of the TP53 DNA-binding domain (PDB 2AC0) bound to DNA (orange). Residues 

containing missense mutations that occur at least 10 times are highlighted. Highly 

destabilising mutations (∆∆G >= 2 kcal/mol) shown in red. Non-destabilising mutations shown 

in blue. 

k-n: Positive selection of missense mutations in PIK3CA 

k.  Sliding window plot of missense mutations per codon in PIK3CA. Observed counts shown 

by the black line. Expected counts assuming that missense mutations were distributed across 

the gene according to the mutational spectrum (methods) shown in grey. Domains of PIK3CA 

encoded protein are shown below the x-axis. 

l. Significantly more single nucleotide substitutions in PIK3CA are annotated as 

pathogenic/likely pathogenic in the Clinvar database than would be expected under neutral 

selection (q=1e-8, n=216, two-tailed binomial test, error bars show 95% confidence intervals, 

methods). 

m. Significantly more missense mutations in PIK3CA occur in codons at the interface binding 

PIK3R1 (defined as PIK3CA residues with atoms within 5Å of PIK3R1 in PDB 4L1B) than would 

be expected under neutral selection (p=0.03, n=157, two-tailed binomial test, error bars show 

95% confidence intervals, methods). 

n. Structure of PIK3CA protein, grey, bound to PIK3R1, green (PDB 4L1B). Residues with 

mutations occurring at least 3 times are highlighted. Mutations close to PIK3R1 shown in blue, 

other mutations that are annotated as pathogenic/likely pathogenic shown in red, all others 

shown in orange.  
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Figure 3 – Human skin shows evidence of negative selection 

a. dN/dS ratios for missense, nonsense/ splice substitutions and insertions/deletions 

(indels) across all body sites for genes under significant negative selection.  Only genes 

with global q<0.01 are shown. 

b. Experimental outline:  HaCaT cells (an immortalised keratinocyte cell line), were 

infected with lentivirus encoding Cas9 and guide RNAs (gRNA) targeting negatively 

selected genes or controls of non-targeting, AAVS1 safe harbour site, known essential 

and non-essential genes.  Following puromycin selection, cells were cultured for a 

further two weeks at confluence in a high calcium media, which permits 

differentiation. Sequencing of gRNAs immediately after puromycin selection (t=0) and 

after two weeks at confluence (t=2) allows monitoring of changes in gRNA 

representation. 

c. Log fold change of gRNA representation between t=0 and t=2.  Each dot represents a 

gRNA Genes chosen are those predicted to be under negative selection according to 

dN/dS ratios. *MAGeCK FDR<0.1. 

 

Figure 4 - Human epidermis shows selection and signature variation between body sites 

a. Differential selection of TP53, NOTCH1 and FAT1 across different body sites.  Number 

of non-synonymous mutations per gene from indicated body site versus all non-

synonymous mutations in that gene from all other body sites.  Each dot represents a 

gene from the 74 gene targeted bait panel.  Solid line represents trendline with 95% 

CI marked (dotted line).  For points highlighted in red, q<1x10-6 using a likelihood ratio 

test of dN/dS ratios (methods). 

b. Correlation between patient age and number of mutations attributed to signature 

SBS5.  Linear regression p=0.0299, slope 0.067, intercept 0.608 

c. Trinucleotide spectrum for single base substitutions of donor PD38219 which shows 

considerable differences to all other donors.  This signature is consistent with SBS32 

(cosine similarity 0.95) linked with azathioprine treatment.  

d. Combined trinucleotide spectra for single base substitutions in all samples from the 

head (top panel) and trunk (bottom panel) from targeted sequencing.  Arrow indicates 
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G(T>C)T peak which contributes to a higher proportion of overall burden in the head. 

Head = 14561 mutations, Trunk = 10515 mutations.   

e. Chi-squared test for all C>T mutations versus G(T>C)T mutations by body site (chi-

squared 105, df=4, p=0).  A higher proportion of G(T>C)T mutations are observed at 

sites with higher relative risk of cSCC.  

Figure 5 – Variation in mutational load, mutational signatures and telomere length at fine 

scale resolution  

a.  0.25mm diameter punches were taken in a gridded array format from peeled epidermis.  

Samples were sequenced using a 324 gene bait panel and mutations identified using 

ShearwaterML as previously described. 232 punches from 6 individuals from leg, trunk 

and forearm were sequenced. A subset of samples were subsequently whole genome 

sequenced. Scale bar = 1mm. 

b. Heat map of a single individual (Trunk 76yo male PD38217; shown in A) showing the 

number of mutations per 0.25mm punch detected from targeted sequencing. 

c. Clonal map of the same individual as b.  A filtered set of mutations with a variant allele 

fraction >= 0.2 was used to spatially map the clones, letters indicate individual samples, 

each color denotes a separate clone. White is used for polyclonal samples. Samples with 

too low DNA yield for sequencing have been removed from the map.  

d. Plot summarising the mutations (VAF>=0.3) and copy number aberrations for genes 

identified as being under positive selection in targeted sequencing data for 46 whole-

genome punch samples. Age of donor, number of clonal (VAF>=0.3) mutations and 

telomere length for each sample is shown. Not all events are independent as some 

samples are part of the same clone (Figure 5e, Figure S5).  

e. Maximum parsimony tree of clonal substitutions detected in 32 whole-genome punch 

samples of trunk skin from a 76yo male (PD38217).  Branch lengths are equivalent to the 

number of clonal single and double base substitutions and are annotated with clonal non-

synonymous mutations detected in the 13 genes found to be under positive selection. 

Within each branch, driver mutations are arbitrarily ordered.   Copy number alterations 

are shown in red. 

f. Combined trinucleotide spectra for single base substitutions assigned to branches of the 

dt/dl/dk clade (top panel) versus those assigned to all other branches (bottom panel) from 
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same individual as E (PD38217).  Arrows show trinucleotide contexts found to differ the 

most between these two groups (chi-squared =397, d.f. =4, p=0).  Clone dt, dl,dk = 49144 

mutations, all other clones = 458479 mutations. 

g. Variation in a single individual (PD38217) in the percentage of substitutions that are 

double base (DBS), telomere length and number of clonal (VAF of at least 0.3) 

insertion/deletions (indel) per whole genome sample. 

h-j. Variation in the percentage of substitutions that are double base (h), number of 

insertions/ deletions (indel) (i) and telomere length (j) per whole genome sample, by donor.  

Three different body sites are shown: forearm (orange), trunk (green) and leg (blue). 

 

Figure 6 – Normal human skin shows frequent copy number changes including loss of 

heterozygosity of PTCH1 

a. Plot summarising the mutations (VAF>=0.3) and copy number alterations for genes 

identified as being under positive selection in targeted sequencing data for eight clonal 

whole-genome 2 mm2 grid samples. Age of donor, number of clonal (VAF>=0.3) 

mutations and telomere length for each sample is also shown. Not all events are 

independent since some samples are part of the same clone.  Sample PD37576u shows 

multiple changes with loss of heterozygosity at 4q (FAT1), 9q (NOTCH1), 17p (TP53) 

and 20q (ASXL1). 

b. Number of copy number events per gene detected by SNP phasing of targeted 

sequence data in all 1261 2mm2 grid samples. 

c. Percentage of grids carrying a copy number event detectable by SNP phasing 

segregated by body site.  Each dot represents an individual. 

d. Average number of mutations per 2mm2 grid in patients either carrying or not carrying 

a copy number event p=3.8x10-4, Student’s two tailed t-test 

e. Copy number profile of whole genome sequenced punch samples showing 

chromosome 9 loss of heterozygosity.  The top example shows loss of heterozygosity 

for both NOTCH1 and PTCH1; the bottom example shows just NOTCH1 LOH. Scale bar 

= 0.5mm 

f. Possible origin of basal cell carcinoma.   In a wild type population of cells (blue circles) 

a single cell acquires PTCH1 and then NOTCH1 non-synonymous mutations (marked 

orange), the clone size expands and persists due to NOTCH1 positive selection.  At a 



 40 

later time point the wild type PTCH1 allele is lost either through deletion or loss of 

heterozygosity (marked green), thus leaving a clone lacking functional PTCH1 

expression and primed for BCC transformation.     

Figure 7 – Human hair follicles are polyclonal with the base of the follicle showing 

differences in mutational load compared to the top 

a. Structure of the human hair follicle 

(https://emedicine.medscape.com/article/835470-overview) 

b. Experimental outline:  Intact hair follicles are dissected from the epidermis and cut 

into three (designated base, middle and top).  A 0.25mm punch of epidermis was 

taken adjacent to the follicle (designated punch).  All samples were sequenced at high 

depth using a 324 gene bait panel and mutations identified using ShearwaterML as 

previously.  Scale bar = 0.5mm. 

c. Example confocal image of hair follicle stained with WGA (white), Vimentin (red), and 

dapi (blue).  Scale bar = 38µm 

d. Distribution of the number of mutations in different parts of the follicle.  Each dot 

represents a sample. Solid line indicates the median.  p<0.0001 Kruskal-Wallis test. 

e. Number of exonic mutations per follicle across 324 genes. Each column represents a 

follicle with patient noted below.  Each row is either the punch, top, middle or base.  

Samples that had insufficient DNA for sequencing are shown as grey. 

f. Violin plot of the variant allele frequency at each part of the follicle. Dashed line 

indicates the median.  p<0.0001 Kruskal-Wallis test. 

g. dN/dS ratios for missense, nonsense/ splice substitutions and insertions/deletions 

(indel) across different parts of the follicle.  Only genes with globalq<0.01 are shown. 

h. Percentage of mutations spanning more than one location (n=2009 mutations) 

i. Heatmap of number of mutations spanning different segments of the hair follicle.  

Each column is a follicle with the patient indicated below. Only follicles with spanning 

mutations are shown (methods).  Spanning segments are detailed on the left. 
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Supplemental figure 1 - Assessing mutational variability in human skin 

a. Log of summed VAF.  A simple linear regression finds that there is an increase in clone 
size (VAF) with age (p < 2.2 x1016, slope = 0.01161, intercept = -4.79356), however, this 
should be interpreted with caution because, even after log transformation, the data 
does not meet the normal distribution assumption.  Note for this analysis PD38219 was 
removed as an outlier because of their predominantly non-UV signature 

b. Mean mutation number per sample vs the range (difference between the highest and 
lowest mutation count in single biopsies) for each patient.  Different colours represent 
different body sites. 

c. Mean mutation number per sample vs the range for each patient (red) and simulations 
(open black markers). 

d. Patients whose epithelia shows a greater than expected difference in the number of 
mutations/ 2mm2 gridded compared to their adjacent neighbours.  Moran’s I and -log10 
q-value for each donor are shown. Values of Moran’s I closer to 1 show increased 
positive autocorrelation (more clustering of high values/clustering of low values). 

e. Further examples of epidermis which show a gradient in the number of mutations across 
the tissue. Heat maps show the number of mutations in each 2mm2 grid. 
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Supplemental figure 2 – Positive selection across different body sites 
a. Number of different types of mutations for positively selected genes (globalq<0.01, 

dN/dS >2) 
b. Mutational spectrum of single nucleotide variants from all 2mm2 grid samples from 

targeted sequencing. The bar plot shows the number of mutations in each of the 96 
possible trinucleotide contexts. 

c. Percentage of mutant epithelia for all positively selected genes (global q<0.01, dN/dS 
>2) 

d. Sliding window plot of missense mutations per codon in NOTCH1. Observed counts 
shown by the black line. Expected counts assuming that missense mutations were 
distributed across the gene according to the mutational spectrum shown in grey. 
Domains of NOTCH1 protein shown underneath the x-axis. EGF-repeats shown in blue, 
with ligand-binding site EGF repeats 11-12 shown in dark blue.  
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Supplemental figure 3 – Negative selection is not due to lower sequencing coverage 
a. Sequence coverage per gene of all genes showing negative dN/dS selection.  In each 

case gene structure is shown in the top panel and the median sequence depth per 
base is shown below.  Sequence baits are designed to cover only the exonic regions 
explaining the lack of sequence depth in the introns. 

b. Distribution of number of CUL3 silent mutations along the transcript length of the 
gene. 

c. Consequence of recurrent CUL3 silent mutations on predicted transcription factor 
binding sites. 
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Supplemental figure 4 – Sequence analysis of data from 0.25mm diameter punches is highly 
similar to that from 2mm2 grid samples  

a. Total number of mutations from targeted sequencing of 232 0.25mm diameter 
punches from 6 donor from different body sites. Number of single base (SBS), double 
base (DBS) and insertion/ deletions (indel) are shown. Proportions are comparable to 
that seen in 2mm2 gridded sample sequencing. 
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b. Number of mutations per 0.25mm diameter punch sample.  Each point represents a 
sample. Patients are ordered by age and divided by body site. Age and gender of the 
patient is shown below. 

c. Mutational spectrum of single nucleotide variants from all 0.25mm diameter punch 
samples from targeted sequencing. The bar plot shows the number of mutations in 
each of the 96 possible trinucleotide contexts. 

d. dN/dS ratios for missense, nonsense/ splice substitutions and insertions/deletions 
(indel) for all 0.25mm diameter punch samples. Only genes with global q<0.01 are 
shown. 

e. Number of different types of mutations for positively selected genes. Proportions are 
similar to that seen from targeting sequencing from 2mm2 gridded samples. 

f. Number of positively selected driver genes carrying non-synonymous mutations from 
whole genome sequencing of clonal 0.25mm diameter punch samples.  
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Supplemental figure 5 – Heatmaps and mutational variability of 0.25mm diameter punch 
samples 

a. Heat map of number of mutations per punch across other five donors. Each square 
represents an individual 0.25mm diameter sample. 

b. Epidermal clone map area for each donor.  Mutations with a VAF of at least 0.2 are 
shown, with each clone represented in a different colour. Polyclonal samples are 
shown in white. 

c. Maximum parsimony tree of clonal substitutions detected in 24 whole-genome 
0.25mm diameter punch samples from five additional donors. Branch lengths are 
equivalent to the number of clonal single and double base substitutions and are 
annotated with clonal non-synonymous mutations detected in the 13 genes found to 
be under positive selection. Within each branch, driver mutations are arbitrarily 
ordered.   Copy number alterations are shown in red. 
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Supplemental figure 6 – Mutational spectrum of epidermal 0.25mm diameter punch, top or 

middle regions of the hair follicle 

a. Number of different types of mutations for each part of the follicle. 
b. Mutational spectrum for different parts of the follicle, excluding the base where there 

were too few mutations (<200) inhibiting mutational signature decomposition.  The 
bar plot shows the number of mutations in each of the 96 possible trinucleotide 
contexts. 

c. Maximum variant allele frequency (VAF) of any mutation in each section of the follicle.  
Each column is a follicle with the patient noted below.  Each row is a different part of 
the follicle. 
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Supplemental figure 7: Gini index of Crispr/CAS9 screen libraries 

The ‘ineq’ R package was used to generate Lorenz curves and to calculate a Gini index for the 
generated library and widely used genome-wide libraries. The Gini index is a measurement of 
statistical dispersion and reflects the evenness of read count distribution.  A lower Gini index 
is indicative of a more even distribution (Figure S7). 
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Table S1 – Patient demographics 

* Patient PD38218 contributed 3 independent trunk samples 
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PD37617 47

PD37615 70

PD37614 74

PD43996 51

PD37619 62

PD43991 67

PD43943 72

PD43994 73

PD43995 77

PD43992 79

PD37575 82

PD37618 83

PD37577 41

PD37579 56

PD38219 Benign keratosis 58

PD36126 68

PD37576 69

PD38335 32

PD38333 44

PD38336 48

PD38331 59

PD38330 67

PD38332 70

PD38334 Still present 71

PD38216 30

PD37578 56

PD38220 65

PD38218* Still present 71

PD38215 71

PD38217 76

PD37612 26

PD30272 36

PD30274 54

PD37184 63

PD37182 67

PD30273 68

PD37275 75Not known Not known Not known

Not known Not known Not known

Not known Not known Not known

Not known Not known Not known

Not known Not known Not known

Not known

Not known Not known Not known

Not known Not known Not known

Living abroad 
(subtropical/ 

tropical regions)

Not known

Not known

Not known Not known

Working outside 
(UK)

Not known

Location Gender
Smoking 

status
Initial 

diagnosis Fitzpatrick score
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Table S2 - Mean sequence coverage of all experiments 
Punches are 0.25mm diameter samples 
 
  

Mean Median Stdev
Targeted

2mm2 grids
All 668.7 667.0 111.0

Abdomen 682.7 660.7 146.1
Forearm 595.3 595.4 141.7

Head_melanoma 681.5 677.9 62.5
Head non-melanoma 613.5 603.4 78.6

Leg 727.4 720.4 77.1
Trunk 691.2 695.5 74.8

Punches
All 44.9 42.3 20.3

Hair follicles
All 372.3 410.7 158.7

Whole genome sequencing
2mm2 grids

All 49.5 45.7 8.1
Punches

All 33.1 29.8 7.8
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List of excel Tables S3-S8 

Table S3 – Lists of genes on targeted sequencing bait sets 

Table S4 - List of all mutations detected in all 2mm2 gridded samples  

Table S5 – dN/dS ratios of all genes with q value <0.01 from targeted sequencing of 2mm2 

gridded samples  

Table S6 – Fold change in guide RNAs in targeted CRISPR-Cas9 knockout screen 

Table S7 – List of all mutations detected in all 0.25mm diameter samples 

Table S8 – List of all mutations detected in hair follicle samples 
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