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GENETIC ALTERATIONS IN POTENTIAL PRECANCEROUS SKIN CONDITIONS
Amel Abdulsalam M. Albibas

Non melanoma skin cancer (NM3€}he most common cancer worldwide. Expostoe
ultraviolet radiation(UVR)causes DNA damage in keratinocytes leadmgévelopment
of NMSCs and precancerous skin conditicasdzOK & | OGAYAO 1 SNI i
disease (BD) and the clinically invisible p53 mutant patches/p53 immunopositive patches
(PIPs). Based on published studies, the rate of progression from pmesancerous skin
conditions to cutaneous squamous cell carcinoma (cSCC) is variable and the highest rate i
seen in AKs (up to 16%) followed by BB5%) and the lowest rate of progression is seen
in PIPs (ESCC for eadh300- 40,000PIP%. The progression from precancerous lesions
to canceris usually accompanied by gamf molecular alterations that affect different
genes. Molecular analyses of mutations in lesional DNA, using whole exome sequencing
(WES) and argeted enriched sequencing, hakemonstrated cSCCs harbour a high
mutation burden (33 50 mutations/megabasé€Mb)). The aim of the current work is to
study the mutational status within the genome of precancerous skinditions, namely

AKs, BD and PIPs

This study was conducted in twoages. In the first stage, AKs were sad for genetic
changes (base paialterations) using WES. Sections from forméked paraffin
embedded(FFPERAKs (N = 69) were initially characterised using histology (for dysplastic
area) and immunohistochemistr(p53, beta catenin, CD4, CD8 and FOXP3 protein). DNA
from the dysplastic and adjacenbrmal skin were isolated from 5 AK samples for WES
andysis usingSureSelect vkit (Agilent) and HiSeq 2008equencingsystem [([lumina).

WES of the AKs showed thahet median mutation burden within AKs weg4.5
mutations/Mb of DNA, with a median number df,275 (range 194 1,688) mutated
genes per AK. In the second stage, 18 genes wemrited for target enriched

sequencing on a wider range of samples includikKg,MDs, cSCCs and PIPs based on the



analysis of the WES/AK results, previpublishedcSCC WES data and genes mutated in
other cancers inCatalogue Of Somatic Mutations In Can¢€OSMIL database. The
samples included 32 additional &\kincluding 7 AK/cSCCs whereSXCC was adjoining an

AK in the same histological section and considered to have arisen from the adjacent AK)
and 37BDs (including 8 BD/cSCCs where the cSCC was adjoining BD and deemed to have
developed from BD)23 PIPs, a well as corresponding non lesional skin. The target
enriched sequencing was conducteging theTruseq custom amplicon kit and MiSeq
sequencing systeniliuming), anddemonstrated norsilent mutations irPIPs as well as in

AKs, BDs and cSCOse more caonmonly mutated genes includeiP53 NOTCHIMLL2

and HMCN1 Additionally, the results showed that the genes mutated in PIPs were also
mutated in the AKs and BDs, as well as in cSCCs with some identical mutations observed
in the different types oflesions.Moreover, analysis of clonality showesbme clonal
mutations of CDKN2ACACNALCMLL2 and GPR98genes in PIRshowever, all TP53
mutations were subclonal. Thisuggestghat in each case th@P53mutation occurred

after the initial genetic hit which initiated development of the PIP.

Thus,this studyhasdemonstrated that multiple genetic mutations within cancer related

genes are present in precancerous slaeions,includingin clinically invisike PIPs that

most of themare < 3,000 cells in sizandLIN2 A RS & a i NRy 3 &dzLJLJ2 NI
model of cancein which it is estimated that subclonal evolution begins at an early stage

of cancer development
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1.1 Skin g$ructure

The skin is the largest organ in the human badgrepresents the barrier between the
internal and exteral environments. Its designed to maintainormal body homeostasis
(Wickett and Visscher, 20D6Anatomically, the skin is formed from two main layeitse
epidermisand the dermis whiclare supportedupona layer of subcutaneous fat that

plays a roleri controlling body temperaturéRees, 2004

The epidermis is the outer most layer of skiat comes in direct contact with the

external environment. The thickness of the epiderntiféers across the bod{between

50~ 100 um thickRees, 2004and is thickest on the palm and soles. The epidermis is
highly cellular and formed by a variety of seNith different structures anélunctions

(Haake et al., 20QMicali et al., 2001 The main cell type is the keratinocyte whiak a
arranged in multiple layerS.he deepest layer is known as the basal layea{sm basale).

The basal layer harbours proliferativellsghat differentiate while moving toward the

surface to form the higher layers, including suprabasal layer (stratum spinosum), granular
cell layer (straaim granulosum) and cornelayer (stratum corneum). As they move

towards the surface, the keratinoms lose their nucleus to form the outermost non

nucleated stratuncorneum(Micali et al., 200

In additionto keratinocytes, the epidermis contains Langerhans cells, melanocytes and
Merkel cell§Haake et al., 200 Rees, 2004 Langerhans cells are migratory dendritic
cells that form 36% of epiderral cells and represerantigen presenting cells. They are
scattered throughouthe epidermis to ingest antigenic material such as infectious agents
and process them before migrating to the regional lymph node where these cefiemir
the antigen to naive T cells and thus iniéian adaptive immune respong€umberbatch

et al., 200QUdey et al., 2001 Themelanocyte is the epidermal cell which is responsible
for the normal variation ircolour ofthe skin(and haij through the production of melanin.
Melanocytes arise from the neural creftin and Fisher, 200@nd migrate to the
epidermis where they take up residence amongst basal keratinoeytdsvithin the hair
follicle. The number of melanocytes varies at different sites of the skin and the highest
frequency s in the genital regiofLin and Fisher, 200./Racial differencesn skin colour
aredueto the variation in the activity rather than ghnumber of melanocytef.in and

Fisher, 200/Rees, 2004 The epidermisalso harbours Mrkel cells which are restricted
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to the basal layer of the epidermis and hair follicle sheath with the highest frequeEncy
Merkel cellswithin the palmoplartar surfacegMoll et al., 200%. Merkel cells function as
mechanoreceptors due to their synaptic communication wita underneath dermal
sensorynerves(Moll et al., 200%. In addition tothe variouscells, the epidermisontains
the upper parts of the skin appendages such as the ducts of sweat glandseasithfts
of hair follicleqHaake et al., 2001

The epidermis isupported and nourishetly the underlying dermal lay€D1,000 pm

thick) (Rees, 2004)The supportive function of the dermisdsie tothe high dermal

content of connective tissue fibres (collagen and elggtiaake et al., 20QSorrell and
Caplan, 2004 Moreover, the dermis is a highly vascular layer and enriched with
lymphatic and nervous supply which are important in providing nutrition and supporting
the protective and defence mechanisiof the skin respectively. The cellular component
of the dermis nvolves fibroblast, endothelial cells, and cells which function in skin
immunity (T lymphocytes, dendritic cells, macrophages and oel)(Haake et al., 20Q1
Nestle et al., 200%orrell and Caplan, 20DP4n addition, the dermal layer is the place of
residency for skin appendages which penetrate through the epidermisf(ikdtes,

sweat glands/ducts)

1.2 Non melanoma skirtancer
1.2.1 Impact and epidemiology

Non melanoma skin cancer (NMSC) is the most commondi/paman cancer worldwide
(Lomas et al., 20)2The two main types of NMSC are basal cell carcinoma (BCC)
(accounting for approximaly 75%of NMSCpsandcutaneous squamous cell carcinoma
(cSCCconstituting about25%o0f NMSCp(Madan et al., 2010 Both types of NMSC
together with theirpotential precancesus lesions{ OG0 A YA O { SN} G2aAia o!
disease (BDpriginate from dysplastic epidermal keratinocyi@anofsky et al., 2011

NMSC is a global health problem; in 2006, the World Health Organisation (WHO) stated
that the annual occurrence of botSC@nd BCC globally were 2.8 ab@ million cases
respectively(Lucas et al., 2006However,NMSds more frequent in western societies

and the cSCC incidence witldaucasians around Imillion cases per yegdemal et al.,
2010. The worldwide incidence of NMSC varies across the globmas et al., 200)2The
highest rate iseported in Australig> 1,000/100000 personryears for BCC) and the
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lowest rateis demonstrated in Africa (3/100,000 persoryears for BCG)lomas et al.,
2012. In the USA, more than.é million NMSC casevere treated for NMSC lesions in
2012(Rogers et al., 2035The number of registered cases of NMSC witfenUSA
increasedrom 3.5 million in 2006Rogers et al., 203®o 4.9million cases in 201@Guy
et al., 2013. According to Cancer Research Wig,incidence of NMSC in 2013 was
125.2/100,00Qpopulation with at least 100,000 cases recorded peman (Cancer
Research UK, 2016).Enghnd, themeanincidence rate i§6.21/100,000 and
22.65/100,000 personyears for BCC and cSCC respectively,tivithighest ate in the
South Wesbf England (1229/100,000 and 332/100,000 persoryears forBCC and
cSCQespectivelyjLomas et al., 20)2However, these figures do not represent the actual
number of cases as it is recognigbdt many NMSCs are not record@amas et al.,
2012).

In parallel to the high incidence, NMSC isazsated withsignificantmorbidity. Although
cSCCesften response well to conventional treatmen(surgical excision, radiotherapy)
2.3-5.2% of cSCC lesions reappéadiowing thesetreatments (Rowe et al., 1992
Moreover, cSC€also haethe ability to metastasisand theoverallmetastasigate is
reported to be0.3- 3.7 (Samarasinghe et al., 201 B.7%(Schmults et al., 20334%
(Brantsch et al., 200&nd 12.5%Cherpelis et al., 2002nd leads ta 3year disease
free survival rate of 56%Martinez et al., 200Band a 5year survival rate of 2535%
(Kraus et al., 199&wa et al., 1992Martinez et al., 2003Rowe et al., 1992However,
larger lesions metastasise to a greater extent with cS@EJwm deepmetastasising in
16%of caseqBrantsch et al., 2008andwith cSCCs > 2cm diameter metastasising ig 30
40%of casegAlam and Ratner, 2001

In the UK, the annual costs of skin cancer managenmeBhglandvasestimatedto be
£101.6million (Morris et al., 2009andis predictedto be ower £180 million in 2020
(VallejoTorres et al., 2014In Australiathe annualcost of NMSC alongasaround £346
millionin 2010 (Fransen et al., 20)2The highest cost was recorded in the USA with the
cost of annual skin cancer and precancerous skin lesions managemeasied from

USD$3.6billion in20022006to USD$B.1 billion n 20072011 (Guy et al., 2016


http://publications.cancerresearchuk.org/publicationformat/data_tables/dtinccountries.html

1.2.2 Risk factoroof NMSC

NMSC is associated wigixternal (environmentalandinternal (genetig riskfactorsas
listed in table 1.1
Table 1.1Risk factors assiated withNMSC developmen©riginal table based on information gathered fr@@arman

and Cockerell (2013Box et al(2001)Boukamp (2005pe Gruijl and Rebel (200Buvrard et al. (2006)artevelt et al.
(1990) Loeb et al. (2012Bchubert et al. (2014)satsou et al(2012)

Risk factors

E>ogenous risk factos Endogenous risk facter
1. Chronic UVR exposure (solar or artificial). 1. Gender(incidence in males > females)
2. lonizing radiation. 2. Geneticfactors(e.g fair skin due to germline
3. Cancer causing agents (e.g. arsenic, tobaccc variants inMC1Rgeneandxeroderma
smoking). pigmentosumdue to mutations in genes
4. Immunosuppression. relevant for nucleotide excision repair

The mairexternalrisk factorfor NMSGs accumulativeexposureto ultraviolet radation
(UVR)De Gruijl andRebel, 2008Tsatsou et al., 20)2BCC is associated withtermittent
exposue to UVRKricker et al., 1995whereascSC@s related tochronic exposug to
UWR(Rosso et al., 1996n addition,it has been suggested thaiman papillomavirus
(HPV promotesthe transformation of infected keratinocytes tmncer cells through
altering the cell cycle and promoting the degradation of p53 prqtkut its exact rolen
skin cancer in the general population is uncl@dichel et al., 2005 Cigarette smoking
also increases the risk of cSCC developmera metaanalysis looking at 25wglies that
investigated the relation between smivky and cSCC, a significagliation was found with
an oddsratio of 1.52 ©5% confidence intervdl.15- 2.01) (LeonardiBee et al., 201
Immunestatus also affects theendeng to develop NMSGor example cgantransplant
patients have a 6%Jensen et al., 199% 250 (Hartevelt et al., 1990fold increased gk

of cSCC and® foldincreased risk of BQBartevelt et al., 1990 This incidence
increasesvith longerduration of exposure to immunosuppressive agent, for instance, the
risk of cSCC increased from 7% after 1 year of immunosuppressiérftoafter 11 years
(BouwesBavinck egl., 1996. Moreover the rate of acquiring a second cSCC lesion
increased to 66% immunosuppressed subjecisthin 5 years from the@ppearance of
the primary tumour(Tsatsou et al., 20)2The incidence of cS@{Soincreases imlder

menand in individuals with fair skin and red héitealy et al., 200Kennedy et al., 2001



Germline genetis also play a role in cSCC development. For exaggsta/inevariants of
the melanacortin 1 receptor MC1R geneare associated with higher susceptibility to UVR
damage andkin cance(Box et al., 200IHealy et al., 200Healy et al., 200KKennedy
et al., 200). TheMC1Rgene is known tanfluencethe colour of skin in a numberf
vertebrates including human@lan et al., 2008 TheMC1Rencodes a seven pass
transmembrane Grotein coupled receptothat is expressedn the suface of
melanocytes andontrols the process of melanin formatigHan et al., 2008 Genetic
variants inMC1Rare associateavith a decrease in the number of functioMdiC1R
receptors on melanocytesnd with reduced signallinga MC1R proteiBeaumont ¢ al.,
2012 Rees et al., 199Robinson and Healy, 2002hus alteringhe total amount of
melanin and thephaeomelanineumelanin ratio, resulting in fair sk{fealy et al., 2000
Healy et al., 2001to and Wakamatsu, 2003However,studies have observed that the
higherrisk of skin cancettue toMC1Rgenevariantsremains after correctiotfior skin
colour(Bastiaens et al., 200Box et al., 201, Healy et al., 200Healy et al., 2001
Kennedy et al., 2001According taBohm et al. (2005YIC1Rgene varants may inhibit
DNA repair and reduce apoptosis a mouse modeRobinson et al. (201@pund that
the numberof p53immunopositivepatches(PIPs, i.ea group of p53 positive epidermal
keratinocytes thamay develop intcaSCQyere lowerin UV irradiatedVIC1R than in
MC1R albino mice Thus, both the Bohm et al., 2005 andditson et al., 2010 studies

providesupporting evidence for anon-pigmentary role oMC1Rgenein photoprotection.

adziF GA2ya Ay OSNIIFAyYy 3ISySa OFy Ol dzasS LI GK2f 23
increased risk of skin cancdiheOCAZyenemutationis one example which causes type

2 albinism and is common in Africa (e.g. Tanzania), which therefore results in an absence

of melanin in skin and reduces protection against UVR, leading to(M&0Gla et al.,

2012 Yakubu and Mabogunje, 19983 owever, gnetic variants in a number of other

genes have also been associated with a fairer skin itypiee normal populatiorand/or

an increased risk of skin cancer (although in some casessugiation has been thi

melanoma rather than NMS@Example®f pigmentationrelatedgenes and some other

genes where ariantsshow an association witkkin canceare summarisedn table 1.2

In addition toMC1Rgene variants, genetimutations that affet DNA repaimechanisms

such aghose responsible foxeroderma pigmentosum, increase the susceptibtlity VR



induced mutations and the incidence of skin canceroderma pigmentosuns an
autosomal recessive disorder thiatcharacterisé by adefect in nucleotide excision
repair (vhich repairdJVR inducedyclobutane pyrimidine dimers and4photoproduct$
(Friedberg, 2001and patients with xeroderma pigmentosum show a >1;861@ inaease

in skin cancer riskh comparison to the general populatigSchubert et al., 2004

Table 1.2Genes with variants assatéd with increased risk of skin cancer

Gene Function

ASIP Involved in synthesis gihaeomelanir(Lin et al., 201)L

TYR Involved in the conversion of tyrosine to melaifivan et al., 200p

SLC45A2 It mediates melanin synthesis and is responsible for variations in skin and hai(Cloédral et al., 2096

OCA2 Involved in small molecule transporpexcifically tyrosinelt is involved in mammalian pigentation
controlling skin/eye color§Chahal et al., 201®/abula et al., 201p

IRF4 Involved in the developmerand function of T helperells, regulatory €ells, B cells and dendritic cells
and playsarole in development angrogression ofskin cance(Chahal et al., 2036

BNC2 DNAbinding zinefinger protein thought to act as both a messenger RiWécessing enzyme and a

transcription factor14. BNC2 is expressethielanocytes and, to a lesser extent, keratinocytes, with
higher expression levels corresponding to darker skin pigmentation in human skin tissue #Aalyasis

et al.,2016).

CADM1 Metastasis suppressor gene involved in modifying tumors interaction withresdiated immunity
(Chahal et al., 2026

AHR Dioxin receptor involved in anéipoptotic pathways and melanoma progressi@hahal et al., 2096

SEC16A Putative oncogene with roles in secretion and cellular proliferafidimahal et al., 2036

1.3 Role of UVR in development of cSCC and precancerous skin lesions

Many studieshaveshown that exposure to UVRJVBwith wavelengtts 290-320 nm and
UVAwith wavelengtls 320-400nm)is associated witkSC@evelopment(Findlay, 1928
Karagas et al., 200Romas et al., 201Milon et al., 2014Pleasance et al., 2018chmitt
et al., 201). One of the earliest studies to demonstrate causation of UVR in skin
carcinogenesis was performed bindlay 1928 who reported the development of
papillomalike growths on the bdcof UV irradiated albino mic&hehigherincidence of
NMSC irAustraliais widely considered to béue to proximity to tke equatorwhere
exposure to UVR is more inten@@mas et al., 2032In addition, cSCC tiwofold higher
in individuals whowvere exposed taartificial UNRtanninglampsbefore their twenties
(Karagas et al., 2002

On the other handthe use ofsunscreeneducesthe risk of development atSC (Green
et al., 1999Stern et al., 1986vVan Der Pols et al., 200&tern et al. (198&eported a
reduction in the lifetime incidence of NMSC T8%%as a result ofunscreen application
during the first 18 years of life. Moreovesreen etal. (1999pbserved a reduction in the

rate of cSC@pon daily sunscreen applicatidor 4.5 yearsand further 40% reduction in
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cSCCate wasreportedfor the entire follow-up duration (8 years)f the same

participants(Van Der Pols et al., 2006

Exposure toUVR caninduceskincarcinogenesimainlyby causinddDNAdamagein skin
cells(Brash, 1988Sage, 1998 A DNAmolecule has the ability to absotVRwhichcan
leadsto the formation ofDNA photochemical changesthe form ofphotoproducts(De
Gruijl and Rebel, 200&vobodova et al., 2006These photoproducte/hich comprise
cyclobutane pyrimidine dimers (CPR8Y pyrimidine 64 pyrimidone photopoducts (6
4PP) as illustrated in Figure 1.&an result irbasepair (bp) changeknown asUVR
signature or UVRNngerprint mutationsthat appear as C > T and CC > TT transitions at
dipyrimidine sitegBrash, 1988Miller, 1985 Patrick,1977, Sage, 1993inha and Hader,
2002 Wang et al., 2008Vikonkal and Brash, 1999

A o Figure 1.1UVR induced photoproducts|
R at dipyrimidines in DNAA:
'E\JE, o Dipyrimidine structureB: cyclobutane
o7 N R pyrimidine dimer (CPD) formation.
5 HN4 | When the double bonds betweerbC
o)‘N and G of two adjacent pyrimidine
|

rings arebroken, the CPD is generated
by the formation of new covalent

3

dipyrimidines bonds between the opposite C atoms
B C of the affected adjacent pyrimidirse
and thus the formation oé cyclobutyl
UVR ring. C:6-4 photoproduct (64PP)

formation. Pllowing the break of the

Or rO covqlent bonds between_ C§ & ,013
HNT S - rotation of one of the pyrimidine rings
)\ . . /& can occur, so that the a#inds to @
(o) N I'Il o atom on the adjacent ring (one bond
5 3 only) resulting in the formation of a

pyrimidone/pyrimidine structure déed
cPD (6-4) photoproduct a 64 photoproduct (64PP) Figure
based on information adapted from
Wikonkal and Brash (1999)

Thepyrimidinedimers causdistortion of the normal alignment of DNA moleculasd
interfere with the process of replicatioand transcriptionRasogi et al., 2010 These
photoproductsare usually repaired by theucleotide excision repair mechanisivut if

the DNArepair mechanism doesot correct these alterabns before the end of th&

phase ofthe cell cyclethe DNAof the daughter cellsnaybe mutatedbecause of the
substitution of the base pair by a different base pair during the process of DNA synthesis

during mitosigRastogi et al., 20)0Subgquently, lack of repair ohie photoproduct
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resultsin misincorporation ofan adeninemoleculeoppositeto the alteredcytosine, thus
changing the normal guanine to an adenmethe opposite DNA strand which therefore
culminates in the substitution of the cytosine by a thymine on the original DNA strand
(Matsuda et al., 2000

Another mechanisnby whichUVR can promote skin cancespeciallcSCCs) and
potential precancerous lesions is through the induction of cutarssonmunosuppression
(Kelly et al., 20005chwarz, 2005There is evidencthat UVRinduced DNA damage can
lead to immunosuppression, for example immunosuppression has been reported in
situations of reduced DNA repair (including in xeroderma pigmento$8aBuki et al.,
2001 and the administration oéxogenous photolyase to assist DNA repair can partially
reverse this immunosuppressi@Btege et al., 2000According toSchwarz (2008)VR
induced immunosuppression is mediatedregulatory TFcells (Tregs) that antagonise
anti-tumour skin immunity. Tregs, which af©XP3CD4 CD25high T cells, can stimulate
immune suppression either by direct inhibition of CD4+ and CD8+ Tramitenot et al.,
2009 or through the secretion of interleukihO (1-10) and transforming growth factor
beta 1(Fontenot et al., 2005Sakaguchi, 200Q5In a recent study by.ai et al. (201&he

role of Tregs in cSCC was investigaded functional assays revealed the ability of Tregs
within cSCCs to suppress effector T cell proliferagiod inhibitinterferon~ & S OyB (i A 2
the effecor T cellsAnother mechanism by which UVR induces immunosuppression is
through theproductionof cisurocanic acidGruner et al., 1992 Urocanic acid is mainly
present in stratum corneurn its transisomer form. However, upoexposure to UVR, it
isomeri®d to the cissomer (cisurocanic acid)Administration of ts-urocanic acictan
mimic the consequences of UVRHe production of transient suppression of contact
hypersensitivityespanses(Noonan and De Fabo, 199% is thought that part of the
mechanism responsible for this effect@&urocanic acids through its ability to

modulate the production of immune mediators from keratinocytes, nerves and mast cells
(Hart et al., 201 INorval et al., 1990 Another important mediator in UVR induced
immunosuppression is H10 (Beissert et al., 19961L-10 is a cytokine that hasstrong

effect on skin immunity and tumour immunosurveillan@zissert et b, 1996 andcan
suppress the praess of antigen presentatidsoth in vitro and invivo systemgFiorentino

et al., 199). In UVRErradiated skin, 10 is predominantly secreted by keratirydes and



activated macrophages arfdcilitates downregulation of contact hypersensitivity

responsegHoward and O'Garra, 199Rasparakis et al., 2014

1.4 cSCC pathogenesis

Cancer developments a multistep processvhichusuallystartswith driver mutation(s)
(Merlo et al., 2006Nowell, 1976Pepper et al., 2009ollowed by theaccumulation of
multiple somatic mutations within thereneoplastic cell§Hanahan and Weinberg, 2011
Klein, 2009Merlo et al., 2006Pepper et al., 2009Many cancersincludingcSCOmay be
preceded by precancerous conditiod$heprogression of precancerous lesions to full
malignancyisthought to be partiallycontrolled by the tumour microenvironmergiori
etal., 2002Reid etal., 20 LYy GKS SIFNI¥eée adl3Saz GKS
the tumour microenvironment can inhibit aval delay the process of progressipbut at

a later stage these protective mechanismay lose their functionéReid et al., 2010
Furthermore, vithin the dysplastiprecancerougells,additionalsomaticmutationsin

key genes maplay a rolein the progression of precancerous lesions to canikes. genes
which are thought to play a role in cSCC developnmeeitde TP53NOTCHaANdNOTCH
(Bennett et al., 199/Berg et al., 199@oldrini et al., 2003Bolshakov et al., 200Brash

et al., 1996Burns et al., 1993aldeira et al., 20Q£aulin et al., 200 Dumaz et al., 1997
Durinck et al., 201, Jiang et al., 199%ress et al., 199Xubo et al., 1994 ehman et al.,
1993 Li et al., 2015McGregor et al., 199Nelson et al., 1994Dberholzer et al., 2012
Pickering et al., 201&outh et al., 2014AVang et al., 201,1Ziegler et al., 1994

1.4.1 Key driver genes in cS@athology

1.4.11 TP53geneand p53 protein

1.4.11.1 TP53gene

TP53s a tumour suppressor gene also knowrttesguardian of the genomé_ane and
Crawford, 1979 It isa highlyevolutionaryconserved genandis located orchromosome
17p131 (Isobe et al., 1986 covering a regionf ~20kilobase(kb) pairsTP53s
composed of 11 exongamb and Crawford, 198é&nd encodes for the p53 protein that
acts as a transcription factor regulagg many cellular pathways. Thieucture of TP53

gene, transcript and p5@rotein areshown in figure 2.
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1.4.11.2 p53 protein

A. p53 structure

Thep53 protein was discovered in 19{elLeo et al., 197%ane and Crawford, 19Y9

and consists of 393 amino acids that are arrangetistructural / functional domains.

The first 42 amino acids of the protein form the@&fminus whch is involved in

controlling the transcription of different genes that are important in the regulation of the
cell cycle. The next domain is the sequespecific DNAibding domain or central
domain.It covers the region of protein that spans the amaads residues fror8to

292. This sequenesgpecific DNA binding domain is tdemainmost vulnerable to UVR
induced mutation in keratinocyte®ode and Dong, 2004The @erminus is composed of
two domains; a small domain that spans the amino acids residues3384f the protein
and is important in protein oligomerisation or tetramerisatj@nd the last domain

(formed of30 amino acids) kown as the regulatory domain and is sensitive to the action
of ubiquitin specific protease (Bode and Dong, 200&lee et al., 2004/ousden and Lu,
2002. The regulatory domain h&sessential amino acids thailie DNA and RNA binding
activities. p53orotein is usually expressed limited concentration durindpomoeostasis
(Vousden, 200R However its corcentration risesn response to cellular stregs orderto
controlthe cel cycle checkpoints and fareventthe replication of faultypNA(Brash,

2006 Vousden, 200R
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A.TP53gene
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Start at 7,668,402 Stop codon End to 7,687,538
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C. p53 protein
N- terminal Sequence specific DNBinding domain G terminal G terminal
transcription activation (98292 aa) tetramerization regulatory
domain (1-42 aa) domain (324 domain (363
355 aa) 393aa)

:l Coding region offP53gene (exons 2 to 11)

. UTR reaqion (untranslated reaion)

Figure 1.2Structure ofTP53gene, transcript and p53 proteil: TP53gene; TP53exons are shown as rectangles
(containing exon number) and introns and nrooding DNA are shown as a blue line. Untranslated exons are
depicted in greytranslated exons in orange, with numbers in open rectangles beneath indicating the size of each
exon in base pairs. The transcription start (ATG codon) and the end sites are indicated. The position of the géne in
the genome is also indicated, along witietlength of theTP53gene (20 kilobases: TP53transcript the length of
the TP53transcript that encodes for the 393 amino acid protein is 2,506 base g&fs3exons are shown as
rectangles (containing exon number) together with theranslated exons showed in grapd the amino acids of
the p53 protein encoded by each exon are indicated in the open rectangles beneath eaclEgp&protein; the
main protein domains are highlighted according to their activity and their amino aotetiat. aa = amino acid. bp =
base pair. Details included in this figure were obtained frBode and Dong (2004pmb and Crawford (1986)
(NCBJ(www.ncbi.nlm.nih.gov/genpand (Ensembi(www.ensembl.org
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B. p53 expression, regulation and function

p53 is a nuclear protein which is expressed at a high level in response to DNA damage
and through itsabilitiesastranscription factor it controls cdlular pathways associated
with cell cycle arrestapoptosis (programmed cell deatipre-mature cell aging

(senescence) and cell differentiatigamaral et al., 2010, Hamzehloie et al., 2012).

The activityof p53 & regulated byariousproteins Thesenclude the E6/E6AP complex
whereby the E6 protein from human papillomavirus targe8 to be degraded
(MartinezZapien et al., 2006Another proteinwhich can cleave p53 and reduce the
amount of p53 in the cell isalpain but in some casegor example following DNA
damage calpain caractivate p53Sedarous et al., 200Zhang et al., 1997The murine
double minute2 (MDM2) proten is another regulator of p53 levelgIDM-2 can
suppress p53 functiohy binding directly to th@ P53genepromoter inhibiting gene
expressionMoreover,MDM-2 can acts an E3 ubiquitin ligassdbinds through itdN-
terminus to the p53 proteinthusfacilitatingthe binding of ubiquitirenzyme E3 to th€&
terminus of MDM2 which results in p53 lysine residue modification and poly
ubiquitination of the p53 prota (Vassilev, 2007 Subsequently, the polyubiquitinated
p53 complex undergoes proteasontggradation redudng p53levels However, in
response to chular stress, p5&oncentration increases within cell§hisoccurs eithetby
promoting p53 expression as a resultlTd?53promoter acetylation, which lowers MDIZ
binding affinity to theTP53promoter, or by inhibition of p53 degradation by
phosphorylaton-dependantinhibition of MDM2 activity(Vogelstein et al., 20Q0
Vousden, 200 This p53 protein stabilising process is impott@nensure the presence
of a sufficientamountof functionally activgp53 inorder to controIDNA damage
associated with cellular stre¢8maral et al., 20)0However to maintain homeostasis,
activated p53 transcriptionally activates MB2in a process known as an autoregulatory
negative feedback mechanisfwu et al., 1998 Otherproteins arealso involved in the
activation of p53 prtein, mainly byphosphorylationor acetylation ofdifferent amino
acid residuesn the protein resultingin alteration in theconformation ofp53. ATM, ATR
and PARP proteins are examples of p53 actigadioteins whichmodify p53 via
phosphorylation(Lakin and Jackson, 199®ng et al., 2001
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During cellular stres®53 inducesell cycle arrest viacreasingexpression of the cyclin
dependent kinase inhibitgp21 (also known as WARK1IP1) and inhibiting cells from
entering the S phase dtie cell cyclgLatonen and Laiho, 20Q5This step is important in
preventing damaged DNA from being transmitteddaughter cells and atsto allow
activation ofDNA repa mechanismgHamzehloie et al., 2012atonen and Laiho, 2005
May and May, 1999 However, vhen there is extensivBNA damageapoptosisis
triggered, resulting in cetleath and therefore preventing survival of a cell with severely
damaged DNAJeffers et al., 2003In this case, p53 activates the expression of different
pro-apoptotic proteinssuch as Bax, Apafl and Nd3effers et al., 2003and
simultaneously, p53 represses aapoptotic proteinssuch as Be2 family proteins
(Hoffman et al., 200R In addition,p53alongwith other pro-apoptoticproteinsis also
involved in the activation of #a mitochondrial caspase apoptosis cascddeng the

apoptotic proces¢Zuckerman et al., 2009

1.4.11.3 TP53mutations and cancer

TP53sinactivated in50 % of human cance(Benjamin and Ananthaswamy, 2Q0@ho et
al., 1994 Hollstein et al., 1991 NMSCand potential precancerous lesions aree ofthe
lesionswhere TP53geneis reported to be mutatedsee below)Overall, TP53somatic
mutations have been identifietb be up to90%within humancSC@Brash, 2006Brash et
al., 199).

Theearly research thiahighlighted the importance ofP53genein keratinocyte
malignancy waseported by Dotto et al. (1988)They noticed the ability of mutafitP53
to transform papillomas that developed on the back of nucaftedwith the p117
keratinocyte cell linederived in culture from chemicallpduced mouse papillomanto
carcinomaDotto et d., 1989. Based on this findingwo different groupgBrash et al.,
1997, Pierceall et al., 199kequencedlP53rom human cSCC lesions and reporigeb3
mutation frequency of 58% and 20% respectivpreover,Brash et al. (19989nd
Moles et al. (1993)evealed UVR signature mutatioas the main base pair changes

mutant TP53

Other groupsalso reportedTP53mutations withinsporadic humareSCCgBoldrini et al.,
2003 Bolshakov et al., 200Brash et al., 1996Caldeira et al., 20Q&Kubo et al., 1994

Nelson et al., 1994iegler et al., 1994 cSCCs immunocompromised individuals
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(Bennett et al., 997, McGregor et al., 199berholzer et al., 2092cSCC cell lines
(Burns et al., 1993 ehman et al., 1993and cSC@duced in nurine models(Berg et al.,
1996 Caulin et al., 200Dumaz et al., 1997iang et al., 199%ress et al., 1992More
recently, exome sequencing studies have demonstrai&b3gene mutatonsin different
cSCE€includingsporadic cSCOurinck et al., 2011 ee et al., 201450uth et al., 2014
aggressiveSC{Pickering et al., 20)4and metastatic cSC(.i et al., 201b

Most of thehumanTP53mutationswithin cSCC and AK lesiare located orbetween
exons4 - 9 with hot spotsin codons 178179, 235250 and 278278 (Brash etal., 1991
Ponten et al., 1997Ziegler et al., 1993For BD lesionsequencing oéxons 58 of TP53
genedetectedmutationson codonsl52-154, 168171,192,247, 248, 250, 254, 265, 273
278, 279, 280,24, 286 an®94 of the geng(Campbell et al., 19930 akata et al., 1997
Ren et al. (1997%eported that 78% ofT P53mutations were found to affedthe DNA

binding domairof the proteinandthat 91 % of these mutations were missense

Tp53mutation hasalsobeeninvestigatedn cSCCs imice (Van Kranen and De Gruijl,
1999. Ina dudy byVan Kranen et al. (1995)F53 mutations were detectedn 9 out of
30 cSCCs on thmack of hairless SKHRA mice. The majority of thesmutationswere

locatedin codon 272correspondingo codon 278n humanTP53

1.4.1.2 NOTCH pathway

14.1.2.1 NOTCHyenes

TheNOTCHpathwayis a highly conserved signallipgthway(Blaumueller et al., 1997In
humars, the NOTCHyene family encode4 receptor proteins fotch1, 2, 3 & 4ps listed
in table 1.3(Blaumueller et al., 1997Each othese receptors is a transmembrane
protein with an extracellulardomain that interacts with Bifferent transmnembrane
bound ligandencoded by thdDELTANdJAGGEDene familiesdelta 1, 3 & 4 jagged 1
& 2 proteins)(Panelos et al., 200&akamoto et al., 2032

Table1l.3NOTCHyene family. The chromosomakation of the genes, number of exons within each ger
and the number of amino acids within the resultant proteins are included. Informatitime table is
adaptedfrom (NCBI)wWww.ncbi.nIm.nih.gov/gengeand (Ensemblww.ensembl.org).

Gene ID Chromosomal localisation Number of exons in the  Number of amino acids in

gene the protein
NOTCH 1 9g34.3 34 141
NOTCH 2 1pl2pll 38 263
NOTCH 3 19p13.2p13.1 33 2321
NOTCH 4 6p21.3 30 1999
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1.4.12.2 Notch proteins

A. Proteinstructure

Notch proteins are hetermligomers that spn the cell membranéBrou et al., 200D The
proteins have darge extracellular domain (ECD) formed of-38 sequential epidermal
growth factor(EGR)ike repeatshat bind with the Nterminusof the delta/jagged ligand
during the processf Notch proteinactivation(Brou et al., 200pand three cysteinerich
LIN12Notchrepeats (LNRsgdjacent to the EClihat block nonspecific signalli§gure
1.3). The nextdomainof the Notch protein is the heterodimerisatiaiomain which
immediately precedes the transmembrane compon@metween the extracellular and
intracellular domainsandwhich mediates heterodimer formationThetransmembrane
domainis followed bythe intra-cellular domain (ICQhat formsthe cytoplasmic portion
andis released into the cell cytoplasm upon recapaativation(Sakamoto et al., 2032
ThelCDhasthe following distinct regiongecombination signal binding prein for
immunoglobulin kappa J regioRBPW¢associated modulé.e. RAM) domain, ankyrin
repeats,nuclear localiation signals (NLSs) atige proline-, glutamate, serine,
threonine-rich (PEST) domain. In addition to the general structure of Notclepist
Notch 1&2 proteins have an extra domain called a transcriptional activator domain (TAD)
which is present between the NLS and PE§ibns(Amsen et al., 20QRanganathan et

al., 201). TheNOTCHjene structure and activation is illustrated in figure 1.3.

16



JLJL J
™ ICD

'|||||||||||||||||||||||||||||I'~£‘1§.'|'m'|'

=1 Notch ligand N

S i —i

ICD

b T e 0l —1-

Cell membrane Cell membrane

EGF . LNR Tl\.

I aLs .ANK J rest

Nuclear membrane

Figurel.3Notch protein structure and activatiorA: The general structure of Notch proteins, showing the differen
domains within the protein. The extracellular domain is formed of epidermal growth factor (EGF) like repeats,|three
cysteinerich Lin12Notch repeats (LNRs) afmlowed bythe transmembraneTM) part of the protein. The Notch
intracellular domain (ICD) is composed of the following: the-B&RBsociated module (RAM) domainyclear
localisation signals (NLSs), ankyrin (ANK) reeatshe proline, glutamate, serine, threoninerich (PEST)
domain.B: The process of Notch activation. Interaction of Notch protein with their ligands induces conformatignal
changes within the Notch protein. These changes allow two cleavages to take place (indicated by head arrows 1 and
2) which allows release die ICD from the cell membrane so that it can enter into the nucleus. Original figure
adapted fromRanganathan et al. (2011)

B. Function of notch proteins

Notch proteins have different functions, at boifiter- and intracellular levels, during
different developmental and/ or physiological stag€apaccione and Pine, 2018or
instance, Notch signalling is crucial in intercellular communication and cell fate decision in
order to control healthy growth and differeration (Capaccione and Pine, 2013
Moreover, it controls the process of autegeneration of mature stem cells and the
differentiation of progenitor cells in certain céiheageqArtavanisTsakonas et al., 1999
Notchproteins can behaveither as a tumour suppressor or tumour promoter during
carcinogenesifNicolas et al., 2003For example, Notch proteins can act as oncogenes
promoting the growth of malignancy in melanor(@alint et al., 200§ breast(Ayyanan et
al., 2006 and ovarian cancer@lopfer et al., 200p In keratinocytes, Notch signalling has
an inhibitory effect on the growth aformal(Lefort et al., 200yand cancerous cells

(Wang et al., 2011 Decreasedevels of both Notchl protein and mRNA hdneen
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reported in cSCeEell lines(Lefort et al., 200yand NOTCHbr NOTCHgenes mutation
frequency is reportedn up to75%in cSCQDurinck et al., 201,MWang et al., 2011

1.4.12.3 Cascade of Noh activation

The early steps in the canonical pathway of Notch activaiatarted by receptajligand
interaction between adjacent celighich stimulatestwo sequentialproteolytic reactions
that result in the release of thECDfrom the cell membrane which can then moteethe
nucleus(Amsen et al., 20Q%5chroeter et al., 1998Thefirst proteolyticreaction is
mediated by TN# -converting enzymeTACEand isfollowed bya second intra
membranous cleavage by tlaetion of! -secretaseaesultingin the release othe ICD
Oncethe ICDhas translocated tdahe nucleusjt forms a complex with RBFk
transcription factor and RBJk ceactivator(Mastermindlike protein 1 (MAML)) (Nicolas
et al., 2003Wang et al., 201)1 ThelCDRBRIkMAML1complex binds to the DNA and
activates transcription of thelESIHES family BHLH transcription factor 1) gene family
(Levitan et al., 200thusregulating downstream target genes includgclindependent
kinaseinhibitor 1A CDKN1A{Lefort et al., 200/Nguyen et al., 2006Cyclin D1(CCNDLL
(Ronchini and Capobianco, 20pllOTCHegulated ankyrin repeaNRARP(Lamar et al.,
2001, nuclear factor of kappa light polypeptide gene enhancer-gel&(NFKB)(Vilimas
et al., 2007, c-MYC(Palomero et al., 200&and baculoviralnihibitor of apoptosis repeat
containing 5 BIRC5[}Chen et al., 200)1In keratinocytesCDKN1As one of thegenes
targeted byNotch signallingind promotes terminal differentiation withirkeratinocytes
(Lefort et al., 200Y. Moreover, the Notch pathway can crosstalk with the Wnt signal
pathway within keratinocytes, which affects betatenin (a dual action protein that
controls ceHcell adhesion and signal transduct)@Brasanac et al., 2008licolas et al.,
2003 Ozawa et al., 198%apadavid et al., 2002Theinteractions of Notch and beta
cateninis complex and studies showed that Notch gambit beta catenirexpression
(Acosta et al., 20)1Moreover, ativated Wnt/wg signallinghcreasethe cytoplasmic
concentration ofbeta catenin by inhibiting the ubiquitiproteasomal degradation of the
protein (Behrens, 2000 Stabilisecytoplasmic beta catenin then transfers to the nucleus
whereit binds members othe TCF transcription factor protein familgehrens, 2000
Huber et al., 199,/Papadavid et al., 2002This binding actates target genes include
MY Cand Gyclin D1which subsequently regulate different cellufanctions(Xing et al.,
2008 includingcellular proliferation(Behrens et al., 199&.iu et al., 200 Interestingly, a
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redudion or loss of the normal membranous beta catenin staining has been reported in
81.8 % of patients with cSCC and/or AKs, with reduced staining more prominent in cSCC

than in AK sample@®rasanac et al., 2005

1.4.12.4 Mutation of NOTCHjenesin cSCC

Nicolas et al. (2003hvestigated therole of Notchgenes inmouseskinepidermisand
corneaand found thatablation ofNotchlis associated witthyperplasia of epidermal and
corneal cells anthat the absence oNotchlalso augmergd the numbers ofchemicaly-
induced skin cancerin this animal modédNicolas et al., 2003Moreover, in 2009,
Demehri and colleagues provided support for a tumour suppressor roldtohlin
murine skin by demonstrating thatlotchldeleted keratinocytes werprone to

LI LIA £ f 2 Y I Q&Deméhd& al.22000S vy (i

In human cSCOYOTCHjenefamily mutations were described byurinck et al.Z011)
andWang et al. 2011) who reportedNOTCH1 and NOTCHAtations in approximately
75% ofcSCC samples and cSCC cellReeent exome sequencing stud@#sSCC
(describedn section 1.4.1.1.3) also demonstrat8sDTCH1 and NOTChRtations in
cSC(Li et al., 2015Pickering et al2014, South et al., 2014

1.4.13 Other genes mudted in cSCC

In additionto the frequently mutatedgenesdescribed abovgother geneshave been
seento be mutated in cSCC afod precancerous skin lesiomgth less frequencguch as
the RASgenefamily. TheRASjenefamily aregroup of GTPasgenes that are related to
the transforming genes of mammalian sarcoma retrovirué&sx and Der, 20)0They

are classified as oncogenasd areinvolved in signal transductigmathways(Cox and Der,
2010. TheKRASKIrsten ratsarcoma viral oncogene homologRAneuroblastoma

RAS viral fvas) oncogene homold@ndHRAJHarvey ratsarcoma viral oncogene
homolog are the original membexof alarge gene superfamily and were the first human
oncogenes identifiedmore than30 yeasago)(Chang et al., 198, Chang et al., 1982b
Cox and Der, 201Marshall et al., 1982 TheHRAS, NRASBd KRASenes share similar
structure and functior(Malumbres and Pellicer, 1998 'he 3RAS)enes encode RAS
proteins, with 2 KRASotein isoforms that arise from alternative RNA splicing (KRAS4A
andKRAS4BRYox and Der, 20)0Theyhave beerstudiedextensivelysince their
discovery andvere foundto be implicated irdifferent cancers and varioyshysiological
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processes that control cell proliferation, differentiation, and surviiélumbres and
Pellicer, 199B8andfull details ofRAS)enescellular function are beyond the purpose of
the thesis. Irbrief, RASroteinsare situated at the inneplasma membranef the cells
andtheir activity isunder the control of RAS GBFTP cycl@Malumbres and Pellicer,
1998 Vigil et al., 201 The activated RASTP complex is produceghon catalytic
reaction involve théransformation of guanosine diphosphate (GDP) to guanosine
triphosphate (GTRyith the help ofguanine nucleotide exchaedactors GEFS)RASGTP
complex is deactivated b TPas@ctivating proteinsGAP}that promoteGTP hydrolysis
(Malumbres and Pellicer, 1998igil et al., 201P ActivatedRAS proteinbind to specific
downstreameffectors(there are at leasfil knowndiscrete RA8ffector families, each of
which stimulates a different protein signallipgthwayof which3 gene famies RAF,
PI3Kand RalGEJFare seen to play a crucial roletire oncogenic RAS pathwpKiel et al.,
2005 RodriguezViciana et al., 20Q4/igil et al., 2010Wohlgemuth et al., 2006

In normal human cells, most tiie RASyenes are inactiveut seemto be activated in 30%
of human canceswith missense gauof-function mutationsreportedin 27% ofhuman
cancerqBos, 1989Hobbs et al., 201,6Rodenhuis, 1992RodriguezViciana et al., 2004

In an agreement with this overall mutation rate RAS)enes, further analysis of the
mutation frequency of the RASenes usinganger Catalogue of Somatic Mutations in
Cancel(COSMIdataset confirmsmutation frequency 022% ofKRASvithin all tumors
analysedn comparison tB% forNRA&nd 3% foHRASgenes(Prior et al., 201P 98%
RASnutationsare hotspot mutations that hidunique position on the RAS proteiG12,
G13 and Q6{Hobbs et al., 2006Although,HRASs the most extensively studied gene
within the RAS)ene family 85% of alRASnutations are withirKRASollowed by 11% in
NRASInterestingly HRASnutations constitute only 4% of &lASelated cancer
mutations(Hobbs et al., 201,6Hunter et al., 201p

RASnutations negatively affect th&ARPmediated GTP hydrolysasmdresultin the
production ofpersistently active RAS protegfHobbs et al., 200 6However, other
mechanisms that molveinhibition of GAPs or activation of GEffs also implicated in
RAS activation in canc@fobbs et al., 2006In human cancether upstrean and
downstreamcomponents of RAS signallipgthway hae alsobeen investigatedavhich

includesmembers of the membrane RTK, cytosolic kinasd8AEBMAPK signalling
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pathwaysand mutations were detecte(FernandezaMedarde and Santos, 20L.For
instance, mutations bBRAKproto-oncogene, serine/threoninkinasg, one of the
downstreamtargetsof the RAS signallingathway,are detectedm 66% of méanoma
lesions(Davies et al.2002).

In skin canceiRA)ene hotspot mutationgn codon 12, 13 and @iave been detected in
both melanoma andNMSC According to the data fror@OSMC,the frequency oHRAS,
NRASNnd KRASnutationswithin humancutaneousBCC is(}/180), (1/147), (4/147}),
within cSCGs[(9/236), (7/107), (5/107) andwithin malignant melanomas [(1/904),
(20/3466) (2/924) respectively(Forbes et al., 2001

Different studieshave beerconducted (both irvivoand invitro) to investigateRASyenes
mutations n cSC@nd toalesser extentin precancerou$\K and Besions.In murine
models,rasmutations were detectedn UVRinducedcSC{Pierceall et al., 1992/an
Kranen et al., 199@andin chemicall(DMBA/TPAnduced cSCLapouge et al2011],
White et al., 201). According to Kemp et al., 1928combination ofTp53gene
deletionymutation andoncogenidras mutation are necessary to initiathe
transformation of the benign DMBA/TPA induced papillstoacSC@emp et al., 1993
More recently awhole exome sequencinESJ studyon murine induced cSCC
confirmed the results from previouSanger sequencing basstilidies and demonstrated

Hras &Krasmutations in90% of tested murine cS@gassar et al., 2035

In human, differentexome sequencing studi¢Burinck et al., 2011 ee et al., 2014.i et
al., 2015 Pickering et al., 2014&o0uth et al., 201Yand Sanger sequencirsgudies
(Campbell et al., 19934eis et al., 199have demonstratedRASnutationsin cSCC

The role ofoncogenidRASn cSCC development in patients on immunosuppvessyens

has also been investigate@berholzer et al. (201Zhowed 21.1% dRASnutations in

cSCC developed @RAF inhibitor treated patienta/hile Su et al., 2012 demonstrated 60%
of cCC lesionkaveHRAS Q61L mutatioron patients treated witithe BRAF inhibitor
(Vemurafenib). Paradoxical activation dIAPK (ntogen-activated protein kinase
signallingpathwayfollowing BRAF inhibition demonstrated the mechanism by which

selective BRAF inhibitors can indbu&CCSu et al., 201
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Theother gene that is reported to beutated incSC@nd precancerous skin lesiis
CDKN2Acyclindependent kinase inhibitor 2AYene.CDKN2A&ene is dumour
suppressor gencatedon chromosome 9p2andencodes2 nuclear phosphoproteins
(p16INK4a and pRFtranslated fromalternative spliced mRNAg/hile p16INK4#&s
translated from exons 1a, 2 and®amb et al., 1994%5erraro et al., 1993 the alternative
reading frame (exonshl 2 and 3) encoesthe p14ARFranscript(Mao et al., 1995Stone
et al., 1993. As a consequence, the amino acid segaes of the 2 proteins are distinct
(Stott et al., 1998 however, they bothhavetumour suppressoactivityand are involved
in cellcycle regulation througkhe Rb (Retinoblastomaand p53signallingpathways
(Brown et al., 200y

The tumour suppressive activity pL6INK4accurs through the direct and specific
binding of the proteirto the cyclindependent kinase@CDK4 and CDKhat results in
inhibition of kinase dependinghosphorylation (inactivation) dRb(Retinoblastoma)
protein. Subsequenthprogression of the cell cycle from G0/G1 to S phasehibited
through theformation of the Rb/E2Fs suppressive comp{&errano et al., 199Fherr
and Roberts, 1995V einberg, 1995 Celisthat lack the p16INK4a activigre likely togain
aproliferativeadvantage Thuspl16INK4as nowwell known asatumour suppressor

protein ina range otumours(Sherr, 199%

pl4ARFuppressor function is mediated through itéeraction with the E3 ubiquitia
protein ligaseMDM-2 that involves in p58legradation(Quelle et al., 1997 p14ARF
overexpression iaccompaniedy up-regulation of p53 ang21 (Quelle et al., 1997
Zhang et al., 1998Theconsequencef thisupregulationis either the cessation dhe
transition of cell cycle from G1 tophase though thenhibition CDKZyclin Ecomplex
(Aleem et al., 200por inhibition of the cell cycle at the G2/Kbsis phase tliough the
inhibition CDKACyclin Bomplex(Dash and HDeiry, 200%.

Due to the importance oc€EDKN2An cdl cyclecontrol, genedysfunctionthrough deletion,
inactivating mutations, epigenetic silencing or ptsinslational modifications

implicated in carcinogenesi€DKNZ2Alteration has beendemonstrated ina range of
cancerdncludinglymphoma(Robaina et al., 20)5pancreatic(SaleMullen et al, 2015,
lung (Tam et al., 2013 ovarian(Bhagat et al., 200)4nd skin(Durinck et al., 201,/Kubo

et al.,, 1994Lee et al., 2014Lberholzer et al., 201 Pacifico et al., 200&aridaki et al.,
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2003 South et al., 201¥canersand the alteration status is variable between different

cancerqZhao et al., 2016

CDKN2Anutations havebeen investigated imumancSCCs and #lessr extentin the
precancerous AK lesionBhefrequency ofCDKN2Anutationsin cSCCis reported to be
between5.1% (Oberholzer et al., 20)2nd 24.5% (Pacifico et al., 2008Brown et al.
(2004) described multiple types adEDKN2A&ene inactivation in human cSCEsstly,
they detectedloss of heterozygosity (LOH) of 9p21 markers in 32.5% of cSCC cases.
Secondly, theyletectedpoint mutationsin 4 out 0f40 tested cSCClsastly they
investigated pomoter methylationof CDKN2A4ene andeported 13 out of 36¢cSCCs
(36%)had promoter methylationof p16INK4and 16 of 38cSCC&2%)had promoter
methylation on thep14ARFRlternative spliced isoforniBrown et al., 2004 CDKN2A
mutationsin cSC@ave been detected in Sanger sequencing based st(idiesters
Vandevelde et al., 201@berholzer et al., 201 2Pacifico et al., 20Q%aridaki et al., 2003
andexome sequencing studi¢Burinck et al., 2011 eeet al., 2014Li et al., 2015
Pickering et al., 2014&outh et al., 2014n cSCC lesions

1.4.2 Evolutionof cSCC

cSCC pathogenesis/olves tumour initiation, promotion angrogressionD'Orazio et al.,
2013 Hanahan and \Winberg, 2011Seebode et al., 20)6For better understanding of
cSCC evolution, the relatidretween cSCQOnd its potential precancerous lesiorsKand
BD) has beemvestigated Precancerous skin lesiosRowa variable frequency of
progression to cSQCox et al., 199%riscione et al., 200€zarnecki et al., 200Euchs
and Marmur, 2007Jaegeeet al., 1999Kao, 1986Marks et al., 1988Mittelbronn et al.,
1998. The association between cSCC and precancerous skin lesions is Uypglalstesd by
the concept of field cancerisatioifrield cancerisation defined aghe presence of
multiple primary neoplastic or praeoplastic lesions that arise within the samea of
tissueand wasdescribed earlyn 1953 bySlaughterand colleague¢Slaughter et al., 1953
This area of tissuearriesarange of geneti@abnormalitiesinduced by chronic exposure to
acarcinogenUVR in casefekin)(Hu et al., 2012Tsatsou et al., 2032Thus,
characterisation ofyenetic alterations withiprecancerouskinlesionsmay improve

understandingof cSCC evolution
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1.5 Potential cSCC precursors
1.5.1 Actinickeratosis

1.5.11 Impact and epidemiology of actinic keratosis

Actinic keratosigAK)is defined as a chronic proliferative epidermal skin lesion that arises

from damaged keratinocyteo, 2010 Tsatsou et al., 20)2It is recognised clinically as a

scaly or hyperkeratotic lesion with a namdurated, erythematous basgo, 2010Moy,

2000 Tsatsou et al., 20)2AK is a common global skin condition with increased incielen

within certain racial groups anespeciallyn Caucasian@~rost and Green, 1994AK

incidenceamong adulsg K 2 | NJ40 yedssaRgesibetweerl - 25%in the

northern hemisphereand between 4@; 60 % inAustralia(Frost and Green, 1994in the

{1y GKS AYOARSYOS 27F !Y A ywhiciKcSstthézhedttrt + G A2y | 35S
care systenUSIC$900 million annuallgndisresponsible for approximate.2 million

health care visits peyear(Berlin, 2010. In the UK, 24% of people aged over 60 years

have at least one AK on sun exposed ¢Rie Berker et al., 2007

1.5.12 Pathogenesis
Both AKs and cSCC sharerik& fadors as listed previously itable 1.1 with UVR being

the main etiological factofAckerman and Mones, 200Berman and Cockerell, 2013e
Berker et al., 200,/rost and Green, 19940eb et al., 201,2Schmitt and Miot, 2012

Tsatsou et al., 2032Although both AKs and cSCCs arise from uncontrolled division of
abnormal epdermal keratinocytes, the dysplastic cells within AK lesions are confined to
the epidermigkeratinocytic intraepidermal neoplasia (KINJnd neither invades the
surrounding tissue nor gives rise to metastgBisatia and Spiegelman, 2000, 2010,

thus, dsruption of basement membrane integrity is an indicator of the lesion being cSCC
rather than AKBrasanac et al., 2005hida et al., 2001Ratushny et al., 20)2Moreover,

the keratinocytes dysplasia within Aidesnot involve the full thicknessfdhe epidermis

and often occupiethe lower two thids (Bhatia and Spiegelman, 2000, 2010.

Different studies have defined AK diffeté/; AK has been defined psemalignant lesion
(Suchniak et al., 199,the onset of the SCC continuuireffell, 2000, the very early
indication of SC(Q.ober and Loér, 2000, very superficial SQBeaphy and Ackerman,

2000, and neither malignant nor premalignalgsion(Person, 2008
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Despite AK being a common skin lesiiwere is a lack of a definitive molecular
description for AKs. Thus, improving the classification of AK lesions reqliettea

understanding of the cellular pathways involved in their development.

1.5.1.3 Histological appearances of AK

AKsshow different degresof keratinocytedysplasia that has been graded into three
main categories; mildnoderate and sever@Brasanac et al., 200&assarino et al., 2006
Cockerell, 2000Cockerell and Wharton, 200Eshida et al., 2001Quaedvlieg et al., 2006
Anumber of parameters are used for dysplagrading which includes; basal cell
proliferation, nuclear atypia, mitatifigures, adnexal involvemeand dy&eratosis(Boyd

et al., 200). Based on théistologicalfinding, AKs can also be classified into 5 subgroups:
hyperkeratotic, acantholytic, bowenoid, atrophic and hypertropl@assarino et al., 2006
Ko, 2010Yanofsky et al., 20)1

1.5.14 Clinical significance of AKs

The importance of diagnosis and management ofi@gionsis relatedto its tendencyfor
malignant transformatior{see below) The fact that both AK and cSCCs share the same
risk factors, cell of origin and certain genetic alterations (such as those seenTiP83e
gene) supporthe ability of AKsto evolve into cSCBhatia and Spiegelman, 2005
Yanofsky et al., 20)dHowever, for some patients the importance of AKs is simply
because theyre suninduced lesions which look unsightly and for which they would like

treatment (Ko, 2010.

1.5.1.5 AK progression ratand time scale

The outcome of a single AK lesion shows wide intra/tpegtient variation. Untreated AKs
will results inone of these outcomespontaneous regressio(Harvey et al., 1996
spontareous regression with rappearance(Frost et al., 2000 stable/ persistent lesion

or progression to more aggressive diseédarks et al., 1988 Estimation of AK

progresson rate to cSCCs is essentiat@egorisethe importance of AKIt has been

shown that the rislof AKprogressiorto cSC@ increased with age, number of lesions per
patient, a positive history of cSC@sd history of continuous rather than occasional UVR
exposureg(Alam and Ratner, 200Ko, 2010Rigel and Sten®old, 2013 Different figures
regarding the AKs progression rdttave beendentified; Marks et al. (1988stated that
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the annual rate of cSCCs evolution from eAg&hlesion is 0.075% to 0.096#%ile Glogau
(2000)identified that the annual rate of AK progression toasie cSCUOs 16%. This rate

of progression is similar tan earlier observation b§allen et al. (199hat showed20%
progression rate per single AK lesion per annum. AKs also have the ability to regress and
spontaneous regressias seen in up to A of AKswithin 12 months of follow up ia

study byFrost et al. (2000Mittelbronn et al. (1998)and Czarnecki et al. (2008)und

that 82.4%and 7260f cSCCs were grown on or proximal to actinic keratesigectively
Moreover, aretrospectivestudiesrelying on pathological reporsuggested that 6%

(Marks et al., 19880 80%(Rgel and SteirGold, 20130f cSCC had evolved originally

from previously diagnosed AK less

A retrospective study of 91 invasive S@@s developed on formerly dgnosed AKs
(confirmed histdogicdly) usingelectronic medical records revealed that the mean
duration of progressioiitime scalefo cSCC was 24.6 months (range, X, 95.6months)

regardless of the gender, agendlocation of thelesion(Fuchs and Marmur, 200.7

1.5.1.6 Genes known to be mutated in AK

To dateonly fewstudieshave beerconducted to inestigate themolecular changes on
AKs Theseancludestudiesthat were performed orspecificgenesthat have beershown
to be mutated in cSCC lesioi$53mutation frequencywithin AK rangd between30 -
60%(Nelson et al., 199Nindl et al., 2007/Park et al., 1996Taguchi et al., 199&iegler
et al., 1994. In addition,mutations n CDKN2AKanellou et al., 20Q&indl et al., 2007
Pacifico et al., 200&ndHRASNIndI et al., 2007/Taguchi et al., 199®avealsobeen
reportedwithin AKsRecently, gome sequencingtudieshave beerconducted on cSCC
and revealed a high mutation burden witheSCDurinck et al., 2011 eeet al., 2014Li
et al., 2015Pickering et al., 201&outh et al., 2014 Thus the thought was that
investigating the genetic profile of A a wider range of genesay help in

understanding AK pathology
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1.5.2.1 Definition and epidemiology
. 2 ¢ SdisénagBD)or cSCah situis definedasfull thickness intraepidermahalignancy

without sign of invasionto the underlying dermis ancecognised clinically ealy, red
plaguesthat growovertimeon the affected area of skiffrlette and Trotter, 2004
However, in some cases, thelesiors can become hard, warty and/or ulcerat¢érlette

and Trotter, 2003 BDusuallyarises asa solitary lesionhoweverin 10- 20% of caseBDs
occurat multiple siteqCox et al., 20071n parallewith cSCC and ARDalsooriginates
from dysplastic keratinocytes and affe¢k® elderly (highest incidence in individls over
60 years)Eedy and Gavin, 198Mansen et al., 20Q&ovacs et al., 199@8Dtends to

grow mainly orthe ear and scalfjsun exposed areas) men and thehighest incidences
reported on the head and neck (up t83.4%)(Foo et al., 200,/Hansen et al., 20Q8
Leibovitch et al., 2005The incidence of BBn the lower legis greaterin women than in
men (Eedy and Gavin, 198MAansen et al., 20Q&ossard and Rosen, 1992

A dudy byReizneretal. (19940 Yy | I 61 AA aK26SR Iy Ayge@& RSy (
cases per 100,000 whiteAccording to the Alberta Cancer Registry, the incidence of BD
cases form between 1015 % of all NMSC cases reported between 1988 and 2007 and
thus, over 350,000 cases were expected per year in(ll84y et al., 2010In the UK, the
British Association of Dermatologists' guidelines for the management of squamous cell
carcinoma in situgD 2014(Morton et al., 2013 estimatedthe annual inciednce ofBDto

be 15 cases per 10000 population(an analysis based dhSA datdy Chute et al. (199))

1.5.2.2 Risk factorsand histological changes

Aswith cSC@nd AK, BBharesthe same risk factoraith cSCC and AKlisted
previously intable 1.7 with UVR being the main etiological fac{gtossard and Rosen,
1992 Reizner et al., 1994Therisk factorsnvolved inBDpathogeness includeexposure
to arsenig(Yu et al., 2006 Immunosuppressivagents(Drake and Walling, 200&nd
human papilloma virugHPV) infectiorfHama et al., 2008Murao et al., 2014

The degree and the extent of keratinocyte dysplasia differ between the cSCC, AK and BD
lesions andeing greateiin cSCC than in BD and @Khmann and Solomon, 200The
dysplasia is full thickness in BChristensen et al., 20}@&ndthe cellular atypia is

frequently extendedto involve adnexal structurg€assarino et al., 2006
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1.5.2.3 The risk oBDprogressiorregression
BDhas the tendencyo progress tacSCC but less than that of Mforton et al., 2014

which may be due to the limited number of studies on BD in compatstimat on AK

The rate oBDprogression was estimated to range betwe2n5 %(Kao, 1985 However,
other adbservations showed 30 ¢ 50 %of BD patients may have previous or subsequent
NMSC lesion@Reizner et al.1994). Thestandardised incidence ratiphe ratio of
obsewved-to-expected numbers of cancgrof NMSGs 4.3in patients with B[¥Jaeger et
al.,1999.

Alimited number of studie®iave showratendency ofBDto regressMurata et al. (1996)
found apartialregression of BD ingroup of 17 patients. MoreoveNihei et al. (2004)
describedone BD Japanese case where the lesions (4x3 cm irdsappeared

spontaneously? yearsafter diagnosis.

1.5.2.4 Alteration in molecular profileand protein expression wthin BD

The number ofjenetic studies on BD is limitetP53gene mutatiors were detectedin 8
out of 20 BD casg€ampbell et al., 1993kand in 9 out of 29 BD cas€lkakata et al.,
1997).

The expression of different proteins demonstrated to be altered in ¢#8S&lsobeen
investigated in BD lesiorfBagazgoitia et al., 2018akiz et al2009, Talghini et al., 2009
Relying on immunostaining, thrate of p53 expression in BD was 41 @%lghini et al.,
2009 and 100%¢Bagazgoitia et al., 20).Bagazgoitia et al. (2018pasalsoinvestigated

the expression of p16INK4a protein within BD samples (N = 5) and found strong
cytoplasmic and nuclear positivity in all samplesaddition, the expression of Ki67

protein (proliferation marker protein that shows nuclear expression during interphase of
the cell cycle}Scholzen and Gerdes, 200tas 23.7, 12.3 and 19.3% within AKs, BDs and
cSCCs, respectivdllyalghini et al., 2009

1.5.3 Epdermal p53 mutant patch/ p53 immunopositive patch (P)

1.5.3.1 Background and pathogenesis

Chronic sun gposed normal looking skin harbs clusters of p53 immupmsitive
epidermal cells cdd p53 mutant patcles/ p53 immunopositive patabs(PPs) (Berg et
al., 1996 Brashet al., 1996Jonason et al., 199&anjilal et al., 1995Rehman et al., 1994
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Rehman et al., 199®en et al., 199Tabata et al., 199%rano et al., 199%Ziegler et al.,
1994). These PIPare clinically invisible and can bisualisedbnly after immunostaining
of whole mount epidermal sheets using &pb3 antibodies. The PlirRspresent a clonal
expansion op53 immunopositivekeratinocytesmany of which harboufP53mutations
(Brash et al., 1991onason et al., 1996053 mutant keratinocytes are usually apoptosis
resistant and gain a growth advantage over normal epidermal keratino¢joesson et
al., 1996 Ziegler et al., 1994 Eacltlone is thought to be formed from the proliferation
andsubsequenexpansion of a mutant progenitor keratinocyte that sustained DNA
damage in thelf'P53gene which was not repairg@hanget al., 2001h. This model of
clone formation is supported by theresence of similafP53gene mutationgrom cells
isolated within the same clon@hang et al., 200)bHowever, the presence of different
TP53genemutations in one clone can be explained by increased gemretiability in the
mutant cells that make them prone to morsutations(Zhang et al., 200)bPIPsare
thought to be originatedrbom epidermal basal stem celi;id can be detected within
interfollicular epidermaldermal junction as well as around hair follic{@enason et al.,

1996 Ziegler et al., 1994

The number and the size BPsare largely related to exposure to UVR. Hence, within sun
exposechumanskin the number of s can reach 33 patascm?, in comparisorto an
average of 3 patche@cm? within sun shielded skii@onason et al., 1996The size o PP
differs widely from 668000 cells/cluster within sun exposed skionason eal., 1996.
Moreover,the number ofPPs increasewith ageandthe density of F¥shas been

reported to be higher in the skin surrounding NMi&€ionswhich isin favourof arole of
PPsin NMS(pathogenesigBackvall et al., 2004Ren et al.1996).

1.5.3.2 Theoutcomeand clinical significance of P$

PPs are thought tgpersist In a nurine model, UVRnduced PIPs that had disappeared
upon cession of UVR treatmemé-appeared after single dose of UYRI et al., 200b
Persisting FPs are thought to be associated with an increased sisKMSC development
(Roshan and Jones, 201Zhe selective @wth advantage of certain Pmutations has
been ddated.Facts such asoth PPsand cSCs exhibiting a dosime dependency on
UVR in a mouse mod@Rebel et al., 2001 both PPs and cSCCs sharihgr-signature
hotspot mutations C>T and CG TT)(Jonason et al., 1998he rise in the percentage of
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these patches iXeroderma pigmentosur(XP)patients (who have a defect in DNA repair)
(Williams et al., 1998andin UMRexposed Xpaleficient mice(Rebel et al., 200Isupport
aconnection between Psand cSCE£ On the other hand, thebservation of a low
incidence of cSCQ@ompared with A¥s (~ 1 ¢cSCC for 10,080P3 has led some
researchers to question thassociation. fie chance that #1Pprogresses teSCGs
relatively small (estimated at 1 out 0f30-40,000/individual whenhe first tumour

appears)(Rebel et al., 2005

1.5.3.3 TP53gene mutations within FPs

According taBackvall et al., 2004aaround 60% of P$ carryTP53genemutationsof
which 78%are UVR signature mutationgnalysis othe TP53mutation spectra within
PPsfrom human epidermis adjacent to cSCCs revealed that all mutations were point
mutations (missense mutati@) and most of themwvere locatedn the conserveddomain
of p53(Backvall et al., 2003arhemutations were distributed over exons-8 of TP53
gene and hit the following codons; 119, 157, 160, 161, 173, 177, 178, 180, 197, 205, 235,
236, 245, 247, 248, 249, 250, 255, 278, 279,(Ba&6kvall et al., 2003aMoreover, LOH
within TP53gene have also been investigateficcordingo Rehman et al. (1996$4% of
AKsshowed LOH withithe short arm (p) of chromosome 17 that encodd353gene and
this percentage rose up to 80% in the studyAfymadian et al. (1998)n contrast,
another study showethere wasno evidence of LOH inP53within the DNA extracted
from PPs (Backvall et al., 2003aCompound homozygousutations that hitboth TP53
alleleshave been observenh PPs (Kramata et al., 2005Despite all these studies,
associatiorbetweencSCC anBIPs is notully understood Thus, expading the range of

genetic studie®n PPsmight give an insight int®IPsas precancerous skin conditians
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1.6 Hypothesis
Cutaneous squamous cell carcinoma (cSCC) shmrdions on key genesith the
potential precancerous lesions QG Ay A O { SNI G2aia o)), ¥dPPs.y R
1.7 Aims of this thesis
The aimsof this thesis arg
1. Establish methodologidsr the extraction of DNA with suitable quality and

sufficient quantity forexomesequencing analysis frofarmalin fixed paraffin

embedded(FFPE3kin bhopsies and from Ps n skin epidermis.

2. Define genetic changes (base pair changé§)NA samples frorAK lesionsising

whole exome sequencing.

3. Target enrichedequencingon a wider range of potential prenaerous skin lesian

including Akand BDsamples.

4. Target enrichedequencingpn DNA samplesxtractedfrom the PPsdetected
within whole mountnormally lookingskin epidermisampledyingadjacent to NMSC

lesions
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2.1 Materials

2.1.1 Consumables, kitand instruments

Laboratory consumables, kits and instruments for the work conducted in this thesis were

obtained from a veety of sources, as listed iallle 2.1 All reagents were stored at room

temperature, unless stated otherwise.

Table 2.1Table of consumables, kits and instruments.

A. Table of consumables and their suppliers

Consumable

Suppliers

Immunohistochemistry and tissue fixation

3-aminopropyltriethoxysilane (APES) slides

Xylene

Ethanol

Hydrogen peroxided | ibhic aG2NBR &G nx/ 0
Methanol

I AGNRA O I OAHRRp ONEB &G € 0/ wl K
Sodium hydroxide (NaOH)

Sodium chloride (NaCl)

Hydrochloric acid (HCI)

EDTA (Ethylen®iamineTetraAcetic &id)

 GARAYK. A20Ay 06ft201Ay3 1Al

Vectastain elite ABC kit (standard) (storedmtx / 0

Rabbit anti human C@ protein monoclonal antibody clone
w9t wcypp® 0a02NBR G nx/ o0
Mouse anti human M8 protein monoclonal antibody clone
w/ c.pCpB 6aiti2NBR i nx/0

Mouse anti human FOXP3 protein martional antibody- clone

WHOoC! K9T®8 6ai2NBR |40 nx/0

Q¢

Mouse antt human betacatenn protein monoclonal antibody- clone

[Ep8 6aiG2NBR G nx/ o0

Monoclonal mouse anthuman p53 proteinclone DGT 6 & (i 2 NX
Polyclonal rabbit antimouse immunoglobulin biotinylated (stored at
nx/ o

Polyclonal swine antrabbit immunoglobulin biotinylated (stored at
nx/ o

C2SGltf 020AyS aSNHzy 6C. {0 o6aiiz
Bovineda SNXzY FfodzYAy o.{! 0 o6ai2NBR
5dz2 6 S002a Y2RAFASR S 3IfS YSRAdz
51 . &dzoaddNJ} GS OKNRY23Sy ae&aisSy
[AljdZAR 5! . &adzo&adN} GS LI O1 oaiz

Mayers haematoxylin
DPX mounting media
Cover slips
Dumont 3c forceps standard tip

Surgical scalpel blad”o.14

Surgipathneutral buffered formalin concentrate
Saponin

TRIS

Slide tray 82mm x 156mm 24 slide capacity
+SO0lF AaKASE RY

Y2dzyGAy3d YSRAdzY

o)

SigmaAldrich, UK

Fisher Scientific, UK

Fisher Scientific, UK
SigmaAldrich, UK

Fisher Scientific, UK

BDH laboratory supplier, UK
BDH laboratory supplier, UK
Fisher Scientific, UK

Fisher Scientific, UK

BDH laboratory supplier, UK
Vector laboratories, UK
Vector laboratories, UK
Abcam, UK

Abcam, UK
Abcam, UK
Insight Biotechnology Ltd, UK

DAKO, UK
DAKO, UK

DAKO, UK

Fisher Scientific, Gibco, UK
SigmaAldrich, UK

Fisher Scientific, Gibco, UK
DAKO, UK

BioGenex, UK
SigmaAldrich, UK

Fisher Scientific, UK

BDH laboratory supplier, UK
Fine Science Tools

Swann Morton

Leica Biosystem, UK
SigmaAldrich, UK

Fisher Scientific, UK

Fisher Scientific, UK
Vector laboratories, UK
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Consumables

Suppliers

Haematoxylin and Eosin (H&E)

Mayers haematoxylin
Eosin yellow

Ethanol

Xylene

SigmaAldrich, UK

TCS Biosciences Ltd, UK
Fisher Scientific, UK
Fisher Scientific, UK

Laser Capture Microdissection (LCM)

Cresyl violet acetatéC gH;sN305)
Nuclease free water

LCM pen membrane glass slides
Straight dissecting needI®o. 72948
ALT tissue lysis buffer

bdzOt S aSt AYAY Il 2Nk

SigmaAldrich, UK
Invitrogen, UK

Life Technologies Ltd, UK
Thomas Scientific, UK
Qiagen, UK

AMRESCO, UK

Molecular experiments

10X TBE buffer (TeBorateEDTA)

Nancy520

a@c¢llju wSR 5 DbKkit (storad ab-r /SN G S
Customise DNA oligo&K(NSTRMNxon-1) (stored at-H 1 x / 0
Customise DNA oligo$AC1R (stored at-H n x / 0

Customise DNA oligos (panel / multiplex PCR) (storeeHan x / 0
| @LISN] F RRSNM mMnnold 6ad2NBR | (
Agarose

Fisher Scientific, UK
SigmaAldrich, UK

Bioline Reagents Ltd, UK
Eurofins MWQ@Dperon, UK
Eurofins MWG Operon, UK
Eurofins MWG Operon, UK
Bioline Reagents Ltd, UK
SigmaAldrich,UK

B. Table of Kisand systemsaused for sequences

System

Supplier

QlAamp DNA FFPE tissue kit

SureSelect ¥ kit

TruSeq custonampliconvl.5 kit

TruSeq PE cluste3 Kit

MiSeq systensequencing

HiSeq system sequencing

Applied Biosystems 3730/3730x| systesequencing

Qiagen, UK

Agilent technologies, UK
llumina, UK

llumina, UK

llumina, UK

Illumina, UK
Thermoscientific, UK

C. Table of instruments

Instrument Supplier
Nikon Eclipse 80i microscope Nikon Instruments, UK
S10 Stage Countin@rid, 0.05mm?2 PyserSGl, UK

ASLMD laser microdissection microscope
GXMXTL3101, 7X45X, stereo zoonmicroscope
EMD Millipore{ @ Yy SNE & n dzf G NI LJzNB & | { ¢
Wesbart 1IS89Inulti shelf shaker incubator
Nanodrop D1000

Thermocycler (GeneAmp ®, PCR System 9700)
Microwave

RM2235 rotary microtome

Leica Biosystems CM30%Dresearch cryostat
DigiDoelt® imaging system (UVB)

Qubit® dsDNA BR assay kit

Leica microsystem, UK
GT Vision Ltd, UK
Fisher Scientific, UK
Bidspotter, UK
Nanodrop Technologies, U
Applied Biosystems, UK
Sharp compact, UK
Leica microsystem, UK
Leica microsystem, UK
LLC. Upland, CA, US
Invitrogen, UK

n
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2.1.2 Buffer and reagenpreparation

2.1.2.1 0.01M Citrate buffer
219N Ya 2 F  OA (i NAhGwas GigsttveddmNIBlitie((d) deionisédrwhtdr and
the pHadjusted to 6 using 1 molar (M) of sodium hydroxide (NaOH); the NaOH was added

as drops using a Pasteur pipette to the citric acid solustoming on a magnetic stirrer

2.1.2.2 20 mM EDTA

A stock solution of 0.M EDTA (fBylene-DiamineTetra-Acetic acid) was made by
dissolving 186.1 grams of EDN&.2H0 into 800 ml of deionised water. While stirring
on a magnetic stirrer, the pH was adjusted to 8 using 1M NaOH and tiv BIBTA stock
solution then stored at room temperaturi@ clean glass bottlesSubsequently, 20 mM
EDTA was freshly made upon requirement by adding &f the 0.5M EDTA stock solution
to 24 ml of Tris buffered saline (TBS).

2.1.2.3 Tris buffer saline (TBS)

A mixture of 80 grams of sodium chloride (NaCl) and 6.05 grams of Tris (i.e.
Tris(hydroxymethyl)aminomethane, (HOg#@NH) was added to 1 of deionised water.
The pH of the solution was adjusted to 7.6 by addimg Hydrochloric acid (HCI) and then

another 9 litres of deionised water was added toake a final 10 L TBS solution.

2.1.2.4 Blocking media

Blocking media for immunostaining of FFPE sections was made by mixing 1% bovine
serum albumin (BSA) and 20% foetal bovine serum (FBS) in Dulbeccos Modified Eagle
Medium (DMEM). Blocking medium of 3% BSA and 15 % FBS in DMEM was used for p53

immunostaining of epidermal sheets.

2.1.2.5 3.0 - diramino-benzidine (DAB$olution

DAB solution was prepared according to the manufac@réd LINR G2 02f o0& | RRAy 3

DAB chromogento 1 mloféh 2 dz0 a i NI S 0 dzZIDRRONUK) @ryfwas A Y Ay 3 | i hi
prepared by the addition of 2drops &tS 51! . & 2f dzi A 2 yto25Q lRof M» RNR L) 2 F

substrate buffer and 2.25 ml of deionised water (BioGenex, UK).
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2.1.2.6 1%Cresylviolet acetate solution

1% wiv of cesyl violet acetate solutiowasprepared by dissolving 1 gram of cresyl violet
acetate(GgHisN3Os3) within 200 ml of 100% ethanol at room temperatut@ough stirring

on a magnetic stirrer

2.2 Methods

For molecular techniques, all reactions were performed within autoclaispbsable
(used only onceplastic ware and all reactions were prepared using nuclease free water.
All services were cleaned with 70% ethanol andleaseliminato(AMRESCYOTo redice

the risk of intersample contamination, filtered tips were used.

2.2.1 Source of human tissue

2.2.1.1 Archived FFPE blocks

The University Hospital Southampton NHS Foundation Trust electronic case records
system was used to identify archive FBREEks from 113 patients with ddrent skin

conditions; AK (N = 69BD (N = 29) and cSCC adjacent either to AK or BD lesions (N = 15).
The search process involved using word searches on the Histopathology results database
to identify relevant samples; pht 4 S& dzaSR a4 62NR &SI NOKSa
YR A1AyQ: W.2¢gSyQa RA&ASIAS YR al1AyQ |y
1TSNIG2ara 2N . 2gSyQa RAaASIFaAaSQd ¢KS | A&ad2]
checked using the Universifospital Southampton NHS Foundation Trust electronic

records system. Samples with histological reports other than the targeted lesions (AK, BD
and cSCC) and punch biopsies were omitted from the selection. FFPE blocks containing A
BD and cSCC adjacentither AK or BD lesions from the above search were

subsequently collected from the Histopathology Department, University Hospitals
Souhampton NHS Foundation Trugtthical approval for this study was obtained from

the local research ethics committee (LRtt@hber 07/H0504/187) and a signed consent

form indicating that the tissue could be used for research following its initial

histopathologcal use for diagnostic purposess obtained from the records of all

subjects.
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2.2.1.2 Redundant breast skin

Redundnt normal looking breast skin was obtained from patients who underwent
mastectomy for breast cancer (5 females; aged between33byears). The surgery was
performed by the breast surgery team on patients with confirmed/suspected breast
cancer in PrincesAnne Hospital/Southampton/UK. Ethical approval for this investigation
was obtained from the local ethics research committee (LREC number 07/Q1704/59) and
a signed consent form indicating that this surplus tissue could be used for research was

obtained flom the records of all subjects.

2.2.1.3 Blood samples

Blood DNA samples were obtained from patients as part of an investigation on skin
cancer (LREC number 07/H0504/187) being conducted by Dr Chester Lai in
Dermatopharmacology, University 8buthampton. A signed consent form was obtained

from all subjects for the use of the tissue / blood in the research.

2.2.1.4 Fresh normal looking skin adjacent to suspected cSCC lesions

Normal looking skin samples were collected from redundant skin tedkenable closure

of the wound following excision of skin lesions; this skin was located at least 4 mm away
from lesion being excised (which included cSCC and/or BCC lesions). Most of the normal
looking skin samples were obtained from sun exposed ski@sar&kin samples from a

total of 126 patients were obtained, under local research ethics committee approval
(LREC number 07/H0504/187) from Dr. Chester Lai, Dermatology Department, University
Hospital Southampton NHS Foundation Trust. A signed consentWas obtained from

all subjects.

2.2.2 Section/slide preparation

p >Y (A&dadzsbleE I AXYWazy@BEANIAYAY IO YR mn >Y
and DNA analysis) were cut from FFPE blocks udiagra RM2235 rotary microtome.

Tissue sectianwere then placed onto slides pteeated with 3

aminopropyltriethoxysilane (APES) (for H&E and immunostaining) or onto LCM pen
membrane glass slidefo( LCM and DNA analysiSections were left to dry imcubator

at 37¢ [may take several hourdyorthe LCM work, all equipment was cleaned carefully
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with 70%ethanol and nucleaseliminatatecontamination wipes and nuclease free water
(EMD Millipore{ @ Y SNH & n  dzf G NI LJdzNB )dvhsiusedis ragloizédh ¥ A O

To look at p53 immunopositivity irextical sections of the epidermal sheets that were
positive for PIPs, the epidermal sheets were mounted vertically within a drop of OCT
(Optimal Cutting Temperatujeand allowed to freeze within the cryostat chamber at
20C.CKSY p >Y (A aé&udeSinga Srgbétat Migfétom@& 308 S, Leica
Biosystemyfor assessing the depth of p53 staining within the epidermal layers and for

subsequent counterstaining with haematoxylin.

2.2.3 Separation and fixation of epidenal sheets

Following the receipt of normal looking skin, the subcutaneous adipose tissue was
scraped off using disposablescalpel (Swann Morton) and then the skin samples were
divided into small pieces of ~X3 mm?2. The epidermal sheet was separalsd

immersing the ssue in 20 mM EDTA in TB$&inrocentrifuge tubest 55 °C for 5
minutes.Then he tissue pieces were transferred immediately into the wells of a sterile
12 well plate containing TBS at@and left to cool for 5 minute@o stop the dfect of

heat on the tissue)The skin was subsequently placed (vagidermis side up) on a clean
petri dish, and the epidermal sheets gently separated from the dermis manually by pulling
the epidermis and dermis apart using two fine smooth curved forc&pe epidermal
sheets were then fixed bgvernight incubation with 10%eutral buffered formalin (NBF)
(Leica Biosystengt room temperature and stored (for a maximum of 5 daysRat°C in

50% ethanol until further use.

2.2.4 Immunohistochemistry

2.2.4.1 Immunohistochemistry for FFPE sections

FFPE sections werephraffinised with xylen@wo changes ab minutes each), and then
rehydrated in graded ethanol concentrations (100% ethanol for 10 minutes folltwed

10 minutes in 70% ethanoEndognous peroxidaseaivity was quenched with 0.5%

he RNR3ISy LISNREARS 61ihiovo Ay YSOKFIy2i3 F2NJ
times) for 2 minutes each. Antigen retrieval was then conducted by microwaving the
sections in 0.01M citrate buffer at ptifor 25 minutes ad followed by cooling gently

undertap water for 3 minués and washed with TBS (3 times)2aninutes each. Next
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avidin was added ovehe sections on theslidesand leftfor 20 minutes, followed by 3

washes with TBS for 2 minutes eatien biotin was addedver the sections on the

slides and left for 20 minuteand washed 3 times in TBS for 2 minutes each. Sections

were then covered with blocking media (DMEM + 1% BSA + 20% FBS) for 1 hour, which

was subsequently drained off atide primary antibody addedo the sections on the

slidesfor overnight incubation at 4°C (details of primary antes are shown in table

2.2).After 3 washes with TBS for 5 minutes each, biotinylated secondary antibody was

applied to the sections for 30 mites at room temperature (details of secondary

antibodies are summarised in table 2.2) followed by 3 TBS washes, 5 minutes each.

AvidinBiotin Complex (ABC) was prepared according to the manufadfippeotocol (1

volume ABC to 75 volumes of TBS) and agpbehe sections for 30 minutes, and afté

TBS washes, 5minuteseaghii F AYAy 3 6l a @GAadzZ t A1l SR @& AyOdz !l i
diaminobenzidine (DAB chromogen) in DAB substrate buffer for 5 minutes followed by 1

minute TBS wash and 5 minutesskiaunder running tap waterfFor counterstaining,

SSOGA2ya 6SNB AYYSNESR Ay aahdtemsED Skilas Yall (B2SENEXaA Y
haematoxylin was removed by washing under running tap water for 5 minutes. Sections

were then, in the fume hood, dehydrd in graded ethanol concentrations (70% ethanol

for 10 minutes followed by 10 minutes in 100% ethBramd immersed in xylengwo

changes at 5 minutes eachefore mounting with Din-butylPhalate in Xylene (DPX) with

a coverslip and left to dryror to visualising stainededions under a light microscope.

2.2.4.2 Immunostaining for epidermal sheet using afp53 antibodies

Epidermal sheets which had been fixed in 19B§&were microwaved for antigen retrieval

in 0.01M citrate buffer at pH 6 for 10 minutes. Then samples were transferred

immediately to 12well plate containing TB& 4dCand placed on a shaker (Wesbart 1S89

multi shelf skaker incubator) at 150 rpm andashed 3 times (2 minutes each).

Endogenous peroxidda S | OGAQGAGE ol a |jdzZSYOKSR gAUOK nodpls |
minutes on a shaker at 150 rpm followed by 3 washes with TBS for 2 minutes each. To

increasing the tissue permeability, samples were incubated with 0.05% saponin on a

shaker at 150 rpm for 30 mites and then washed 3 times for 2 minutes each in TBS.

Subsequently, samples were immersed in blocking medium (DMEM + 3% BSABS)5%

on a shaker at 150 rpm for 1 hour at room temperature, and after draining off the

blocking medium, overnight incubatiat 4 °C with antp53 antibody (D€Y) (DAKO, UK)
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at 1:100 dilutions in blocking solution was conducted. On the next day, the tissue was
washed with TBS 3 times (5 minutes each) followed by one hour incubation with
biotinylated polyclonal rabbit almmnousesecondary antibody (DAKO, UK) (1:200 in

blocking medium) on a shaker at 150 rpm at room temperature before the sections were
washed 3 times with TBS for 5 minutes each. ABC complex was prepared according to the
manufactureQa LINR G202t 0O wludes bf GBSHand the/samplés incupated
with ABC on a shaker at 150 rpm for 45 minutes before washing 3 times for 5 minutes
each in TBS. Samples were then incubated with DAB chromogen in DAB substrate for 5
minutes on a shaker at 150 rpm and washed in fbB$ minute followed by 3 separate
washes in water 2 minutes each. Finally, samples were mountedsittashielcdbnto

microscope slides for visualising the immunostained epidermis under a light microscope.

Table 2.2 Antibodies used for immunostairgrand the final concentration of eaetmtibodythat was applied to the
tissue sections. RowsS5lare primary antibodies while rows 6 & 7 are secondary antibodies.

Antibody Isotype/s Concentration

1 Monoclonal mouse antp53 (DG7) 1gG2b 1:100
2 Monoclonal mouse antbeta-catenin (E5) IgG1 1:100
3 Monoclonal rabbit ati-CD4 IgG 1:100
4 Monoclonal mouse i@ti-CD8 lgG1 1:20

5 Monoclonal mouse @i-FOXP3 IgG2a 1:50

6 Polyclonal rabbit arimouse immunoglobulin biotinylatec 1gG 1:200
7 Polyclonal swine antiabbit immunoglobulin biotinylated 19gG 1:200

2.2.5 Haematoxylin and Eosin (H&E) staining

FFPE tissue sections were dewaxed in xy/{&m changes at 5 minutes eaghhen

rehydrated through graded ethanol (100% ethanol for 10 minutes followed by 10 minutes
in 70% ethanol). Aftethat, slides were immersed i | & Shiidmatoxylin for 5 minutes

and subsequently washed under running tap water for 5 minutes. Slides were then
immersed in eosin for 5 minutes, followed by a lhrimse under tap water before
dehydrating the sections in graded ethanol (70% ethanol for 10 minutes followeld0%
ethanol for 10 minutesandxylene (twice for 5 minutes each) and finally mounting in DPX

and the coverslip were applied.

2.2.6 Section imaging

H&E stained and immunostained vertical tissue sections were visualised and imaged using
an Axiocam camera connected to a Nikon Eclipse 80i light microscope. Images were taken

at different fold magifications (2, 4, 10 and 40x). As 40x images were used for
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quantification of various features (e.g. dysplasia, immunopositivity, etc.), 5 different
images at 40x were taken randomly over different areas of the tissue section on each
slide to ensure apprariate representation of the tissue section. Epidermal sheets with
positive p53 staining that represented p53 immunopositive patches (PIPs) were also
imaged at 4x to measure the size of the PIP in mm? and were visualised at 40X ilsimg

Eclipse 80i lighmicroscopeandS10 stage counting grid, tount the cells within the PIPs.

2.2.7 Image analysis

Representative images from H&E and immunostained tissue sections and epidermal

sheets wereanalysed using ImageJ software.

2.2.7.1 H&E stainedmages

ImageJ software was used for grading and measuring the area of dysplasia within H&E
stained lesions. To ensure consistency of measurements, the first step in the analysis was
to set a scale bar using a 1 mm image slide and all the downstream messure/ere

referred to this scale bar. Images of 2x magnification were used to measure the dysplastic
area (mm2) and 40x images were used to count dysplastic cells within the lesions. In the
analysis, an area equal to 0.056 mm? (which represents the imagewen opened with
ImageJ software) was selected as the unit area for 40x images. For cell counting, images
were firstly converted into binary images of black and white and the ImageJ threshold
function was used for brightness adjustment to ensure thethesualisation of individual

cells for cell counting. To estimate the total number of dysplastic cell within the lesion,

the mean of the dysplastic cell count within the 0.056 mmz for each of 5 H&E stained
images at 40x magnification was multiplied by tiotal lesional aregmeasuredn 2x

images) Training in the recognition of dysplastic keratinocytes was conducted prior to
counting, with agreement between Prof Eugene Healy (Professor of Dermatology), Dr
Chester Lai§ermatology registrarSouthamptonGeneral Hospital), Dr Jeffery Theaker
(Consultant Histopathologisgouthampton General Hospital) atite author (mysel) on

the criteria to define dysplastic cells; the latter relied on the combined experience of the
above individualaind literature revievs (Boyd et al., 2001Castano et al., 200¥ anofsky

et al., 201) andthe authorwas only permitted to undertake the analysisdysplastic

cells when it was agreed th#te authorwas sufficiently experienced in the recognition

and grading of dysplasia. Note that in the process of protocol optimisation, ImageJ
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assisted manual counting was also conducted, with the aiootopare theresults of
manual and the automated cell counting. For ImageJ based manual counting, ImageJ;
plugins > analysis > cell counter services was used because thisceoaling targeted
cells only once through marking and counting cgltsultaneously, thuseliminatingthe

possibility of cell recounting.

2.2.7.2 p53, CD4, CD8 and FOXP3 immunostained images

Using the same methodology as for counting dysplastic cells, ImageJ software was used ta
count p53, CD4, CD8 and FOXP3 positively stained cells thighliesiams. The same

number of imagesised for quantification of dysplastic featuras described@bove (i.e.

one 2x image and 5 images at 40x per slidedemsed. Results were expressed as
percentage of immunopositive lesional cells; in the case of p53 immunostaining, this was
calculated as the mean number of immunopositive cells for a given staining over the
mean number of dysplastic cells within the lesiamereas for CD4, CD8 and FOXP3
staining it was calculated as the mean number of immunopositive cells over the mean
number ofimmunecells within the immune infiltrate. Note that p53 positive cells within

PIP were counted manually under light microscop&dgN Eclipse 80i) using S10 stage
counting gid, and 40x lenses, however, ImageJ software was used to measure the area of

the PIPs in mm?2 usingx images

2.2.7.3 beta catenin stained images

Due to the complexity and the heterogeneity of beta catenairshg, it was difficult to
assess staining quality using ImageJ. Consequently, using the principles adapted from
Brasanac et al. (2005nanual assessment was conducted to measure thengity of

both normal and abnormadtaining. Both staining intensity and cellular localisation of the
beta catenin protein were estimated. Comparisoriiok S | de8uksSvitlpse of

two other observers (Prof Eugene Healy and Dr Chester Lai) whexamined the

quality of the staining separately on 5 AK sections indicated a high level of agreement

between all three observers.
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2.2.8 Tissue microdissection

All equipmentwascleaned with70% ethanol ad nucleaseliminatounless stated
otherwise.All tips were filtered. Alinicrocentrifuge tubesvere autoclaved. All disposable

items were only used once.

2.2.8.1 Laser capture microdissection (LCM)

Laser capture microdissection of vertical tissue sections was conducted to isolate lesional
dysplastic and/or cancerous tissue for DNA analysis. Sections on LCM slides were stained
with cresyl violet acetate as follows. Sections were deparaffinised in xylene for 1 minute
and transferred to 75% ethanol for 30 seconds. This was followed by imméhsrslides

in 1% cresyl violet acetate solution for 1 minute before the tissue/slide was washed with
100% ethanol for 1 minute. Staideslides were incubated at 3Cuntil they were dry (i.e.

left for several hours). To reduce the risk of tissue conteatnon, the incubator was

cleaned with nucleaseliminat@nd as possible, only the targeted samples were kept in

the incubator with no other samples.

Dried, cresyl violet acetate stained slides were then microdissected asiAd$ LMIaser
microdissectin microscope (Leica Microsystems). The slides were placed inverted within
the microscope, thus, the tissue sections faced downward. Areas of interest, including
dysplastic and/or cancerous tissue and adjacent-lemional normal looking skin were
demarcaed (using the laser microdissection microscope software) on each tissue section
and dissected away from the remaining tissue using the laser beam. The dissected tissue
was collected separately into sterile microcentrifuge tubes containing 180 pl of the ALT
lysis buffer from a QlIAamp DNA FFPE Tissu®idi€n. Lesional areas were collected
separately from the adjacent ndesional normal looking skin. To decrease the risk of

DNA degradation, the maximum laser dissection time did not exceed 45 mirslitkes/

(Xu et al., 2008

2.2.8.2 PIP microdiss&on

PIPs were identified in wholemount epidermis (which had been stained for p53 protein)
according toRen et al. (19979ndDe Graaf et al. (2008suninterrupted clusters ofk M n
keratinocytes with homogenous and strong nuclear staining for p53 protein. Disposable

sterile straight dissecting neediéThomasScientific) were used for microdissection of the
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PIPs under a GXMTL3101Stereo Zoom Microscope (GT vision), whileedge of the
epidermis was held with a fine pointed forceps. A new straight dissecting needle (Thomas
Scientific) was used for each PIP and the fine pointed forceps was washed with 70%
ethanol and then with nucleaseliminator between each sampl®issected PIPs and the
surrounding p53 negative epidermis were collected into separate microcentrifuge tubes
each containing 180 pl of ALT lysis buffer from QlAamp DNA FFPE Tissue Kit (Qiagen) pric
to DNA extraction from the samplels general, the DNAx¢raction (as per 2.2.9 below)

was performed immediately after the dissection of the target tissue.

2.2.9 DNA extraction

DNA was extracted from microdissected dysptaand/or cancerous areas, p53
immunopositive patches (PIPs) and adjacent ¢resmonal and/or norPIP)hormal looking
a1AYy al YLX S&a dzaAy3a | vL!IFYLI 5b! CCt9 ¢Aa.
protocol as follows. The tissue was lysed by incubdtiegmicrocentrifuge tubes from

the previous step (2.2.8) containing 180 pl of ALT lysis buffertiner@lAamp DNA FFPE
Tissue Kit and the dissected tissue sections (the amount of dissected tissue per sample dic
not exceed 25 mg as recommended by the @ip&it) with 20 pl of proteinase K (stock
concentration20 pg/pl) in a water bath at 45C The tissue was assessed for complete

lysis every 4 to 5 hours and whenever required, additional slo6€0 pl of proteinase K

was added to the mix (up to a totaf 80 plof proteinase K was added for some samples

and each addition of proteinase K was followed by brief vortexing of the microcentrifuge
tubes and centrifuging at 600 RCF $eweralseconds. Once the tissmeasdigested, 200

ul of AL buffer (provideétom the QlIAamp DNA FFPE Tissue Kit) and 100% ethanol (200 pl)
was added to the miin the microcentrifuge tubesthen briefly vortexedo homogenise

the mixand centrifuged at 600 RCF &mveralseconds. Subsequently, the mixture was
transferred toQIlAanp tubes containing filter (provided with theQlAamp DNA FFPE

Tissue Kjt These tubes with the mixture addedkere centrifuged at 00 RCF for 1

minute thustrapping the DNA on the filter and allowing impurities (chemicals and

proteins) to pass througthe filter and be discarded’ o ensure adequate removal of the
impurities and optimise the purity of the DNA, the filtered tubes were washed twice as
follows. The first waskvas performed by the adddn of 500 pul of AW1o the filter tube
whichwasthen @ntrifuged at 000 RCF for 1 minutnd followed by thesecond wash

with the addition of 500 pl oAW?2to the filter tube whichwasthen centrifugedfor 3
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minutes at 20,000 RCF. To ensure the complete removal ohetlzend washing buffers
that mightinhibit any downstream experimentthese filter tubes had final

centrifugation stepconducted at 20,000 RCF for 3 minutes. DNA which was attached to
the filter within these tubes wasen eluted by the additionf AEelution buffer

(provided within the kitfo the filter and left for 5 minutes at room temperature before
the tubes were centrifuged for 1 minute a{@0 RCFThe amount of the added AE buffer
varied according to the required amount and concentration of DNA for the downstream
analysis, thushetween 25- 65 pl of AE buffewasusedfor the target enriched

sequencing and whole exome sequencamglysigespectivelyThe DNA samples were

then stored at-20 °C until further use.

2.2.10 DNA quantity assessment

2.2.10.1 Nanalrop absorbance sperophotometer

Although Nanodrop E1000 (Nanodrop Technologies, US) absorbance spectrophotometer
was used mainly for assessing the quality of DNA, this also provided a preliminary
estimation of the DNA concentration. As per tmanufactureQ a LINRufioc2 02t = H
autoclaved deionised water was loaded firstly into the pedestal of the machine to initiate
the measurement (as a reference). Subsequently, 2 ul of the elution buffer that used to
elute DNA samples (Atffer) was loaded to familiarize therogramme vith the buffer.
Then2 ul ofthe test DNA samples were loaded consequently into the spectrophotometer.
After each loadingincluding loading of deionised watdyuffer and INAsample) the

pedestal was wiped with cleadry tissuepaper to preveninter-sample contamination.
DNAconcentration was measured in nd/and the A260/A280 and260/A230 nm ratios
were also recorded to assess DNA quality. The normal range that indicates purs &NA
A260/A280 ratio between 1.82 and readingbeyond thisrange indicate protein
contamination, while the normal range of A260/A230 ratio 222 and reslts out of this
range indicatecontamination wih solvents, salts and inorgarscompoundsLudyga et al.,
2012,

The basis of the Nanodrop technique depends on the ability of DNA to absorb ultraviolet
radiation (UV) at specific wavelengths. Consequently, the amount of UV that is absorbed
by the DNA within the samples can be recorded and used for the process of measurement

of DNA amount. Although Nanodrop is widely used to quantify DNA within samples, its
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specificity can be an issue. This is because the presence of contamination by pavtein
other chemicals which absorb light at the same wavelengths may result in over

estimation of the amount of DNA in the tested samples.

2.2.10.2 Qubit 2.0 Fluorometer

As accurate DNA concentration is crucial for next generation sequencing, Qubit 2.0
fluorometer (which specifically recognises DNA within the tested samples) was used.
Qubit 2.0 fluoromeer relies on the hybridisation of fluorescent dye with the targeted
molecule for the purposes of quantification. Different dyes can be used that bind
specifically to the targeted molecule (DNA, RNA or protein) and the fluorescence only
becomes detectable upon this specific binding. Equilibrium of binding of the fluorescence
dye to double strande®NAis reached in less than 2 minutes and the amount of

produced fluorescence is directly proportional to the DNA concentration within the
sample. Thus, the resultant fluorescence can be converted into a numerical result that

provides the DNA concentration in ng/ul.

Qubit 2.0 fluoromeer was performed accordingt® KS Y I y dzF I Ol dzNe& N &
DNA quantificationthe Qubit dsDNA broad range assay on the machine was selected

(this can detect DNA concentratian 6 SG 6 SSy-m mAaAKk 2PHE P! G2 NJ A
prepared by mixing (ful x n) of the Qubit dsDNA broad range reagent twitainsthe
fluorescence dye with (199l x n) of the Qubit dsDNA broad range buffer [where n is

equal to the number of tested DNA samples plus 2 standards (Qubit dsDNA broad range
standard nd2) provded withthe Qubit® dsDNA BR assay Hitjen,10 pl from each of

the two standards (used as reference) was added separately to two clean autoclaved
microcentrifuge tubes each containing 190 pl of the prepared buffer/reagenfnmim

the previous steplnseparate autoclaved microcentrifuge tubes containing 2 pl of each of
test DNA samples, 198 pl of the same reagent/buffiéx was added to each of the
microcentrifuge tubesontaining the tested DN&ul)andmixed well. A samples and
standards were kepin the darkat room temperature for about 2 minutesefiore starting

the measurementsThe microcentrifuge tubewere then loaded into the machine in
consecutive manner, starting with the standards 1, 2 microcentrifuge tubes and followed

by the test DNA saples. The DNA concentratiovasexpressedsng/pl.
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2.2.11 DNA quality assessment

In addition to Nanedrop Absorbance Spectrophotometéection 2.2.10.1) giving an
indication of the DNA purity, a multiplex PCR was performed to determine whether

amplification of DNA up to 600bp sizes could be obtained from the DNA samples.

2.2.11.1 Polymerase chain reaction (PCR)

The master mix for PCR was prepared on ice. Two PCRs were performed to assess DNA
quality, one which amplified th®MIC1Rgene and the other was a panel (multiplex) PCR
which amplified specific DNA fragments of lengths 100bp, 200bp, 300bp, 400bp and
600bp. The reaction conditions for thdC1Ryene PCR were adapted from previous work

in the department(Robinson and Healy, 200 The reaction conditions for the multiplex

PCR was adapted fromouse set of guidelines (cancer genomic guidelines, biomedical
PCR DNA quality assessment, University of Southampton, UK). Moreover, a third PCR on
the KNSTRNene was also performead order to undertake Sanger sequencing of this

gene; theKNSTRNene primer pairs werdesigned usingNCBI/BLAST)

(www.ncbi.nlm.nih.gov/tools/primetblast) tool. PCR was conducted using a GeneAmp®,

PCR system 9700 thermocycler from Applied Biosystéhesreaction conditionfr each
of the three PCRs are detailed in table 2.3, and the primer sequences and PCR thermal
conditions in tdles 2.4 and 2.5 respectivelijhe PCR products were kept at 4°C until

further analysis using agarose gel electrophoresis

Table 2.3Vlaster mix preparations foMC1Rgene PCR{NSTRNene PCR and panel (multiplex) PCR.

Master mix PCR
Reagents MC1Rgene PCR (final KNSTRNene PCR Panel (Multiplex) PCKinal
concentrationin (final concentration in concentration in
parenthese$ parentheses) parentheses)

MyTagq reaction 5 pl of 5x buffer (1x buffer) 5 pl of 5x buffer (1x buffer) 5 pl of 5x buffer (1x buffer)
buffer

Forward and 0.6l of 50 uMconcentration 0.6 ul of 50 pMconcentration 0.125ul of 50 uM

reverse primers (0.48 uM each primer) (0.48 puM each primer) concentration(0.25 pM
each primer)

DNA template 2 pl of 15 ng/ul (30nQ) 2 pl of 15 ng/ul (30nQ) 2 pl of 15 ng/ul (30ng)

MyTaqg Red DNA 1 pl of Sunit/pL (6 unit) 1 pl of Sunit/pL (5 unit) 1 pl of Sunit/pL (5 unit)

Polymerase

Nuclease free 15.8pl 15.8pl 15.75pl

water

Final volume 25pl 25pl 25pl
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Table 2.4 PCR primer pairs.

primer ID Primer Primer sequence Length Amplified Annealing CG
pair in fragment temperature content %
base length in (Tm)
pairs  base pairs

TBXAS1/X9U Forward GCCCGACATTCTGCAAGT 20 100 63.75 60
TBXAS1/X9L Reverse GGTGTTGCCGGGAAGGG 19 100 65.06 63
RAG1/X2U Forward TGTTGACTCGATCCACCC 20 200 63.28 55
RAG1/X2L Reverse GAGCTGCAAGTTTGGCTC 20 200 60.10 50
PLZF/X1U Forward TGCGATGTGGTCATCATG( 21 300 64.72 52
PLZF/X1L Reverse GTGTCATTGTCGTCTGAG 20 300 57.63 55
AF4/X11U Forward ~CCGCAGCAAGCAACGAA 19 400 65.90 63
AF4X11L Reverse  GCTTTCCTCTGGCGGCT 19 400 65.31 68
AF4/X3U Forward GGAGCAGCATTCCATCCA 20 600 63.87 60
AF3/X3L Reverse CATCCATGGGCCGGACA1 20 600 64.51 55
MC1Rgene Forward ATGGCTGTGCAGGGATCC 20 954 59 54
MC1Rgene Reverse TCACCAGGAGCATGTCAC 20 954 62 50
KNSTRN Forward CCTTTCGCTAGGTCTGGC 20 317 60.1 60
gene
KNSTRN Reverse  CATTCCGTCCTTCCTCCC 20 317 59.1 55
gene

Table 2.5PCR reaction conditions

MC1Rgene PCR KNSTRNene PCR Panel (Multiplex) PCR
Time Temperature Time Temperature Time Temperature

Denaturation 5 minutes 95 °C 5 minutes 94 °C 5 minutes 95 °C
35x Denaturation 1 minutes 94 °C 30seconds 94 °C 30seconds 95 °C
Cycles = Annealing 1 minutes 62 °C 30 seconds 60.4 °C 30 seconds 60 °C
Extension 2 minutes 72 °C 30seconds 72 °C 30seconds 72 °C

Final extension 7 minutes 72 °C 7 minutes 72 °C 15 minutes 72 °C

2.2.11.2 Agarose gel electrophoresis of genomic DNA and PCR product

Agarose gel electrophoresis was used to assess the quality of the genomic DNAgwhere
high band on the gel indicates limited degradatadrthe DNA) and also to identify the

size of PCR products2% wi/v agarose gel was prepared by dissolving 2 gramgawbse
crystal (Sigma) in 10@1 of 1x BE buffer (Fisher Scientifizy heating in a microwave.

Then, the agarose gel was left to cool at room temperature until its temperature reached
~40°C before 3 ul of Nancy 320 dg@gma)vas added to 10@nl of theagarose gel to

assist in genomic DNA/PCR product visualisation. Immediately after addition of the dye,
the gel was poured into a migiel former and left to solidify after the insertion of the
appropriate comb (to generate wells for loading of sampl@sae the gel had solidified,

the comb was removed and the gel was immersed gently and completely in a gel tank
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containing 1x TBE buffddNA samplewere mixed with DNA loading dye (Bioline, UK), in

a ratio of 5x of DNA: 1x loading dye (vlamndthen addedto the gel wells. For PCR

products, the loading dye wadready included within the SilyTaq reaction bffer

reaction buffer supplied witta & ¢ I [j ®* wS R 5 bkit, theréfdre@ ap@Bdgiai@ S

volumes of PCR products (according to the size of thevgiéd) were loaded to the gel. A

5b! fFRRSNJ 61 &@LISN]FRRSNM mMnnolLld FNRBY .A2fAyS
gel for identification of the size of the DNA fragments or PCR preduadihe gel.The gel

was then electrophoresed at 40V constant voldgr 1 to 2 hours depending on the

expected sizes of the DNA fragments. For visualisation of the electrophoresed DNA / PCR

products on the gel, the DigiDét® Imaging System was used.

2.2.12 Next generation sequencing (NGS)

Whole exome sequencinVES) and target enriched sequencing were performed in the
Wellcome Trust Centre for Human Genetics, Oxford laboratories, Oxford, UK. For WES,
the SureSelect V5 (Agilent V5) exome capture kit was used for library preparation, while
the lllumina HiSeq2000/stem was used for sequencing. ThaSe&qg custom amplicon kit

v1.5 (llumina) kit was used for target enriched sequencing library preparation, while the
lllumina MiSeq system was used for sequencing. An overview of WES and target enriched
sequencing idlustrated in figure 2.1 and is provided in the subsequent paragraphs for

information.
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A. Whole exome sequencing

v

I Genomic DNA samples I
I B. Target enriched sequencing I
l Shear DNA
I DNA fragments of 150-200 bp I l
‘ I Genomic locations of interest I
Indexed adaptor ligation to the D?signed .
sheared DNA library oligonucleotides
; PCR amplify I Hybridised and captured library I
Prepared DNA library (250-275 bp)
* Extension and ligation of the
I Capture of indexed DNA library I designed oligonucleotides
L |
DNA library

‘PCR amplification

Indexed, target-enriched library
1P00| captured samples

Enriched indexed NGS samples

| 1
[llumina HiSeq2000 system for Illumina MiSeq system for target
whole exome sequencing enriched sequencing

Figure 2.1Flowchart on the steps of next generation sequencig/Vhole exome sequencing workflos:
Targeted enriched sequencing workflow. NGS = Next generation sequencing. bp = base pair.

2.2.12.1 Overview ofwhole exome sequencing (WES)

Using theSureSelect V5 library preparation kit from AgilgAggilent Technologies, 2014
(http://www.agilent.com/cs/library/usermanuals/Public/G75380000.pdj, genomic

DNA libraryis prepared by shearing the DNA samples to the size of 280 bps using
Covaridocussed ultrasonicatqultrasound based DNA shearing) and the quality of the
sheared library is assessed usag100 Bioanalyser DNA 1000 assay. This is followed by
DNA ends repair stefin the presence of ANTPBNA polymerase and DNA polymerase
kinasg whichresults in theproduction of bluntended DNA for efficient ligation tiie

library to the adaptorsThe sheared/repaired DNA library is then purified using AMPure
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XP beads (provided with the kit) amagnetic separator stand. Subsequently, the 3'
prime end of the DNA fragmen&se adenylated through the addition @mono
WI RSYy2aAySQ ydzO0f S20GARS (2 (it &8londigatiobtglRer 2 F

AYRSEAY3I FTRIFILWGSNBE (KIFG N6 RSaiAdaySR (2 KI @S
GKFG o0AYyRa (GKS W!I RSy2aiySQ ydzOf S2timA RS 2y 5b!

reaction. The indexed preapture library is themmplified and the quality of the

amplified library assessed using the 2100 Bioanalyser DNA 1000 BissagieaDNA

fragment size should be around 250 to 275 bpshis stage The next step is captung

the indexed genomic DNA library by hybridisation of the pooled, indexed DNA library with
SureSelect capture library oligonucleotides thed designed to capturall theexonsin

the genomic DNA.

The capture library baits provided within the kit anetinylated, thus the DNA target
library hybridised to the biotinylated capture library can be purified using streptavidin
magnetic beads in a magnetic separator strand, and the unbound oligonucleotides
washed awayA second amplification step to the indsk pooled, captured DNA library is
performed and the resulting products then purified using the AMPure XP beads and

assessed for their quality using 2100 Bioanalyzer high sensitivity DNA assay.

The next step is cluster generation, which involves theaisbe TruSeq PE cluster kit v3

to generate millions of copies from the indexed library (10 million single strand DNA
molecules per cm?) for sequencing using the HiSeq2000 system. Cluster generation relies
on the complementary binding of the adapters ongle stranded DNA from the library to
primers on the surface of a flow cell to allow solid phase bridge amplification of the DNA
(in the presence of dNTPs and polymerase enzyme). The resultant double stranded
molecule is then denatured and the process atige amplification is repeated to

generate millions of clusters of target DNA molecules ready for sequencing.

lllumina HiSeq2000, v3, 100 bp, paired end platform (high output run mode; 28 Gb per
lane) wasused for WES sample sequencing &rshmples weréoaded per lane (the

maximum capacity is 8 samples). lllumina sequencing is based on sequencing by synthesis

GKAOK dza$a n RATTSNBIgolyribbriudenidSuspioSpfiaiet @NTR).I 6 St t SR

During each cycle, one dNTP is incorporated onto tlggisecing strand that should be

complementary to the single DNA strand on the clustered library and the resultant colour
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from the fluorescent dye indicates which dNTP is incorporated. This dye is then
enzymatically cleaved to allow the incorporation of tiext dNTP. Base incorporation
relies on the natural competition between the 4 dNTPs (A, T, C and G) which are present

in equal amounts for each run (reducing the chance of base misalignment).

2.2.12.2 Overview oftarget enriched resequencing

Using the TruSeq custom amplicon kit v1.5 (lllumi@iymina, 201%

(http://www.illumina.com/content/dam/illumina

marketing/documents/products/datasheets/datasheet truseq custom_amplicor).pdf

the first step in library prparation involves denaturing of the double stranded DNA, then
hybridisation of custom specific oligonucleotides (designed to hybridise to relevant genes)
to the target genomic DNA and subsequent removal of unbounded oligonucleotide on a
filter plate membrane, thus, the hybridised DNA remains on the membrane and
unbounded oligoes are washed away. The hybridised oligonucleotides are then extended
by DNA polymerase along the complementary targeted DNA, and then the adjacent ends
of the extended oligonucleotideover the targeted DNA are ligated using a DNA ligase.
The resultant products of the extensidigation reaction contain the targeted regions of
interest flanked by the oligonucleotides sequences required for PCR amplification. During
PCR amplificationhe primers are designed to be complimentary to the hybridised
oligonucleotides from the previous step and also to be ligated to unique sequences
(indexes) that are important for sample identification in multiplex PCR/sequencing
reactions. When the PCR mnapleted, the size of the resultant library should be 350 base
pairs for DNA input of 250 base pairs in size. The resultant library is then purified using

AMPure XP system (Beckman, @KJ pooledtogether.

Cluster generation is exactly as for WES ésxidbed above) using flow cell and bridge

amplification of the cluster.

For target enriched sequencing, lllumina MiSeq system, v3, read length 300 bps, with
output data (15 Gpwas used. As for HiSeq2000 system, the sequencing strategy of

MiSeq system relies on sequencing by synthesis (as described for WES above).
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2.2.13 Sanger sequencing

Thebasisof Sanger sequencing relies selective integration o chain terminatingh Q o0 Q
¢ dideoxynucleotide triphosphate (ddNTP)ttee growing DNA chain using DNA
polymerase. The 4 differemtdNTPs (ddATPs, ddTTPs, ddCTPs, ddGTPs) included in the
reaction are labelled with different radioactive or fluorescent dytesis, the incorporagd
terminating base can beecognisedy the automated sequencing machirepillary
electrophoresi¥ The classical Sanger sequencing method requisasgéestranded DNA
template, DNAprimer, DNA polymerasedNTPs for chain elongation, ddNTiPseaction
buffer. Sanger sequencing for PCR products fileerKNSTRene were performed by
Source Biosciencgd@lottingham UK usingin Applied Biosystems 3730/373Gdquencer
(Applied Biosystems, 2010)

Note; For WES and target enriched sequencagyutation was defined as a base pair
alteration that was present in the lesional DNA, which would result in an amino acid
alteration or deletion or a frameshithat was predicted to have a deleterious effect on
protein function according to the followingpftware programs;Phylop, SIFT, Polyphen2,

Irt, mutationtaster, gerp++, and Grantham scores.

Mutations wereidentified using the following approacthe base pair alteration
() Should be somatic and nesilent (missense, nonsense, frasmift and splicing)

mutations as annotated by Varscan 2.3.3.

(1n Should be annotated as novel or clinical and should not be reported previously
as SNP within the 1000 Genomes Project (2012 April release) and dbSNP135 database.
(111) {K2dzf R KIF @S | LI @I f dzS 7T 2-palaedisvikfitedl @& OKI|l y3ISa

threshold below which read count differences between lesion and normal are deemed
significant enough to classify the sample as a somatic mutation or an LgDH.ev
(IV) Shouldbe presentim n 2 F (G KS { St@fkhe yorndal redd® RA | YR

In addition,in order to avoid false positive identification of mutationgriants that were

flagged as or within homopolyme(kighly regetitive regions) were excluded.
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3.1 Introduction

Studying the genetic alterations within cancers and their potential precancerous lesions is
one of the ways that can be useditaprove the understanding of the relatiship

between the twotypes of lesions(Vogelstein et al., 20)3Various genetic studies have

been performed on cSCC and AK looking at base pair changes, microsatellite instability

and, in some cases, methylation status.

TP53mutation and abnormal p53 protein expression are seen in both cSCCs and AKs, with
a higher frequency of P53mutation in cSCCs than A@ash et al., 199Kramata et al.,
2005 Kubo et al., 199/ANelson et al., 199Nindl et al., 2007Ziegler et al., 1994 In

addition toTP53mutation within AKs, micradellite studies of the 17p13 region revealed
LOH within the region encoding f&P53n 64% & AKs(Rehman et al., 1996LOH has

also been observed on chromosomes 9q, 9p, 17q, 3p and 13q (as well as 17p) in AK
(Kushida et al., 199®Rehman et al., 1994Rehman et al., 1996In one study, deletion of
the 9p21 region (encompassi@PKN2Awas only detected within cSCC, but not in AK
and the authors suggesteachamportancefor inactivation of CDKN2An the process of
malignant transformatior(Mortier et al., 2002. However, in a later studf;DKN2A
(encodingp16INK4a / p1l4ARBequencing showed missense and nonsense mutations in
CDKN2An 12% of AK&NindI et al., 200yconsistent with inactivation o€DKN2Avithin

AKs. Moreover, mutational analysis@DKN24An 26 AK samples farther study revealed

a missense mutation at coderé5, 71 and.84 of CDKN2AKanellou et al., 2008

The mutational status of comon oncogenes has also been investigated in AKsRAN$e
family HRAS, KRABJNRA$genes are known oncogenes that are frequently seen
mutated in human cancefFernandezViedarde and Santos, 201 1Analysis o0RAS
mutation status within AKs revealdtASnutations at codon 12 dkRA$NindI et al.,
2007, Spencer et al., 199 aravinos et al., 20)@nd codons 12, 13, and 61 1dRAS
(Spencer et al., 1995Another oncogene isklYCgene, which plays a role in cellular
proliferation and is seen to be altered with@irange of human cance(&ostissa et al.,
2009 including cSC@mplification ofc-MY Cwasdetectedin 50% ofcSCCs from renal
transplant patient$ (Boukamp, 2005 c-MYChas also beemvestigated in AKs. Using
fluorescence in situ hybridizationl@H), multiple copies ofMYC indicating gain and

amplification of the gene have been detected in 35% and 63% of AKs and cSCCs
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respectively (Toll et al., 200930py number changes of the epidermal growth factor
receptor EGFIRgene within AKs & alsdbeen investigatedEGFRieneencodes for a
member of the @&rbB receptors of the transmembrane type | receptor tyrosine kinase
family andEGFRctivation is associated with epithelial growth, cell proliferateord

tumour progressior{(Pastore et al., 2008According to Toll et al2010), 52% of AK and
77.1% of a cSG@avemultiple copies of th&eGFRene. Theéhigh percentage ofjyenetic
alteration in eMYCand EGFRvithin cSC@ comparison tAAKs may suggest the
involvement of these genes in cSCC pathogerfésiset al., 2009Toll € al., 2010.

However the fact that moréhan 50% of AKs had these alterations could equally support
the concept that alterations in these genes are relevant to development of K&
cadheringene belongs to theadheringene family and plays a major role in gedll
interactions in epitheliun{Takeichi, 1996 Reduced expression ofdadherin proein has
been associated with metastatic tendency in cg3eki et al., 1999Subsequently,
silencing of theecadheringene promote CpG island by ipermethylation was detected

in 44% of AKs and 85% of invasive c%Clgies et al., 20Q3vhich may explain the
reduction in the gene expression seen in cSCC and also suggest that this gene may be

relevant in AK developmén

In addition to the single genealsed studies described abquaore recently, whole

exome sequencing (WESsbeenperformed to study bse pairsalterations within cSCC
(Durinck et al., 2011 et al., 2015Pickering et al., 201&o0uth et al., 2014 The

advantage of WES is that it allows one to investigate cancers and precancerous lesions in
a more comprehensive way thamgvious candidate gene studies apdor to

commencing the current project in thikesis;WES of AKs has not been published by any

other research group.

3.2 Hypothesis and aims

The hympthesis of this study was that actinieratosis lesions harbour a high mutation

burden and harbour mutations of driver genes that are altered in cSCC.

The aim of this chapter was to define the molecular changes within a small group of AKs
and to compare the mutation burden and frequency betwe&s and cSCEfrom

previous studiesising WES.

57



3.3 Materials and Methods
3.3.1 Tissue sample

Archived FFPE AK blocks werdeotéd from the Histopathologyapartment at
Southampton General Hospital. Fresh surgically resected redundant noreaat iskin

was obtained from patients undergoing mastectomy in the Surgical department at the
Princess Anne Hospital, Southampton which then underwent formalin fixation and
paraffin embedding immediately in the Histochemistry Research (BiRtU)n

Southanpton General Hospital. Blood DNA samples were obtained from patients as part
of an investigation on skin cancer being conducted by Dr Chester Lai in
Dermatopharmacology, University of Southamptdhe study was conducted under local
research ethics commie approval and a signed consent form was obtained from all

subjects for the use of the tissue

3.3.2 Haematoxylin& Eosin(H&E)staining

5 um tissue sections of AK and normal breast skin were stained for H&E as described in
section 2.2.5. HE slides of AKs were used to identify the dysplastic area within the AKs

and the number of dysplastic cells, and to grade dysplasia within the lesion.

3.3.3 Immunohistochemistry

AK sections (5 um thick each) were stained using the different antib@dielescribed in
section 2.2.4. AK sections were immunostaining using antibodies that target different
cellular proteins (antp53, antibeta catenin, anti CD4, anti CD8 and anti FOXP3
antibodies &s detailed in table 2)2 The aim of immunostaining wishelp delineate

the dysplastic area (e.g. looking at p53 and beta catenin stains aeng&.E stain) and
to assist irrecognition of nordysplastic cells (predominantly immune cells which were
stained by CD4, CD8 and FOXP3), éiidiag microdissectioof the dysplastic

keratinocytes from samples selected for genetic inve siiges.

Images at different fold magnifications (2x, 10x and 40x) were taken for each stained AK
section using an Axiocam camera connected to a Nikon Eclipse 80i light microseope. Fo
each slide, 1 image at 2 and 10 fold magnification and 5 images representing 5 different

areas within the section at 40 fold magnification were included.
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3.3.4 Laser capture microdissection and cresyl violet acetate staining

To enrich for dysplastiesional keratinocytes within AK samples, 10tk tissue

sections from 5 selected FFPE AK blocks were laser capture microdissected after being
stained with cresyl violet acetates described in section 2.2.8.The matched adjacent
non-dysplastic perilesional normal looking skin tissue was also laser capture
microdissected and used as control. According to the sample size, as estimated from the
reference H&E slides, dysplastic keratinocytes were isolated fetme®en 40¢ 55 AK
sections and tha&lissected tissue collected imicrocentrifuge tubesontaining 180 pL of

ALT lysis buffer for subsequent DNA extraction.

3.3.5 DNA extraction

Genomic DNA was extracted from the lesional (dysplastic) and matched aidjexrenal

looking skin tissue of AKs, and from breast skin samples and blood samples.

As outlined in section 2.2.9, genomic DNA was purified using the QlIAamp DNA FFPE
¢AaadzsS YAG O6vAFISYyo FOO2NRAyYy3 G2 GKS Yy
concentraton for the WES analysiswas3n y@&k2dlFt 2F x pnn y3o

3.3.6 Assessment of DNA concentration within the samples

A Qubit 2.0 fluorometer (Invitrogen) was used for quantification of genomic DNA, as

described in section 2.2.10.2, on DNA isoldtedh the AK, breast and blood samples.

3.3.7 Assessment of DNA quality

Using Nanodrop £2000 (Nanodrop Technologieabsorbance spectrophotometer, the
optical density in the form of A260/A280 and A260/A230 ratios was measured for each
DNA samfe as e@tailed in section 2.2.1Q; this measurement is important to assess if
there was any contamination of DNA samples with organic orarganic substances.

DNA fragmentation was assess@d detailed in section 2.2.1isingagarosegel
electrophoresis ant?CR. PCR for the 1Kb coding region oMB4 Rgene and a panel
(multiplex) PCR using different primer pairs that amplify different DNA fragment lengths
(100, 200, 300, 400 and 600 bps) were used. The primers and reaction conditions for
MC1Rgene and pael PCRs were as detailed in thection 2.2.11.1The resultant bands

were visualised on agarose gel electrophoresisietailed in section 2.2.11.2
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3.3.8 Whole exome sequencing (WES)

Genomic DNA (N = 10, i.e. 5 from lesional DNA and 5 from the maadfecent normal

looking skin) from 5 different AKs was selected for WES. In brief, between3BZ®ng

of DNA per sample was sent on dry ice to the Wellcome Trust Centre for Human Genetics,

University of Oxfad for WESAgilent SureSelect uman All Exon 50 Mb (Agilent) was

used for target capture and library preparation and Illumina HiSeq 2000 platform for DNA
dS1jdzSyOAy 3 | OO2NRAY 3 (2 adidesSribed ingeattbrn 2202ANE NB Q Ay a

3.3.9 Read mapping and variant calling

Whole exome paireégind sequencing data were aligned against the huB&Ch37/hg19

(Genome Reference Consortium 3i8)ng the Novoalign software (novoalignMPI

V2.08.02, Novocraft Technologies, Selangor, Malaysia). Duplicate reads, resulting from

PCR clonay or optical duplicates, and reads mapping to multiple locations were

excluded from downstream analysis. Depth and breadth of sequence coverage was

calculated with custom scripts and the Bembls package (v2.13.@uinlan and Hall,

2010. Germline-Tumour paired datasets were analysed to idensifygle nucleotide

variations (SNVs) and small insertion and deletions using VarscarfkoBddt et al.,

2012. The minimum variant allele fregacy threshold was set to 20% with a minimum

NEIFIR RSLIIK 2F no + NAFyda 6SNB FAEGSNBR dzaAy3
clusters of false positives and SNV calls near indels with the same frequency and depth

thresholds. Somatic-paluesforaFis SN & SEI OG0 GSaid 2F NBIR O2dzyia
alternative alleles in the two matched samples are provided by Varscan, and a threshold

2F aAAAYAFAOIYOS 2F LI X nonp o6l a NBIdZANBR F2NJ I
respect to genes and transpts and filtered using the Annovaoftware tool

(v2012Jun21jWang et al., 2010 Finally variants were annotated with furmtial

prediction scoresSIFTSorting Intolerant From Tolerardnd Polyphen2 (Polymorphism

PhenotypingPhylop, Irt, mutationtaster, gerp++, and Grantham scoagslnon-silent

mutations (missense, nonsense and splicing) were retained for anaRs&imapping

and variant calling was undertaken by Dr Reuben Pengelly, Genetic Epidemiology and

Genomic Informatics Group, Human Development and Health, Faculty otiMedi

University of Southamptan
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3.3.10 Statistics

GraphPad Prisrfv6.0) was used to generatigures and taindertakestatistical analysis
using one way ANOVA and linear regression analysis (statistical support was received
from Scott Harris and HMing (Brian) YuerMedical Statistics, Primary Care and

Population Sciences, &ty of Medicine, University of Southampton).

3.4 Results
3.4.1 Patient identification

FFPEAKs were identified with assistance from Dr. Chester Lai as follows; A list of patients
whose AK samples were stored in Histopathology, Universigpital Southampton NHS
C2dzyRIFIGA2Yy ¢NMzAG 6+ a 3ISYSNIGSR o0& aSl NOK,.
Histopathology results database. The electronic results system of University Hospital
Southampton NHS Foundation Truss used to obtain the hispathology reports for

each patient andhese wereassessed before sample selection. A signed consent form

was included within the records of all subjects involved in this study. Using the University
Hospital Southampton NHS Foundation Trust Histopathaliegartment computerised
records system, 69 patients with actinic keratosis were identified. During the process of
sample identification, factors such as thiee of the lesion were considered; this was

mainly to ensure the availability of sufficient tissioe DNA extraction. Patient

characteristics and histopathological data are summarised in table 3.a@pehdix table

8.1. Of the 69 samples, 28.9% of the patients were women artd iien. The median

age of the study population was 79 years with a rabgeveen 44- 93 yearsMost ofthe

lesions were on sun exposed skin areas and distributed mostly on the face and scalp.
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Table 31 Characteristics of patients with AKs used in this st68yAK samples from 69 patients were selected from
different body sites. 28.9% of patients were females and 71% were males with median age range betw&an 44
years.

AK samples
Gender Male Female Total
49 20 69
Site of the lesion
Scalp 8 1 9
Forehead 10 2 12
Cheek 4 3 7
Ear 8 0 8
Nose 1 2 3
Hand 4 4 8
Forearm /arm 3 5 8
Neck 3 3 6
Chest 4 0 4
Back 2 0 2
Lower leg 2 0 2
Age at biopsy Range (493 years), Range (593 years), Range (493 years),
Median 78 years Median 81.5 years Median 79 years

3.4.2 Analysis ofactinickeratosisstaining

3.4.2.1 Haematoxylin and Eosin (H&E}aining

Examples of H&E staining are shown in figure 3.1 and demonstrated hyperkeratosis,

parakeratosis, hyperplasia drdysplasia in the AK samples.
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Figure 3.1H&E staining of actinic keratos. Normal skinB: Actinic keratosis section showing hyperkeratosis
(increase in the thickness in the stratum corneum layer), parakeratosis (retention of nuclei in the stratum
corneum which is normally nenucleated) and hyperplasia (increase in the number of cells) arplatya
(cellular abnormality) in the cellular epidermal compartment. 10x represent fold magnification of images. Scale
bar=50 um.

3.4.2.1.1 Assessment the grade of dysplasia within AK samples

As the main purpose of H&E staining was to gradd quantify the dysplasia within AKs,
figure 3.2 shows examples of the parameters that were used to indicate keratinocyte
dysplasia. These parameters includeclear atypia, loss of polarity, mitotic activity, basal
cell layer proliferation, adnexalwlvement with dysplastic cells and dyskeratosis
However, AKs also contain other ndgsplastic features such as acantholysis,
vacuolization and hyper/parakeratosis which are not relevant in AK diagitss.

dysplastic/non dysplastic features of AK dhastrated in figure 3.2

63



Figure 3.2 Dysplasti¢non dysplastic features of AK#: 40x H&Emagefor normal skin Dysplastic features in
AKs are shown oimagesB-C and nordysplastic features are shown in ima@e B:40x AK image showing
mitotic figures (single headedrrows) andloss of polarity disturbance ircellularorientationandloss of
architecture and organizatigridoubleheadedarrow). C:40x AK image showgmuclear atypialflackarrows),
basal cell layer proliferatiofblue arrow). D: 40x AK image showing other pathological features #gratnot
specific for AK (nordysplastic features); these features includeuolization ¢ingle headedirrows),
hyper/parakeratosis (doublaeadedarrow). Scale bar 20 um

The degree of dysplasia was scored according to the presence (1) or the absence (0) of
any of the following parameter$pss of polarity, mitotic activity, basal cell layer

proliferation, adnexal involvement with dysplastic celfgl dyskeratosigxcept for

nuclear atypia which was scored as absent (0), mild (1), moderata¢@yrding to the

severity of tissue damage, AKs were classified into 3 different grades of dysplasia as ((mild
(scored 13), moderate (scored 45) and severe (scored-8)). The results are

summarised irappendix table & and examples of the 3 grades of dysplasia are shown in
figure 3.3. Out of the 68Ks81.26 of the AKs showed a milol moderatedegree of

dysplasia whild.8.8% of AKs showed severesgyasia The result is shown in figure 3.4
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Figure 3.3Dysplastic features of AKs. 6 AKs (2 examples for each grade of dysplasia) show the 3 dif]
grades of dysplasi@&B: Mild dysplasia (nuclear atypia and mitotic figsygC&D:Moderate dysplasia

(nuclear atypia, mitotic figures and basal layer hyperproliferatiB&)-:Severe dysplasia (nuclear atypia,
mitotic figures, basal layer hyperproliferation and loss of polarity). Images taken at 40 fold magnification.

Scale bar 10 um
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Figure 3.ADysplasia grades of AKs. Dysplasia was graded according to parameters which included nuclear
loss of polarity, mitotic activity, basal cell layer proliferation, adnexal involvement with dysplastic cells and
dyskeratosis. Each parameter was scoregesent (1) or absent (0), except for nuclear atypia which was sco
as absent (0), mild (1), moderate (2). The total score was then used to label the overall lesion as follows; O
dysplasiaA: 1-3 = mild dysplasid: 4-5 = moderate dysplasi&::6-7 = severe dysplasia.
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3.4.2.1.2 Counting dysplastic cells withaatinic keratosissamples

Thenumber of dysplastic cells within AK samples was quantified within 5 different images
from each AK section using the 40x magnificati®&E images ananageJ software.hle

results are summarised mppendix table 8. Cells can be counted manually or
automatically using the ImageJ package. While the manual method counts the cells based
2y (KS A yj@&mens tHeauiothadad enethod relies entirelgn the ImageJ
software(i.e. is a quickecounting method than the manual one). In the process of

protocol optimisation, comparative assessment for the two methods was conducted. The
process of counting and the use of ImageJ software are detaileection 2.2.7. Different

40x images (N = 20) from 20 different AK sections were randomly selected and the
numbers of dysplastic cells within the lesion were assessed using both manual and
automated methods (detailed in section 2.2.7); examples of counts of astepktells are
shown in figure 3.5Correlation coefficientanalysis of the two variables (manual and
automated) in relation to cetountingshowed arr value equal to 0.98ith high

correlation between the two methods as shown in figure 3.6.
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40x H&E AK section Cropped H& image ImageJ based automated ImageJ based manual
(epidermis only) cell count: 690 cell count: 635
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40x H&E AK section Cropped H&E image  ImageJ based automated ImageJ based manual
(epidermis only) cell count: 304 cell count: 264

o

=3E

40x H&E AK section Cropped H&E |mage ImageJ based automated ImageJ based manual

n (epidermis only) cell count: 168 cell count: 123

40x H&E AK section Cropped H&E image ImageJ based automated ImageJ based manual
(epidermis only) cell count: 199 cell count: 218

Figure 3.5Automated and manual counting of dysplastic cells. 4 different AK samples (labellet) ase
included. A: represents H&E image from each AR:represents image A with dermis excluded using ImageJ
software (to ensure only epidermis is included within the counti@gjlysplastic cell counting using ImageJ
analysis (automated]): manual counting of dysplastic cells using the ImageJ software/@id ae-counting of
any cells). Images are taken at 40x magnification. Scale bar = 10 um.
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3.4.2.2 Immunohistochemistry staining

3.4.2.2.1 p53 staining

Figure 3.6 Correlation
coefficientanalyses
between manual and
automated counting
methods of dysplastic
cells. Dysplastic cells
within 20 different AK
40x images were
counted (one image per
AK).r value = 0.98

Asdiscussegreviously, antp53 antibody (D€Y) from Dako/UK was used to detect the

nuclear p53 protein staining within epidermal keratinocytes. Examples of ps8rajare

shown in figure 3.7.
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Figure 3.7p53 staining witin AKsA: A representative AK sdon with negative p53 stainin: A representative
AK section with positive p53 nuclestaining. Left images 2x and right images 40x magnification. Scale bar; 5

10 um for 2x and 40x magnifications respectively.
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The number of epidermal p53 positive nuclei was counted within 5 representative
epidermal 40x images from each AKs using ImageJ software. The images were selected to
cover the dysplastic areas within the AK sections; a unit area equal to 0.056 mm?2 was
selected. p53 staining was positive in 87% of the AK samples and was predominantly seen
in the dysplastic area of the lesion (wheompared with the H&E section). Examples on

the process of ImageJ analysis of p53 staining is summarised in figure 3.8 and the

complete results arssummarised irappendix table &!.
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Figure 3.8mageJ based counting for p53 staining. 4 AK samples {redysare shown in this figure, with
numbers of p53 positive nuclei counted in the section on the right. Colird@x magnificabn of p53 stained
AK image. ColumB: p53 positive component of image A, where nepidermal tissue was excluded using the
crop facility on ImageJ software. Colu@riThe images were processed in ImageJ and then converted into a
binary image (black andivA G S0 ® Llpo LIZAAGA DS ydzOf SA 6SNB ljdzt yiAFASR
the software and only particles that are larger than 50 pixels (to ensure that these represented p53 stained
nuclei) were included in counting. A standardised ungextion area equal to 0.056 mmz2 was used to analyse|
the stainina. Scale bar = 10 um.
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In addition, the relatioshipbetween p53 staining and grade of dysplasia within AKs was
also analysed and summarised in figure 3.9 appendixtable 85. Theaim of these
analyses was to investigate if thenaspreferential expression of p53 protein within any
of the groups of dysplasia. Statistical analysis usingnaeANOVA showed no significant
difference between the three grades of dysplasia in relation to the percentage of p53
staining within AKgp(= 054).

p =054

c .
& 100 o A
£ = °® .ll-l Al
B 5 ®eee e Aa
® 3 80- oo L AA
o
= O 60+ ® u
.g 3 .... T
SF 40 T aw ng®
o L o’ I
a 2 -
cZ 20+ u A,
=

lsssmsosr—m0 - - - e
= 0

Mild Moderate Severe

Dysplasia grade

Figure 3.9The percentage of the mean p53 positive cells to dysplastic cells over the grades of dysplasia (m|
moderate and severe) of AKs. There was no statistical difference between the 3 grades of dysplasia in relation to
the percentage of p53 staining within AEKmples using one way ANO\§\= 0.54).
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3.4.2.2.2 beta catenin staining

The normal localisation of beta catenin protein within the cell is the cell membrane.
Abnormal localisation of beta catenin protein within different tissue, inclugdikig, has

been reported(Brasanac et al., 2003Nithin the group of AKs irhts study, the staining

of betacatenin protein was variable in terms of the cellular localisation of the protein
(normal membranous and aberrant (cytoplasmic, nuclear)) and the intensity of the
membranous staining within the sections (normal, reduced or lost). The results of beta
catenn staining were very heterogeneous even within the same AK section which made it
difficult to use ImageJ software in the analysis. Consequently, manual estimations of the
intensity and the cellular localisation of the protein were performed. 29.68% Alissc
showed homogenous membranostining and 71.87% showed heterogeneous staining.
The results are summarised in appenidikle 86 and examples of the staining are shown

in figure 3.100verall, it was considered that beta catesitaining was not hefjol in

delineating the dysplastic area in AKs.

2x

40x

Figure 3.1(eta catenin staining within AKBifferent intensities or patterns of beta catenstaining
within the same section were often seen. 3 different example2 énd3) are shown. The first ronhew
2x imagesA, Band Qwith black boxes that are represented in more details in 40x magnification images
on the second rowld, EandF) (the variety of staining patterns is seen best on the 40x imad#s).
Represents example of normal membranous beta catenin staisinglé headed arrojvand area of
reduced intensity of the normal membranous staining (arrow heBdRepresents example of beta
catenin nuclear (single headed arrow) stainifigRepresents xample of beta catenin staining showing
area of cytoplasmic localisation (single headed arrow) and loss of membranous staining (arrow head ).
Scale bar; 500 & 10 um for 2x and 40x magnifications respectively.
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3.4.2.2.3 Staining for dermal immune infiltrate

Many AK®xhibitedan immune infiltrate within the dermis on H&slides which could
possibly interfere with delineating the AK dysplastic keratinocytes by an inadequately
experienced researcher. Thus, it was important to be able to consistently distinguish
dysplastic epidermal keratinocytes from perilesional dermahime cells to ensure the
dissection of pure lesional epidermis in downstream experiments. Thus, dermal immune

cells were recognised using antibodies that target different immune cell antigens.

3.4.2.2.3.1 CD4 staining

CD4 iaaT cell antigen that candovisualisean the cytoplasmic membrane of T cel{son
immunostaining with a specific aniD4 antibody. CD4 staining results for AKs were
analysed and counted using ImageJ software; the results are summarigppandix

table 87 and examples of the aining are shown in figure 3.11.

H
S

\ AR S

n s

Figure 3.11mmunostaining of CD4 antigens within the dermal immune infiltrate of AK lesions. Pos
staining is seen as brown membranous colouration of the dermal immune cells and the remaining
perilesional cells arblue. 1&2: are examples of CD4 membranous staining within two different AK
sections A & B:images represent 2x magnification while& Dimages represent 40 x magnifications.
The boxes on the 2x images represent the areas shown o8 &dimages. Scalbar; 500 & 10 pm for
2x and 40x magnifications respectively.
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Statistical analysis using one way ANOVA was used to compare the proportion of CD4 + T

cells within the perilesional immune infiltrate with the grade of dysplasia (mild, moderate

and severe) in AKs as shown in figure 3.12. The mean number of @BHs-lesent in

the perilesional infiltrate was found to i&83.746,31.8% and37.8% within the mild,

moderate and severe dysplasia grade groups respectively and there was no statistical

difference in the number of the CD4+ T cells between the three grqup962).

% of CD4 positive cells
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Figure 3.12The percentage of CD4 staining in relation to the grade of dysplasia (mild, moderate and
severe) within AKs. Results are expressed as a percentage of the cells which are CD4+ in the perile
immune cell infiltrate using mean valuealculated imppendix table 8.7. Thengas no statistical
difference between the three groups of dysplasia in relation to the CD4 staining within AKs using on
ANOVAJp = 0.62).
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3.4.2.2.3.2 CD8 staining

Using ImageJ, the membranous staining of CD8 on perilesional denalid Was
analysed; the results are summarisedappendixtable 88 andexamples of the staining

are shown in figure 3.13.

Figure 3.13 CD8 staining within the dermal pkesional immune infiltrate in AKs. The brown membranoy
staining represents the CD8+ T cells and the remaining perilesional cells are&#tu&wo different
examplesA & B:images represent 2x magnification while& Dimages represent 40magnification. The
boxes on the 2x images represent the areas shown irCt@eDphotographs. Scale bar; 500 & 10 pm for 2x
and 40x magnifications respectively.
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One way ANOVA was performed to compare the distribution of CE@HsIwith the

grades of dysplasia (mild, moderate and severe) as shown in figure 3.14. The mean
number of CD8+-Cells in the perilesional infiltrate we5.5%, 37.% and44.3% within

the mild, moderate and severe dysplasia groups respectively and there was no statistical

difference in the numbers of CD8+ cells between the three graups0(92).
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Figure 3.14The percentage CD8 positive staining cells in the perilesional immune ¢edtmiin relation to
grade of dysplasia within AKs. Results are expressed as a percentage of the perilesional immune cells whjch are
CD8+ using mean values calculatedppendix table 8.8There was no statistical difference between the three)
groups of gsplasia in relation to the CD8 staining within AKs 0.92using one way ANOVA).
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3.4.2.2.3.3 FOXP3 staining

FOXP3 staining of T cells, whidéntifiesregulatory T cells (Tregs), was assessed using
ImageJ software within the perilesional immune infiltrate; the resultssaramarised in

appendix table & and examples of the staining are showriigure 3.15.
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Figure 3.13-OXP3 staining within AKs. The nuclear brown colouration represents the FOXP3 po
cells and the remaining blue cells within the perilesional T cells are FOXP3 nelga?iMExamples of
FOXP3 staining in two AK samplé€Bimages were taken at 2xagnification wherea€&D
represent 40x magnification images. The boxea&mBrepresent the areas shown in t@&Dimages.
Scale bar; 500 & 10 um for 2x and 40x magnifications respectively.

The mean number of FOXP3-dlls within theperilesional infirate was 21.7%, 24%
and 264 within the mild, moderate and severe dysplasia groups respectively and there
was no statistical difference in the distribution of the FOXP3+ cell between the three

groups p = 0.67). The result is shown in figure 3.16.
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FHgure 3.16The percentage of FOXP3+ T cells in the perilesional infiltrate in relation to the
degree of dysplasia within AKs. Results are expressed as a percentagevaitluellhe

perilesional immune infiltrate which are FOXP3+ using mean valuesatattint appendix table
8.9. There was no statistical difference between the three groups of dysplasia in relation to the
FOXP3 staining within AKs<0.67 using one way ANOVA).

3.4.3 Laser capture microdissection

3.4.3.1 Selection of Akkamples for WES

The next step after acquiring the ability to confidently identify the dysplasia within AKs
was sample selection for WES analyBie main selection criterion used was the size of

the dysplastic area visible on the AgsSue;this is becaus sections with larger areas of
dysplasia were likely to provide more DNA for WES. The aim was to get sufficient yield of
DNA that met the requirement for WES without the need to conduct whole genomic
amplification. A previous study showed that up to 6@tgmns, each& Y GKA O1 X TN
yielded sufficient DNA for WES analysis (South et al., 2014). However, other factors also
influenced the decision abaowvhich AKs to choose for WES\ese included; whether

immune cells had infiltrated into the dysplasticea (thus making microdissection

difficult), the library preparation kit (different library preparation kits require different

DNA amounts) and the nature of the tissue (FFPE). In addition, the high cost of WES also
influenced the decision, in terms di¢ number of AKs considered for WES. 5 samples

from a total of 69 AKs were therefore selected for WES.
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The selected samples were predominantly located on the skin of the head and neck
region. There were 3 males and 2 females, with a median age of 88. yida grade of

dysplasia within the AK samples ranged from 5 to 6. Samples showed some variation in

%

0KS RAFTFSNBYG AYYdzy2aGFAyAy3 LIR2aAGAOAGE

issummarised in table 3.2.

Table 3.2Details of AK sampleglected for WES (N = 5). The median age of the patients was 83 and the female: male
ratio was 2:3. Allesions were from suaxposed skin. The percentage of the dysplastic area of the kepiositive for

(p53) and immune cell infiltrate (CD4, CD8, FOXR8)ing markers arshown, whereas for beta catenin the pattern of
staining is provided. The grade of dysplasia (and dysplasia score) indicates that the AKs displayed either moderate or
severe dysplasia. M = Male and F = Female.

Patient Age at Gender Site ofthe p53% beta catenin CD4% CD8% FOXP3% Dysplasia

ID biopsy lesion grade
28 74 M Right 0 Reduced 17.3 70.8 35.2 Severe (+6)
temple membranous
30 85 M Left cheek 9.34 Reduced 479 221 33.4 Severe (+6)
membranous
51 86 F Left jaw 36.9 ~95% 36.9 445 36.1 Moderate
line membranous (+5)
~5% nuclear
54 62 M Left cheek 20.7 ~60% 44.1 56.8 31.6 Moderate
membranous (+5)
~30% loss of
staining
~10% nuclear
68 83 F Left middle 95.9 Normal 56.4 442 30.4 Moderate
finger membranous (+5)

3.4.3.2 LCM results

The selected AK blocks were cut and stained as outlined in section Ra2h8H&E)and
cresyl violet acetate staining were recommended to visualise the sections by the LCM
Leica microsystem protocol as per the sample preparatioh @l in the Leica
microsystem handbook manuafowever, according t€ummings et al. (201tyesyl

violet acetate is superior to H&E staining in terms of presenhiegritegrity d extracted
DNA.In addition, the cresyl violet staining protocol requires less time than H&E staining
(1-2 minutesfor cresyl violet stainingerses 15 minute®r H&E staining Thus, cresyl
violet acetate was selected to stain the FFPE AK sectiong@ti@M in this study.

The target areas (dysplastic and adjacent normal looking skin) were then dissected using
the LCM microscope akescribed in sectio.2.8. However, during the use of the LCM
microscope, it was noted that the laser beam failed totbwbugh the hyperkeratotic

part of the AK adequately, therefore the stratum corneum was removed manually from
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hyperkegrtotic AK lesions using straight dissecting needle (Thomas Scieiitifecjesults

are shown in figure 3.17 and 3.18.

Figure 3.17The process of manual removal of stratum corneum from 10um thick AK sectioepresents a 4x
AK image stained with cresyl violet acetate before stratum corneum remBvatanual removal of the stratum
corneum from a stained AK sectionthva straight dissecting needle (Thomas Scientifidjh H&E slide used for
assistance in recognising the stratum corne@nAn example of an AK sections following manual stratum
corneum removal. Scale bar = 200um.

Figure 3.18The process of dysplasttissue dissection by LCBD & 51: Two examples of AKs (subjects 30
and 51) selected for WES are shown in this figure. Both samples were hyperkeratotic. The dysplastic grea in
sample 30 sections was dissected without the manual removal of stratunegornin contrast to sample 51
where the section was dissected after removal of stratum corneum. The first column shows sections before

dissection under the LCM. The second column illustrates the target (dysplastic) area demarcated within the

green line. Th third column shows the area during and after it has been dissected using LCM. The dissécted
tissue falls into the collectiomicrocentrifuge tubes Scale bar = 200um.

81



Adjacent normal looking skin was also removed from the same tissue sections and
collected in a separate tube so that the extracted DNA from this could be used as a
reference for variant cadlwithin the dysplastic area of the AKs. In order to reduce

potential contamination between the two targeted areas (dysplastic and normal looking
skin), a sufficiently wide area of skin between the two targeted tissue areas was dissected
before removal of the adjacent normkloking skin into the separatmicrocentrifuge

tubes The results are shown in figure 3.19.
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Figure 3.1Normal control skin adjacent to the selected ABSWES. &xamples are shown (AK samples
54, 28 and 30)Column 1:shows the demarcation line (greem blue).Column2: shows the same sections
after dissectionA: the site of the dissected dysplastic tiss8ethe border region between normal and
abnormal areas an@:the tissue that represents the normal control skindicated by the double headed
arrowson column 2. Scale bar = 200um.
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3.4.4 Isolation of genomic DNA

3.4.4.1 Optimisation of DNA extraction, quality and quantity assessment procedures

FFPE samples are considered to offer a valuable resource for DNA ¢§Batiet al., 2013
Xuan et al., 2013 Although the quality of DNA can be affected due to the chogsng

bonds intraluced by formalin fixatioiXuan et al., 2013good quality DNA can be

obtained from FFPE in a number of cases as seen in previous work on other FFPE tissue
types(Van Allen et al., 2034In the current study, the QIAamp DNA FFPE Tissue Kit from
Qiagen was used for DNA extraction as it was likely to produce DNA of a quality suitable
for WES.

3.4.4.11 DNA quantity assessment

As per previous widk by Simbolo et al. (2013nd the recommendation from the user
manual of theAgilent SureSelect &t (the library preparation k that was subsequently
used for WES in this study), the Qubit 2.0 fluorometer was used to determine the
quantity of extracted DNA. This technique is based on the use of a fluorescence dye that
binds specifically to double strand DNA molecules, thus allpaccurate and specific
quantification of the amount of DNA. In addition, the Qubit 2.0 fluorometer is considered
superior to Nanodrop spectrophotometry as the latter can overestimate the actual DNA
concentration by up to 15 foldSah et al., 2013

3.4.4.11.1 Assessment of DNA yield per the number of targeted sections

In order to estimate the number ofkAtissue sectionthat would be required to obtain

the target DNA concentration 3@ n Y3k > > H@ 0F2NM2 9{ X | O2YLI NI
experiment that compared the DNA yield from different number of FFPE sections (in this

case of normal skin) and correlatitite results to the size and cellularity of the target

tissue was conducted. Human skin tissue was obtained from redundant breast skin which

had been taken during mastectomy of patients with breast cancer at Princess Anne

Hospital. Skin pieces (N = 5) wet#ained from 5 different patients and then were

formalin fixed and paraffin embedded. 10um sections were cut from each block and

dewaxed in xylene and rehydratedgnaded ethanal The sections then were scraped off

the slides and collected in 1.5 microcentrifuge tube©2 Yy G AYAYy 3 myn >t 2F | [ (
buffer from Qiagen and the QIAamp DNA FFPE Tissue Kit was used for DNA extraction as

per manufacture protocol in section 2.2.9. As the main cellular area in the skin is the
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epidermis, the size and theumber of epidermal cells were measured and counted

respectively on H&E stained slides as shown in table 3.3

Table 3.3nformation on the breast skin used in the comparison of the yield of DNAyreber of 10um tissue

sections from the same sample (N=bhe size of the skin tissue was kept consistent at ~ 6 x 5 mmz2. ImageJ analysis of
H&E stained sections, magnified 2x, was used for measuring the size of the epidermis in mmz2. The number of
keratinocytes within 5 H&E images (at 40x magnification) foh eaction was counted. For result consistency
keratinocytes were counted within a unit of section area equal to 0.056 mmz2 and the mean number of cells counted
within five different areas across the section was calculated.

Sample Size of the Size of Mean number of cells within The number of

ID section h mm2 epidermis in 0.056 mmz2 offive keratinocytes within

mm?2 representative (40x)mages of  the whole epidermis
the epidermis

1 ~6X5 2.43 176 427.68

2 ~6X5 2.32 267 619.44

3 ~6X5 2.08 184 382.72

4 ~6X5 2.14 182 389.48

5 ~6X5 2.89 212 612.68

DNA was extractkusing different numbers of 1@n FFPE breast skin sections (i.e. 10, 20,
30 and 40 tissue sections) and quified by Qubit 2.0 fluorometerCorrelation
coefficientanalysisshowed a high correlation between the number of sections and DNA
yield ¢ value range between 0.930.98). Based on these resultswias concludedhat

40 sections of AKs would be the minimum number of sections that could be used (taking
into consideratdn the size of the dysplastic area and number of cells within the dysplastic

area). The results are summarisedable 3.4 and figure 3.20.
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Table 3.4Summary of DNA yield per number of sections used for DNA extraction from 5 FFPE breast skin samples. DNA
was extracted from 10, 20, 30 and 40 skin sections; each 10um thick, for each sample and the resulting DNA was
quantified by Qubit 2.0 fluorometer.

Sample ID Number of sections Number of cells/number of sections DNA yield in ng/ul
1 10 4276.8 4.4
20 8553.6 7.5
30 12830.4 11.2
40 17107.2 15.7
2 10 6194.4 6.1
20 12388.8 11.6
30 18583.2 13.5
40 24777.6 16.8
3 10 3827.2 5.7
20 7654.4 9.6
30 11481.6 11.3
40 15308.8 15.5
4 10 3894.8 3.5
20 7789.6 6.9
30 11684.4 10.4
40 15579.2 16.2
5 10 6126.8 4.9
20 12253.6 7.2
30 18380.4 14.1
40 24507.2 17.9
= 20 e 1 r=0.98
=) : = 2 r=0.97
g . + 3r=093
= 151 : v 4 r=0.97
5 . 5 r=0.98
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Figure 3.20Comparison of DNA yield using different number of sections per skin sample. 10, 20, 30 and 40
sections, each 10um thick, from 5 FFPE breast skin samples were put into sepiaratentrifuge tubesand
DNA extracted using a QlAamp DNA FFPE Tissue Kit2@Quhuorometer was used for DNA quantification in
ng/ul. r value range between 0.930.97.
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3.4.4.11.2 Isolation of DNA from AK samples for WES

DNA was extracted from dysplastic epidermis and adjacent normal skin from the selected
FFPE AK sampl@¢$ = 5). Between 40 and 55 sections (10 um thick) were required per
sample, depending on the cellularitpéthe size of the target are& QIAamp DNA FFPE
¢AaadzS YAOG 61 a8 dzaSR F2NJ 5b! SuatimidoOG A2y |
modifications(section 2.2.9, including increasing the volume and incubation time of the
sections with proteinase K (i.e. up to 80 pul of proteinase K) to ensure the complete lysis of
GKS aSOlAz2yaod 'ff &l YL SapAhYPS k &G2Wbf B
in table 3.5, whiclbased on previous experience within the department, was likely to be
sufficient for WES and to give reliable results, despite the recommended DNA

concentration of 20 > 3 Agilént SuikeSelect ibrary preparation Kit.

Table 3.5Concentration of DNA isolated from FFPE AK samples (N=5) for WES study. DNA concentration was measured
using a Qubit 2.0 fluorometer. Although the recommended DNA quantity f& Waihg thé\gilent SureSelect V5

library preparation kitisd >33% @A WVAIISaG 201t 5b! GEyWee dbrisiteted kefy tadbk y ¢ n
suitable for next generation sequencing.

Sample ID Dysplastic tissue area Matched adjacent normal looking skin
area
DNA DNA DNA DNA
concentration in  concentration in  concentration in concentration in

ng/pl ng/60 pl ng/ul ng/60ul

28 15.2 912 14 840

30 42.6 2556 17 1020

51 97 5820 57.7 3462

54 27.3 1638 26.6 1596

68 354 2124 14.54 872.4

3.4.4.12 DNA quality assessment

To evaluate DNA quality, the purity and degradation of the extracted DNA was assessed.
ANanodrop spectrophotometer was used to assess DNA purity according to section
2.2.10.1. This technique relies on the fact that DNA molecules aligbtlat 260 nm
wawelength and any contamination (organic or nonorganic) will cause a deviation in
spectrum of light absorbance, thus the 260/280 and 260/230 absorbance ratios indicate
the purity of the DNA. Using this technique, the DNA extracted from the AK samples (N =
5)was considered to be of appropriate purity for subsequent genetic analysis and the

result are presented in figure 3.21.
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Figure 3.2IDNA quality assessments for the DNA extracted from AKs (N=5). UV absorbance spectrasifigpN
Nanodrop spectrophotometer from the dysplastic and normal looking skin from the AK tissue sections are
in this figure A: DNA A260/A280 ratio; values between 1.8 and 2.0 indicate high purity DNA with minimal
protein contamination.B: DNA A260/230 ratio; values between 2.0 and 2.2 indicate high purity DNA with
minimal solvent contamination.

3.4.4.12.1 Agarose gel electrophoresis (protocol optimisation step)

To assess DNA fragmentation, PCR and agarose gel electrophoresierienmed on

the DNA extracted from the AK sarapl§ections 2.2.11.& 2). Good quality DNA usually
appears as a high molecular weidand on the agarose géfuan et al., 2013 while
fragmented DNA appeaess a smear on the géHostetter et al., 201D As the DNA in the

study was obtained from FFPE sections, the presence of smeaes th#im a single high
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molecular weight band on the agarose gel was expected. For comparison, blood DNA was

used as a control.

Moreover, as obtaining sufficient DNA concentration from AKs was not easy and required
multiple 10 pum tissue sections, in orderestablish the protocol foDNA extractiorfrom
FFPHissue breast skin wasitilised Samples were loaded and run on 2% agarose gels
according to the protocol in section 2.2.21Information on the DNA samples from

breast skin (N = 53 summaried in table 3.4 (above) and from blood (N = 5) in table 3.6.
The agarose gel results showed a smear from the FFPE DNA samples, however, faint
bands of high molecular weight DNA were also observed. The result is shown in figure
3.22.

Table 3.6Concentration and prity results of DNAXxtracted from blood sample®N =5. The measurements were
obtained from theQubit 2.0 fluorometer (for concentration) and Nanodrop spectrophotometer (for purity as assessed
by A260/A280 and A230/A260 ratioB)INA was diluted 1:10, tlsua comparable concentration of DNA to the DNA
concentration obtained from breast skin samples was used.

Sample ID DNA concentration ~ DNA concentration A260/A280 ratio A260/A230 ratio
in ng/pl (Qubit) in ng/pl after
dilution 1 in 10
(Qubit)
1 183 18.3 1.88 2.09
2 175 17.5 1.82 2.04
3 182 18.2 1.94 2.18
4 157 15.7 1.97 2.15
5 197 19.7 1.87 2.05
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Lane 1:1000 base pair Ladder
Lane 2: FFPE DNA of sample 1
Lane 3: FFPABNA of sample 2
Lane 4. FFPE DNA of sample 3
Lane 5: FFPE DNA of sample 4
Lane 6: FFPE DNA of sample 5
Lane 7:Negativecontrol sample
Lane 8:Positivecontrol sample

1000 bp

100 bp

Lane 1:1000 base pair Ladder
Lane 2: Blood DNA of sample 1
Lane 3: Blood DNA of sample 2
Lane 4: Blood DNA of sample 3
Lane 5: Blood DNA of sample 4
Lane 6: Blood DNA of sample 5
Lane 7:Negativecontrol sample
Lane 8:Positivecontrol sample

1000 bp

100 bp

Figure 3.22%5el electrophoresis of genomic DN DNA samples extracted from FFPE breast skin (as detailed
table 3.4).B: Blood DNA samples (as detailed in table 3.6). On both gels, lane 1 contains DNA ladder (band
200, 300, 400, 500, 600, 700, 800, 900 and 1,000 bp). DNA samples (from FFPE in A and blood in B) were
onto lanes 2 to 6. Lanes 7 and 8 representai®g and positive controls respectively.

5100,
loaded
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3.4.4.12.2 PCPNA quality assessment

3.4.4.12.2.1 MC1RgenePCR

PCR was used to determine whether the DNA extracted from $&ffjides (and from

blood & control) could be amplified dBis stepisnecessary during WES. TME€1Rgene

was used as an initial template for the PCR and was conducted on the FFPE breast and
blood DNA samples thaere used in section 3.4.4.12accordng to themethods

detailed in section 2.11.1 Blood DNA samples gave the 954 bp target size band, but
FFPE DNA failed to give any results (the experiment was repeated 3 times to exclude any
reaction errors). This result presented in figure 3.23 and atdat that much of the DNA

isolated from FFPE tissue was likely to be fragmented.

Lane 1: 1000 base pair Ladder
Lane 2MC1Rgene PCR (1)
Lane 3MC1Rgene PCR (2)
Lane 4MC1Rgene PCR (3)
Lane 5MC1Rgene PCR (4)
Lane 6MC1Rgene PCR (5)
Lane 7MC1Rgene PCR from
negative control

Lane 8MC1Rgene PCR from
positive control

1000 bp

100 bp

Lane 1: 1000 base pair Ladder
Lane 2MC1Rgene PCR (1)
Lane 3MC1Rgene PCR (2)
Lane 4MC1Rgene PCR (3)
Lane 5MC1Rgene PCR (4)
Lane 6MC1Rgene PCR (5)
Lane 7MC1Rgene PCR from
negative control

Lane 8MC1Rgene PCR from
positive control

Figure 3.3 Gel electrophoresis fa¥iC1Rgene PCR products. PCR was performed @tRgene foward and
reverse primer pairsA: Blood DNA samplesg detailed irtable 3.6) andB: DNA samples extracted frorFPE
breast skings detailed irtable 34). The expected PCR productMC1Rgene is 954 base pairs in length. Lane
onthe agarose galcontains DNA ladder (bands 100, 200, 300, 400, 500, 600, 700, 800, 900G ),
whereas lanes 2 6 containDNA samples from blood in A and FBRIEin B. Lanes 7 and 8 represent negative
and positive controls respectivelyp = base pair.
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3.4.4.12.2.2 Panel (Multiplex) PCRr FFPE breast sksamples

Panel PCR is a multiplex based PCR that uses different primer pairs that amplify different
lengths of DNA. In this project, the expected lengths of the panel PCR products were 100,
HANX onn< nnn FYR cnn o6LJA® ! OGRQRIMPBENAG 2 GKS
FFPE Tissue Kit, DNA up to 650 bps ff&-PE sections can be obtain€Ede PCR

conditions were as listed in secti@?2.11.1 Thepanel PCR was first conducted on FFPE

breast DNA samples thavere used in section 3.4.4.112and the products

electrophoresed on an agarose gérom the results in figure 3.2# can be seen that PCR

amplicons of up to 600 bps in size can be amplified from FFPE DNA samples

Lane 1: 1000 base pair Ladder
Lane 2: Multiplex PCR (1)
Lane 3: Multiplex PCR (2)
Lane 4: Multiplex PCR (3)
Lane 5: Multiplex PCR (4)
Lane 6: Multiplex PCR (5)
Lane 7: Multiplex PCR
(negative control)

Lane 8: Multiplex PCR
(positive control)

100 bp

Figure 3.24Gel electrophoresis for panel (multiplex) PCR prodl®@R was performed on DNA samples extrac
from FFPE breast skin (as detailed in table 3.4) usuitiplexedprimers that amplify DNA to give PCR products
of different lengths (100, 200, 300, 400 and 600 base pairs). Lane 1; DNA ladder (100, 200,310,400,
700, 800, 900 and 1,000 bp). FFPE skin samples are labellecbds [anes 2, 6. Negative control (no DNA in
PCR, lane 7) and positive control (blood DNA, lane 8).

3.4.4.12.2.3 Panel (Multiplex) PCR for FFPE AK samples

Panel PCR was performed on the DNA isolated from the dysplastic and matched adjacent

normal skin areas from FFPE AK samples (NI &ntrast to FFPENA samples from

breast skimpresented in figure 3.24, the panel PCR results of AK DNA showed variation in
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the maximum length bthe DNA fragments in bpsWhile the largest PCR produot f

samples 28 and 30 was 300, lthe maximum PCR product for samples 51 and 54 was 400
bp and was 600 bfor sample 68. The exartason for these differences is not clear. FFPE
DNA from breast skin was used soon after being formalin fixed paraffin embedded while
the AK blocké&iad beenstored following embedding for a variable length of tioqe to

several yeargthe oldest blocks were paraffin embedded in 2Q08)though panel PCR is

not accurately quantitative, the brightness of the PCR bands on the agarose gel can
indicate which bandsontain more PCR products. Thus, from the gel results it can be
estimated that the majority of DNA products within the samples were likely to be 300 bps.
This suggested that the DNA isolated from the FFPE AKs was likely to be suitable for WES
study becase the first step in WES involves library prepartirich uses DNA of 15200

bps length. Theeresults aresummarised in figure 3.25.
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Lane 1: 1000 base pair Ladder
Lane 2: Multiplex PCR (28)
Lane 3: Multiplex PCR (30)
Lane 4: Multiplex PCR (51)
Lane 5: Multiplex PCR (54)
Lane 6: Multiplex PCR (68)
Lane 7: Multiplex PCR
(negative control)

Lane 8: Multiplex PCR
(positive control)

100 bp
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Figure 3.25Panel PCR products of the selected AKs sections for WESANAGarose gel electrophoresis
results. Panel PCR product from DNA samples extracted from lesional (dysplastic) area of AKs using a vafiety of
primers that amplify DNA to give PCR products of different lengths (100, 200, 300, 400 and 600 base pairs). Lane
1; DNA ladder. Lanes®; FFPE samples (labelled according to their sample identification number (28, 30, 31, 54
& 68). Lane 7; negative control (no DNA in PCR. Lane 8; positive control (blood DNABrBRC&aph
representation for the multiplex PGiRoduct from figure A. bp = base pair.
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3.4.5 Whole exome sequencing (WES)

3.4.5.1 Selectioof library preparation kit and sequencing system

There are a number of whole exome capture kits for human exome sequencing supplied
from different providers (e.g. lllumina, Agilent, and BGI (Beijing Genomics Institute))
(Meldrum et al., 2011Xuan et al., 2013 In order to determine the most appropriate
exome capture kit for this project, a list of genes that were knowhdaltered in AKs,

O{/ 1z . 24SyWBEC wad ciestdmscsl oninformation fronfCampbell et al.,
1993h Durinck et al., 2011Griewank et al., 201Jayaraman et al., 201Kanellou et al.,
2008 Lee et al., 200MMauerer et al., 2011Park et al., 199@°ing et al., 2001Saridaki et

al., 2003 Sottoriva et al., 201,5Soufir et al., 1999 outh etal., 2014 Taguchi et al., 1998
Takata et al., 1997Ziegler et al., 1994appendix tables 8.10 andBlL). As different

exome enrichment kits vary in the percentage of coverage of different genes, it was
important to know which kit would give the best coverage of most, if not all, the genes of
interest. Two panels of genes were investigateppendix table 82 A and); the first

panel is the most relevant as it represents genes that have been shown to be attered
l'Ya 2N 20KSNJ NBflFGSR fSarzya o00{//4a I|yR
genes that have been shown to be mutated in BCCs.

The process of examination of the best gene/kit match was done in collaboration with
Sarah Ennis (Professor of Genom@snetic Epidemiology and Genomic Informatics
Group, Human Development and Health, Faculty of Medicine, University of Southampton).
In addition tothe gene coverage, other factors including the availability and the cost of
the kit were also taken in cor@ration. The result of this matching is summarised in
(appendix able 812 A andB). Although the BGI kit hatthe lowest prices (E500/ sample

at the time of assessmeytthe kit was omittedss it also hadhe lowest percentage of

gene coverage. The pemageof gene coverage of SureSelect v5 (Agiléntand
llluminaTruSeq kits were comparable as well as the cost (E700 and £650 respectively).
However, after various considerations including coverage, cost, availability and the
recommendation oProfSard Ennis, the SureSelect v5 (Agileb} @xome capture kit

was selectedUsing SureSelect v5 (Agilent e&pture kit and lllumina HiSeq 2000
sequencing system, WES was performed in the Wellcome Trust Centre for Human

Genetics, Oxford.
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3.4.5.2 Quality assessment and somatic variant calls

Sequencing results were receivedtihe form offastq files. The preliminary analysis for
read mapping and variant calling was undertaken birRBubenPengelly, Genetic
Epidemiology and Genomic Informatics GeoHuman Development and Health, Faculty
of Medicine, University of Southampton. For sequencing data quality assessment,
Novoalign v2.08.02 and ANNOWR12Jun2bipelines were used (following the
standard University of Southampton Genetic Epidemiologuf® pipeline settings). The
parameters used for the quality assessment performedbReubenPengellyincluded

candidate gene coverage and genotype quality control.

A. Candidate gene coverage

The depth of coverage of the samples (N = 10, i.e. 5 d¢spland 5 matched adjacent

normal looking skin) was estimated using BEDV®dI3.2(table 3.7¢ part 1). The mean

depth ofcoverageat 20Xwas 90.9%. The sequencing coverage for DNA samples from
dysplastic epidermis (labelled A) was more than that froatched adjacent normal

looking skin (labelled B). This was because of the experimental design; to increase the
depth of coverage for the lesional AK samples, the 5 DNA samples of dysplastic area were
loaded onto one lane of the sequencing plate (the maxmctapacity of a lane is 8

samples), but to minimise costs the DNA samples from matched adjacent normal looking
skin were loaded along with three samples from an unrelated project onto another

sequencing lane.

B. Genotype quality control

As an importahquality assessment step, samples matching were conducted. For every
individual, approximately, 24,00®5,000variants areexpected on WES, therefore a
matrix of genotype concordance across all samples was conducted. Unrelated samples
are expected to shre ~44% of vdriy 1 a3 @ KSNEB I & % forisd@mplasdrandzt R

the same individual in most cases (table 8art 2).

96

oS

v



Table 3.WES gality assessment and somatic variant cafRart 1) Depth of coverage for WES results (N=10) of
lesional(labelled A) and normal (labelled B) DNA from each sampiebase pairsvithin the target reads for all
samples showed morthan 80% depth ofcoverageat 20x depth of coveragdPart2) Sample matchinfpr WES
resultsusingSingle Nucleotide Polymorphigf8NP analysiscomparinglesion (abelledA) and adjacent normal
looking skinl@belledB) of AK samples. Sampfesm the same individual are shown in greevith variation
between normal and lesional sample95% in mosbf the casesData analysis was undertaken byR&uben

Pengelly
Part 1
Sample ID Total reads Target reads Target At Target at Target at Target at
20x (%) 10x (%) 5x (%) 1x (%)
AK28A 71165395 65839630 93.65 97.82 98.91 99.47
AK28B 49358924 45478789 88.96 96.68 98.57 99.44
AK30A 61318469 55999319 92.28 97.38 98.75 99.44
AK30B 40657578 36928395 84.43 95.43 98.21 99.39
AK51A 68045252 61731792 92.78 97.45 98.69 99.35
AK51B 59378977 53945124 92.5 97.52 98.75 99.4
AK54A 76425854 70353140 94.42 97.77 98.8 99.45
AK54B 49520774 45596017 89.63 96.85 98.63 99.44
AKG8A 83122511 76353039 95.8 98.32 99 99.41
AK68B 40501403 36964680 84.32 95.5 98.21 99.32
Part 2
AK28A AK28B AK30A AK30B AK51A AK51B AK54A AK54B AK68A AK68B
AK28A 100 9831 41.18 40.54 39.92 40.65 41.08 40.96 39.08 40.83
AK28B  96.35 100 44.22 43.91 43.08 44.05 44.34 44 .4 42.11 44.19
AK30A 42.13 41.9 100 97.17 40.57 41.32 41.8 41.53 40.07 44.79
AK30B 44.8 44.94 96.32 100 43.25 44.2 44.34 443 42.53 44.73
AK51A 40.74 40.72 40.47 39.94 100 97.39 40.1 39.88 39.69 41.86
AK51B  44.53 44.68 44.24 43.8 98.79 100 44.15 43.98 43.66 45.98
AK54A  43.83 43.81 43.58 42.8 41.92 43 100 98.05 40.82 42.66
AK54B  44.55 44.73 44.15 43.6 42.5 43.67 96.91 100 41.53 43.6
AK68A  44.38 44.29 44.48 43.7 44.17 45.27 43.45 43.36 100 96.11
AK68B 44.31 44.41 44.33 43.93 44.51 45.55 43.4 43.5 97.02 100

3.4.5.3 Overview on exome sequencing results

Using the Agilent SureSelect Mirary preparation kit, 21,522 genes were targeted in the

WES of AK sampl@¥ = 5) along with matched adjacent normal looking sKire total

number of exonic somatic alterations (silent and mlent) was7,270and the median

number of mutations per AK wds723(range 267 2,492. The median number of

mutated genes per AK wds275 (rangel94¢ 1,688). A total of ®12non-silent somatic
alterations (median of 197 per AK, range 2081,699) were seen, corresponding to a

median total somatic mutation burden of 34.5 (range §49.8) mutations megabasef

by R
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mutations were also commowith a median frequency of 53.7 %. Overall, the ratio of
non-silent to silent (synonymous) events wa®und4:1 in the dysplastic and matched

adjacent nomal looking skin respectivelyhe results are summarised in figure 3.26.
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Figure 3.26Integrated overview on the mutation rate and type within AKsClinical picture of AK lesioB:
Total number of genes captured and sequenced by Agilent SureSelect V5 and Illlumina HiSeq 2000 platform
respectively. The median number of mutated genes (1,275) and median number of all somatic mutations
(1,723) per AK aredicated.C Mutation burden per AK; the median somatic mutation rate was 34.5
mutations/megabaseD: Number of mutated genes per AK (range £94688).E&F The frequency of

Ydzii - GA2Y &LISOGNI gAGKAY 29{ RIGl &Ka2ihéimodcommaena SyasS Ydz
changesG&H The frequency of silent (synonymous) and silentgenetic alterations withirthe five AKs and
matched normalooking skin respectively. The ratio of the median +silent: silent genetic alterations are 4:1
in the dysplastic area arid the matched normal skirAK = actinic keratosis. NS = normal skin. Mb = megab
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3.45.4 Characterisation of mutated genes according to the frequency of mutation
within WES results

The AK WES results showed a high mutation burden with high number of mutated genes,
therefore identification of candidate driver genes was l#raging. Previos work by

South et al(2014)utilised an analytical approach that involveddering detected

mutated genes according to the frequency of mutation ofsaaenes withithe study

This analytical approadhom South et al. (20149tudywasadopted for analysis of the

WES AK data& hus, mutated genes were ordereccarding to their frequencyP53was
ranked highest (mutated within all 5 tested AK3ther genes demonstrated to be

mutated in high frequency within WES AK data incltidél, CCDC168, MUC16, PCLO, and
UNC79within 5, 4, 4, 4, and 4 of the AKs respectivdig)se positively mutated genes

were picked up using the Network €ancer Germwebpage(NCG5.0)

(http://ncg.kcl.ac.uk) (Genes were classified as false positively mutated based o
calculations by.awrence et al. (201B)in the WES AK study (N = 5) , out dfgénes that
were mutated ink40% of theAKWES datdi.e. 2 or nore AKs)pf which1l genes
includingTTN, CCDC168, MUC16, PCLO, and UiNE&Beported as false positive

mutated genes based on their size from a matwlysis of whole exome and genome
sequencing data (the large size of the genes make thehtyhgiineable to be mutated)

(Lawrence et al., 2033These genes were thus discounted in downstream analysis.

3.4.5.5 AKshares most of the highly mutated genes with cSCC

Previous exome sequencing studies on cSCCs identified certain genes which are highly
mutated within those lesionfLi et al., 2015Pickering et al., 2014&outh et al., 2014

Thus, in the current study, the previously reportedduently mutated genes within cSCC
were compared with the WES results from AKs. In addition, the Catalogue of Somatic

Mutations in Cancer (COSMIQittp://cancer.sanger.ac.uk/cosmjevas also used to

check if any of the highly mutated genes in AKs had been prglyioeported in skin
cancer and/or other human cancerdidresults are summarised appendix table 8.3.
Out of amedian of 1,27%nutated genes, 9 genes were mutated ix40% of theAKWES
data(i.e. 2 or more AKs), of which ¢8nes were mutated within the previoug@me
sequencing cSCC stud(eset al., 2015Pickering et al., 201&6aith et al., 2014 An
additional 36genes were mutad in 20% of th AKs (i.e. only in 1 AK) anddines with

no mutation in the WES results of the AKs were reported to be mutate8@GC.
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Moreover, 84 out of the 94enes were reported previously in skin cancer and/or other

human cancergn COSMICancergene census

3.4.5.6 Selectionof genes for target enrichedequencing (variant validation)

Selected genes were prioritized according teed of filtration criteria(Lee et al., 2014
South et al., 2014 Atfirst, WES data were filteredhais, only genes that have neailent
somatic mutations that shown to be damaging (according to SIFT and Bo®/Ph
algorithms) were considered as a potential target for target enriched resequencing
(synonymous alteration and previously reported variants in the doSNP Build 137 was
excluded from the analysis). Then, a gene list with all genes that were mutated thighin
study (N = 5) was generated. The list wasaaranged according to the frequency of
mutated genes within the AKs and assessed if any of these genes were reported
previously in WES data from cSLCet al., 2015Pickering et al., 2014&outh et al., 2014
and in Catalogue of Somatic Mtitans in Cancer (COSMIEbrbes et al., 20)@latabase

as stated previously.

As the plan was to analyse the mutation frequency within highly mutated genes on a
larger sample size girecancerouskinconditions(chapters 4 and 5), 18 genes out of the

141 mutated genes iappendix table 8.3 were selected for target enriched sequergin

It was decided thator a gene to be setted, itshould i(p S Ydzi I 6 SR Ay X n
data, (i) not have been reported as false positively mutated according to the network of
cancer gene webpage, (iii) halveen reported as mutated previously in at least one of

the cSCC exome sequencing studies, and/or (iv) reported previously in the COSMIC cance
gene census as a cancer gene. Although most of the 18 genes selected were mutated in
0 40%AK samples, some of the selected genes appeared in only 20% ¢fR&S,(NRAS

and CDKN2Aas these latter genes have been demonstrated previously to be mutated in
cSCC, in Aland also irCOSMIC cancer gene census. AlthoughPth€éHhene is mainly
considered relevant to the development of BCC rather than cSCC, it met the selection
criteria above and a recent study Byiscioneet al. (2009 showed that BCCs can develop

at sites of previous Alesionsiherefore PTCHvas included in the gene list. The selected

genes appear highlighted in greenaippendix table 813.
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3.4.5.7 Landscape of mutation spectrum and mutated gene frequency of the 18
selected genes within the AK WES results

TP53mutations were detected i AKs (100%), makidgP53gene the most common
mutated gene within this study. This doms a previous report of P53point mutations

in AKs byNelson et al(1994) Nindl et al. (2007)Park et al. (1996 5oufir et al(1999)
Taguchi et al. (1998%iegler et al. (1994)nterestingly MLL2and CACNA1@enes were
mutated in 4 of the 5 AK&PR98, HMCN1, NOTCH2, FAT1, PARPRAEX15vere
mutated in 3 out of 5 (60%) AK samples &AH, EP300, HRA®TCHIFLT3and
PTCHivere mutated at 40% frequency. In keegiwithprevious studes on cSCC (figure
3.27), CDKN2ANRASNd KRASvere mutated at a low frequency of 20% within the AKs.

The resuls are presented in figure 3.27.
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Figure 3.2WES AK data on 18 genes selected for target enriched sequencing (in chapters 4faht&)map

percentage of the total numlreof samplesB: The table on the right highlights tHeequency of somatic

of relevant study. ¥ Sign indicates data combined from the study publication andspomnding supplementary
data. V/39 & V/29 represent the number of variants detected within th@oréed study over the total number of

variants washot provided in the relevant study data)/ES = whole exome sequencing. TES = target enriched
sequencing.

representation of the number and types of mutations within these genes in each AK. The corresponding ba
on the right represents the mutation frequency of each of these genes within the group of AKs presented a$

mutations within the same gene in the heatmap in cSCC using WES (Chitsazzadeh et al., 2016, Durinck et

Pickering et al, 20140uth et al., 2014), Targeted enrichestjuencind TES]Lee et al, 2014, Li et al., 2015,) and
Sanger Sequencing of cSCC (Ping et al., 2001). ¥ Sign indicates frequency calculated from the supplemen

samples (the frequency of somatic mutation could not be calculated as the number of samples with each of

D

tary data

the

Following completion of the WES analysis of the 5 AKs presented in this thesis,

Chitsazzadeh et al. (2016) published the results of a study identifying driver genes within

cSCC, AK and normal skin actgsscies (human and mice). While their results wese n

considered in the process of selection for the 18 genes, the WES results on the tested AKs

by Chitsazzadeh et aR{16 were compared to the WES AK data from the current project

and the results of this comparison will be discussed in later in sectton 3

Information on the position, the type of the mutations and the amino acid changes on

each ofthe resultant protein from these 18 genes is summarisefigure 3.28 (A) and

in appendixtable 814. The somatic mutations were scattered over the protein domains

with some proteins showing mutation predominantly in certain domains (examples
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include p53, NOTCH1, CACNA1C and GPR98). Unlike melaine@radotspot mutations
in BRARRndNRASave been rported (Hodis et al., 2012 no hotspot mutations were
observedm any of the 18 genes in the group of AKs, however, this may be due the small

size of the AK study.

Note tha, as figure 3.28 extends over 5 pages (partsE), a legend has been added to

each part of the figure for ease of reading.
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Figure 3.28 (A)nformation on the amino acid changes resulting from the mutations in genes selected for
target enrched sequencing. The type of somatic mutations (missense, nonsense, frameshift and deletion) in
the WES AK data is also shown. Protein names are adN@B)(www.ncbi.nlm.nih.gov/protein). The
diagram was generated usigediatric Cancer Genome Project
(www.explore.pediatriccancergenomeproject.org/proteinPainter
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Figure 3.28B)Information on the amino acid changes resulting from the mutations in genes selected for taf
enriched sequencing. The type of somatic mutations (missense, nonsense, frameshift and deletion) in the

AK dta is also shown. Protein names are as(pEEBI\www.ncbi.nlm.nih.gov/protein). The diagram was
generated usingPediatric Cancer Genome Project
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3.5 Discussion

Various studies have been conducted previously to investigate the molecular defects
within AKs and the rate of progression of AK lesions to cSCC. These ratiasigective
studies on patients who had developed cSCC and observational stlidi&slesions over
time examinedor malignant transformatiorfFuchs andiarmur, 2007 Marks et al., 1988
Quaedvlieg et al., 2006Investigations oAK have also included parameters such as
protein expresion(Brasanac et al., 2008leto et al., 2013 immune infiltrate(Jang, 2008
Laiet al., 2016 and genetic alterationRehman et al., 1994Genetic studies looking at
mutations in AK talate are limited toafew genes includingP53 (Nelson et al., 1994
Nindl et al., 2007/Park et al., 19965oufir et al., 1999Taguchet al., 1998Ziegler et al.,
1994 and CDKN2ANNindI et al., 200/Pacifico etl., 2008 Soufir et al., 1999 andRAS
gene family(Nindl et al., 2007Taguchi et al., 199&aravinos et al., 20)0The aim of this
chapter was to undertake WES on a small group of AKs to expand the knowledge on
mutations in this type of lesion and as a precursor to targeted sequencing of selected
genes in a larger grguof precancerous lesions. WES studies on NMSC lesions have been
conducted in recent years and showed a high mutation burden within those lesions
(Bonilla et al., 201@urinck et al., 201,1Jayaraman et al., 2014i et al., 2015Pickering

et al., 2014 South et al., 2014 thus it was also interesting to know whether AKs

contained a high mutation burden because these lesions can develop into NMSC.

As for any genetic studies, targeting the right tissue is important for reliable segiits

as preliminary step, it was important to characterise themlgstic area within AK

samples H&E staining for recognition and grading of dysplasia and immunostaining for
p53, but not for beta catenin, was useful to differentiate the abnormal keaatytes from
normal epidermis. In addition, staining for the dermal immune infiltrate was helpful to
distinguish basal epidermis from underlying immune cells, especially in those samples
where the tissue sections were angled (i.e. slightly cong¥ rather than completely
vertical through the epidermis and dermldtilising the knowledge gain through this work,
it ensured a high purity of targeted tissue when using LCM to dissect the dysplastic and
normal skin aread.ikewise, the assessment of DNAaqtity, purity, and of the ability to
amplify the DNA using PG#habled recovery of DNA with sufficient quality and quantity
from the target tissu¢o beused in WES
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Despite the classification of AK as a precancerous lesion, the WES results demonstrated a
massive burden of mutation within AKs far beyond that of many other cancers, many of
which havea substantial tendency to metastasise. For example, the mutation burden of
AKs was- 4 fold greater than lung SCC (8.2 mutations/megabésaidoth et al., 201)3
11fold greder than head and neck SCC (3.2 mutations/megab@se)doth et al., 2013
and~ 23 fold greater than melanoma (16.8 and 14.4 mutations/megabgsd)ani et al.,
2015 Hodis et al., 201espectively By comparing the median number of
nonsynonynous mutations across different cancers with high fatality and metastatic
tendency, AK lies at the upper part of thestributionin parallel with cSC&s shown in
appendix figure 8. When the AK mutation burden is compared with that in NMSC
lesions, themedian mutation rate of 34.5 per megabase within AKs is found to be similar
to an earlier study of 8 cSC@dich recognised a median mutation rate of 33 per
megabasd&Durinck et al., 2011 However, a more recent study on 8doradic cSCC by
South et al. Z014) detected a higher median mutation rate of 50 peegabase. The
mutation burden in BCC, at 75.8 % mutations per megabase, is around 2giodat than

that in AK(Jayaraman et al., 2014The high mutation burden within AK,s as well as in
BCCg¢Jayaraman et al., 201d4nd cSCQ4.i  al., 2015 Pickering et al., 2014&outh et al.,
2014), suggests that either epidermal keratinocytes have a higher resistance to
transformation or that skin has a powerful tumour suppressive dgtihiat stopsthe

clonal expansiownf cells harbouringlriver mutations.

Despite the high mutation rate detected using WES in the dysplastic keratinocytes from
AKs, it was possible to generate a list of mutated genes wineh likely to play a role in

the growth / development of these lesions and of cSCCs as listggpendix table 8.3.

This is not surprising because genes mutated in cSCC and considered relevant to their
development were amongst the criteria used to highlight genes that might be rel@van
development of AKs; for exampl€P53, CDKN2A, NOTCH1, NOaGHaRASvhich

were included in this list had been previously reported as mutated in (Sdth et al.,
2014), aggessive cSCickering et al., 2034nd in metastatic cSQQO et al., 201b
However, tke fact that these genes were mutated in both lesions would support their role
in shared biological events, possibly at an earlier stage in the development of both lesions.
In addition,FATIwas mutatedm AK(current project) cSCC (South et al., 2014)dan
aggressive cSERickering et al., 20)4and CACNAl@as nutated in both AKcurrent
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project)and cSC(South et al., 2014 Interestingly, recent genetic analysis of BCC also
reported mutations iNOTCHaAndNOTCH, andTP53 as well as mutations iIRTCH1
(which was mutated ip to 75% ofthe BCG, with 70% of the mutationdeleterious)
(Bonilla et al., 2016Jayaraman et al., 2014

In two studies of cSCERTCHvas not among the most frequently mutated genes
(Pickering et al., 2014&o0uth et al., 2014suggesting thaPTCH1s not a driver gene in
cSCC. Howevan this WES study of AR out of the 5 (40%) AK samples showed-non
silent mutations withirPTCH1In addition previous work based on clinical observation of
AK lesions over time (6 montkh$ years) suggested that 36% of BCC lesions developed
on lesions that formerly were diagsed clinically as AKEriscione et al., 2009Taking
these two observations in accouRTCHivas included within the list of gees selected

for target enrichedresequencing.

The high frequency of C to T changes in the WES data supports the view that UVR is the

main ervironmental cause of A@Brash et al., 1991 However, these UV induced

alterations are likely to be present in passenger as well as in driver genes. Distinguishing

driver frompassenger mutations can be difficult, and this was the case with the AK WES

resultsdue to the high mutation load. 2 RA & S GNB LPE\KB @ Km F RSl dzSy O &
YV2FAESYGyY ady2yevY2dRa9f2IVYIiADANanYBIBTEKAFYO {
RIFEGlI 2F GKS OdNNBy(d ai(ezRE BaWi2gER2dzKI HSYREA DI (A
Ff GSNIa Ay @#A0KAY ! YA FYyR (KSwmy 3ISySa asStSOaSrt
ff NHSNJ INRdzL) 2F LINBOI yOSNRdza f SzMmi2SH4al Y OK I LJG S N&
aedy2yevyz2dz Ydehi b B § DY REAALSyyiyy dey2yeyYz2dza 3ASy S|
FfGSNFGA2Y NIYGAZ2 Ay y2NYIfaz22R2NmaRrNERWSINEZ2IF©$
2HKS F2t 120209y3 GISAGISNI TS YISHR OHE bw! {Z | w! {3 ¢tp
/ 5YbH:SYy SO YR Y2ad 2F (GKS my &St SOGSR 3ISySa Ay
LX & I NRBEfS Ay O{RbaBIBSRAMLSRS AG/SNE2 NW2E a1AYyT
YFEe &S R2 GKS NBf Il GAJDS R #ASRI KBINR HUSIBIBK o H N - 0
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Table 3.8 Thenonsilent: synonymous genetic alteration ratio in the 18 selected genes within the dysplastic area of
AKs and adjacent normal looking skin.

Gene ID  Nonsilent: synonymous mutations Norsilent: synonymousgeneticalteration

ratio in dysplastic area of AK ratio in adjacent normal skin
TP53 17:5 0
NOTCH1 2.0 0
NOTCH2 72 0
CDKN2A 2:0 0
HRAS 4.0 0
KRAS 1.0 0
NRAS 1:0 0
CACNALC 12:3 0
FAT1 9:4 1.0
PAPPA2 3:2 1:0
MLL2 5.0 0:1
DNAH5 74 4:3
GPR98 8:3 7:2
HMCN1 4.0 1:0
FLT3 2:1 0
EP300 2:0 0
PTCH1 8.0 1:0
TEX15 3.0 0

Previous studies identifiedP53mutations within AK ranging fro@8%(Park et al., 1996
to 53 % of casefNelson et al., 1994 This study showed thatP53vas mutaedin all AK
samples (figure 3.27), and supports the view thB63alteration is an early event that
precedes substantial expansion of abnormal keratinocytes in the developai cSCC
(De Gruijl and Rebel, 200Bonason et al., 199Kebel et al., 20QRen et al., 1997
Wikonkal and Brash, 1999

NOTCH receptor mutations have also been proposed as a main tumour suppressor
mechansm in development of cSC(South et al., 201AVang et al., 2011 The frequent
mutation of NOTCHjenes within the AKs in the current study (40%N@TCH160% for
NOTCHQRis in keeping with the report on target enriched sequencing of 27
squamoproliferative lesions which showB®DTCHgene mutation in 49% andOTCH2

mutation in 23%of casegSouth et al., 2014

Interestingly, 2 out of the 5 AK samples within this study sholBéS3nutation, and one
AK with aHRASnutation also containetNRASnd KRASnutations.Although mutation of
RASoccurs less frequently thaiP53and NOTCHh cSC@berholzer et al., 2012, South
et al., 2014 Pickering et al., 20, activatedRASnutations have been reported in sun
exposed normal ski(Martincorena et al., 201Econsistent withRASnutation being an

early event in development of some AKs and cSCCs.
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Another weltknown mutated gene in €3C iCDKN2Awhich was mutated in one of the
AKs in the current study and which has been reportedBibh and23% in metastatic and
sporadic cSGCespectively(Li et al., 2015South et al., 2014 There have been a few
studies to date analysinGDKN2A4ene mutation within AK, with this geneperted as
mutated in 2.7%Nindl et al., 200), 50%(Pacifico et al., 200&nd 100%{Soufir et al.,

1999 of AKs , and in 5% of 27 squamoproliferative les{@ugith et al., 2014 The

current WES results of the AKs showatier mutated genes that have also recently been
found to bemutated in NMSC as shownappendix table 83. These includ&PR98,
CACNAl@ndMLL2genes, but the role of these newly discovered genes in cSCC and/or
AK pathology havget to be investigated.

The results of the WES data on 9 AKs that published recen@ibsazzadeh et al.

(2016) in which they reported the mutation burden for 7 Akshowed an average

number of mutations equal to 1,186 variants (range @B873) and average mutation
burden of 18.5 per megabase (lower than the mutation burden/megabase<effliom

the current study). Gnsistent with our results, 5 out of the 13 frequently mutated genes
identified byChitsazzadeh et al. (201%¢re also idetified as mutated within the AK WES
data. The frequently mutated genes list in common between the current study and that
of Chitsazzadeh et al. (201i6cludesTP53 NOTCH1, NOTCH2, FAmd MLL2Moreover,
they identifiedKNSTRMRwutations in only 1 AK sample which was similar to my finding of
no KNSTRNene mutations within the 5 AKs investigated by WES. However there were
also some differences between the results of the two studies, for exaFipl&vas

within the top 18 selected genes in the current project but was not identified as a
frequently mutatd geneby Chitsazzadeh et al. (2018Jhile FAM135B)ene was

mutated in 2 out of the 7 AKs by Chitsazzadeh et al. (2016) study but it was not mutated
in the current studylndeed, die tothe high mutation burden within AKs, it is also not
surprising that the frequently mutated gene list in the current study andG@hésazzadeh
et al, (2016) studdiffers slightly from the list of 18 genes selected for further study in
this thesis Although the WES data from the current study was informative as to the
mutation burden in AK, the small size of the study (N = 5 AKs), meant that it would be
sensible to undertake sequeing on the selected geneslarger group of AKs as well as
Ay 20KSNJ LINBOIFI yOSNRdza f SaArz2ya adzOK |a . 26SyQa

relationship between such lesions and cSCC.
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4.1 Introduction

The results of WES analysisfatinic KeratosesAKs), described in chapter 3, together

with published data describing genes mutated in c§@Glished inDurinck et al. (2011)

Li et al. (2015)Pickeringet al. (2014)South et al. (2014)and the COSMIC database, led

to the identification of a list of 18 genes that were likedybe frequently mutated in

LINEOF yOSNRdza alAy fSaiazyas AyOfdzRAYy3 !'Y | YR
this is the case, sequencing of the relevant genes in a greater number of precancerous

lesions is necessary. Clinical observational stuthe® indicated that cSCCs can develop

from AK4Criscione et al., 200%arks et al., 198Band B (Cox et al., 199%Kao, 1985

Thus, studying these genetic changes within AK and Bih¢esiay help in establishing

the timing of these genetic alterations the cSCC development process.

Previous studies have detected point mutationg P53and CDKN2Avithin cSCC, AK and
BD lesiongCampbell et al., 1993INelson et al., 199MNindl et al., 200/Pacifico et al.,
2008 Park et al., 19965oufir et al., 1999Taguchi et al., 1998 akata et al., 1997Ziegler

et al, 1994. WES and target enriched sequencing studies on cSCC have shown a high
mutation burden within cSCOurinck et al., 2011 et al., 2015Pickering et al., 2014
South et al., 2024which leads to challenges identifying which of these are driver
mutations within the cSCC genoniehas been suggested that mutations in certain genes
are lilkely to be driver mutations because the gene is affected in a high frequency of cSCCs
and/or there is evidence in the literature that the relevant gene and/or mutation affects
cell behaviour in a way that might leaal cancer development. Thus, to dagmtential

driver genes as indicated in the cSCC genetic studies includ&Qm€Hamily genes
(particularlyNOTCH1&OTCH) (Durinck et al., 201,1Li et al., 2015Pickering et al., 2014
South et al., 2004 TP53Brash et al., 199Kubo et al., 1994Tabata et al., 199%iegler

et al., 1994, CDKN24Brown et al., 2004Saridaki et al., 2003RASamily genes
(Oberholzer et al., 2015u et al., 201Pand may bePTCHI1Ping et al., 20011 Theaim of

the curent study was to sequence each of these genes (as well as others listed in the
group of 18 genes chosen for target enriched sequencing in chapter 3) in AKs aod BDs

provide additional support for these genes being involved in development of cSCC.

Recently Lee et al., 2014 reported mutation of KIESTRene within AK and cSCC

lesions KNSTREnNncodes a kinetochorassociated protein that controls the beginning of
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anaphase and chromosonsegegation during mitgis(Dunsch et al., 20)1lt is
expressed in a variety of human tissues, including @kime Human Protein Atlas

(www.proteinatlas.org), (Berglund et al., 20Q8Jhlén et al., 200§. AlthoughKNSTRN

hadnot beenidentified as beingvithin the top mutated genes in WERidies of cSCC
(Durinck et al., 201,1Li et al., 2015Pickering et al., 2014&o0uth et al., 2014and AK
(chapter 3 in this thesis), point mutations withime KNSTRene were noted by Lee et
al., 2014 in 19% of cSCCs an#hlof AKs. The frequency of the detected alterations
(p.ArgllLys, per24Phe, p.Pro26Ser, p.Pro28Swt p.Ala40Glu) varied, howeval
documented mutations were distributeid the first exon of the gene with the p.Ser24Phe
amino acid changthe most frequent(Lee et al., 2014 For this reason, it was decided to
conductadditionalSanger sequencing of exon 1 of tkBSTRNyere on the AK and BD

samples.

4.2 Hypothesis and aims

The hypothesis was that genes in which mutations are thought to be potential driver gene
mutations in cSCC may also be mutated in AKs and BD. The aim of this chapter was to
undertake target eriched sequencing of a etion of 18 geneschosen because they

were mutated in the AK WES data (ptex 3), cSCCs in the publishi@drature and in

COSMIC database) in the potential premenous skin lesions, AK and BD.

4.3 Materials and Methods
4.3.1 Tissue sample

Archived FFPE blocks containing AK and, separately, FFPE blocks containing BD were
collected from the Histopathology department at Southampton General Hospital. Blood
DNA samples (control) were obtained from patients as part of aasitigation on skin

cancer being conducted by Dr Chester Lai in Dermatopharmacology, University of
Southampton. The study was conducted under local research ethics committee approval

and a signed consent form was obtained from all subjects for the udesdfdsue.

4.3.2 Haematoxylin & Eosin (H&E) staining

Sections (5 um thick) of AK, BD, AK adjacent to cSCC and BD adjacent to cSCC were cut
from the FFPE blocks and were stained for H&E as described in materials and methods

section 2.2.5 to allow iderftcation of the dysplastic area (and cancerous area in the cSCC
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sections) in the lesia For the samples where two lesions were adjacent to each other
(cSCC/ AK and cSCC /Bowens disease) (N = 15), the dysplastic part of the AK and of the
BD and the regio of the £ction containing the cSCC wamfirmed by Dr. Jeffrey

Theaker, Casultant HistopathologistHistopathology department, University Hospital
Southampton NHS Foundation Trust. Sections with a small area of dysplasia or with a
heavy immune infiltate were excluded because of the difficulty of isolating sufficiently

pure samples of dysplastic and/careceouscells from these samples.

4.3.3 Laser capture microdissection and cresyl violet acetate staining

To ensure the enrichment of dysplastiésional and/or cancerous keratinocytes within

the samples, 10 um thick FFPE tissue sections were laser capture microdissected after
being stained with cresyl violet acetate as described in section 2.2.8. The matched
adjacent nordysplastic perilesional mmal looking skin tissue was also laser
microdissected and used as contrdhe disected tissue was collected in a
microcentrifuge tubesontaining 180 pL of ALT lysis buffer for subsequent DNA

extraction.

4.3.4 DNA extraction

Genomic DNA was extrazt from the lesional (dysplastic and/or cancerous) and matched

adjacent normal looking skin tissue which had been microdissected as above (4.3.3).

Genomic DNA was purified (as outlined in section 2.2.9) using the QlAamp DNA FFPE

Tissue Kit (Qiagen)accofdd 2 GKS YI ydzFlF OG0 dzNENRA Ay aidNHzO0A 2y

4.3.5 Assessment of DNA concentration within the samples

A Qubit 2.0 fluorometer (Invitrogen) was used for DNA quantification as described in
section 2.2.10. According to Illumina, trerget DNA concentratiorof target enriched
4SljdzSyOAy3d akKz2dzZ R 6S x p y3aIk>ft gAGK (G2G1f 5b!

4.3.6 Assessment of DNA quality

As described in section 2.2.11, extracted genomic DNA was assessed for purity and
fragmentation. Using Nanodrop-DD00 (Nanodro@echnologies, US) absorbance
spectrophotometer, the optical density in the form of A260/A280 and A260/A230 ratios
was measured for each DNA sample. DNA fragmentation was asgasstetailed in

section 2.2.1}using a panel (multiplex) PCR that ampliigierent DNA fragment
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lengths (100, 200, 30@00 and 600 base paird)he primers and reaction conditions for
panel PCR were as detailed in the matkriand methods section 2.2.11The resultant

bands were visualised on an agarose gel that was prejasealetailed in section 2.2.11.2

4.3.7 Target enriched sequencing

4.3.7.1 Kit design for customised target enriched sequencing

4.3.7.1.1 Selection of the kit for target enriched sequencing

SATFSNEBY (I O2KWLNIYVIE A2TEP WRBIGY YAEZSR G2 O
3SySa 2y GKS 3ISy2YAO 5b! ® {SOSNIt Ay@Sadi;
aSt SOGAYy3a GKS Y2z2ad adadlrotS 1AdG YR RS&A:
GF 1Sy Ay O2yaARSNI (A 2WO0 3 WDEMIRISER @8 SAIdRySE b |
NEIlj dZA NER o0& GRS I RNBEIME ¥ IS @RI 0 IORIB R

AAAAA

LtfdzYAyl ¢l & aStSOGSR®

4.3.7.1.2 TruSeq custonamplicon (TSCA)1.5kit design

t NAYSNE 6+ a RSAAIYSR dzEINF I NOK S SIEYIAfydzY A y | !
@ PRSEAAIY &G dzR bF2ydRR f AIdEYAMRAFIGSCR? Yokeé Y LILIA Yy 3
Dw/ KoTkKamd 6DSy2YS wSHF SNBSY OSdzY 12y 42 $yi A V&
F LILINB LINAF GS O2@SNI 3S 2F GKS GFNBSGSR 5b!
ol a8 NBEI Ky NEYMESEgUAYyATIKRS my asSt SOGSR
LINA YSNJ RSaA3dy |yR |y SEINALIBKZ2HY (KS TINRDN
G2GFKf O2@SN)I3IS 2F (GKS RSaAady sl a dyzd Ly
SE2WB® 2F¥ GKS 3SySa (KIFi O2dzA R y2i 68 02
nem deH ¢
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D TP53 + TP53 + TP53 + TP53 + T 17 FR 373 D 100% 1]
| FLT3 + FLT3 + FLT3 13 FR 373 O 100% 0 "Merged"
D FLT3 + FLT3 13 FR 373 D 100% 0
NOTCH1 + NOTCH1 9 FR 212 D 100% 0 10/20/2015
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Figure 4.1Screenshot of the process of designing the TruSeq custom amplicon (TSCA) &1 Sck&enshot
image from the UCSC genome browser (UGB&).genome.ucsc.edu) shows the process of manipulating the
amplicon design fof P53 in order to reduce the amplicon size from 284 base pairs to a slightly smaller size ¢
base pairs, which is the selected amplicon d&&creenshot image for the final design showing some of the
targeted areas and the percentage coverage of thgeharea.
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Table 4.1 Percentageof coverageof the exons forl8 geneselected for target enriched sequencing. Detailthef
chromosome where gene is located, gene length in base pairs, number of exons,détigthranscript and the
percentage of the coverage for each gene are indicated in the taiflemation about the genes was obtained from
(NCBI\www.ncbi.nIm.nih.gov/genpand(Ensembl{www.ensembl.org).

Gene ID Chromosome The startof  The end of the The gene The The length  Percentage
the gene on gene onthe lengthin  number of the of gene exon
the chromosome base of exons  transcript sequence
chromosome pairs within in base coverage
the gene pairs
CACNA1C 12 2,162,416 2,807,115 644,800 47 13,433 100%
CDKN2A 9 21,967,751 21,994,490 26,840 3 1,283 100%
DNAH5 5 13,690,437 13,944,589 254,253 79 15,633 96.9%
EP300 22 41,488,614 41,576,081 87,568 31 9,585 97%
FAT1 4 187,508,937 187,644,987 136,151 27 14,786 100%
FLT3 13 28,577,411 28,674,729 97,419 24 3,842 97%
GPR98 5 89,854,617 90,460,033 605,517 90 19,338 95.1%
HMCN1 1 185,703,683 186,160,085 456,503 107 18,208 100%
HRAS 11 532,242 535,550 3,409 6 894 100%
KRAS 12 25,358,180 25,403,854 45,775 5 5,765 100%
MLL2 12 49,412,758 49,449,107 36,450 54 19,419 95.%%
NOTCH1 9 139,388,896 139,440,238 51,443 34 9,371 97.5%
NOTCH2 1 120,454,176 120,612,317 158,242 34 11,389 100%
NRAS 1 115,247,085 115,259,515 12,531 7 4,449 100%
PAPPA2 1 176,432,307 176,811,970 379,764 23 9,691 96%
PTCH1 9 98,205,264 98,279,247 74,084 24 8,057 100%
TEX15 8 30,689,060 30,706,533 17,574 4 10,187 100%
TP53 17 7,668,402 7,687,538 19,136 11 2,506 100%
Overall coverage for 18enes 98%

Table 4.2Gene sequences that are noovered by the TruSeq custaamplicon(TSCA) v1.kit. The positions and the
lengths of the sequences within the selected genes for which the TruSeq design programme could not provide primers

G2 FYLItAFe (GKSaS NBIA2ya o6& t/w F2NIGFNBSGH SyNROKSR &8
Gene ID Chromosome  Gap start Gap end Coding Reported Variantsas Reported Gap
position on position on  protein to be reported in to be length
the the mutated  dbSNP Build mutated in
chromosome chromosome previously 137 in base
in cSCC/AK pairs
Ensembl
database
DNAHS 5 13,691,519 13,691,685 Yes No No 166
EP300 22 41,572,246 41,572,331 No 85
FLT3 13 28,597,619 28,597,695 Yes No No 76
GPR98 5 90,149,899 90,149,938 Yes Yes (2  rs758256273 No 39
missense rs727504913
variants)
MLL2 12 49,426,927  49427,030 Yes Yes (1  rs771142956 No 103
missense
variants)
NOTCH1 9 139,390,408 139,390,451  Yes No No 43
PAPPA2 1 176,680,966 176,680,981  Yes No No 15
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4.3.7.2 Target enriched sequencing

Genomic DNA from the lesional and matched adjacent normal lookingakiples from

AKs (N=25), BDs (N 29), cSCCs adjacent to either AK or BB 1Bl and adjacent normal

looking skin were selected for target sequencing. In brief, betweerahti2,467 ng of

DNA per sample was sent on dry ice to the Wellcome Trust Centre for Human Genetics,

University of Oxford for sequencing. The customised TSCA v1.5 kit from Illumina was used

for target capture and library preparation and the Illumina MiSeq 288€orm was used

F2NI 5b! aSljdzSyOAy3a | OO02NRAYy3 (2 GKS YI ydzfFl Ob dzN.
2.2.12.2.

4.3.7.3 Read mapping and variant calling

The initial bioinformatics analysiscludingread mapping and variant callingas

conductedby Dr Reuben Pengelly, Genetic Epidemiology and Genomic Informatics Group,
Human Development and Health, Faculty of Medicine, University of Southamipttal.
analysis involved sequencing reads bemapped to the human GRCh37/hgBenome
Reference Casortium 37) using BWA (Burrowgheeler AlignerjLi & Durbin, 2009).

Hles for called variants were generated for all samples using SAM Tools and lesional/
adjacent normal skin sequencing pairs were used as inpitdoscan 2.3.&oboldt et al.,
2012 assuming a lesion purity 80% and requiring a minimum variant frequency of 10%.
Variants that were flagged as somatic were retained and passed to ANNOVAR to be
annotated. Final output files were then convertedatabulated excel format and

provided for further analysis

Followinginitial analysis, filtering steps were implemented to exclude varigms were
flagged as homopolyméhighly repetitive regionsjand to ensure a minimum mean fold
O2@SNI 3S F2N GKS (I NESdioBRmaAcKafged®.0add x mMnnES |

sekctedvariantsx4 of the lesional reads and4 in normal reds.

4.3.8 KNSTRNene PCR and Sanger sequencing

t / W2YNJ{ ¢omtba O2 Yy RdzOU SRS D& A R BNi HCAKESS MBdMzE G Yy o F YRA
GAradzZ- £t AAaSR 2y 33 NRXBI A3SS R AShhGa SedudiBingivasi ®H dmm O H
conducted by Source BioScience (Nottinghbik) and the results (AB1 files) were
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analysed using SeqBuild@10.0.1.3and Seq Scanngv2.0)a 2 F i ¢ I N&Qa o ! LILJL

Biosystems).

4.3.9 Statistics

GraphPad Prisrfv6.0) was used to generatigures and taundertakestatistical analysis
(support was received frorBcott Harris and HMing (Brian) YuerMedical Statistics,

Primary Care and Population Sciences, Faculty of Medicine, University of Sotghamp

4.4 Results

As described in materials and methods section 2.2.2, archived FFPE human samples were
identified and collected from Histopathology, University Hospital SougtamNHS
Foundation Trust. Details shmples, including gender and adgepatient andsite ofskin

lesion are provided in table 4&hd appendix table .85.

Table 43 Details of gender and age of patients and site of skin lesions used for target enriched sequencing.

Nature of the Solitary AK Solitary BD AKs adjacento cSCCs BDs adjacent to cSCC
lesion
Gender Male Female Male Female Male Female Male Female
19 6 17 12 6 1 8 0
Site of the lesion
Scalp 7 1 7 2 3 0 4 0
Cheek 2 1 5 1 1 2
Ear 3 3
Nose 1 2 0
Hand 3 1 2 2 1
Forearmlarm 0 1 1
Neck 2 1 2
Chest/back 1 1
Lower leg 1 5
Total Number of 25 29 7 8
samples
Age at biopsy Range (5492years), Range (5% 94years), Range (6588years), Range (57 94years),
Median 74 years Median 84 years Median 81 years Median 80years

H&E staining was conducted on all samples in order to allow identification of the
dysplastic and/ocancerous area of the lesioBxamples of H&E staining are shown in

figure 4.2.
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Figure 4.2H&E staining of the different skin lesion types selected for target enriched sequeA&iRg.
images (at 2x and 40x) represent solitary AK and solitary BD lesions respeCtielijpcent cSCC and AK
lesion.D: Adjacent cSCC and BD lesion. For each Iesiomages at different fold magnifications were
taken (2x, 10x and 40x). Black boxes in images 2x of C & D represents the area of 10x images. In th
images, the boxes represent the AKC) and BIYin D) lesions within the 40x images respectively, &hil
the black circles represent the area of cSCC within the 40x imaies Actinic keratosis. BD = Bowens
disease. cSCC = Cutaneous squamous cell carcinoma. Scale bar; 500, 50 & P& pt0x¥pand 40x
magnificationgespectively.

B 10x
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Following examination of the H&E stained sections, a total ai®8rent skin samples

were selected for target enriched sequang (as listed in table 4.3)hese comprised 32
AKs (including 7 AK/cSCCs where a cSCC was adjoining an AK in the same histological
section and considered to have arisen from the adjacentatid)37 BDs (including 8
BD/cSCCs where the cSCC was adjoining BD and seemed to have developed fidmn the B
as well as corresponding néesional skin. The dysplastic and/or cancerous area of the
lesions were microdissected using laser capture microdigseeand, following lysis of

these tissue samples, DNA was extracted from a total of 153 tissue samples that
represented the lesional and/or cancerous areas and matchedesional adjacent

normal looking skin. The total DN#eldranged from 11%; 2,467 ry, and the DNA

quantity for the individual lesions amaimmarised in figure 4.3. In genera$ expected

BD samples gave more DNA than the smaller AK le@oresage total amount of DNA

was 385.2 ng for AKs and 425.6 for BBppendix table 8.6). A Nanadrop
spectrophotometer was used to assess DNA purity and the results of the 230/280 and
260/280 ratios are summarised in figure 4l addition DNA fragmentation assessment
was also conducted. The results showed thabflthe 32 AKs, 19 of the 37 BD=ahof

the 15 cSCCs showed DNA fragmengiierequal to 300 bps. Moreovet0 of the 32 AKs,

11 of the 37 BDs and 7 of the 15 cSCCs showed DNA fragment length equal to 400 bps
and 4 of the 32 AKs, 7 of the 37 BDs 1 of the 15 cSCCs showed DNA fragmiertjeagt

to 600 bps.
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Figure4.3DNA yield for the 69 lesions selected for target enriched sequencing. DNA amount was measure(
a Qubit 2.0 fluorometer and expressed in ng. AK = Actinic keratosis. BD = Bowens disease. cSCC = Cutanpous
squamous cellarcinoma. NS = Normal skin.
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minimal protein contamination)B: A260/A230 ratio (values between 2.0 and 2.2 indicate high purity DNA wit
minimal solvent contamination). AK = Actinic keratosis. BD = BowersdisgSCC = Cutaneous squamous cel

carcinoma. NS = Normal skin.

4.4.1 Target enriched sequencing data

4.4.1.1 Primary data analysis

Target enriched sequencing was conducted on DNA isolated from the 69 selected FFPE

skin samples and mated adjacent normal looking skin (25 AKs, 29 BDs & 15 cSCCs

adjacent to either AK [7 samples] or BD §8nples]) using a TruSeq custampliconv1.5

kit designed to target the 18 genes selected according to the criteria discussed in section

3.4.5.6. The inial results showed that the mean depth of coverage varied across the
differentf SAA2yad . 26SyQa RA&aSIaS al YL Sa
fold and cSCC samples had the highest ntegih of coverage at 205 fol@nly somatic
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non-silent (missense, nonsense, frameshift insertion/deletion and splicing) alterations
were included within the analysi$he median number of mutations per sample ranged
from 10¢ 25.5 However, there was no consistent pattern of median (or mean) number of
mutations across the dysplastic lesions and cancerous lesions. The results are illustrated

in table 4.4.

¢KS G20t aAal§ 2F (GKS my 3ISySa o03SysSqoa S
sequencing was 196lobases, therefore the mutation burden for target enriched
sequencings expressed ikilobaseas well as in (the merconventional) megabasek

should be noted that the use ofiegabaseyenerates a high mutation burden for many of

the lesions (for example the median mutation burden $otitary AKs was 130 mutation
/megabaseof DNA), but this is can be explained by thet that the 18 genes were

selected because they were frequently mtgd in AK and cSCC.

Table 4.4Target enriched sequencing primary data resuli€.= Actinic keratosis. BD = Bo®etisease. cSCC =
Cutaneous squamous cell carcinorf@obase (Kh)Megabase (Mb

Solitary AK  Solitary BD  AK adjacent BD cSCC cSCC
to cSCC adjacent to adjacent to adjacent to
cSCC AK BD
Number of samples 25 29 7 8 7 8

Mean fold coverage 179.5 (range 166 (range 191.4 (range 183.6 (range 205 (range  188.5 (range
79.7¢ 305.4) 0.55¢ 40.8¢302.9) 37.1¢274.5) 72.5¢313.2) 51.1¢269.4)

369.7)
Total number of 1345 759 256 530 260 517
non-silent
mutations
Median number of 255 10 14 24 13 16
mutations /sample
Mean number of 56.04 27.1 36.5 66.5 37.1 64.6
mutations /sample
Range of mutations 6-296 1-131 2-149 9-216 12-124 3-225
/sample
Median mutation 0.13 0.05 0.07 0.12 0.07 0.08
burden /Kb of DNA
Median mutation 130 50 70 120 70 80

burden /Mb of DNA

The mean numbers of mutations per each of the tested genes were compared between
the lesions. The overall mean numbers of mutations were high in genes sitih &
GPR9&NdHMCNI1genes and low in other such &53, CDKN2AndRASamily genes.
This seemed inconsistent with the previous published results from researtP5a

(Nelson et al., 199Nindl et al., 200/Pacifico et al., 20Q&ark et al., 19965oufir et al.,
1999 Taguchi et al., 1993 akata et al., 1997Ziegler et al., 1994nd indicated that, for
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more informative results, additional filtration steps were required. The results are shown

in figure 4.5.
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Figure 4.50verview of the primary analysis of the target ehed sequencing data for the individual genes.
MLL2, GPR98 HMCN1showed a high number of mutations within most of the lesiohiion-silent mutations.
B: silent mutations.

4.4.1.2 Variants call after the second set of filtration steps

Similar to other NGS studies in the literatBurinck et al., 2011 et al., 2015Pickering
et al., 2014 South et al., 201¢ additional filtration steps were applied to the data, thus
removing mutations which did not fulfil the filtration criteria. These filteration criteria
were selected according the target enriched sequencingnalysis from studies on cSCC
(Li et al., 2015Pickering et al., 201&0uth et al., 201¢dand included aninimum mean
fold coverage ofk100x, variantglenoted as mutations being present@ readsfrom

the lesion and 4 reads from thenormalskin, anda p value for somatic changesX{.05

(as described in section 4.3.7.8)hile the secondiltration stepreduced the numbers of
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mutations and lesions from each group in the final set of results, itentlhd resulting

data more robust.

4.4.1.2.1 Solitary AK data analysis

Out of the 25 solitary AK samples, 18 AKs passed the second filtration run, leading to a
total number of nonsilent somatic genetic alterations of 308 (out of 1345 alterations
beforethe second filtration step) with a median of 10 mutations per lesion, rangé&

The ratio of norsilent to silent (sgonymous) somatic mutation weks7:1.Consistent

with the fact that UVR exposure is the main risk factor for development of Psassou et
al.,2012> / Y ¢ OGNIyaAdGAz2y o Icarfmordtdpe & baselpdai A 2 y 2
change(median frequency of 61.2%, range 28.500%). The overall NB |j dzSy Oe 2 F
was 7% and was seen in only 11 of the 18 AK samidlbsugh,after the second

filtration, MLL2remained within the list of genes with a high mutation frequency (equal

to 78%), several other genes, includ@gNAL1E78%)NOTCHL72%), andNOTCH261%)
genes were also commonly mutated. Most of the mutati¢as seenn the heat map in

figure 4.6) were missense mutations, wikFP53showing the highest number of

truncating mutations % out of 12 mutations).
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Figure 4.@ntegrated overview on the target enriched sequencing data from solitary AK (sAK); part A sh
results from the 25 sAKs which underwent target enriched sequencing, whereas gabtsBow results from
the 18 sAKs remaining after the second round ofdilon. A: The mean fold coverage for the 18 genes acrg
the 25 samples within the AK study. The frequency of silent and nesilent genetic alterations within AKs.
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common.D: Heatmap representation of the different types of mutations within the target genes for each
the AK samples. The numbers within the heatmap indicate the number of mutation/gene/sample with th
different colours each indicatg a different type of mutation. The corresponding bar graph on the right of
heatmap represents the % of gene mutations within targeted AKs. Note that D, Bach of the columns
represent the same AK sample.
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After the second filtrationtep, 17 samples out of the 29 solitary BD samples remained
and were included in the analysis. Mutations were detected in all of these BD samples,
and the number of somatic mutations per BD ranged froqi22 (median = 7).The ratio

of nonsilent somatic mutations to silent (synonymous) mutation was 4:1 in these solitary
Bs./ Y ¢ ol a$S adz aiA Giddicklemitatdns vetzFradbenii A S 2
(median frequency of 58%, range®™ n /&> 0 X g A (i Kionk reported i 6 of tvedzii | {
17 BD samples at overall frequency equal to 9%. Missense mutations were the most
common type of norsilent mutatons (as shown in figure 4. NOTCHWwas the most

mutated gene, occurring in 65% of BDs, followed byMhd 2gene (nutated in 53% of

BDs), with mutations also frequent within tHé53andNOTCHZ®enes (in 53%ral 47%
respectively. Truncating mutations in th€P53gene were noted in 4 of 9 BD cassith

mutations in this gene.
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Figure 4.7Target enriched sequencintgta from solitary BD lesions (sBD); part A shows results from the 29
solitary BDs which underwent target enriched sequencir8Q)l whereas parts BD show results from the 17
sBDs remaining after the second round of filtratiénThe mean fold coveragover the 29 BD sampleB:
Frequency of nossilent: silent (synonymous) mutations (N = 1Z)Frequency of different types of base pair
FtGSNI GA2ya OSELINBAASR a4 LISNOSydlrasS 2F 2@SNI
pair change.D: Heatmap of all nossilent mutations within the target genes of sBD samples. The numbers
within the heatmap indicate the number of mutation/gene/sample with the different colours each indicatin
different type of mutation. The mutation frequenof each of the targeted genes is plotted as a correspondi
bar graph on the right of heatmap. Note that ig®, each of the columns represent the same BD sample.
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