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Dear Editor,

Ultraviolet Radiation (UVR) ighe major environmentahutagendriving the developmenof
melanoma, The major WR-induced DNA lesions,6—4 hotoproducts andcyclobutane
pyrimidine'dimers areprimarily repaired by Nucleotide Excision Repair (NERJhe very high
levelsof UV sighaturemutations USM; Signature 7 mutationsghat areobserved in melanomas
arethe directoutcome ofunrepaired UVvinduced lesioa (Alexandrov et al., 2013; Hodis et al.,
2012) suggestinghat there must be defects in thpai of these lesiongnd thus potentially in
NER. For further description of signature 7 mutatqease refer t¢Alexandrov et al., 2013).
To date there hae beencontradictory reportsrothe efficiency ofNER in melanoma. Most of
thesestudieshave usedmall numbes of melanoma cell line@Belanger et al., 2014; Budden et
al., 2016; Gaddameedhi et al., 2010)yo address this question in a largeradat wehave
examinedherrelationship betweehe expression of a comprehensive pan@lBR component
genes(KEGG=NER pathway47 genes; Supp. Table lising The Cancer Genome Analysis
(TCGA) melanoma datas€The Cancer Genome Atlas, 20E5)d USMs for each sampleom
(Alexandrev-et al., 2013)Our analysisused‘Pathifier’ (Drier et al., 2013)a validated tool
developed taquantify pathway dregulationin gene expression dat@athifier transforms gene
level information into pathwalevel informationto model a Pathway éegulation Score (PDS)
for each sampi€Drier et al., 2013; Huang et al., 2014; Liu et al., 20¥% quantify theamount
of dysregulation of a pathway in a sample by measuring the deviation of the sample from normal
behavior. More specifically, he expression data is used to constryatirgcipal curveusing the
Hastie and Stuetzle’s algorithranto whicheachsampleis projected. Thd’DS representthe
projecteddistanceof the samplealong the curvewith alargerdeviationfrom normal expression
levelsindicatinga higherPDS and therefore more dysregulation in the pathvilayur study,
the PDS forseach samplevasrelated tothe number of S7 mutations, to determine strength of
associatiobetween gsregulation of the pathway andiSM load. The TCGA data wadiltered to
only include Malignant Melanoma NOS ahibdular MelanomaA total of 38 samples with
complete RIAseq and USM data, including @rimary melanomas was further analyZ&aipp.
Table S2)
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We assesseagbtential confoundingariablesprior to the analysis of the datAnalysis of
the two subtypedncluded in the studyMalignant Melanoma NO$338 samples)and Nodular
Melanoma(15 samples)(Supp.Table S2), showed no significant difference in UV mutational
load based on_subtypand no clustering of the expression data was evideit Principal
Component.Analysi$PCA). Likewise, ae showed no associabn with USM load. Melanomas
of the Head and Neck showed the expected elevated nunfldg8&Ms (Supp. Figure A), but
tumour focation did noshow a significant influence over NER expressiSafdp Figure EB).
The expected elevated USM load in males was also fdumdthis did not significantly alter
NER gene expression patterf®upp.Figure ). Metastaes Boweda greaterUSM loadsthan
the primariegmedian= 14.13 Mutations per Megabase (MpMk} 12.43MpMB; Wilcox p-
value =0.70.013 Supp. Figure S3A)but PCA did not highlightmajor differencesin sample
clustering(Supp: Figure S3B)

The_samples wersubgrouped based on USM load, determined by natural inflection
points in the datahreshold values of USM$54.6MpMB (High); 3.6 54.6 MpMb (Mid); >0
3.6 MpMbg(lzow) (Supp. FigureS4). There were 12 samples with no USMs (zero mutation)
(Supp. Table'S3). PCA showed that the zero mutation melanomas had a broad variance in NER
gene expression which was similar to the difference in NER pathway gene expresgien
USM containing melanomas (Supp. Figu®.S Sparserersion ofPCA was used to determine
whether thevariationin the zero mutations sampless caused by a subset of genes with high
variance,as_opposed to the entire pathway collectivéigwever nosmall group of genes
appeared tobdisproportionallyresponsible for the effect

Initialsanalysis showed that upregulated expression of the NER pathways genes was a
common f{feature in melanomas (59% of the 470 analysed; z 58r&upp Figure $).
Interestingly, the general transcription factor complex TFIIH (GTF2H isoforms, ERCC3) and
replication protein A (RPA) complexes are common targets ofexgression in >15% dhe
melanomasanalysed and the polymerase D (POLDB4) complex and it assatied replication
factor C (REC)areoverexpressed in 10% of melanomas. The DNA damage binding proteins
DDB1, DDB2;.and core NER components XPA and XPC are rarely dysregulated at k% mR
level (Supp. Figur&6). There was littleassociation between tlexpression of each gene in the
NER pathwayand theUSM load for each tumouiSupp. FigureS7). To assess whether small
changes in expression in multiple pathway genes might be the basis of failuké lesion
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repair, Pahifier was used to calculateathways [Bregulation Score (PDSYhere wasa very
weak correlatiorbetweenthe PDSand USMin the primary sample§Spearman cor = 0.11 =

67 ; Figure 1A),which extendedvhen includingall samples (Speaman cor =0. 11n = 353.

The median PDS wasimilar for all categories of mutation leyedlthough thex was a non
significant treadrom zero to high mutation of increasing PDS (Figure 1B; Supp. Table S4). The
median scores for each group indicate a high level of altered expression betwssnpdds
including the*zero mutation group. In a similar study using this approach to assedsgoos
recombination‘repair (HR) pathway expression in breast cancBBSdHR score in the study)
<0.4 was demanstrated to be HR proficient and >0.5 HRidafi(Liu et al., 2016) There was

no clear association between PDS and mutation loatieiroutliers (PDS>0.6)To ensure a
smaller cohortssize in the primary melanoma dea not responsible for the lack of associagtion
Pathifier analysis was performed 100 timeach with a different permutation 68 randomly
selected metastatic sampleo correlation between PDS and USM loadas observed
(Spaarmancor _=-0.039; permutation pvalue =8.5 e05). We identified 19 melanomas with
USM information and homozygous deletion or putative loss of function mutation of key NER
genes. Only'8/19 had increased USM loads when compared to the average load in melanomas
from a similar anatomical location, suggegtihat even this degree of NER dysfunction is not
contributing”to USM load (Supp. Table S5)An alternative approacis examining only USM

in key melanoma&ncogenesind tumour suppressossach aPTEN, TP53, CDKN2A. However,
there would be no statisitpower analyisg this very small number of mutationsofmally a
single USMrinta single gerfer each tumour).

Thewlack of association betweatysregulated NERjyene expression andJSM load
suggests that the upregulated expression of the TFIIH and RO#iplexes is not associated
with NER. It might howevelindicate that these melanomas required more replicagsaciated
proteins to_facilitate replication, possibly as consequence of the high level of endogenous
replication stress in melanom@rooks et al., 2013).

The Pathifierpathway analysis providefunctionalinformation based on collective gene
expressionThe method has been validated in several studies as being a suitable method of
assessingathway function andeategulation(Drier et al., 2013; Huang et al., 2014u et al.,
2016). Ideally however Pahifier would use normal tissuas reference sampléBrier et al.,
2013) This is not an explicitequirementput it isan importantconsideratiorwhen interpreting
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the results. As the TCGA data did not contain informatiom@amal melanocytes, melanomas
with no recorded S7 mutatiomgere used as surrogates.

In summary,the absence oéssociationbetween the NE pathway and USMoad
indicates thatlefects inothermechanismsnvolvedin repairing UV lesionsnust contribute to
the USM loads in mlanoma Cell cycle checkpoint and other DNA damage repair genes
important torepaiing UV-induced DNA lesioa have beerfiound to be commonly defective in
melanomarcell“line¢Belanger et al., 2014; Wigan et al., 2012hd these defectgatherthan
dysfunctionef'the central NER pathwayre likely responsible for the incredsdV signature

mutation load found ithe majority ofmelanomas.

Figure Legend

Figure 1. Pathifier analysis on the NER pathway with respect to the number of Signa&ifg 7 (
mutations.A. PDS of all of samples are shown, along with the number of S7 mutations. The
primary and metastatic tumours are indicated. The solid circles indicate the zero S7 mutation
tumours Bw=A boxplot of the samples PDS sdlvided based on UV mutational load. The
primary and metastatic tumours are indicated. The median PDS for the different mutational load
groups were_as follows: Reference = 0.50, Low = 0.53, Mid = 0.51 and High = 0.58, the
difference-between these groups did not reach statistical significamaigp= 0.089).
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