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Abstract
Early detection of melanoma relapse is key to maximise benefit from therapies like
immune checkpoinnhibitors, and inhibitors of BRAF and MEK. We explored the
utility of whole-genome copynumber profiles in circulating celtee DNA (cfDNA),
as a marker of melanoma relapse.

We adapted two published copymber aberration scoring algorithms, the
Copy Number Aberration Score (CNAS) and Extreme Copy Nurberration
Score (eCNAS), explormtheir utility as a biomarker of active disease and survival in
cfDNA samples from the GEMS studgenetics and Epidemiology of Melanoma in
Sheffield). We found the CNA® be a good discriminator of active disease (odds
ratio, 3.1; 95% CI, 15.2;p = 0.002), and CNAS above or below the 75th percentile
remained a significant discriminatar multivariable analysis for active diseape=(
0.019, with area under RQstirve of 0.90). Mrtality was higher in those with
CNASs above the 75th percentile than in those with lower scores (HR, 3.4; 95% ClI,
1.57.9;p = 0.005)

We then set up the MRM study (Markers of Relapse in Melanoma) and
obtained serial samples foilDNA analysis over timedigh baseline CNAS scores
were associated with significantly poorer survivéle examined the performance of
CNAS as a biomarker of relapse, and found this teidpaificant predictor of relapse
status at the time of blood sampling. Sensitivity/specificity analysis of logCNAS
showed high specificity (83%) of a low logCNAS in correctly identifying-non
relapsed status. However, the low sewisy (58%) of this approach suggests limited
ability of logCNAS to correctly identify relapsed cases. Further exploratory analyses

are required to explore scoring algorithms which combine the-copber score



with other potential biomarkers (e.g. cfDNA mutation burden) to maximise

sensitivity, while preserving the high specificity provided by the logCNAS score.
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Chapter 1: Introductio n



Melanoma is the most aggressive form of skin canceraaoolunts for just
over2% of all skin cancers. In 2012D16 the incidence in the UK was T80 per
year, making it the fifth most commarancer(UK, 2019) Worldwide, the incidence
is rising. While some of this increase is explained by improvements in screening with
early detection, as well as modifications in diagnostic criteria, there is a real increase
attributed to c¢hange suni&sunkedexmpsu(€oreehavi our 6
Hategan, Fife, & Parkinson, 2014lortality rates in the UK have increased since the
1970s, and this is likely a reflection of the increasing incideRoere were
approximately2,400 deaths per year in 202@16 in the UK, which represents a
156% rise in agstandardised mortality in the last 40 ye&ser 90% of melanoma

lesions occur in the skin, 4% in mucosal membranes, and another 4% in the uvea.

There is overwhelming evidence that ultraviolet radiation (UVR) is the chief
risk factor implicated in cutaneous melanoma. A systematic review carried out nearly
twenty years ago established the causal relationship between melanoma risk and sun
exposurefarticularly intense, intermittent exposure in childhood & adolescence)
(Elwood & Jopson, 1997More recently, a direct mutagenic link has been shown
between UVR and the pathogenesis of melan@taais et al., 2012)The classical
phenotype associated with increased melanoma risk is fair/red hair, blue eyes,
freckles, and pale white skin that burns without tanf@andini et al., 2005)

Other independent risk factors include multiple naevi (typical and
atypicalYChaudru et al., 2004; Tucker et al., 199@)ily history of melanoma

(Chaudru et al., 2004; Lens & Dawes, 2Q@tevious history of melanoma



(Bradford, Freedman, Goldstein, & Tucker, 2010; DiFronzo, Wanek, Elashoff, &
Morton, 1999) and immunosuppressi¢Renn, 1996)Familial melanoma accounts
for 10% of all cases of melanoma, and is associated with two makpéigtirance
germline mutations: CDKN2A mutations (seen in up to 40% of cases of familial
melanoma); and CDK4 mutations (seen in 2% of fam{lfed)l. Goldstein et al.,

2006)

1.3 Prognosis & management of melanoma:

Surgical excision is the treatment of choice for-noetastatic disease-year
survival for very early stage disease (stage ¢jase to 108. For metastatic disease,
however, median suival for untreated disease is12 months(and only 23 months,

on average, in patients with brain metastgses) treatment is with systemic

therapies.
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Figure 1.1: Five-year survival by stage of malignant melanoma. Adapted from
Cancer Research UK Melanoma skin cancer statisties. Relative survival (shown on
the y-axiz) for garly stage melanoma (I and II) is very good, ranging from nearly 80% in
male patients {shown in blue) with stage I disease, to 100% in stage 1. In stage III
disease, however, the survival drops to 30%. For stage IV dizseasze, the 3-year survival
drops even further (X10% in male patients).



Until recently, standard treatment was with dacarbazine chemotherapy, which
offered a very modest response rate 6fL5@0, with noproven survival benefiiHill
GJ, 1984)In the last few years, however, a CTHAnhibitor, BRAFinhibitors and
PD-1 inhibitors have been introduced, which are revolutionising the way metastatic
melanoma is treatg@Chapman et al., 2011; Hauschild et al., 2012; Hodi et al., 2010;
Postow et al., 2015; C. Robert, Long, et al., 2015; Weber et al.,. 2ZH&CTLAA
inhibitor, Ipilimumab, is associated with sustained responses (over three years) in 1 in
5 patient{Schadendorf et al., 2015yhile significantly longer fiveyear survival has
been observed with combination immunotherapy WithPD1 inhibitor Nivolumab
plus Ipilimumab, or Nivolumab alone, compared to Ipilimumab a(daenes Larkin
et al., 2019)But as the immuneediatedesponsgcan take time to take effect, early
initiation in those with significant diseateirden seems to be key; hence there is a

need for improved methods to detect relapsed/metastatic disease early.

A cancer cell differs fundamentally from a normal cell by virtue of certain
characteristic features it possesses. HanahaWwaimbergd e s cr i bed ei ght A he
of cancer o and t wo (Haerahan & Weinbgg, 2000a20EH ) t er i st i
These hallmarks include sustained proliferative signalling, evasion of growth
suppressors, replicative immortality, and resistance to cell death. of these
hallmarks is not a separate unit, but, rather, they form an enormously complex
intercalation of mechanisms and pathways, which give the cancer cell its unique
ability to surviveand proliferat§Cairney et al., 2012¥he enabling characteristics
(genomic instability and tumotpromoting inflammation), as thermimplies, are

features, whiclkenable the acquisition of the hallmarks thasure malignant



proliferation and survivakigure 1.2 below is adapted from the original figure

illustrated by Hanahan and Weinberg, and illustrates the additional hallmarks that

have since been proposg@tanahan, 2022)
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Figure 1.2: Hallmarks of cancer.Adapted from Hanahan and Weinberg(Hanahan, 2022).

In 2000, Hanahan and Weinburg suggested that cancer cells acquire a set of six distinct and
complimentary functional capabilities or hallmarks (outlined in yellow in Figure 1.2), which enable
tumour growth and metastatic spread. In 2011, they describeadaltional hallmarks (outlined in

blue in the figure above), as well as two enabling characteristics (outlined in red). In 2022, Hanahan
proposed 4 further prospective hallmarks (outlined in pink in the figure).

The transformation from a normal cell to a malignant one possessing these
hallmarks is not the result of a single event, but is a process of succpsiie

changes ranging from point mutations to chromosomal altergtitamsahan &

5



Weinberg, 2000Q)This genetic instability endows the malignant cell with a gamut of
adaptive mutations which ensures its surviBdhgosklonny, 2003)The next section

summarises the main genetic and epigenetic changes associated with melanoma.

Melanoma has a characteristically high rate of somatic mutations, due largely
to the damaging effects of ultaolet radiation(Pleasance et al., 201Q)VB
radiation results in distinctive mutations (cytostod hy mi ne substi tuti ons
base of pyrimidine nucleotides; while UW&lated oxidative damage typically results
in guanineto-thymine transversiond.o & Fisher, 2014)The main mechanism
behind the development of these mutations is through the formation of photoproducts
(cyclobutane pyrimidine dimers;&pyrimidinepyrimidones, purine photadducts)
as a result of DNA damage from UV radiation. If these photoproducts are not cleared
by repair mechanisms, the resultant effect is mutation during the DNA replication
procesgPlatz, Egyhazi, Ringborg, & Hansson, 2008)

The most comprehensive characterisation of melanoma geatieriations to
date was carried out by The Cancer Genome ATI@$A), in which various
molecular analyses (including whedgome sequencing, DNA comumber
profiling, mRNA and microRNA sequencing, DNA methylation profiling and protein
expression profiling) were carried cart over 300 frozen melanoma specimens
(primary and metastatic tumouig)order to map out the landscape of genetic
alterations seen in cutaneous melang@i@enomic Classification of Cutaneous
Melanoma,” 2015)Fourmain mutated genomic subtypssre identified three of

which weredefined bythe presence of hafpot mutations in BRAF, NRAS, or NF1



The fourth suktype lacked hespot mutations in BRAF/NRAS/NF1, but was found

to be characterised by structuralaangementsncluding copynumber changes.
Melanomas often evolve from a number of precursor lesions (e.g. melanocytic

naevi or melanoma igitu lesions), and while the sequence of genetic alterations that

leads to invasive melanoma is nokearly understood, it has been established that the

burden of somatic point mutations increases significantly from benign naevi to

melanoma irsitu and invasive melanoma lesions. Also, while enpgnber

alterations are rarely seen in benign naevi argitinlesions, invasive melanomas

exhibitan array of copynumber aberrations, affecting whaleromosomerms or

segments, or even focal amplifications of known oncogé@enomic Classification

of Cutaneous Melanoma," 2015; Shain et al., 2015)
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Figure 1.3: Three main molecular pathways that are dysregulated in melanoma
@ signifies gain of function mutations g  signifies loss of function mutations

The MAPK and PI3K/Akt pathways are the most common signalling pathways affected in sporadic melanoma; while CDKN2A (@octe@pdl) is the most commonl
mutated gene in familial melanoméhe MAPK/RAS/Akt, CDKN2A and MDM2/p53 molecular pathways are altered in 91%, 69% and 19% of melanoma cases respe
("Genomic Classification of Cutaneous Melanoma," 2015)
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Oncogenes can be fAswitched ondo by diffe

mutations, amplification, or chromosomal alterations that result in activation and/or
increased gene expression. As these changes are dominant, only one allele needs to be
affected for the ralignant phenotype to be expressed.

The main gain of function mutations seen in melanoma are:

1.6.1BRAF

This serine/threonine kinase is one of three RAF gététuebner et al.,
1986; K. Huebner et al., 1986; Johnson & Lapadat, 20@2ich is part of the MAPK
pathway (downstream of RAS). When activated, BRAF triggers phosphorylation of
MEK, which leads to phosphorylation of ERK, resulting in activation of transcription
factors that lead to the expression of genes which regulatgrckfération and
survival Figure 1.3. BRAF mutations are seen in-80% of melanomas
(Heinzerling et al., 2013; Long et al., 2011; Saroufim et al., 2014; Yaman, Akalin, &
Kandiloglu, 2014) The commonest BRAF mutation (V600E, seen in 92% of BRAF
mutated melanoma) occurs as a result of a sipgée transversion {{b-A), which
results in the substitution of glutamic acid for valine at codon 600 of ex{iDal&es
et al., 2002)Other BRAF mutations include V600K (12%), V600OR (5%) and V600M
(5%) (Lovly et al., 2012) Interestingly, the BRAF V600E is seen in over 80% of
naeviand primary melanomasuggesting that this mutation plays an early role in the
transformation from normal cell to malignant melandallock et al., 2003)

Kumar et al found that the presence of the mutation was associated with
longer median diseadeee interval. This survival difference was not statistically

significant, and the study size was relatively srt@limar et al., 2003)Other studies
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showed that the presence of the BRAF mutation may confer a poorer prd@yoogis
et al., 2011; Mann et al., 2013jowever, the development of BRARhibitors has
significantly improved survival outcomes for BRARutant melanoma patients
(Chapman et al., 2011; Hauschild et al., 20bR} resistance to treatment develops,

and median duration of response is only 6 months.

1.6.2N-RAS

This is one of three isoforms of RAS proteins which play a key role in cell
growth, proliferation and differentiatigi.owy & Willumsen, 1993)It is mutated in
15-30% of melanomakEllerhorst et al., 2011; Jakob et al., 2012; Omholt, Platz,
Kanter, Ringborg, & Hansson, 200BAS is capable of activating 2 key signalling
pathways MAPK and PI3K/AKT igure 1.3.

The NRAS mutation has been shown to be a predictor of shorter median
overall survival in metastatic melanorfiakob et al., 2012NRAS and BRAF
mutations occur, with few exceptions, in a mutually exclusive mgiftatz et al.,

2008)

1.6.30ther oncogene mutations:

is a transmembrane receptor tyrosine kinase. When it bindsKiith c
ligand, dimerisation of the receptor occurs, resulting in kinase activation, thus
promoting cell growth and proliferatiqiyarden et al., 1987)ts downstream targets
include MAPK and PI3K/AKT pathways. KIT mutations are uncommon in cutaneous
melanoma [2% of all skin melanom@&unz, 2014), but occur more frequently in

acral and mucosal melanoma (approximately Z@4ivajal et al., 2011)
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these mutations aseen in 80% of uveal melanomas. They
cause activation of protein kinase C, which in turn activates the MAPK pa(Maay
Raamsdonk et al., 2009; Van Raamsdonk eR@lLQ) Thus, MEK inhibitors have a

role in the treatment of uveal melanoma, by targeting the MAPK pathway.

Tumour suppressor genes act by regulating cell proliferation & growth, hence
mechanisms that result in their loss of function can cause unchecked cellular
proliferation. These mechanisms include mutations, chromosomal alterations or

epigenetic alterations

1.7.1CDKNZ2A

This gene, located on 9p21, codes for 2 proteins (p14ARF and p16INK4A),
which play inhibitory roles in the pgression of the cell cycld={gure 1.3 (Quelle,
Zindy, Ashmun, & Sherr, 1995; Serrano, Hannon, & Beach, 1993; Weinberg, 1995)
Mutations in this gene are the most frequently reported aberratietO¢@) in
familial melanomagAlisa M. Goldstein et al., 2006This gene is also the most
frequently affected tumour suppressor gene in sporadic melanoma (ranging from
mutations to loci losses to epigenetic chan@@siewank et al., 2014A study
showed that, in CDKN2A mutation carriers, the lifetime risk of developing melanoma

by theage of 80 was between-88% (Bishop et al., 2002)
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1.7.2PTEN
This plays a negative regulatory role within the PI3K pathvryufe 1.3.
Deletion or inactivation is seen in up to 60% of melanoma cells lines, altered

expression in 40%, and loss of allele in 20% of melandaléock et al., 2002)

1.7.3NF1

This negatively regulates RAS functi@artin et al., 199Q)thus, when
inactivated, downstream effects include activation of MAPK, PI3K and mTOR
pathways Figure 1.3. NF1 loss can lead to resistance to BRAF inhibitors in BRAF
mutant melanoma@laertens et al., 2013)

Neoplasms that arise from melanocytes are generally thought to be initiated by
somatic mutations affecting oncogenes. These mutations are not enough, on their
own, to induce the malignant process, but can initiate melanocytic naevi.
Subsequently, somatidtarations which result in loss of function of tumeur
suppressive mechanisms result in the development of a more malignant phenotype

(Bastian, 2014)

These occur frequently in cutaneous melanoma, and include gains of CDK4
on chromosome 12q, gains of CCND1 on chromosome 11q, losses of CDKN2A on
chromosome 9p, copy number gains in 7, 8, 6p an@astian, LeBoit, Hamm,
Brocker, & Pinkel, 1998; Gast et al., 201Ghromothripsis occurs in around 8% of
melanoma, and refers to a single catastrophic event, which results in one or more
chromosomes or chromosomal arms/sub regions being shattered and then reassembled

haphazardlyHirsch et al., 2013)Chromosomal changes seen in uveal melanoma
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include loss of chromosome 3 and 6q, and gains of chromosomes 6p (&ideBs,

Worley, Onken, &Harbour, 2008; Prescher, Bornfeld, Horsthemke, & Becher, 1992)

These refer to mechanisms that influence gene expression without actually
altering the sequence of DNA. J. Lee, Murphy, & Lian, 2014)
DNA methylation aberrationsDNA methylation,catalysed by DNA
methyltransferases, resuitsn t he addi t i on o positonofiiteet hy | gr ol
cytosine ringMethylation of genes associated with cell cycle and cell death, can
result in carcinogenes{Schinke et al., 2010CDKN2A promoter hypermethylation
(which tends to reduce gene expressiwas recognized in 19% of cutaneous
melanoma patients in one study, and was associated with poor s(®raaime,
Smeds, Kumar, Hemminki, & Akslen, 200®)ther tumour suppression genes found
to be frequently hypermethylated include retinoic acid recéphoPRAS association
domain family protein 1A, Oénethylguanine DNA methyltransferase, and apoptosis
mediator deattassociated protein kinagg J. Lee et al., 2014)
Histone modifications Modifications sich as methylatio(Bachmann et al., 2006)
and hypoacetylatiofiye et al., 2013) leading to transcriptional silencinigave been
describedn melanoma
Alterations in norrcoding RNA/microRNA Several norcoding RNAs (especially
microRNA) have been described which regulate a variety of cellular processes
(including gene silencing/transcription, and DNA methylation). Thus, through
up/down regulation, these ncRNAs have either oncogenic or tusnppressive

potential(J. J. Lee et al., 2014)
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1.10 Circulating cell-free DNA

As it is well established that cancers contain numerous genetic alterations
(deletions, insertions, chromosomal rearrangements, translocatijns/hich are
found in much lower (or zero) frequency in normal cells, these genetic alterations
provide a potentially specific means of obtaining personalized information about a
pati ent(G. Bettegawda et al., 2014)

A means of studying these genetic alterations, which is currently widely being
investigated, is to analyse circulating efele (cfDNA), whichrefers to fragments of
DNA which can be detected in plasma or serum, as first described in the late 1940s
(Mandel & Metais, 1948)Increased concentrations of cfDNA were first
demonstrated in the serum of cancer patients with advanced disease nearly forty years
ago(Leon, Shapiro, Sklaroff, & Yaros, 197 Genetic and epigenetic similarities
betweercirculating celtfree DNAand tumour DNA is evidence that at least part of
cfDNA originates from tumoufAnker, Mulcahy, Chen, & Stroun, 1999; Gormally,
Caboux, Vineis, & Hainaut, 2007; Jahr et al., 2001; Sorenson et al., 1994; Vasioukhin
et al., 1994) The means by which tumoederived cfDNA enters circulation include
release from apoptotic and necrotic tumour g€lsoi, Reich, & Pisetsky, 2005; Jahr
et al., 2001; H. Schwarzenbach, Hoon, & Pantel, 2CdriJ active secretiqiStroun,
Lyautey, Lederrey, OlseBand, & Anker, 2001)Another possibility is that these
DNA fragments could be a product of lysis of circulating tumour cells or micro
metastases, although this theory has been chall¢Bgredin et al., 2000)

However, malignant tumours are not the only source of cfDNA, as there is
evidence that other pathological processes [including inflammatory condigigns (
inflammatory bowel disease, pancreatitis), infectiang.{uberculosis, sepsis),

autoimmune diseases.§.rheumatoid arthritis, systemic lupus emrtiatosis), stroke,
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coronary heart disease, trauma, surgery], can give rise to release of DNA fragments
into the circulation{van der Vaart & Pretorius, 2008¢fDNA can also arise from

normal cells undergoing programmed aidlath(Ziegler, Zangemeistewittke, &

Stahel, 2002)In cancer patients, the fraction of circulating DNA which is derived
from tumour ranges from as little as 0.0{Btehl et al., 2005)o 93%(Jahr et al.,

2001)

There are two broad stages in the analysis of cfDNA:

The preanalytical phase, which involves blood sampling and processing, and
cfDNA extraction

The analytical phase, which includes quantification of cfDNA levels, and

genomicanalysis

1.11.1Pre-analytical phase

Although serum samples provide a higher concentration of cfDNA compared
to plasmdT. H. Lee, Montalvo, Chrebtow, & Busch, 2001; Taback, O'Day, & Hoon,
2004) a significant proportion of the cfDNA in serum is thought to arise from lysis of
normal white blood cells during the clotting process. Thus, plasma has been
established as the preferred source of cfDNA in oncolBfivessaoudi, Rolet,
Mouliere, & Thierry, 2013)

EDTA tubes are widely used for blood collecti@l Messaoudi et al., 201,3)
as EDTA has been shown to be superior to heparin or citrate as an anticoagulant
(Lam, Rainer, Chiu, & Lo, 2004)n a study of cfDNA in the field of prenatal

diagnosis, EDTA collection tubes were shown to be equivalespdoialisectell-free
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DNA blood collection tubes if the samples were processed immed{batielgstrand
et al., 2012)

While it is recommended that, for optimal cfDNA concentrations, samples
should be processed within two hours of obtaining b(dodg, Klotzek,
Lewandowski, Fleischhacker, & Jung, 2003; Xue, Teare, Holen, Zhu, & Woll, 2009)
one study showed no difference in the mean concentrations of cfDNA if samples were
processed within twentfour hours(Board et al., 2008)

Various commercial kits are available for cfDNA extraction, with Qiagen
DNA blood mini kits and Qiagen circulating nucleic acid (CNA) kits most commonly
used. These two kits have been found to be comparable, although some studies have
found the CNA kit tdoe more efficien{Devonshire et al., 2014; Page et al., 2013;
Repiska, Sedlackova, Szemes, Celec, & Minarik, 2013)

The lack of consensus protocols for the-analytical phase of cfDNA
analysis makes comparison or pooling of available studies diff8bhdw &

Stebbing, 2014)

1.11.2Analytical phase

There are two main approaches here:
Quantification ofcirculating celtfree DNA (ccfDNA)levels:

Quantifying total levelsloes not differentiate between tumalarived cfDNA
and cfDNA from other sourcé€8. Schmidt, Weickmann, Witt, & Fleischhacker,
2008) However, there is good evidence that ccfDNA levels are higher in those with
malignant disease compared to those without, and levels are comparatively higher in
advanced cancer compared to eatlge diseasgeon et al., 1977; Pinzani et al.,

2011; Sozzi et al., 2003)
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In a review of several studies comprising cohorts of patients with various solid
tumours versus healthy controls, Van der Vaart et al found that the mean cfDNA level
was 15 ng/mL of plasma in healthy patients and 137 ng/mL in cancer patients (albeit
with wide discrepancies in the range of cfDNA levels between the various
studiesfvan der Vaart & Pretorius, 201@yhile Jahr et al showed about a hundred
fold increase in cfDNA in cancer patients compared with healthy volunteers (mean

concentration of 219 ng/mL in cancer patients versus <2 ng/mL in healthy volunteers)

(Jahr et al., 2001Yhe significantdifferences in cfDNA levels presenpatential

utility in clinical practice

Typically, quantification is done following amplification of gene targets

(commoqll oybibn, Al 4actiry.diguekdrslvoessspme fmethods of

guantification.

Radicimmunoassay
/ 25-1000ng/ml |
' Using ant-OM& antibodies

Nanodrop
L absorbance measursment

Range 2ngfpl to 15pg/pl

Pi fiu
| Fluore e o ot Ye DA
] Range S0pg/mi to 2ugiml

, Qubit fluorometry |

. Fluorescence-based dye |

,. Range 10pg/ul. to 1ug/ul '-

Fizure 1.4: Methods of quantifving drculating cell-free DNA| showing technolozy
uwsed, and concentration: reached.

Main methods of quartifymg DA, with ncreasing accuracy of quantification (from
top to hotiom).
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Qualitative Analysis of cfDNA:

The development of digital genomic technologies has enabled qualitative
mutational/structural analysis of ccfDNAhe various technologies utilised in
analysing ccfDNA haseen tremendous elution in the last twalecades. The most
commonly used methods are baseciiner singledocus mutational assays
(traditional gPCR or droplet digital PCR), or ngeneration sequencing (for targeted
sequencing panels or whegenome sequencing. selection of technologies used in

the qualitative analysis of ccfDNA simmarised in Appendix.A

A number of studies have compared ccfDNA with circulating tumour cells in
terms of their applicability as biomarker tools.

Dawson et al showed better correlation between tumour burden and ccfDNA,
compared with CTCs. They also showed a greater dynamic range in ccfDNA levels
(Dawson et al., 2013phaw et al agree that ccfDNA is a more useful biomarker,
compared to CTC&haw et al., 2012)

Bettegowda et alsed wholegenome sequencing to identify somatic
rearrangements in tumour DNA. They then used PCR assays to identify these
rearrangements in blood pellets (CTCs) and plasma supernatant (ccfDNA) from
patients with various malignancies. There was a greater théoidb@ifference in the
number of mutant &gments in ccfDNA compared to CTCs. Also, in 81% of cases,
ccfDNA was obtained when no CTCs were identified; wittikre were neases
where CTCs could be identified when no ccfDNA could be detd€ibdtan

Bettegowda et al., 2014)

18



Biomarkers (in relation to cancer) refer to objective characteristics of the
malignant process that can be measured accurately, reliably and repro(iaidy,
2014) They can be utilized for screening, diagnosis, as prognostic/predictive markers,
and in monitoring treatment response. The ideal tumour biomarker would be one that
can be measured cesfifectively in a minimally invasive manner and provide reliable
information (e.g. the presence of early/recurrent disease, the likely clinical course,
likelihood of response to treatment) with high specificity and sensitivity. As of yet, an
ideal melanoma biomarker has not been identified. The table in Appndix
summariseshe main biomarkers that have been explored in melanbitheate, the
only biomarker with prognostic value in metastatic melanoma remains the lactate
dehydrogenase (LDH) enzyme, with elevated levels correlating with poorer outcomes.
While other blooebased biomarker proteins, including S100B and melanoma
inhibiting activity (MIA) protein, have diagnostic and/or prognostic utility, their

clinical value is limited.

Standard tissue biopsies can be an uncomfortable procedure for cancer
patients, and carry a risk of morbidity that is not insignificant. Biopsies do not always
provide the information being sought (due to sampling error, or inadequate tissue, for
example) and may not be truly representative of the cancer dugrtour
heterogeneityGerlinger et al., 2012)herefore, there is growing recognition of the
importance of developing less invasive and more effective means of obtaining
information about cancers in order to personalize management. It is well established

that mutation status (including BRAF mutatjaitnanges with time, and so the ability
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to track mutational status (while minimizing the risks of such interventions) is very
important. It is currently difficult to accurately select those who would benefit from
adjuvant therapies. If a reliable means of identifying minimally residual disease
(following resection okarly-stagemelanomas) is discovered, it could potentially

reduce relapse rates and improve survival outcomes. It is also important to be able to
identify responses to therapy early enough, in order to tailor treatment approaches and
avoid unnecessary toxicities in those who are not responding. In addition, mutational
status as detected in cfDNA could potentially provide aingasive means to enrich
clinical trials with the right cohort of patients likely to benefit from trial thea.

CfDNA has the potential to fulfil all these roles, but there are limitations to its
utility, including potential technical challengesy.in the field of early diagnosis and
screening where large panels of genes would be required to be aestéalse
positivesand low sensitivityvould be ahurdle to be overcom. Bettegowda et al.,

2014)

Thekey published studies investigating cfDNA in melanoana detailed in

the summary below
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Reference Study type Study size | Clinical application Target of interest Technology Limit of detection
Tan et al, 2019 Phase Il 99 cases | Predicting relapse and Known mutations as identified | Personalised droplet digital PCR assa >/=1 copy of mutant
(Tan et al., 2019) survival in tumour specimen DNA per reaction
Lee at al, 2019J. Case series 174 cases | Predicting survival BRAF/NRAS/KIT mutation Droplet digital PCR
H. Lee et al., 2019)
Valpione et al, Case series 43 cases | Surrogate biomarker for cfDNA level TagMan RNAseP assay
2018 tumour burden, prognostic
(Valpione et al., marker for survival
2018)
Hoshimoto et al, Case series | 56 cases | Methylated AIMI correlated| AIMI LINE -1 cfDNA Methylationspecific PCR assay
2012 with OS in stage IV patient
(Hoshimoto et al., Methylated LINEL: no
2012) correlation
Hoon et al, 2014 Case series 18 Detecting metastasis 54 genes of interest Singlemolecule digital sequencing, 0.1%
(Hoon et al., 2014) Guardant 360
SantiageWalker et | 4 phase Il 732 cases | Predicting response to BRAF mutation Beads, Emulsification, Amplification | 0.01% mutant
al, 2015 studies BRAF-targeted therapy, an and Magnetics BEAMing alleles
(SantiageWalker predicting survival
et al., 2016)
Ashida et al, 2015 | Case study 1 case + | Diagnosis BRAF mutation Competitive AlleleSpecific TagMan 0.1% mutant alleles
(Ashida et al., 5 controls PCR castPCR (Life Technologies)
2015)
Tsao et al, 2015 Longitudinal | 6 cases Monitoring treatment BRAFV600E, BRAFV600K, Droplet digital PCR (BieRad) a 0. roufass
(Tsao et al., 2015) | case series response NRASQ61H alleles
Lipson et al, 2014 | Longitudinal | 10 cases | Monitoring treatment BRAF, NRAS, cKIT, TERT Beads, Emulsification, Amplification | 0.01% mutant
(Lipson et al., case series response and Magnetics BEAMing (Inostics) alleles
2014)
Aung et al, 2014 Case series 208 cases | Diagnosis BRAFV600E Allele-specific amplification refractory | 2% mutant alleles
(K. L. Aung et al., mutation testing system ARMS PCR
2014) (AstraZeneca Genetics)
Ascierto et al, 2013| Singlearm 91cases | Monitoring treatment BRAFV600E, BRAFV600K Beads, Emulsification, Amplification | -
(P. A. Ascierto et | phase Il response and Magnetics BEAMing (Inostics)
al., 2013) Prognosis
Salvianti et al, 2012 Case series 76 Diagnosis Total ccfDNA level, DNA gPCR 7900HT Fast Instrument -
(Salvianti et al., patients + integrity index, RASSF1A (Applied Biosystems)
2012) 63 promoter methylation, Allele-specific Tagmasbased gPCR
controls BRAFV600E mutation
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Pinzani et al, 2011 | Case series 79 Diagnosis DNA integrity index gPCR 7900HT Fast Instrument -
(Pinzani et al., patients + (Applied Biosystems)
2011) 34
controls
Taback et al, 2004 | Case series 41 Predicting treatment Microsatellite markers for loss | PCR amplification and gel -
(B. Taback et al., patients response of heterozygosity electrophoresis
2004)
Fujimoto et al, Case series 49 Predicting treatment Microsatellite markers for loss | PCR amplification and capillary array | -
2004 patients response of heterozygosity electrophoresis
(Fujimoto, O'Day,
Taback, Elashoff,
& Hoon, 2004)
Shinozaki et al, Case series 103 Prognosis BRAF mutation gPCR with iCycler (BieRad -
2007 patients + Laboratories)
(Shinozaki et al., 18
2007) controls
Mori et al, 2005 Case series | 50 Predicting treatment Methylation markers Methylationspecific PCR and capillary -
(Takuji Mori et al., patients response array electrophoresis
2005) Survival
Mori et al, 2006 Case series 109 Predicting treatment ERU met hyl at i o| PCRamplification and capillary array | -
(T. Mori et al., patients + | response electrophoresis
2006) 40 Prognosis
controls
Daniotti et al, 2007 | Case series 41 Diagnosis BRAFV600E mutation Allele-specific PCR assays 2 x 104 ng DNA
(Daniotti et al., patients +
2007) 15
controls
Taback et al, 2004 | Case series 10 - ccfDNA level (plasma vs. PicoGreen dsDNA quantification kit
(Bret Taback et al., patients serum) (Molecular Probes)
2004)

Table 1.1: Key published studies investigating cfDNA in melanoma.
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In early work, loss of heterozygosity detected in plasma was found to be
associated with the presence of metastatic disease in mucosal melanoma studies
(Nakamoto et al., 2008; Takagi, Nakamoto, Mizoe, & Tsuijii, 2007)

Nigro et al analysed TFPI2 methylation in melanoma cell lines, as well as
serum from thirtyfive melanoma patients & six healthy volunteers. Using
pyrosequencing, they showed that TFPI2 methylated DNA in serum was strongly
associated with the presence dgdtastatic disease (p < 0.01). Using ROC curves, and
a mean methylation cutff value of 5%, the diagnostic sensitivity was calculated as
85%, with a specificity of 87¢ho Nigro et al., 2013)This was a small study, and
more prospective work needs to be done to confirm the applicability of TFPI2
methylation as a biomarker.

Tan et al identified somatic mutations in melanoma tumour tissue, and then
used ddPCR assays to analyse prospectively collected plasma samples from those
patientg(Tan et al., 2019)The detection oftBNA predicted for high risk of relapse
at baseline, as well as pagteratively. Similarly, Lee et al found that detectable
ctDNA postoperatively (by ddPCR to detect BRAF/NRAS mutations) predicted for

worse diseas&ee interval and surviva(R. J. Lee et al., 2017)

p53 mutation analysis in breast cancer has potential as a marker of relapse or
metastatic diseag&hao, Wu, Shen, & Nguyen, 2000ther studies have
demonstrated similar potential for ccfDNA as a marker of relapse in bowel cancer

(Cassinotti et al., 2013; Hao et al., 2014)
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Reinert et al analysed patiespecific somatic structural variants in tumour
derived ccfDNA preand postsurgical resection of primary bowel tumours, and
found this to have 100% specificity and sensitivity in identifying relapses, with an
average leadre of 10 months on detection of recurrence compared to conventional
methodgReinert, 2015)A significant limitation of this study was that it was a
retrospective studyand prospective analysis is warranted to ascertain if this high

level of sensitivity/specificity is reproducible

In the first pilot study of BRAFV600E as a biomarker for early diagnosis,
Daniotti et al compared serum/plasma samples from-toreymelanoma patients
with those of fifteen healthy volunteers. They showed good concordance of the
BRAFV600E mutation as detted in cfDNA with tumour samples in patients with
stage IV disease, but not in those with stage Il disease. None of the patients with
stage I/ll disease tested positive in serum/plasma (although there were only four of
such patientsjDaniotti et al., 2007)

Salvianti et a[Salviantietal., 2012 r oposed a fAbi omarker pal
of cfDNA concentration, cfDNA integrity (i.e. the ratio between the concentration of
a 180bp sequence and a 67bp sequence of the APP gene), and RASSF1A promoter
methylation, to improve the diagnostic utility of eglte DNA in the detection of
melanoma. This panel showed good predictive capability (with an AUC of 0.945).
They excluded BRAF V600E from their panel, as the 95% CI of the AUC for this
variable (for stages 0, HV disease) included the value 0.5 (inding a lack of

predictive value).
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The integrity index of ccfDNA has been studied as a marker of disease, and
the 180/67 index was found to be most suitable, while a combination of 3 indexes
(180/67, 306/67, 476/67) was even more sensitive in distinguishing between

melanoma patients anddithy volunteergPinzani et al., 2011)

Shaw et al studied copy number variations (CNVs) in cfDNA of breast cancer
patients, comparing preperative profiles with those during follewp, as well as
with healthy volunteers. Their analysis differentiatedqperative patients from
healthy volungers, as well as pi@perative patients from those who had surgical
treatment. More interestingly, though, they showed that there was evidence of CNVs,
concordant with their original primary tumours, which persisted for over a decade in
some pat ies(mnthe dsesca onhgplinically apparent disease), suggesting
minimal residual disease. This study to demonstrates the potential clinical utility of
monitoring CNV profiles in ccfDNA during followup (Shaw et al., 2012)n another
breast cancer study, Beck et al usedgexteration sequencing to develop a model of
repetitive elements in CNVs which could differentiate stage | patients from healthy
controls with a sensitivity of 70% and specificity of 10@¢ck, Urnovitz, Mitchell,

& Schutz, 2010)

This is the area where the most prolific reseamgbstigating the utilityof
cfDNA in melanoma has occurred. Early evidence of correlation betwB&PAcand
the course of disease on treatment was shown thicDghanalysis carried out on

serum samples from forgne patients with metastatic melanoma on the(Bpy
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Taback et al., 2004 he presence of loss of heterozygosity was found to be
significantly associated with disease progression (p=0.003), poorer response to
treatment, and poorer survival outcomes (p<0.001 for PFS and p=0.02 for OS).

Shinokazi et al found that while the presence of BRAF mutation in serum
prior to therapy did not correlate with response to therapy; the presence of BRAF
mutationaftertherapy correlated with significantly worse OS (p=0.03B)nozaki et
al., 2007)this study predated the use of BRAMibitors in BRAFmutant patients).
Similarly, in a study of BRAF mutational status in a phase Il trial of the MEK1/2
inhibitor Selumetinib, in advanced melanoma, the detection of BRAF mutation in
serum (taken at enrolmeinto the study) was not shown to be a prognostic factor for
PFS in those patients with BRAF positive tumaoiBeard et al., 2009)

In a small longitudinal study, BRAF V600E mutations in cfDNA were tracked
during BRAFinhibitor therapy, and shown to correlate with tumour burden (p <
0.001 and R = 0.742). Additionally, lower basal concentration of the BRAF mutation
was associated with Iger survivallSanmamed et al., 2013)isell et al found,
similarly, that BRAF V600E levels in plasma (as measured using digital PCR)
correlated with disease burden, suggesting its potential as a prognostic biomarker
(Wisell, Amato, & Robinson, 2014k xploratory biomarker analysis the BREAK:2
trial (dabrafenib in metastatic melanoma) looked at BRAF V600E and V600K
mutations in ccfDNA. While V600E levels showed strong correlation with tumour
burden, overall response rates and PFS, no such correlation was seen with V600K
(Paolo A. Ascierto et al., 2013} is unclear why there was this difference.

Several studies have subsequently shown the utilibaséline dNA
analysis as a predictor of response, and/or survival, to Biaijeted therapy

(SantiageWalker et al., 2016)Syeda et al., 2021)ongitudinal studies tracking
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cfDNA in patients on BRAF targeted therapy have shown that decreasing levels are
predictive of responggiaselmann et al., 20185chreuer et al., 2017)

The use of immune checkpoint inhibitors (CTH4Anhibitors, PB1 and PDB
L1 inhibitors) can result in improved outcomes for patients with advanced melanoma
(compared to conventional chemotherapy). However, assessment of response using
standard radiologicapproaches can be challenging, as in some cases, imaging may
show apparent progression initially, and later show regression (pseudo progression).
In a study of 12 patients undergoing checkpoint inhibitor treatment, blood was
sampled at initiation of tremtent, and 24 weekly during treatmen€CfDNA was
analysed using the BEAMing technique (and a customized PCR/NGS approach in one
case). Levels were found to correlate with clinical/radiological outcomes, and in one
case, cfDNA response preceded clinical response by 3 Jldpksn et al., 2014)
Although a very small studyhis studyhighlightedthe need for larger prospective
studies to investigate the utility of cfDNA as a marker of response to this group of
therapeutic agent€ne such prospective explorative biomarker study demonstrated
the ability of dDNA analysisto differentiate true progression frqgmseudo
progressiomwith 90% sensitivity and 100% specificity. H. Lee et al., 2018)0On-
treatment analysis of dynamitiNA changes accurately predicts for response and
survival, as demonstrated in a numbecléckpoininhibitor immunotherapy studies
((R. J. Lee et al., 201,7)Herbreteau et al., 201,85eremet et al., 2019)

Bidard et al analysed cfDNA in uveal melanoma, by assessing GNAQ &
GNA11 mutations using a4f#AP technique. Despite a relatively low median
ccfDNA level of 4.1 ng/mL (range 015512 ng/mL), their analysis demonstrated a

prognostic correlation between BA level and PFS/O8Bidard et al., 2014)
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Hirsch et al showed an interesting distinction in the genetic aberrations
between melanomas with good prognoses patients alive after at least 10 years of
follow-up, with no evidence of local/distant relapse) and those with bad prognosis
(melanomaassociated death). Apart from a significant difference in the number of
copy number changes in each group (p = 0.088); found chromothripsis and focal
copy number changes exclusively in the poor prognosis group; and whole
chromosome/chromosomal arm chasmgethe good prognosis groggirsch et al.,

2013)

A similar correlation between ccfDNA levels/genetic alterations and tumour
burden and/or survival has been demonstrated in other tumour sites, including breast
cancer(H. Schwarzenbach et al., 2012; H. Schwarzenbach, Muller, NMadgosch,
Steinbach, & Pantel, 2011; Shao et al., 2001; J. M. Silva et al.,,20i2¢| cancer
(Frattini et al., 2008; Spindler, Pallisgaard, Vogelius, & Jakobsen, 20h2)group
showed ccfDNA to be superior to the only established serum biomarker in metastatic

breast cancer (GA5 3) in monitoring disease burd@dawson et al., 2013)

CfDNA can provide an alternative means of determining BRAF mutational
status in order to tailor therapy appropriately. Pinzani et al reported an 80%
concordance rate in BRAF status between tumour sample and cfDNA, with a
sensitivity of 97% and specificityf 3% in detecting BRAF status in circulating
DNA (Pinzani et al., 2010)rhe concordance rate in earlier studies was lew6f6

((Yancovitz et al., 2007and 56%Board et al., 2009)T'he differences in mutational

28



status between tumour samples and cfDNA could represent true molecular differences
between the original tumour sample and circulating DNA, or could be explained by
the fact that cfDNA is shed in such low amounts that mutations can not be detected by
less gnsitive assays. Oxnard et al used droplet digital PCR to develop an assay which
tested BRAF V600E status, and showed a high AUC (0.94) on the ROC curve
(Oxnard, 2014)

Aung et al used a-8age ARMS technique to test the robustness of cfDNA as
a surrogate marker for BRAF mutation testing. In the first stage, they defined
mutatiorrcalling criteria, which were then validated in the second stage. They found
that using specific calling criteria improved the sensitivity of BRAF V600 detection

(sensitivity 52%, specificity 96%Kyaw L. Aung et al., 2014)

CfDNA has been shown to have potenfi@knard, 2014as an alternative to
tissue biopsies in breast can@@arciaMurillas, Lambros, & Turner, 2013; Page et
al., 2011; Rothe et al., 2014)owel cance(Kuo, Chen, Fan, Li, & Chan, 2014;
Thierry et al., 2014)and lung cancgiGoto et al., 2012; Kimura et al., 2007; Oxnard,

2014)

Copy number aberrations or variants refer to deletions, insertions, or
duplications of a segment of DNA of one kilobase or larger, which result in a variable
copy number as compared to a reference ger{eek, Carson, & Scherer, 2006;
Redon et al., 2006 hese aberrations are ubiquitous in cancers, and can affect entire

chromosomes or segments of chromosofWegelstein et al., 2013)here is an
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abundance of somatic copy number alterations in malignant melghGer@omic
Classification of Cutaneous Melanoma,” 2015; Shain et al., 2015; Wang et al., 2013)
Kaufmann et al usearray base€GH to study copy number alterations in melanoma
cell lines, and found an average of 68 alterations per cell, compared with 8.5
alterations per cell in normal melanocytes. Copy number gains in melanoma have
been shown in chromosomes 1q, 6p, 7, 8q, 17@aAgdwhile losses occur in 6q, 8p,

9p, 10 and 21¢Blokx, Van Dijk, & Ruiter, 2010; Wang et al., 201¥)ocal copy

number alterations have also been identified in some key melanoma genes, including
CDKN2A, PTEN, BRAF, NRAS, and CCND)Gast et al., 2010)Thus, copy number
analysis in ccfDNA has the great potential to be used as a biomarker tool in
melanoma. The table below summaries the key-tapyber aberrations seen in

melanoma, with estimates of relative frequency.
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Chromosome affected (frequency shown in percentage)

Bastion 2008Bastian, Olshen,| Bastion 1998astian | Curtin 200%Curtin et | Jonsson 20qd6nsson et

LeBoit, & Pinkel, 2003) et al., 1998) al., 2005) al., 2007)

n=132 n=32 n=70 n=47
Gain 1q (33%) 1q (25%) 1q
Gain 2 (13%)
Gain 6p (37%) 6p (28%) 6p
Gain 7p (32%)7q (32%) 7 (50%) 7 7
Gain 8q (25%) 8 (commonly q) (34%) 8q 8q
Gain 17q (24%) 17(commonly q) 17q 17q

(13%)
Gain 20q (22%) AU (EITIET7 G) 20q 20q
(13%)
Loss 4
Loss 6 (26%) 60 (28%) 6q 60
Loss 8p (22%) 8p
0,
Loss 9p (64%) 9p (81%) 9p 9p
9q (36%)
0,
Loss ) (el 10 (whole or ) (63%) 10 10
10p (30%)

Loss 119 (21%) 11q 11q
Loss 13
Loss 21q

Table 1.2: Summary of copy-number aberrations in melanoma.Relative frequencyf gains and
losseqwhere available in the literature) is shown in brackets

One approach in the analysis of copy number alterations in ccfDNA is to
guantify copy numbers of target-ofregions of
principleo studies have been carried out u:

clinical applicationsn various tumour sites, including detecting eastiage disease
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in breast cancdiSunami, Vu, Nguyen, Giuliano, & Hoon, 2008f a molecular
biomarker in prostate canc@ieidi Schwarzenbach, Chun, Isbarn, Huland, & Pantel,
2011) as a prognostic marker in oesophageal caf#estolfo et al., 201%)and
detecting minimal residual disease in breast caf®®aw et al., 2012)'he main
limitations in these studies were low recovery of ccfDNA, limited sensitivity of the
technology used (mainly arrdbased techniques), and small sample sizes which
restricts the conclusions that can be drawn from the results.

The wholegenome approach using massivpbrallel nextgeneration
sequencing, on the other hand, offers a means of detectimgyvdecopy number
alterations across the entire genofheary et al., 2012; Schutz et al., 2015; S. Xia, C.

C. Huang, et al., 2015; Xu et al., 2015)

There is a clinical need for reliable biomarkers to detect melanoma relapse
early in order to facilitate timely initiation of systemic therapies fqurioned
outcomes. As yet, no blood biomarker has been established that can reliably detect
relapsed disease.Wle- genome copy number analysifers a relatively cheap
approach in DNA analysis, without requiring prior knowledge of tumour mutations.
This thesis will test the hypothesis that cfDNA capymber analysis would
be a reliable and cost effective biomarker in detecting melanoma relapse.
The aim of the thesis is to test this hypothesis using-oopyber profile
analysis in two cohorts of melanoma patients/healthy coritrible Genetics and
Epidemiology of Melanoma in Sheffield (GEMS) study and the Markers of Relapse

in Melanoma (MRM) stugl.
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The thesis is composed of three rescitapters, whicladdress the following
objectives:
i. Preanalytical testing to optimise the cfDNA extraction processlinvestigation
of the utility of copynumber aberration scoring algorithms as a biomarker of active
disease and survival in cfDNA samples from the GEMS stGthapter 3).
ii. Investigationof the copynumber aberration scoriraggorithmas a marker of
melanoma relapse in the MRM stu@hapter 4).
iii. Identification, from published literature, of chromosomes associated with copy
number aberrations in cutaneous melanoma, to assess if these chromosomes of

interest are similarly aberrant in cfDNA samples from the MRM study (Chapter 5)
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Chapter 2: Materials and Methods
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2.1.1 General equipment and consumables

Laboratory equipment

AB1044 Balance

ABI 7900 Genotyping Platform

Benchtop Micro Centrifuge Heraeus Pico 17
Benchtop Rotamixer

Benchtop Temperature Controlled Centrifuge
Class Il Microbiological Safety Cabinet
COzIncubator MCO175

Covaris® S220 Focusdgtrasonicator
Heating Block

Ice machine

Magnet stan®6

Nanodrop Spectrophotometer KIDOO

P2, P10, P20, P100, P200, P1000 Gilson Pipettes

Power pack

QBD4 Incubator for Eppendorfs

Thermal cycler: GeneAmp PCR system 96 well

UV Sterilisation Cabinet

Vortex Genie 2

Water Purification Unit

Water bath

Western Gel Mini Protean |l Cell
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Supplier

Mettler, Toledo

Applied biosystems
Thermo Fisher Scientific
HATI

MSE Sanyo

Envair

Sanyo

Covaris

Grant Boekel BBA
Scotsman Ice Machine
Thermo Fisher Scientific
Labtechinternational
Fisher Scientific
BioARad

Grant Boekel BBA
Applied Biosystems
Bignet

Scientific Industries

Lab Technologies

Grant Instruments

BioRad



Laboratory consumables Supplier

0.2ml Microcentrifuge Tubes Starlab

0.5ml, 1.5ml, 2ml Microcentrifuge Tubes Fisher Scientific

1.5 ml DNA Ladind Microcentrifuge Tubes Eppendorf

1.5 ml Cryovials Scientific laboratory suppliers (SLS)
15 ml, 50ml Steril&ConicalTubes BD Falcon

96 Well PCR Plates Applied Biosystems

384 Well PCR Plates Starlab

6 ml EDTA Blood Phlebotomy Tubes BD

GIBCO Distilled DNase/Rnase Free Water Life Technologies

Graduated 10¢l Mi crofil Stalab Ti ps

Nitrile Powder Free Gloves Fisher Scientific
Pipette Tips Starlab
Plate Seals Biorad

2.1.2 Laboratory solutions

All laboratory solutions were made up with d€M purchased from Sigraaldrich Co, and

were of molecular biology grade.

TAE buffer (10x, pH8.0): 0.4 M Tridase, 200mM glacial acetic acid, 10 mM EDTA (pH
adjusted to 8.0).

Phosphate Buffered Saline (PBBulbeccos A, 1x): Sodium chloride 0.137M, Potassium
Chloride 0.003M, Disodium Hydrogen Phosphate 0.008M, Potassium Dihydrogen Phosphate
0.0015M.

6X Sample loading buffer: Glycerol 60%, TA#kCL pH 7.6 10mM, EDTA 60mM,

Bromophenol blue 0.03%, Xylene Cyanol FF 0.03%.
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2.1.3 Buffers and reagents for molecular biology techniques

DNA processing

Xylene

Absolute Ethanol

Isopropanol 99.5% extra pure

Nuclease free distilled water

Fisher Scientific
Fisher Chemical
ACROS organics

Gibco by Life Technologies

Ready to use TE (10 mM T#sCl pH 8.0, 0.1 mM EDTA) Xbuffer

NaOH 2M

Commercial kits purchased for DNA extraction:
QlAamp® DNA FFPE Kit

QIAamp® Blood Mini Kit

QIAamp® Circulating Nucleic Acid Kit

FlexiGene DNA kit

Thermo Fisher Scientific

Illumina

Qiagen
Qiagen
Qiagen

Qiagen

Commercial kits purchased for Illumina whole genome sequencing:

NEBNext® Ultra Il DNA library Prep Kit
NEBNext® multiplex oligonucleotides

Dual lane HiSeq Rapid PE Flow Cell

PCR

PCR water

Nuclease free distilled water
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The Markers of Relapse in Melanoma (MRM) study was an academic,-single
centre study set up to recruit melanoma patients and healthy controls for the primary
objective of obtaining longitudinal blood samples for analysis of ccfDNA.
Participants consented providing blood samples when they attended their routine
melanoma followup clinic appointments. In addition, participants completed a
guestionnaire, which provided detailed epidemiological information about their
l' i festyl e (i ncl uddca lgstofysand familpistdryaThis studyr 0 )
received ethical approval from Yorkshire and Humber Research Ethics committee
(seeAppendix C& E). The Sheffield Teaching Hospitals (STH) Research and
Development department authorised the recruitment of participants from oncology,
plastic surgery and dermatology clinics, as did@aacerClinical Trials Executive
(seeAppendx C).

Eligible patients included those with a diagnosis of cutaneous melanoma of
any stage (either with a new diagnosis or prevalent cases). Patients were excluded if
they had received chemotherapy within 4 weeks of recruitment, had a concurrent
second malignay, or were unable to give informed consent. Partners and/or siblings
of patients were invited to participate as controls.

Potential @rticipants were invited to participate in the study through a letter
posted out prior to their followp appointment, and were provided with information
leaflets. Participants were required to provide written informed consent for
participation in the studand for use of their donated blood specimens and any

surplus pathology tissue specimens &ppendk C1 for information leaflets, letter
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of invitation, and consent formsEach participant provided a blood sample at each

follow-up appointment.

Blood and tumour samples, which had been collected from patients recruited
to theGenetics and Epidemiology of Melanoma in Sheffield (GEMS) s(Gdiyef
Investigator Pra#ssorSarah Danson)vere utilised in this project. Patients were
recruited to this study between January 2008 and June 2009, from Dermatology and
Oncology outpatient clinics in Sheffield Teaching Hospif&EH) and Barnsley
District General Hospital. Eligible patients had a confirmed diagnosis of cutaneous
melanoma of any stage, and no chemotherapy within the previous four weeks. They
either had active neresected dsase, or had had their primary tumour and/or
metastatic disease excised, with clear margins, within four weeks of recruitment.
Controls were cdnabiting partners of study patients or siblings of study patients.
Patients could have any number of controlé pAtients and controls gave informed
consent to participate. The study was approved by the local research ethics committee
(REC 10/H1003/72) and received STH Research Governance Apgetasha and
buffy coats had been processed from whole blood, amelcsat-80 °C. Tumour DNA
had been extracted from available FFPE tumour specimens and-8@r&l (Page

et al., 2013)

From each MRM participant, up to 48 mls of blood was collected in 6 mi
EDTA vacutainers, and processed within two hours of collection. At baseline, one

EDTA sample of whole blood was stored2® °C. The remaining EDTA samples
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were centrifuged at 800g for 10 minutes at 4 °C, and the resulting supernatant plasma
transferred into 15 ml conical tubes. These plasma samples were centrifuged at 16009
for 10 minutes at 4 °C to pellet any cell debris. The clear plasma was then pipetted
1ml aliquots into 1.8 ml cryovials which were stored&ft °C. The doublspin

procedure has been shown to reduce contamination from lymphocyte DNA and
enzymegPage et al., 2013)n addition, the buffy coat layer remaining from the first
centrifugation was transferred from 3 vacutainers into separate 1.8 mitiatyoThe

cells in one of these vials weresaspended in 1ml growth medium containing 90%
foetal calf serum and 10% D8O and frozen gradually 880 °C for at least 24 hours
before being transferred to liguidtrogen storagelhe other 2 buffy coat cryeials

were also stored aB0°C.

CfDNA was extracted from plasma using thiaggn QIAMP circulating
nucleic acid kit. Taking 2of@IAGENal i quot s
proteinase K was added, followed by 1.6 ml of ACL buffer, before vortexing. This
step ensured that any proteins, lipids or vesicles in the plasma were inactivated.
Where required, the plasma volume was adjusted to 2 ml by adding Phosphate
Buffered Saline (PBS). The samples were then incubated in a water bath at 60 °C for
30 minutes, before adding 3.6 ml of ACB buffer. This buffer allows optimal binding
of circulating nucleic acids to the silicone membrane in the subsequent vacuum
extraction stepA further incubation step was carried out, in ice, for 5 minutes.

The QIAamp minicolumns provided in the kit were attached to the vacuum
manifold, and each sample was loaded into a separate column before applying a

vacuum at a pressure of 17Hig. Through this process, the extracted DNA was
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bound to the silicdbbased membrane within each column. Three separate washes were

then carried out (using ACW1 & ACW2 buffers, followed by ethanol) to eliminate

peptides and other contaminants. Each column was then placed in a separate

collection tube, andentrifuged at 13000g for 3 minutes, and any remnant liquid was

di scarded. Finally, DNA was eluted from ea:
buffer, incubating for 3 minutes at room temperature, before centrifuging at 13000g

for 1 minute. The eluted DNA wasored at 4 °C for further downstream processing.

* for GEMS samples, cfDNA was extracted from 1 or 2 ml of blood, based on

availability

** gee sectiorR.8 on optimising yield of cfDNA extraction

Extraction of | ymphocyte DNA from 500 ¢
out using the QIAGEN Flexigene DNA kithe previously frozen buffy coats were
thawed quickly ira water bath at 37 °C with gentle agitation, then stored on ice prior
toextractonTo a 1.5 ml centrifuge tube containin
of Buffer FG1 was addedhixed by inverting the tube 5 timeand the tube
centrifuged at 10,000 g for 20 seconds. The supernatant was diseardid¢ioe tube
gently inverted over a clean absorbent paper for 2 minetsng behind the pellet
of DNA at the base of (¢tilee tFGIRe . anA rmbi xtlurPe o
then addedo the tube containing the pelleind the tube vortexed thoroughiging
3-4 pulses of vortexing at higspeed for 5 seconds eaaintil the pellet was
completely homogenised@he tube was then centrifuged briefly for 5 secoAdigr
incubating at 65 AC for 10 minutes, the DN.

isopropranolol. After centrifuging at 10,000 g for 3 minutes, the supernatant was
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again discardely inverting the tube onto a clean sheet of absorbent papsrring

that the DNA pellet remained inthetub&r @ DNA pel |l et was washed
70% ethanol before adrying for at least 5 minutesantil all liquid had evaporated

Finally, the pellet was dissolved in 200 ¢
in a water bath at 65 °@.needed, incubation was continued to ensure the DNA was

dissolved.The DNA was then stored at 4 °C for further downstream processing.

This fluorometric assay uses a proprietary dye that is highly specific for
dsDNA. The amount of fluorescence generated when the dye binds to nucleic acids is
measured by the Qubit fluorometer, as this is proportional to the concentration of
DNA in the sampleThis assay is technically simple compared to other fluorometry
based assays (e.g. PicoGreen or SYBR green assays), as the kit comes with a set of
standards, whicls utilised to prepare a standard curkeother advantage is that the
assay is robusbtcommon contaminants like free nucleotides, proteins, salts or
detergents. The range of quantificationisfrod@ pg/ ¢l t o 100ng/ el for
sensitivity (HS) kit, and 100pglhader to 1000
to quantify the lymphocyte DNA samples, a working solution was first prepared by
diluting the Qubitreagent260o0l d wusi ng the buffer provided
working solution was placed i(whichissmo 0.5 ml
blank solutionwas added to thierst tube, and the same volume of Standard #2
(which contains 10ng e r ¢ |  addeddostli2 Ne&gnd tube, and both tubes
vortexed briefly (both standards are provided in the kit). For each DNA sample to be

guanti fied, 198 ¢l of working solution was
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All tubes were incubated at room temperature for 2 minutes. Each standard
was read on the Qubit 2.0 fluorometer, before the DNA samples were run. The
fluorometer was set to display the concentratiminsach DNA sampldyased on the

volume of sample uselly measuring againgte knownstandards provided in the Kkit.

SYBR green is a dye that binds specifically to dotgdtanded DNA, emitting
fluorescence that can be measured by a detector. gPCR using SYBR green dye is a
molecular technique used to quantify DNA by amplifying specific DNA fragments,
and measuring, in real time, the fluorescence generated during the PCR reaction.
Standards of knen DNA concentration are prepared, and the number of cycies (C
at which the fluorescence generated exceeds a threshold value (set to account for
background fluorescence) is determined for each standar8iggee?2.1), and
plotted on a standard curveeé-igure2.2). The concentration of DNA samples to be
guantified is then determined by reference to this curve. SYBR green master mix
contains SYBR Green | Dye, AmpliTag Polymerase, dNTPs with dUTP, Passive
Reference, and optimized buffer components. SYBR green dgs tardouble
stranded DNA releasing fluorescence that can be measured. The GAPDH
(glyceraldehyde3- phosphate dehydrogenase) primer pair (Sigma Genosys) was used
for the PCR amplification. This 87 bapair amplicon is present at a singlgpgn
the genomgand the small size of this amplicon made it ideal for this quantification
due to the fragmented nature of ccfDNA. The primer sequences were as follows:
forward 56 AACAGCGACACCCATCCTC

reverse 506 CATACCAGGAAATGAGCTTGACA.
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The primer was rsuspended in sterile nucledsee water at a concentration of
100pmol / ¢l

5 standards were prepared using known concentration human genomic DNA
(Promega), ranging in concentration from 1
(using DNAse free distilled water) was also used. The eluted DNA aliquots to be
guantified were thawed on ice, and vortexed and centrifuged prior to use. The
mastermix for the PCR reaction was prepared as shoWwahile2.1 below (quantities

shown aeravell). n ¢l

‘ Volume

SYBER green dye 5ul

GAPDH primer (forward) 0.3l
GAPDH primer mastermix 0.3 4l
DMNAse free distilled water 1.4l

Table 2.1: Components of the SYBR green gPCR mastermix reaction.

The mastermix comprised SYBRE® Green [ Dyve, AmpliTaq Gold® DNA Polymerase, dNTPs
with dUTP, Passive Reference, and optimized buffer components dNTPs deoxynucleotides;
dUTP 2°-deoxvuridine. 5"triphosphate: GAPDH glvceraldehyde -3- phosphate dehydrogenase.

Usinga 384v e | | plate, 7 ¢l of this master mi
unknown) were mixed by pipetting repeatedly into each well. This was done in
triplicate for each plasma DNA sample, and in 5 replicates for each of the standards.
The plate was s¢ed, and centrifuged briefly (800 g) before the qPCR process was
carried out using the Applied Biosystems ht7900 machine. PCR cycling conditions
were 50 °C for 2 minutes, 95 °C for 10 minutes, 40 cycles of 95 °C for 15 seconds
and 60 seconds for 1 minutellowed by a final cycle of 95 °C for 15 seconds, 60 °C
for 15 seconds and 95 °C for 15 seconds. To ensure accuracy of the standard curves,

the following quality criteria werased:
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a.the mean slope (m) had to be betweb to-3.0;

b. the mearcorrelationcoefficient (R greater than 0.99

c. the efficiency of the PCR reaction [calculated using the equa€dff'P®-1 x
100%], had to be between-205% and

d. a low standard deviation (less than 0.167) of the threshold cycle values for the

triplicates was ideal.

Amplification Plot
Amplification Plot

1.000 E+1

1.000

1.000 E1
Baseline

1,000 E2

b /
1.000 E3 TS ,/ §\§ ‘:
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[ 5 10 15 20 25 30 35 40

Detecmr:l3684 3 PIot:IARn vs, Cyde 3 Color:l\"/ell 3

Y Axis:lLog :_l Threshold:l 0.20

Figure 2.1 Example of amplification plots for a dilution series of 5 standards (5 replicates
each), over the duration of a reatime PCR reaction,representing relative fluorescenceayis)
plotted against cycle number-éxis) The baseline refers to loelevel signal at the start of the PCR
reaction with minimal change in fluorescent sigidle green horizontal line represents the
threshold, set at the exponential phase of the PCR reaction, which marks a significant increa:
fluorescent signal over theseline Thethreshold cycle (¢ for each sample is the cycle number i
which the fluorescent signal crosses the threshold. This is inversely related to the starting am
DNA target, such that as the target amount decreases, the number gfatyetash significant
amplification is seerincreases.
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Standard Curve Plot
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10 1.0 B4 1.0 E+2 1.0 B2 1.0 Evd 1.0 E+5
Quantity

Figure 2.2 Example of a standard curve of realtime PCR data.Five replicates for each DNA

standard (ranging in concentration from 1 pg/el to
the replicates for the 1 pgl ¢l standard was omitted
PCR reaction. Titeshold cycle Qy-axis) was plotted against starting quantity of DNAagis) for

each replicateF-ollowing creation of the standacdrve, unknown DNA samples could then be

quantified by comparison with this curve (absolute quantification).

In order to optimise the process of extraction of ccfDNA from plasma, we
compared elution volumes to see the effect on DNA yield, after spiking plasma with
DNA extracted from tumour FFPE samples, and measuring the yield of DNA

extracted The methods for thisxperimentare described below.

2.9.1 Tumour DNA extraction using QlAamp DNA FFPE kit

Six colon cancer FFPE samples were selected (four slides from each sample),
and, using a scalpel, tumour tissue was scraped off each slide, with each tumour
sample collected in a separate 2 ml tube. 1 ml Xylene was added and each tube
vortexed and centriged at 13,0009 for 2 minutes. The resulting supernatant was
discarded using a pipette, leaving a pellet behind. 1 ml ethanol (100%) was added to
this pellet and each tube vortexed and centrifuged at 13,0009 for 2 minutes. Again,

the supernatant was disdad, making sure the pellet was not disturbed. The tubes
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were then left open to incubate at room temperature until all residual ethanol had
evaporated (at least 10 minutes).

To each pellet, 180 ¢l Buffer ATL was a
and then vortexed. Each tube was incubated at 56 °C for 1 hour, and then left
overnight at20 °C. The overnight incubation step is a modification on the original
QIAamp protocal and was introduced to ensure complete cell lysis. Each tube was
then incubated at 90 °C for 1 hour, and centrifuged. Two hundred microliters of
Buf fer AL was added, each tube vortexed, f
(100%), and further voxtéxg. Each tube was again briefly centrifuged.

The contents of each tube were then transferred to a separate QlAamp
MinElute column (placed within a 2 ml collection tube). Each column was
centrifuged at 6,000g for 1 minute, and then transferred to a clean 2 ml collection
tube, after ensuring that d@lie lysate had passed through the column. When required,
the centrifuge step was repeated to ensur e
AW1 was added to each column and centrifuged at 6,000g for 1 minute, and each
column transferred to anotherclean? col | ecti on tube. 500 el |
added and each tube again centrifuged at 6,000g for 1 minute, before transferring the
column to a fresh 2 ml collection tube. A further centrifuge at 20,0009 for 3 minutes
was done to ensure the membrane was cdslpldry. Each column was then placed
inaclean 1.5 mltube andthe DNvase | ut ed by applying 50 ¢l B
centre of the membrane, and incubating at room temperature for 5 minutes, followed

by a final centrifuge at 20,0009 for 1 minute to eollthe eluate.
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2.9.2 Tumour DNA quality checkusing gel electrophoresis
In order to assess the quality of the six extracted tumour FFPE DNA samples,
they were subjected to a gel electrophoresis after PCR amplification using a short
BRAF amplicon (Sigm& | dri ch Co. ). - Forward primer: 5
TGTTTTCCTTTACTTACTACACC, Reverse primes. -0
AGCCTCAATTCTTACCATCCA.

For each DNA sample, a mastermix was prepared as sholabie2.2 below

‘ Volume

MyTaq HS red mix (Bioline) 12.5 pl
BRAF forward primer 0.5l
BRAF reverse primer 0.5 ul
DNAse free distilled water 10.5 pl

Table 2.2: Components of PCR mastermix for tumour DNA gel electrophoresis.

23 ¢l of twees mahsetnermmixxed with 2 €l of ea
positive control was prepared using 23 ¢l
(Promega), and 1 ¢l of DNAse free distill e

using 23 ¢l of ma s ffreedistilled watenwhs peepaged. of DNAs e
The DNA samples, along with the positive and negative controls, were PCR amplified
in the Geneamp PCR thermal cycling system 2700, using the conditions outlined in

Table2.3 below

Temperature ‘ Time

Number of cycles
95°C 1 minute 1 cycle
95°C 20 seconds
60 °C 30 seconds 40 cycles
72°C 20 seconds
72°C 2 minutes 1 cycle

Table 2.3: PCR cycling conditizrés for gel electrophoresis



For the gel electrophoresis, a 1.5% agarose gel was prepared by mixing 2.25 g
of agarose powder (Sigma) with 150 ml of 1x TA (MM Tris/20 mM acetate/
IMMEDTA). The mixture was heated, then cool
bromide (10 mg/el) and all owed to set to a
channels for sample loading. Each DNA sample, as well as the negative and positive
contros,wa t hen | oaded into separate channel s i
with 2 ¢l enfAHyperladder (BiglinebIW)fwés also loaded to provide
size standards. 1x TAE was used as a running buffer, and the gel was run at 60 volts

for 1% hours.

2.9.3 Tumour DNA quantity and quality check using Nanodrggpectrophotometry
This technique is based on the principle that DNA and RNA absorb UV
radiation at specific frequencies. Therefore, nucleic acids can be quantified by passing
UV light through a sample, and measuring the frequencies absorbed using a
spectrophotometer. Anbpi ¢ a | density of 1.0 corresponds
Nanodrop (Thermo Scientific) uses specialised technology to quantify nucleic acids
ranging from2 n g/ ¢ | t io codc@nbadon.n g / ¢ |
The quantity and quality of the tumour DNA samples were assessed using the
NanodropNB1 00O i nstrument, foll owing manufactu
summarise, the optical surfaces of the receiving and source fibres of the instrument
were cleaned usingcontpa b | e wi p e s-free Yateg Was lodded DritoAre e
instrument as a further c¢cleaning step. 1
instrument as a blank prior to 1 ¢l of eac
The concentrati on (200AvsoamyPbed236rdtiogs were s we | |

determined by the Nanodrop software. AssdA2soratio of around 1.8 and 280230
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range of 2.€2.2 were considered acceptable in terms of purity of the extracted DNA.
Nucleic acids absorb at 260 nm, proteins at 280 nm, and other contaminants at 230
nm.

As Nanodrop is recognised to consistently overestimate dsDNA quantities, the

tumour DNA samples were-guantified using Qubit (as outlined in Section 2.6).

2.9.4 Spiking plasma samples with tumour DNA:

Plasma samples from healthy voluntgems e cr ui t ed t o t he H#AOpt
pl asma nucleic aci dso svraetdawedand pddlaedi(ts er si ty
get two pools of 6 ml of plasma each) and then centrifuged at 1600g for 5 minutes to
separate any contaminants. 1 pool of plasma was spiked with tumour DNA (extracted
from colon cancer FFPE samples) of known concentration, wigleecond pool was
left un-spiked. FFPE tumour DNA was used to spike the plasma as it is fragmented,
and would mimic ccfDA. The two plasma pools were then stored as 1 ml aliquots at
-80 °C prior to extraction.

Three separate spiking experiments were carried out to compare different
elution volumes during the DNA extraction process, in order to see what effect

varying the elution volume had on the yield of DNA extracted.

2.9.5 DNA extraction using different volumes of elution buffer
The two pools of plasma (spiked andspiked samples) were thawed before
extracting the tumour DNA, following the protocol describe&attion 2.4As we
were comparing the effect of varying the volume of elution buffer on DNA vyield,
three different volumes of buffer (50 ¢l ,

elution step (as shown Figure2.3 below. The eluted DNA was quantified using
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SYBR-green gPCR (as described in Secaf). Once the DNAyield of the spiked
and unspiked plasma samples were determined, the percentage yield of DNA

extracted was calculated using the following formula:

Spiked plasma DNA yield (nd) Un-spiked plasma DNA yield (ng) 100%

Tumour DNA spike quantity (ng)

Control Spiked Elution
plasma plasma volumes

AL

DNA

guantification Yield of
v [ by DNA

SYBR-green

gqPCR

; =

Figure 2.3 Outline of DNA-spiking experiment to compare DNA yield in varying
volumes of elution buffer.Three sets of paired plasma samples (controls and-Bpilkéed
samples, each containing | ml of plasma) were compared to evaluate the effect of elut
volume on DNA yield. The spiked samples were spiked with tumour DNA to achieve a
concentration of 50ng @NA/mI of plasma.
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2.10 Workflow for DNA preparation prior to whole-genome sequencing

dA

Figure 2.4: Steps involved in DNA preparation prior to sequencing



2.11 Shearing lymphocyte and FFPE DNA using Covaris:
Prior to library preparatiorsFPEand lymphocyte DNA samples were
mechanically sheared using the Covaris E220 Foeulexsonicator, to achieve a
target size of 200 bagairs. This step was necessary to enable optimal reading of
DNA fragments during downstream pairedd sequencing. Care was taken when
loading the DNA samples into the microtubes for the Covaris, to avoid introducing
air-bubbles, which could interfere withe shearing process. For each sample, 1000
ng of DNA in 130 ¢ |-fresdistilledtwater)iwas(shearednifdessnuc | e a:
than this quantity was available for any of the samples, the entire quantity available

was sheared. The sonicator settingksed are shown iffable2.4 below

Target BP (Peak) 200
Peak Incident Power (W) 175
Duty Factor 10%
Cycles per Burst 200
Treatment Time (s) 180
Temperature (°C) 7

Water Level 6

Sample volume (pl) 130
E220 Intensifier Yes

Table 2.4: Settings for the Covaris E220 focusedltrasonicator.
BP: base pairs

2.12 Library preparation using NEBNext kit

TheUltra Il DNA library Prep kit for lllumin& (New England Biolalf§ was
used to generate libraries with appropriate adaptors and barcodes for sequencing. This
kit allows DNA inputs as low as 500pg, making it an ideal choice given the very low
guantities of cfDNA available frorthe majorityof the samples. A starting DNA
volume of 5Ce Wwas used, as recommended by the manufacturer, and where less than
this volume was available, the deficit was made up using 1XVEEaimed for 100ng

of input DNA for the FFPE/lymphocyte DNA samples. Where this quantity was not
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available, the available amount pers&5@vas used. For the cfDNA samples, the
available quantity per 50 was usedThe process of library preparation followed five

main steps which are detailed in the following sections:

2.12.1 End Repair, 5Phosphorylation and dATailing:

Fragmented DNA contains a variety of 306
others overhanging. Inthisstepny 36 and 56 recesses o0or ove
and removed, respectively. The 506 ends wer.
deoxyadenylate (A) residue added dglo efach 3.
the End Prep Enzyme Mi x and 7 ¢l of the En
sample in a 200 ¢l , after which, the mixtu
incubated in &4hermoscycler for 30 minutes at 20 °C, followed by 30 minutes at

65 °C.

2.12.2 Adapter Ligation and Uexcision:

In this step, adaptors with a singleoVerhang were ligated to the end
repaired dAtailed DNA fragments. These adaptors contained sequences
complimentary to the lllumina flowcell oligonucleotides used downstream during
sequencing.

30 ¢l of NEBNext Ultra 11 Ligation Mast
Reaction Mixture, followed by 1c¢l of NEBNe:
NEBNext Adaptor for lllumina was added. Where less than 100 ng of input DNA was
available for library pregration, the adaptor was dilutéske Tabl.5 below to

reduce the risk of adaptdimer formation
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DNA input (ng) Adaptor dilution

>100 ng No dilution
5-100 ng 1:10
<5ng 1:25

Table 2.5 Ratio of adaptor dilution based on quantity of input DNA

This mixture was mixed and then incubated for 15 minutes in a thermocycler at 20

AC, with the heated |id turned off. 3 gl o
incubated for a further 15 minutes at 37 °C, with the heated lid set at a minimum of

47 °C.This cleaves the adaptors, making the adadmated DNA fragments

available for PCR amplification

2.12.3 Cleanup of Adapterligated DNA without sizeselection:

The sizeselectionstep was omitted in order to conserve the amount of DNA
available for PCR amplification (sizelection is not recommended for DNA inputs
less than 50 ng, which was the case for most of the cfBénAples).

AgencourtAMPure XP beads (Beckman Coulter Life Scieff3egere used
for this step. They were allowed to standam temperaturéor at least 30 minutes,
and vortexed thoroughly, prior to use. Each adalgated DNA sample was placed
in a separate well in a 98ell plate, and 8% | of beads was f hen adde
mixing by pipetting up and down at least 10 times. The samples were incubated at
room temperature for 5 minutes, before placing the plate on a magnet stand for about
5 minutes, until the solution was clear, with the beads magnetised to the base of each
well. The clear supernatant was discarded bipipg out, taking care not to disturb

the beads, which contained the DNA targ&tse AMPure XP beadssolution
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contains an optimised buffer which selectively binds DNA fragments (of 100bp or

more) to paramagnetic beads, so that unwanted PCR products (salts, enzymes,

primers etc.) can be removed by washing, resulting in more purified DNA targets.

Two sequential washes were carried out by
80% ethanol in each well, before-diying the samples for about 5 minutes. Care

was taken not to ovalry the samples (as evidenced by the samples turning a lighter

brown and cracking upjgs this would result in DNAoss. The plate was then

removed from the magnetic stand, each DNA
mixed well and incubated for 2 minutes at room temperature. The plate was then

returned to the magnetic stand, and aftestiiation had cleared again (about 5

mi nut es) , 15 ¢l of c¢clear supernatant (cont .
new PCR tube. This was stored2® °C until the PCRenrichment step was carried

out.

2.12.4 PCR-enrichment and Indexing of adapteligated DNA

The PCR step enriches for adagligated fragments, while increasing the
amount of library available for sequencing. DistibatcodesNNEBNext® Multiplex
Oligos for lllumina®)were also incorporated into each santplenable downstream
multiplexing.

To each adaptdigated sample, 28 bf NEBNext Ultra [l Q5 Master Mix
and 10 | Indek/Universal Primer (supplied preixed) was added, such that each
amplified sample would include a unique index sequence. The mixture was mixed by
gently pipetting up and down at least 10 times. PCR amplification was then carried

out on a thermocycleusing the cycling conditions outlined Trable2.6.
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PCR enrichment step Temperature Time Cycles
Initial Denaturation 98 °C 30 seconds 1
Denaturation 98 °C 10 seconds
7-15*
Annealing/Extension 65 °C 75 seconds
Final Extension 65 °C 5 minutes 1
Hold 4 °C [~

Table 2.6: NEBNext Ultra DNA library prep PCR cycling conditions.

The number of PCR cycles increased with reducing DNA i(giatting
DNA), and was based on recommendations inrsiguction manualTable2.7

shows the number of PCR cycles based on the input DNA amount

Input DNA (ng) ‘ Number of PCR cycles
60 - 100 7
30-59.9 8
20-29.9 9
10 -19.9 10
5-9.9 11
3-49 12
2-29 13
1-1.9 14
0.5-0.9 15

Table 2.7: Number of PCR cycles during DNA library preparation, based on
guantity of DNA input.

2.12.5 Clean-up of PCRamplification:
A further clearup step was carried out, following the same process outlined in
Step 10.3, butusing45! of beads. The DNA was then

and 30 ¢l of clear supernatant20&d uted
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The 2200 TapeStation System (Agif®nwas used to check the size
distribution of the libraries, and to quantify them, prior to pooling. This system
provides a quick, automated tapased electrophoresis of the libraries. The High
Sensitivity D1000 Screen Tape assay was used because thenge€3s1000 bp)
and quantity range (101000 pgé ) offered by this assay were ideal for the libraries.
To summarise, the High Sensitivity D1000 Ladder and High Sensitivity
D1000 Sample Buffer were allowed to equilibrate at room temperature for 30
minutes, and vortexed before use. Using-av@b plate,2c | of Sampl e Buf fer
pipetted into separate wells (depending on the number of DNA libraries to be run).
A 1:5 dilution of all DNA libraries was carried out,add ¢ | of each dil u
|l i brary was added to a separate well <cont a
Buf f er an dadderwerk addetl to bnk separate well. The plate was then
vortexed at 2000 rpm for 1 minute, and briefly centrifuged to ensure the contents were
at the base of the wells. The plate was then loaded on to the 2200 TapeStation, along

with the ScreenTape atahading tips.

The Tapestation reports of the libraries were examined to ensure that they
fulfilled two essential conditions: (a) presence of a single predominant peak
representing the library; and (b) the peak was of the expected molecular weight of
around 300 bp, whictepresents the size of the ccfDNA fragment (180 bp) plus the
adaptor/index primer added during library preparation (120 bp). Importantly, if any
significantly smaller peaks were seen (e.g. 80 bp peaks representing primer dimers, or

120 bp peaks represarg adapter dimers), the library would be regarded as having
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failed the QC step. Much larger molecwaeight peaks would indicate over

amplification at the PCR step during library preparation.

The high throughput of the Illumina platform, as with most current
sequencers, means that its capacity for generating sequence reads far exceeds the
requirements of a single library. Thus, it was possible to pool together several
libraries during a singlsequencing run to maximise the sequencing capability of the
platform, while keeping the process ceffective.
In order to carry out such multiplexed sequencing, up to-ght samples
were pooled togethgprior to loading orto both lanes othe lllumina HiSedlow
cell. Samples were pooled in equimolar amounisas also ensured that the absolute
tot al mol arity of the pool did not exceed
nM for lllumina HiSeq). The volume of each library added to the pool was calculated

using the following formula:

Volume of library € 1=) Volume offinalpoolé | ) x Concentration of pool (nN

Number of libraries x Concentration of library (nM)

The libraries were pooled into a 1.5ml eppendorf tube, and the total volume

was made up to 1560l by adding QI AGEN buffer EB + 0.
Other important considerations taken during pooling included:

- samples being pooled together share a similar fragment size distribution (shorter

fragments amplify more efficiently than longer fragments, so it was important to

avoid mixing very differently sizetibraries, to ensure relatively equal reads across

sampes)
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- any libraries with very low concentrations, were reconstituted (using either a 1:2
dilution factor, or using the stock library, instead of a 1:5 dilution as outlined in

section 1.11) to ensure more even concentrations (and so molarity) across samples.

The HiSecplatform, which utilises the Sequencing by Synthesis technology
for high throughput sequencing, was utilised to carry out p&ineldsequencing of the
pooled libraries. Pairednd sequencing, as the name suggests, involves the reading of
a DNA fragment fom each end, prading twice as many reads, and through the
alignment of paired reads, enables more accurate read alignment and, thus, more
reliable identification of structural vari.
is capable of generating up@00 million readsat a read length of 2 x 100bpross
the 2 lanes of the flowcell. Using the formula shown below, this would achieve a

coverage of approximately4l, if 48 samples were multiplexed in a single run.

Coverage= Number of reads (600 million) X Average read length (100)

Number of samples multiplex€d8) x Length of original genom¢8 billion)

2.16.1 Loading the libraries on the HiSeq:
Along with the DNA libraries, a positive control (the PhiX Control v.3) was
loaded on the HiSeq during each sequencing run. The PhiX is atceasy adapter
ligated library, which, given its relatively small size, can be rapidly aligned to provide
relevat sequencing metrics for quality control. The DNA libraries and Phi X control
were prepared as follows:
A pair of 1. 5ml eppendorf tubes was | ab.

respectively. 50l of the pooled DNA was ad
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6Phi X 206 tube, was added 20l of Phi X cont
tween.
5ul of a 0.2N NAOH solution was added to each of the tubes, and these were
vortexed, and pulseentrifuged, before incubating for 5 minutes. 990 ul ofqirdled
buffer HT1 was added to each tube and these tubes placed in a 0 °C cold block.

Anot her pair of 1.5ml eppendorf tubes w.
and 270 pul prechilled buffer HTL addedo each before placing on ice. 330 pl of
ODNA 206 and O6Phi X 20060 was then added to 0
and bothubes placedn ice.

Anot her 1.5ml eppendorf tube was | abel |l
Ol of O6DNA 116 and 5 Ol of O6Phi X 116. This
°C for 2 minutes, and then kept on ice until ready to load on the HiSeq machine.

The lllumina HiSeq workflow consists of 3 main processescribed below

2.16.2 Cluster generation:

During this process, the adaptayated DNA fragments are allowed to flow
across the lanes of the flow cell, which is coated on its surface with oligonucleotides
which are complementary to the adaptors at the ends of the fragments. Each fragment
is then sothermally amplified through the process of bridge amplification, resulting in

clonal clusters.

2.16.3 Sequencing:
Fluorescently labelled nucleotides are allowed to wash over the hybridised
clusters, and each tethered DNA fragment serves as a template for complementary

strand synthesis. The synthesised strand is excited by a light source, and from the
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wavelength of the fluorescence emitted from each nucleotide, as well as its signal

intensity, the base is called. This cycle is repeated continually, with the number of

cycles determining the length of the read. With each cycle, the presence of a blocking

36 hydroxyl group prevents more than one b
this hydroxytnucleotide group after calling, enables the next sequencing cycle to

begin. This process occurs in a massively parallel manner across the flowcell,

resulting inmillions of reads being generated within one sequencing run.

2.16.4 Data analysis:
The reads are separated based on the distinct barcodes incorporated into each
DNA sample during library preparation. Forward and reverse reads are paired, and

alignment algorithms map contiguous reads to a reference genome.

Twenty healthy controls were randomly selected from the Markers of Relapse
in Melanoma study, ensuring a balance between male and female controls. The read
counts for each one Mb window derived from the reads obtained from sequencing
their lymphocyte DNA were pooled bioinformatically to obtain a pooled reference to
which each cfDNA sample (from patients and controls) could be normalised when
creating copynumber profiles. This approach provided an alternative to sequencing
the lymphocyte DNA from each paripant, thus reducing sequencing costs
significantly.

For each of the cfDNA samples from the twenty controls, the mean of the

copy-number ratios from all 1Mb windows was obtained as above. The mean and
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standard deviation of these twenty means were used to standardise copy number ratios

when calculating the copyumber scores described in section 2.21.

2.18 Copy-number ratios calculated using CNAnorm:

As shown in the workflow in Figure 2.5eguence reads were mapped to the
reference genome (GCh 38), following which any reads that were duplicated or of
poor mapping quality were removed using ahause bioinformatics pipeline

developed by Dr James Bradford.

Reads profiles normalised against corresponding
genomi c DN A profiles

Figure 2.5 Workflow for creation of copy-number ratios

The resulting BAM files (for each cfDNA, lymphocyte DNA and FFPE
tumour DNA sample) were inputted to the software CNANORM. Blacklisted regions
of the genome were removed by this software, which also corrected for GC content.
Copy number ratios were genadtfor each 1 Megabase window across the genome
by normalizing each sample to either matched lymphocyte DNA (faBEMS
cohort), or pooled lymphocyte genomic DNA frawaohort of healthy controls

(described in section 5L
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Z-scores calculated for

Reads split into 1MB

windows

each window

2.19 Copy-number scores:
In order to numerically summarise the aberrations identified in each
par t i ci pnamberprofileacrogs the whole genonteo scoring algorithms

were appliedwhich are describeoelow:

2.19.1 Copy-number Aberration Score (CNAS)

This score was described bigitzer(Heitzer et al., 2013)or each cfDNA
sample, Zscores were calculated for each 1Mb window of sequencing reads by
standardising the copyumber ratio to the mean copymber ratio from a cohort of
healthy controls (seBection2.16), i.e. the mean and standard deviation of copy
number ratios of each 1Mb window across the genome of each healthy control were
calculated. The average of these means and the standard deviation was then used to
calculate zscoresThe square of-scores was then summed across the whole

genome.

2.19.2 Extreme Copynumber Aberration Score eCNAS

This was adapted from the score described by Xia(&thal Xia et al., 2015)

For each cfDNA sample,-Zcores for each 1Mb window were calculated by
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standardising its copgumber ratio to the mean copymber ratio of all windows for

that sample

The log:io-transformed squaredscores were ranked, and the sum of the 95

99" percentiles of these was obtained.

Standardised Z-scores for each window ‘ sum of square of standardised

I-scores
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Figure 2.6: Summary of the two copynumber scores described in sectior3.17.1 and 2.17.2

2.20 Melanoma cell-line culture (BRAF mutant and wild-type)

Threehuman melanoma cell lined375, MDA-MB-435 and WM1361jvere
obtained from the American Type Culti€ellection (ATCC) (Bethesda, USA). Cell
lines were culturetb obtain DNA for use in quality control analysis (specifically to

investigate reproducibility of the lowoverage copynumberapproach

2.20.1 Cell-line sub-cultures

Two BRAF mutant melanoma cdihes (A375, MDAMB-435), and one

BRAF wild-type cell line (WM1361) were identified and thawed (from liquid
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nitrogen storageMedia mixes appropriate for each elle were prepared (ahown

in Table 2.8) and warmed to S prior to use.

Medium/FBS mix Volumes

DMEM 27 ml
A375
10% FBS 3ml
DMEM 28.5 ml
MD-MB-435
5% FBS 1.5 ml
RPMI 27 ml
WM-1361
10% FBS 3ml
DMEM Dulbecco’s Modified Eagle Media
FBS Fetal Bovine Serum
RPMI Roswell Park Memorial Institute medium

Table 2.8 Media mixes for each of the three cellines cultured to obtain

DNA for quality -control analyses

Using a Bs flask for each celline, 1 ml of resuspended cells was mixed with
9 ml of the appropriate media mix. The flasks were placed in an incublatocked
daily, and media changed regularly to encourage cell growth. When cells were
approximately 90% confluent, they were stlitured. Cells were rinsed twice with
PBS, 1 ml of Trypsin EDTA was added, and the excess decanted. The flask was
allowed to sand for about 2 minutes, and then viewed under a microscope to look for
dissociation of cells from the base bétflask. The cells were thensaspended in 5
ml of medium/FBS mix, before 2 ml of these cells was transferred to yfl@a3ks,
each containing 20 ml of medium/FBS mix. The flasks were stored in the incubator,
and the process repeated until sufficient cells had grown for DNA extraction could be

carried out.
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2.202 Cell-line DNA extraction

The QIAGEN Flexigen kit was used to extract DNA from the threelicell
cultures. Prior to extraction, the cells in each culture were counted. To do this, the
medium from the flasks were removed, and each flask was rinsed twice with PBS,
before adding Il of Trypsin EDTA. When cells were dissociated, 5 ml of
medium/FBS mix was added, and the cells collected in a 15 ml centrifuge tube. Each
sample was then loadedto the chambers beneath the coverslip of a
haemocytometeAfter mounting on a microscopetsat 10 X objectivethe cells
within each of the four sets of 16 squares ofthematocytomet grid werecounted
manually using a hand tally counte©nly cells within a square, or on the
right/bottom rows of each square were included in the count. The average of the cell
counts from the four sets was calculated, and multiplied byoldthieve a measure
of the number of cells per ml of solutiorhe recommended number of cells required
for extraction using the Flexigen kit was betweeh 2 1@ cells. If the count revealed
an inadequate number of cells, the-tiek was sukcultured, and allowed to grow
until there was adequate growth for extraction.

The required number of cells was centrifuged in a 1.5 ml microcentrifuge tube
for 5 minutes at 300 x g. The supernatant was discarded, taking care not to disturb the
pellet. The cells in the pelletwereseu s pended by adding 300 ¢l (
pipg ti ng up and down -mixee¢Buifet FSA/QIAGEN Bréteasec | of ¢
mi x (300 ¢l Buf fer FG2 with 3 ¢l of recons-
the closed micr@entrifuge tube inverted three times. The tube was then placed in a
water bath ad incubated for 10 minutes at85.600c | of 100% 1 sopr opan:t
added, and mixed thoroughly, until the precipitated DNA became visible (as threads

or as a clump). The tube was then centrifuged for 3 minutes at 10,000 x g. The
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supernatant was discarded, and the tube inverted gently onto a clean paper towel to
ensure the supernatant was completely disc.
added and vortexed for 5 seconds, after which it was centrifuged for 3 minutes at
10,000 xg. Again, the supernatant was discarded, and the tube left inverted on a paper
towel for about 5 minutes. The pellet wasdhiied for at least 5 minutes, after which
200 €1 of Buffer FG3 was added, foll owed b
DNA was dissolved by incubating for 30 minutes at@5If the DNA was not
completely dissolved at this stage, the incubation was prolonged until the DNA was
completely dissolved.

The extracted DNA was then quantified using QUBIT, and a quality check

was carried out on the Nanodrop (as previously describ8ddtiors 2.6 and.8.3)

To investigate the reproducibility of the lesoverage copyyumber approach,
DNA extracted from the melanoma cell line MEMB-435 was analysed dan
separate nexgeneration sequencing runs. 1000 ng of the extracted DNA was sheared
on the Covaris (see Tal9 for settings) to achieve 200 bp fragments. 10 ng of this
fragmented DNA was then made into libraries using tB&Next Ultra Il Library
Prep kit (as described in Sectidril). For each of theensequencing runs carried out
(as described in Secti@.15), a celtline DNA library was pooled along with the
cfDNA/genomic DNA libraries being sequenced. The copynber profiles, as well
as the CNAS and eCNAS, for these dmle DNA samples were compared across the
runs Thecoefficient of variatiorfor CNAS and eCNAS across the 10 runs was

calculatedusing Statajo assess the reproducibility of the capymber analysis.
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In order to determine the technical sensitivity of the eopmber approach,
we carried out serial dilutions of DNA extracted from the MBU8-435 melanoma
cell-line DNA and examined their copyumber profiles, as well as the CNAS and
eCNAS scores. Dilutias of the celline DNA were carried out using lymphocyte
DNA extracted from a healthy control. The dilutions ranged from 50% to 0.01%, and
were all done in duplicate. To reflect the average concentration of typical cfDNA
samples, each dilution containetbtal of 12 ng of fragmented DNA (cell line plus
healthy control DNA).

Similarly, we carried out serial dilutions of a sarcoma cell line for which the
copy-number profile produced by arr&GH was available, and sequenced these
using the lowcoverage sequencing approach, in order to compare the profiles

obtained by both pl&irms.

All analyses were carried out using Stata (version 12) and GraphPad Prism
(version 7). The twaailed t test was used in analyses comparing continuous
variables. Patient deaths were determined from hospital records, up to a last date of
follow-up of 17.0817, and survival times were plotted using the Kaplan Meier
method. Hazard ratios were derived in a Cox regression framework with adjustment
for time from diagnosis to recruitment. Tumeetated factors significant at the
p<0.05 level were included inraultivariable survival analysis. Univariable logistic
regression analyses comparing relapsed andgelapsed melanoma included log
CNAS, log cfDNA level (ng/ml plasma), stage at recruitment (coded as binavg /11

[1I/IV), age at recruitment, gender, and BRAF status. Significant variap&sQ5)
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were included in a multivariable logistic regression, and predicted probabilities based

on the model were used to generate Recédmarator Characteristic curves.

The random coefficients mixegffects model was utilised in the longitudinal

anal yses, takingaitntoata®c aasc umvdetl ifieviatsd ifvwart iwetei
in continuous variables. This model was necessary as the logistic regression analysis

does wt adjust for repeated measures. This model was recommended by Dr Dawn

Teare (cesupervisor and statistician).
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Chapter 3: Results Genetics andEpidemiology of Melanoma inSheffield study

(GEMS)
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While the incidence of melanoma in the UK has increased steadily since the
1970s(Cancer Research UK, 2018he overall survival is improving, especially for
early stage diseas€umours inearly stage disease are usually amenable to surgical
excision, but, for those patients with higbk disease, relapse rates can be up to 50%,
and relapses are often metastatic. The prognosis for patients with unresectable
metastatic disease is not veryogl. However, the emergence, within the last decade,
of BRAF-targeted agents and immune checkpoint inhibitors is changing the prognosis
for these patients dramaticaljodi et al., 2010; J. Larkin et al., 2014; James Larkin
et al., 2015; Caroline Robert et al., 2014; Wolchok et al., 2@E8)y detection of
metastatic relapsed disease could enable initiation of systemic therapies sooner,
potentially improving clinical outcomes.

There is currently a reliance on radiological imaging and physical examination
to detect relapses in patients. There is, as yet, no blood test that can be used to
indicate melanoma relapses reliably. While the serum protein lactate dehydrogenase
(LDH) hassome use as a prognostic biomarker in melanoma (patients with markedly
elevated serum levels have been shown to have a shorter median survival, and poorer
response rates to systemic ther@palch et al., 2009; Martens et al., 201 & value
as a marker of relapse is limited, given its low sensiti{itgck, Giuliano, & Morton,
1983)

As cfDNA shares genetic and epigenetic similarities with its parent tumour,
there has been considerable interest in cfDNA analysis as a biomarker in various
tumour subtypes, including melanoma. Salvianti et al developed a model
(incorporating cfDNA concentratiorfDNA integrity, and RASSF1A promoter

methylation in cfDNA) which showed good predictive ability to discriminate healthy
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controls from melanoma patier{&alvianti et al., 2012)A number of other groups
have utilised cfDNA to assess treatment response by tracking mutations in cfDNA
during therapyR. J. Lee et al., 2017; Lipson et al., 2014; Tsao et al., 2B%5)et,
copy number aberrations have not been examined, either as a marker of relapse, or to
assess treatment response.

As a step towards the possible use of genwme copy number aberration
analysis as a biomarker for relapses tthapter introduces the concept of copy
number aberration analysis in cfDNA as an indicator of active disease in melanoma
patients Copy-number aberrations are large structural alterations in part, or the
whole, of a chromosome, which result in an abnormal number of copies of sections of
DNA as compared to a reference genome. There is an abundance of somatic copy
number alterations imelanomaas shown rather nicely by Curtin et(@lurtin et al.,
2005) who showed low level copy number gains, losses, amplifications and deletions,
in various sukgroups of melanoma. Coupled with the fact that eopmber
aberrations are detectable by ngeheration sequencing with shallow coverage, in
either FFPE samplam cfDNA, (Camacho et al., 2017; Chen et al., 2017; Kader et
al., 2016)unlike point mutations which require considerable depth of sequencing, the
copy number approach in detecting relapse in melanoma is a potentially attractive,
and cosieffective, option.

Heitzer et alHeitzer et al., 2013jescribe an elegant method of capturing the
breadth of copynumber aberrations detected by whgenome sequencing in cfDNA
from prostate cancer patients, by summing the square of standardisetLoolpgr
ratios calculated for 1IMb windows of sequencingde This algorithm provides a
score that can serve as a surrogate marker of tumour burden. An alternative method of

estimating the fraction cfDNA that is tumederived is provided by Xia et al in their
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analysis of cfDNA in prostate cancer patients, in which empyber ratios in 1Mb
windows were calculated by comparing to lymphoaygéeived DNA for each sample,
before subjecting to segmentation using the CNAM algorithm. The ratios were then
ranked, befae summing the square of theé"9599" percentile of ratios. They
assumed the copyumber aberrations within these percentiles to be the most
significant ones, and excluded the highest {)@@rcentile aberrations, as they found
the most extreme aberrations to be associated with centromere and telomere regions,
representing high sequence homologs and poor quality libraries.

The aims of this chapter are:

1 Inthe first part of the chapter, optimisation of tiBNA extraction process is
explained followed by an examination of cfDNA levels and average
sequencing library size as possible factors to be controlled for

1 Following this, in order to provide proof of concept that the empynber
approach has potential as a biomarker of relapsexplore the two copy
number scoring algorithms (described above) to explore their ability to
discriminate active melanoma from relapsed disease survivalin subjects
from the GEMS study

1 Weend by providing data about the sensitivity and technical reproducibility of

the copynumber approach.

In order to optimise the process of extraction of ccfDNA from plasma, |
compared different elution volumes to investigate the effect on DNA yield. This was
done by spiking plasma from healthy volunteers with DNA extracted from tumour

FFPE samples, and neaing the yield of DNA extracted when three different
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elution volumes were applied to the extraction column. The FFPE DNA used in the
spiking experiments was first subjected to quality checks prior to being used in

spiking, as described below.

3.2.1Tumour FFPE DNA quality check using gel electrophoresis

FFPE DNA was selected for the spiking experiment, as this type of DNA, by
virtue of its fragmented nature, mimics cfDNiAsome respect3 o assess the quality
of the tumour DNA samples extracted from the FFPE specimens, they were subjected
to a gel electrophoresis after PCR amplification using sdrapliconBRAF primes
(as described in Sectid@g).

All six tumour DNAPCRbands corresponded to a molecular weight of
between 10200 bp.the expectedize of the BRAF amplicqras shown in figure 3.1
Thus,although fragmented, the FFPE DNA is of sufficient siad qualityto

generate PCR product with these BRAF primers.
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Lanel&2: Hyperladder IV

Band 3-8:  Tumour DNA samples (T1, T2, T3, T4, T5, T6)
Band 9: Positive control

Band 10: Negative contrqlwater

Bands 1114: Repeat tumour DNA samples (T3, T4, T5, T1)

Figure 3.1 Electrophoresis readout for DNAquality check

3.2.2Tumour FFPE DNA quantification (using Qubit fluorometry) and quality
check (using Nanodrop spectrophotometry)
A further quality check on the tumour FFPE DNA was carried out using
Nanodrop spectrophotometry. Thes#Azsoand Aso23oratios provided information

about the quality (purity) of the samples shown in table 3.1 below
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FFPE sample Concentrat| A260/a280 A260/230

T1 3.6 1.17 -3.7
T2 80.98 1.94 2.42
T3 9.16 1.57 1.77
T4 14.52 1.58 1.83
TS5 59.47 2.15 2.57
T6 19.36 1.88 2.53

Table 3.1: DNA concentration and purity as determined by Nanodrop

An Azso/Azsoratio of between 1.8 and 2.0, and amo&soratio above 1.9 are
considered acceptable for good quality DNA samples, indicating the absence of
protein andrganic contaminants respectively. Significantly lower ratios indicate the
presence of contaminants like protein and phenol. Th@A&soandAsd/23oratios of
all the tumour samples (except Sample T1) reflected dltabugh variablehese
samples did not appear to have significant contamination.

Quantification of doublestranded DNA by Nanodrop spectrophotometry is
notwholly accurateand tends to ovezstimate DNA concentratioif here are a
number of reasons for th{&allagher, 2011)The UV absorbance method is not
selective for DNA, RNA or protein. Secondly, this method has low accuracy at lower
concentrations. In addition, absolute quantifications vary significantly in the presence
of contaminants. In order to improve accurayrther quantification of the FFPE
DNA samples was carried out by Qubit fluorometry (using the method described in

Section2.6). The DNA concentrations are shown in the ta&bibelow.

77



Tumour sample DNA concentr ¢
T1 1.81
T2 31.7
T3 4.8
T4 6.92
T5 17.2
T6 6.52

Table 3.2 DNA concentrations of tumour FFPE samplesas determined by Qubit fluorometry

3.2.3Percentage DNA yield from spiking experiments

Two separate pools of plasma (6 méh) were made, once of which was

spiked with FFPE DNA to achieve a concentration of 50 ng/ml of plasma. Each pool

was separated into three 2ml aliquots, and the DNA was extracted from each aliquot

using the QIAamp circulating nucleic acid,kas described in Secti@¥). At the

final elution step, one of three different elution volumes of buffer AVE(30,

and 200 €1 ) was applied

each aliquot.

t
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Comparison of the DNA yields from each aliquot of the spiking experiment

showed higher yields from the bigger elution volur{fégure3.2). Therefore, for all

subsequent DNA extractions using the QlAamp kit,2d0 was wused

extractions from 2ml plasma aliquots.
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Figure 3.2 Comparing DNA yields using three different elution volumes.
Three different elution volumes of AVE bufferere compare@®0¢ | show
in blue, 100 ¢l in red and 200 ¢l
volume, and the experiment was conducted thrice, giving 9 datapoints for
each of the volumes compared. Note that in one of the experiments, the
100ml aliquot quantificatiofeiled (hence there are only six datapoints for

that volume).

The GEMS study and its participants are described in Seztlowe
hypothesised that cfDNA levels would be greater in those with active and more severe
diseaseand for comparison purposes we first examined cfDNA levels as a biomarker
of active disease arslirvival. CFDNA was extracted from the plasma of participants
recruited to the GEMS study, and the cfDNA concentrations determined through
guantification by SYBRyreen gPCRas described in Secti@).

Significantly higher level®f cfDNA were observeth those with active
disease (n=44; median (range) 7.63 (4528)1) ng/ml) compared to those with
resected disease (n=39; median (range) 3.78-0430) ng/mlp=0.0001)(Figure

3.3.
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log cfDNA level ng/ml

Resected Active

Figure 3.3 Comparison of cfDNA levels between active antesected case8Box and
whisker plot of the cfDNA levels in cases with active melanoma (n=44) compared
those with resected disease (n=39)

3.4 Survival analysis based on cfDNA levels in GEMS
Since a higher level of cfDNA was associated with active disdase,
association between cfDNA level (as a continuous variable in ng/mpatiaht
survival was investigatedlsing Cox regressiomére was a significant association
bet ween cf DNA | evel and patientS85 survival
(3.4471 8.86), p< 0.0001as shown in Table 3.8 multivariable analysishis
association remained significant after correcting for stage of disease, status of disease

(active or resected), and BRAF status (HR (95% CI) 2.78 {1481); p <0.0001).
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HR p-value 95% ClI

Univariable analysis

log cfDNA level 5.52 <0.0001 3.44-8.86

Multivariable analysis

log cfDNA level 2.28 <0.0001 1.68-4.61
Stage 2.76 0.032 1.09-7.0

BRAF status 2.74 0.002 1.44-5.21
Active/Resected 5.26 <0.0001 2.44-11.36

Table 3.3: Cox regression analysis for log cfDNA level

The melanoma cases were then grouped based aflbf quartiles. As
shown in Table 3.4here was a trend for increasing mortality, with tieafd 4"
quartiles (log cfDNA levels between the'58 75" percentiles, and levels above the
75" percentile, respectively) having significantly higher hazard ratios for death,
compared to the reference quartile (log cfDNA level below tiep@Scentile) Thus,
the data demonstrate that higher cfDNA levels in plasma are associated with active

disease and poor survival.

Log cfDNA level HR p-value 95% ClI

< 25th percentile reference

25th- 50th percentile 1.87 0.189 0.73-4.75
50th- 75thpercentile 3.24 0.011 1.31-8.02
> 75th percentile 144 <0.0001 5.81-35.68

Table 3.4: Cox regression analysis for cfDNA quartiles

Plasma samples collected from melanoma patients in the GEMS study
between January 2008 and June 20@estored at80 C. An initial cfDNA
extraction was carried out from the plasma of all 83 cases in November 2009 using

the QlAamp circulating nucleic acid kit. A second cfDNA extraction was carried out
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in August 2016 from the remaining plasma samples from the same 83 cases. The
yields of cfDNA extracted from the stored plasma at these two time points seven
years apart was compared. This showed good agreement (Spearman's correlation for
log cfDNA level =0.75, p<0.0001), with a median drop in yield of 2.8 ng/ml plasma

over that time period (interquartile range 0-32 ng/ml of plasma).

Original quantification log ng/mli

Repeat quantification log ng/ml

Figure 3.4: Scatter plot of DNA yields from extractionscarried out over
2 separate timepoints, 7 years apart, showing good correlation.
Scatter plot of cfDNA yields from the same plasma samples (n=83) ce
out in 2009 (y axis) and 2016 (x axis). Spearman's correlation for log
cfDNA level was 0.75, p<0.0001.

Sequencing libraries wegenerated from the GEMS cfDNA samples as
described in SectioR.15. A tapebased electrophoresis of the DNA libraries was
carried out using the 2200 TapeStation System (Adijetd check the size
distribution of the libraries prior to pooling. This system used capillary
electrophoresis to provide an accurate measurement of DNA fragment size
distribution in each librarywe hypothesised that mean library size in bp might be
greater in samples from patients with active or more severe disease due to the
preence of higher levels of cfDNAs demonstrated abave
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A comparison was made to examine if there were differences in library sizes
between cases with active and those with recently excised disease. Patients with
active disease tended to have larger fragment sizes than those with resectgr:cases (

0.0124), as shown in the table below.

Cases Mean (bp) Standard deviation 95% ClI
Resected 290 10.4 287-293
Active 297 15.8 292301

Table 3.5 T-test comparison of library sizes between active angsected cases

Cases were grouped according to library size quartile, and those cases in the
highest quartile (library size >300 bp) were found to have significantly increased risk

of active disease (OR (95% CI) 5.82 (1.83.17),p=0.01Q as shown in Table 3.6

Library Size quartile Odds Ratio p-value 95% ClI
<285 bp Base
28571 289 bp 1.29 0.681 0.38-4.39
28971 300 bp 1.31 0.656 0.40-4.27
>300 bp 5.82 0.010 1.53-22.17

Table 3.6: Logistic regression analysis of library sizequartiles for active disease

Univariable logistic regression analysis comparing cases with active
melanoma to those with resected disease showed that library size above or below 300
bp (.e.above or below the "5percentile) was a significant predictor of the presence
of active disease (OR (95% CI) 4.99 (1i506.65),p= 0.009). Adjusting for cfDNA
level and stage of disease, multivariable logistic regression analysis showed the
library size category (above or below 300 bp) to be a significant predictor of active

disease as shown the regression analydistable3.7.
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Univariable analysis

OR p-value 95% ClI
Library size category* 4.99 0.009 1.50- 16.65
Multivariable analysis

OR p-value 95% ClI
Library size category* 14.11 0.022 1.48-134.79
Log cfDNA level 2.12 0.110 0.84-5.31
Stage 61.41 <0.0001 6.85- 550.86

Table 3.7: Logistic regression analysis of library size as a predictor of active disease
*Library size above and below 300 bp

To examine if library size was a predictor of overall survival, a univariable
Cox regression analysis was carried @ugure 3.5). Thishowed mortality to be
higher among cases with library size above 300 bp (HR (95% CI) 2.65i(4.8%),

p=0.002).

75 100
1 L

Survival (%)
50
1

25

Time (years)

Library size <300 bp —— Library size > 300 bp

Figure 3.5 Kaplan-Meier survival estimates for overall survival, showing highemortality
amongcase with library size > 300bp, compared to cases with library size <300bp
Kaplari Meier survival graph comparing survival for patients with library size aBo0bp
(red, n=23 and below300bp(blue, n=60. Mortality was higher among cases with library si.
above 300 bp (HR (95% CI) 2.65 (1.441.87),p = 0.002).
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However, after adjusting for other significant predictors of survival, such as

stage of disease and BRAF status, as shown in the multivariable Cox regression table

below, this association was no longer significant.

HR p-value 95% CI

Univariable analysis

Library size category* 2.65 0.002 1.4471 4.87
Multivariable analysis

Library size category* 1.23 0.581 0.59-2.56
cfDNA level 2.84 <0.0001 1.69-4.74
BRAF status 2.79 0.002 1.46-5.35
Active/Resected 4.78 <0.0001 2.05-11.15
Stage 2.82 0.029 1.11-7.16

Table 3.8 Cox regression table of library size category* as predictor of overall survival
*Library size above and below 300 bp

Following extractiorof cfDNA and quantification by gPCR, DNA libraries

were prepared using the NEBnext library prep kit for lllumina. These libraries were

quantified using the 2200 TapeStation System (Adiesystemthenpooled and

sequenced on the lllumina HiSeq platfoithese methods are described in Sestion

2.12 and 2.14The libraries were prepared and quantifiedsyShobha 8va, and

staff in Sheffield Diagnostic Genetics Service carried out pooling and sequencing
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Total Number of  Percentage Number of Percentage
Sample ID number of mapped of mapped paired Coverage duplicate

reads reads reads reads reads
C0001 18531250 16564138 89.38 8282069 0.47 0.0113
C0002 22958166 20616322 89.80 10308161 0.57 0.0101
C0003 20731302 18562336 89.54 9281168 0.53 0.0115
C0004 19831050 17811890 89.82 8905945 0.49 0.0064
C0005 23255198 20857458 89.69 10428729 0.58 0.0093
C0006 31954072 28651572 89.66 14325786 0.79 0.0097
C0007 31193286 27847822 89.28 13923911 0.77 0.0124
C0008 17250950 15572026 90.27 7786013 0.43 0.0063
C0009 17724582 15644474 88.26 7822237 0.44 0.009
C0010 22147474 19657176 88.76 9828588 0.47 0.0105
C0011 20680930 18181590 87.91 9090795 0.48 0.0123
C0012 16812808 15174990 90.26 7587495 0.42 0.0059
C0013 17238482 14815642 85.95 7407821 0.43 0.0106
C0014 20074210 18064074 89.99 9032037 0.47 0.0081
C0015 21390562 18968538 88.68 9484269 0.54 0.0099
C0016 18541274 16392856 88.41 8196428 0.48 0.0127
C0017 26044926 23433046 89.97 11716523 0.65 0.011
C0018 16671062 14875580 89.23 7437790 0.41 0.0092
C0019 31642696 28367128 89.65 14183564 0.78 0.0098
C0020 36099034 32418440 89.80 16209220 0.88 0.0074
C0021 18511878 16587612 89.61 8293806 0.46 0.0089
C0022 14694214 13215044 89.93 6607522 0.38 0.0081
C0023 14806006 13301624 89.84 6650812 0.37 0.008
C0024 19927852 17466078 87.65 8733039 0.52 0.013
C0025 12687594 11408242 89.92 5704121 0.32 0.0077
C0026 11296600 10066960 89.11 5033480 0.29 0.0102
C0027 16053452 14197832 88.44 7098916 0.41 0.01
C0028 8079976 6913292 85.56 3456646 0.20 0.0098
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C0029 16528932 14960764 90.51 7480382 0.42 0.0068
C0030 15163060 13583598 89.58 6791799 0.39 0.0103
C0031 8461776 7334506 86.68 3667253 0.21 0.0099
C0032 16676062 14878180 89.22 7439090 0.43 0.0084
C0033 25797610 22862648 88.62 11431324 0.65 0.0106
C0034 13559550 12216000 90.09 6108000 0.35 0.0082
C0035 20648348 18306552 88.66 9153276 0.52 0.0092
C0036 15294234 13578904 88.78 6789452 0.39 0.0108
C0037 13720912 12306098 89.69 6153049 0.35 0.0098
C0038 14022436 12562388 89.59 6281194 0.35 0.0086
C0039 24344912 21881516 89.88 10940758 0.61 0.0085
C0040 12493660 11246788 90.02 5623394 0.31 0.0095
Coo41 11001320 9883016 89.83 4941508 0.28 0.0094
C0042 16382262 14642974 89.38 7321487 0.42 0.0111
C0043 14489886 12990960 89.66 6495480 0.38 0.01

C0044 31193134 27896938 89.43 13948469 0.77 0.0081
C0045 11319802 10159234 89.75 5079617 0.28 0.0069
C0046 6572132 5723590 87.09 2861795 0.17 0.0101
C0047 8884378 7806376 87.87 3903188 0.23 0.011

C0048 7458012 6658056 89.27 3329028 0.19 0.0098
C0049 7215946 6446680 89.34 3223340 0.18 0.0097
C0050 18342314 16145968 88.03 8072984 0.48 0.0105
C0051 10705928 9511872 88.85 4755936 0.27 0.0123
C0052 14567470 13041802 89.53 6520901 0.38 0.0099
C0053 7699302 6769752 87.93 3384876 0.19 0.012

C0054 7327456 6531404 89.14 3265702 0.19 0.0097
C0055 8284660 7341582 88.62 3670791 0.21 0.0098
C0056 14083856 12581922 89.34 6290961 0.36 0.0106
C0057 14162254 12612736 89.06 6306368 0.36 0.0093
C0058 9129178 8248586 90.35 4124293 0.24 0.0111
C0059 10752752 9423258 87.64 4711629 0.27 0.0157
C0060 6709336 5824060 86.81 2912030 0.17 0.0106

87



C0061 20610174 18389864 89.23 9194932 0.53 0.0102

C0062 15708910 13894880 88.45 6947440 0.41 0.0104
C0063 14830294 12943424 87.28 6471712 0.37 0.0086
C0065 18975366 16984694 89.51 8492347 0.48 0.009
C0066 15342232 13809974 90.01 6904987 0.40 0.0097
C0067 16736516 15035364 89.84 7517682 0.42 0.0091
C0068 18302520 16229220 88.67 8114610 0.48 0.012
C0069 15186536 13417684 88.35 6708842 0.38 0.0102
C0070 11920860 10630044 89.17 5315022 0.31 0.0099
Coo71 16108868 14426532 89.56 7213266 0.41 0.0097
C0072 17114970 15246910 89.09 7623455 0.44 0.0126
C0073 15626596 13979730 89.46 6989865 0.41 0.0096
C0074 17001942 15260964 89.76 7630482 0.43 0.0099
C0075 11693546 10250548 87.66 5125274 0.29 0.0101
C0076 14085442 12418656 88.17 6209328 0.36 0.0128
Co077 15596640 13947540 89.43 6973770 0.40 0.0107
C0078 13888632 12432206 89.51 6216103 0.33 0.0082
C0079 15157268 13578540 89.58 6789270 0.39 0.0099
C0080 14661366 12725028 86.79 6362514 0.37 0.0415
coo81 13920148 12384608 88.97 6192304 0.36 0.0084
C0082 14063838 12453022 88.55 6226511 0.35 0.0103
C0083 13465032 12077710 89.70 6038855 0.34 0.0104
C0084 14446972 13046552 90.31 6523276 0.36 0.01

Table 3.9: Metrics summary from sequencing runs of 85 cfDNA samples from the
GEMS study.

The 83 cfDNA samples were sequenced on 5 separatetliansdividual
metrics for each sample are shown in Té&bfabove,and the metrics are
summarised below. The median number of reads across the samples was 15.3 million.
On average, 89% of the reads mapped to the human refeyencme GRCh38, with
a median coverage of 0.4 X the genome.
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Median Range

Number of reads 15,342,232 6,572,132 36,099,034
Number of mapped reads 13,809,974 5,723,590 32,418,440
Percentage mapped reads 89.34 85.56- 90.51
Number of paired reads 6,904,987 2,861,795 16,209,220
Coverage 0.4 0.17-0.88
Percentage duplicateeads 0.0099 0.0059- 0.0415

Table 3.10: Summary of metrics from sequencing runs

To investigate if wholgenome copynumber profiles could be used to
differentiate active melanoma cases from those with recextiged disease, we
explored two different scoring algorithms, both of which sought to numerically
summarise the copyumber profiles for each case, to enable compari€orsy
number ratios for 1Mb windows were calculated based on numbers of sequencing
reads as described in Sectiy.

Both of these algorithms were based estareqstandardised copy number
ratios) Briefly, for the CNASscore Z-scores for each 1Mb window were summed
across the entire genome; while for the eCNAScdresacross the genome were
ranked, and th&-scores in th®5-99" percentilesvere thersummedThe derivation

of the scores is described in detail in Secfdi3.
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The reads obtained from sequencing lymphocyte DNA from twenty randomly
selected healthy controls from the Markers of Relapse in Melanoma Study were
pooled bioinformatically, to obtain a reference to which each cfDNA or tumour DNA
sample could be normalide

Sequenced tumour DNA samples extracted from FFPE biopsy or surgical
resection samples from fortyine patients (from the GEMS study) were normalised to
their corresponding genomic DNA, to create copynber ratios from which eCNAS
and CNAS scores were calated (as previously described). In a separate analysis,
the sequenced tumour DNA was normalised to the genomic pool of reads from
healthy controls, before calculating eCNAS and CNAS scores.

We compared the copy number scores (CNAS and eCNAS) for each tumour
DNA sample, when normalised to the corresponding lymphocyte DNA sample and
when normalised to the pooled genomic DNA, in order to see how well these scores
correlated.

Both the eCNASnd CNAS scores showed an excellent correlation when
normalised either to corresponding genomic DNA or to the genomic pool, as shown
in Figures 3.6and 3.7 The Spearman coefficient of correlation for the eCNAS was

0.9295 p<0.0001), and 0.995p<€0.0001) for the CNAS score.
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Log eCNAS from tumour DNA
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Figure 3.6: Scatter plot showing correlation of log eCNAS normalised to pooled genomic DNA{x
axis, n=20) and log eCNAS normalised to corresponding genomic DNA-&xis, n=20).The
Spearman coefficient of correlation was 0.92980(0001)
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Figure 3.7: Scatter plot showing correlation of log CNAS normalised to pooled genomic DNA{x
axis, n=20) and log CNAS normalised to corresponding genomic DNA-@xis, n=20).The
Spearman coefficient of correlation w9957 p<0.0001)

91



We compared the copy humber scores (eCHA&G CNAS) for fortynine
tumour DNA samples (including active melanoma cases and re@xtiled cases)
with the scores of the corresponding cfDNA samples, and found no significant
correlation between these scof€able3.11)

When we analysed those cases for which there was less thardayl80
interval between the tumour DNA sample and cfDNA sample, there remained no
significant correlation. Similarly, samples with less than-a&@ interval between

samples did not show anygsificant correlation.

All cases (n=49) Spearman coefficient p-value
eCNAS 0.0671 0.6467
CNAS 0.0376 0.7978

Resected cases (n=22)

eCNAS 0.2298 0.3035

CNAS 0.0175 0.9384

Active cases (n=27)

eCNAS 0.0140 0.9446

CNAS -0.0452 0.8229

< 180 days between tumour andfDNA samples (n=30)

eCNAS 0.0701 0.7129

CNAS -0.0656 0.7304

> 180 days between tumour and cfDNA samples (n=19)

eCNAS 0.0316 0.8979

CNAS 0.1877 0.4415

Table 3.11 Comparison of copynumber scores in 49 tumour DNA samples;ompared with
corresponding cfDNA samples, showing no significant correlation.
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The NEBNext Ultra 1l kit utilises a PCR amplification step during DNA
library preparation process to enrich for adagigated DNA, while increasing the
amount of library available for sequencing. The protocol recommends a specific range
of PCR cycles bsed on the amount of input DNA. In order to optimise this PCR
amplification step, we conducted an experiment comparing three different number of
PCR cycles (8,10 and 12 cycles), using two different input DNA amounts (2ng and
10ng), in order to compare theality of libraries obtained.

We subjected three aliquots each of 2ng and 10ng of cfDNA (extracted from
the plasma of a patient with advanced lung cancer) to the same library preparation
conditions, except for varying the number of PCR amplificatiperies. The prepared
libraries werghen analysed on the 2200 TapeStation System (Ajleémtheck the
guality of the libraries.

For the lowvolume (2ng) DNA libraries, the Tapestation report showing the
library peaks are shown in figuBe8below, with the corresponding library
concentrations shown ifiable3.12 The electropherogram shows that 8 PCR cycles
did not produce significant library peaks for 2ng of input DNA; while the table shows
that 10 PCR cycles produced a limited amount of library for sequencing, therefore

making 12 PCR cycles the preferred optionthis low level of input DNA.
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PCR cycles (8, 10, and 12 cycles)
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DNA  Number DNA library

input  of PCR concentration

cycles (pmol/L)
10ng 8 11,400
10ng 10 36,000
10ng 12 27,500

DNA  Number DNA library

input  of PCR  concentration

cycles (pmol/L)
2ng 8 994
2ng 10 6450
2ng 12 20,600

Table 3.12 Summary of DNA library concentration (pmol/L) comparing three different PCR
cycles, with low (2ng) and high (10ng) DNA input

The electropherograms for the 10ng input DNA libraries are shhowigure
3.9.10 PCR cycles produced an ideal library concentration for the 10ng DNA input

aliquot. 12 cycles resulted in concatenation of the DNA library

In order to investigate the reproducibility of the loaverage copynumber
approach, DNA libraries prepared from the MIDAB-435 cell line were sequenced
on nine separate runs. The capymber profiles, as well as the CNAS and eCNAS,
for these celline DNA samples were compared across the runs, to assess the
reproducibility of the copynumber analysis.

The copynumber profiles for the celine control from each of the nine

sequencing runs are shownfigure 3.10 below. Comparison of the profiles shows
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the same patterns of major cepymber gains and losses across all 9 runs, giving an

indication of high reproducibility of the approach.
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In order to objectively compare the cepymber changes, the CNAS and
eCNAS were calculated for each profile, and the coefficient of variation of each score
was calculated to estimate the degree of dispersion of the scores across the runs.
While both score showed very little dispersion across the runs, the eCNAS was more

variable.
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Figure 3.11: The CNAS shows highly reproducible yields across sequencing
runs. Copy nhumber aberration scores of MBMB-435 cell line DNA
determined on 9 occasions. L-&find axis: log eCNAS; rightand axis: log
CNAS.

To estimate the technical sensitivity of this approach, serial dilutions (ranging
from 50% to 0.01%) of MDAMB-435 DNA were sequenced. Their cepymber
profiles, as well as the CNAS and eCNAS scores, were compared with that of
lymphocyte DNA extracted &m a healthy control.

As shown in the figure below, coyumber aberrations could be detected as a
raised CNAS above baseline down to a dilution of 6.25%lioelIDNA.

For the eCNAS, however, no increase above the baseline was detected in any

of the dilutions (including the 100% cell line DNA).
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Figure 3.12 Copy-number aberrations are detected in serial dilutions of celline DNA, with a
limit of detection of 6.25%. Copy number aberration score determined for serial dilutions of MDA
MB-435 cell line DNA in control lymphocyte DNA. Median of duplicate determinations is shown.

3.14 Comparison of CNAS and eCNAS scores between active and
resected cases

When | examined the CNAS for all 83 cases, | found that those with active
melanoma had higher scores compared to those with recently excised disease
(p=0.0011). On the other hand, for the eCNAS scores, no significant difference was

found between the two groups=0.14).

99



Mean SD 95% ClI

log eCNAS
Active (n=44) 6.16 0.327 6.061 6.26
Resected (n=39) 6.03 0.360 5.9171 6.14
log CNAS
Active (n=44) 11.59 1.450 11.15i 12.03
Resected (n=39) 10.64 0.448 10.491 10.78

Table 3.13 Summary of log CNAS and eCNAS scores for active and resected cases
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Figure 3.13; CNAS was higher for cases with active disease than those with
resecied disense: while eCNAS showed no difference between the I sroups.
B and whizker plot of the log scores {log eCIAS on the left, log CINAS on the
right) in cases with active melanoma compared to thoss with recenthy excised
disease.

3.15 CNAS and eCNAS as predictors of the presence of active disease

To identify significant predictors of active disease, we carried out univariable
logistic regression analysis comparing patients with active melanoma to those with
recently resected disease. In addition to cfDNA level and libraey\srious

variables were explored as outlinedhie able below.
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OR p-value 95% ClI AUC

Univariable analysis

cfDNA category 12.81 0.001 2.7360.02 0.68
Library size category 4.99 0.009 1.501 16.65 0.63
Stage 42 <0.0001 8.761 201.27 0.81
Age 0.98 0.206 0.9671 1.01 0.59
Gender 1.19 0.685 0.507 2.86 0.52
BRAF status 1.28 0.595 0.517 3.23 0.53
log CNAS 3.06 0.002 1.507 6.22 0.71
log eCNAS 3.14 0.099 0.817 12.18 0.59
CNAS category 31.67 0.001 3.9971 251.55 0.71

Multivariable analysis

CNAS category 21.70 0.043 1.1071 426.61 -
cfDNA category 3.66 0.150 0.631 21.31 -
Stage 51.29 0.001 5.0571 521.12 -
Library size category 17.69 0.026 1.417 222.58 -

Table 3.14 Logistic regression analysis of predictors of the presence of active disease

Univariable logistic regression analysis identified logCNAS, cfDNA category,
library size category and disease stage as significant predictors of the presence of
active disease. The log eCNAS variable, on the other hand, was not a significant
predictor ofactive dsease.

To further explore the relationship between CNAS and the presence of active
disease, patients were ranked and grouped into four quartiles, based on their log
CNAS. Those in the highest quartile of CNAS had a significantly higher risk of active

disease (OR95% Cl) 47.5 (5.15 438.49),0=0.001.
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OR p-value 95% ClI
< 25" percentile reference
257 50" percentile 3.33 0.066 0.9371 12.01
50" i 750 percentile 1.25 0.739 0.347 4.64
> 75" percentile 47.50 0.001 5.157 438.49

Table 3.15 Logistic regression analysis of CNAS quartiles as a predictor of active disease

A multivariable regression analysis, adjusting for cfDNA category, stage and

library size category, showed that CNAS category was a significant predictor of

active disease (OR (95% CI) 21.70 (111426.61),p= 0.043. The area under the

receiver operating characteristic curve (AUC = 0.93) showed this model to be a good

predictor of the presence of active dise&ge.went on to examine log CNAS as a

predictor of patient survival.
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Figure 3.14 ROC analysis of multivariable model as a predictor of the presence
of active diseaseROC analysishowsCNAS above or below the 75th percentiex

significant discriminatoof the presence of active diseaG&IAS above or below the
75th percentile remained a significant discriminator in multivariable analysis for

active diseasep(= 0.043, with area under ROC curve of 0.93)
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Univariable Cox regression analysis showed CNAS, as well as CNAS
category, to be significant predictors of overall survi@her variables identified as
significant predictors of survival included cfDNA category, disease stage, BRAF
status, and the presence of active disease. For patients with log CNAS aboVe the 75
percentile, mortality was significantly higher (HR (95% CI) 7.68 (4.18.22),
p<0.0001). After adjusting for the other significant variables, CNAS category
remained a significant predictof survival (HR (95% CI) 3.62 (1.4i78.90),
p=0.005. eCNAS was not found to be a significant predictor of survival (HR (95%

Cl) 1.35 (0.58 3.18),p= 0.486.

HR p-value 95% CI

Univariable Cox regression

log CNAS 2.09 <0.0001 1.59-2.74
log eCNAS 211 0.119 0.82-5.43
log cfDNA level 5.52 <0.0001 3.44-8.86
Stage 9.35 <0.0001 4.16- 21.00
BRAF status 2.55 0.001 1.44-4.49
Gender 0.7 0.229 0.39-1.25
Active/Resected 9.26 <0.0001 4.94-17.34
Library size category 2.65 0.002 1.447 4.87
Multivariable Cox regression

CNAS category* 3.62 0.005 1.477 8.90
cfDNA category** 2.23 0.037 1.05-4.74
Stage 3.17 0.017 1.23-8.17
BRAF status 3.16 0.001 1.65-6.03
Active/Resected 5.04 <0.0001 2.15-11.82
Library size category 0.83 0.646 0.38i1 1.81

Table 3.16 Cox regression analysis of predictors of overall survival
* log CNAS above and below the 75th percentile
** |og cfDNA level above and below the 75th percentile
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Kaplan-Meier survival estimates
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Figure
3.15 Kaplan-Meier survival estimates of CNASquartile s. This compaessurvival for patients with
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Kaplan-Meier survival estimates of overall survival
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Figure 3.16 Kaplan-Meier survival estimates of CNAS above and below the "5ercentile. This
shows nortality was higher in patients with log CNAS above th# @ércentile Kaplari Meier
survival graph comparing survival for patients with CNAS above, fre@1) and below (blugn=62
the 79" percentile. Inset shows the number of patients at risk at each time point.
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Median survival for patients with CNAS above thd" percentile was 13.5
months, compared to 73.8 months for those with scores less thari'therzéntile

(S. Silva et al., 2018&ee Appendi¥ for published paper

The more starting DNA that is available for incorporation into libraries for
sequencing, the less PCR amplification is required, thus enhancing the complexity of
these libraries. Various aspects of-prealytical DNA processing methods have been
examinedm an attempt to enhance DNA recovery, including comparisons between
extraction kits, plasma collection tubes and centrifugation speeds during plasma
processingdDevonshire et al., 2014; Sherwood et2016) Both Sherwood et al and
Devonshire et al found the QIAamp circulating nucleic acid kit to generate the highest
DNA yield compared to other kits. The final step in the QlAamp extraction protocol
is the application of an elution buffer to release the etatahDNA from the column. |
compared different elution volumes using this QIAamp CNA kit to investigate the
effect on DNA yield, and have shown that the higher elution volumes resulted in
greater DNA yields, which is similar to what Xue et al and Grazeirab have
reportedXue et al., 2009)

The high volume of DNA obtained however, makes it necessary to
concentrate the DNA samples prior to library preparation, as the commercially
available library kits require smaller input volumes of DNA. While this concentrating
step potentially makes thibtary processing more laborious, this needs to be weighed
up against the benefit of achieving higher DNA input for the libraries, especially
when dealing with plasma samples with potentially very low amounts of tamour

derived DNA. Options for concentragjrihe DNA samples include drying in a
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laboratory fume hood or using a vacuum concentrator (e.g. SpeedVac). | opted for the
former, due to the higher risk of drying down samples completely (and hence losing
DNA) with the latter.

Given the relatively small amounts of cfDNA expected in our plasma samples,
the choice of gPCR as a method of DNA quantification was made, as fluorometric
methods of quantification (such as QUBIT and PicoGreen), although specific for
dsDNA are less accumat lower concentrations of DNANlakayama, Yamaguchi,

Einaga, & Esumi, 2016; Szpechcinski et al., 2015; Szpechcinski et al., ZD@3)
fluorometric methods were sufficient, however, for the more concentrated DNA
samples (genomic DNA and FFRIErived DNA samples). Nanodrop
spectrophotometry was utilised solely as a quality check for the DNA.

There is good evidence that cfDNA levels are higher in those with malignant
disease compared to those without, and levels are comparatively higher in advanced
cancer compared to eartyage diseade. Bettegowda et al., 2014; Daniotti et al.,

2007; Leon et al., 1977; Pinzani et al., 2011; Sozzi et al., 2003; Valpione et al., 2018)
This was mirrored in our analysis, where we found higher concentration of cfDNA in
melanoma cases with active disease compared to those with resected disease. As those
with active disease tended to have higher stage melanorte)(lbur findings

reflea that cfDNA level gives an indication of the burden of disease.

This concept that cfDNA can serve as surrogate marker of melanoma tumour
burden was nicely demonstrated by Valpione éValpione et al., 2018who, like
us, showed that there was a clear association between cfDNA and survival, with those
with higher cfDNA (and so greater burden of disease) having a worse survival. This
association between cfDNA and survival has been demonstrated in lung cancer

cohorts as wel[Cargnin, Canonico, Genazzani, & Terrazzino, 2017; Sirera et al.,
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2011; Yi, Liu, Guan, & Ma, 2017)n our study, this association was significant even
after adjusting for other factors known to influence survival in melanoma, including
stage of disease and BRAF status. We did not have LDH levels available for this
cohort of patients, and so were ureatd adjust for this factor. Interestingly, Valpione
et al showed a significant association with survival even after adjusting for LDH
level, which is known to be a standard prognostic factor of survival in melanoma.

We demonstrated that cfDNA is relatively stable in plasma that is
appropriately processed and storeeB&fC, for up to 7 years, with a low median
decrease in yield over that time period. It is important to point out that two different
DNA extraction metods were used at the different time points. The earlier extraction
was carried out using a pheratiloroform based extraction method, which has
actually been shown to produce higher cfDNA yields compared-tmkid
extractiongXue et al., 2009) Therefore, some of the drop in DNA yields may be
accounted for simply by the different extraction processes utilised, suggesting that the
median drop in DNA yield could be an ovestimate of the effects of storage time.

We found cfDNA library size greater than 300 bp, as determined by
Tapestation, to be a significant predictor of active disease. This contradicts the
findings of keys studie@ouliere & Rosenfeld, 2015; Underhill et al., 201@hich
found that shorter cfDNA fragments were more likely to be turdenived, and so
indicative of active disease. Library size was not a significant predictor of survival,
though, after adjusting for other factors which are known to influence surdival
possible explanation for the incongruence in our finding would be in the method used
in determining fragment size (Tapestation). This provides an estimate of the average
fragment size which may not be an accurate representation of the true fragment siz

distribution within the library. A more accurate sizing can be achieved by calculating
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the absolute distances between the outermost bases for each paired forward and
backward read from the pairehd sequencing data.

While gPCR is recognised as the technique of choice in quantifying DNA
libraries prior to pooling for multiplexed sequencing as it is specific for adaptor
ligated (i.e. sequenceable) fragments, it is very-4mesuming and labotintensive.
Tapestationd an acceptable method for library quantification, provided the user is
experienced, and the technique has been validateouse to demonstrate
consistency, hence our choice for this method of library quantification.

To objectively summarise the aberrations detected across the genome for each
cfDNA sample, we explored two scoring algorithtne Copy Number Aberration
Score(CNAS) and Extreme Copy Number Aberration Score(eCNABg. CNAS is
a genomewide scorgHeitzer et al., 2013which captures the whole spectrum of
copy-number aberrations regardless of amplitude or length of aberration, therefore
providing a comprehensive summary of the copynber profile for each sample. In
contrast, the eCNAS score (similar to the PGA s¢8reia, C. C. Huang, et al.,

2015; S. Xia, M. Kohli, et al., 201%)cuses on the 999" percentile of copynumber
ratios, the objective being that the biggest, and theoretically most important,
aberrations are capturethe lllumina HiSeq platform provided the means to carry
out low-coverage wholgenome paire@nd sequencing for copyumber analysis in

a costeffective manner (through multiplexing several samples in each run), while
successfully detecting copyumber abeations with a sensitivity down to 6.25% as
demonstrated by a CNAS score above the baseline (tgettomic DNA). This is
compatible to what others have achieved (betwe2®9%). Interestingly, the eCNAS

did not show any aberrations above that of the baseline control DNA. It is likely that

the eCNAS scoring algorithm, by focusing on the9®8 percentile of aberrations,
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ignores the potentially significant contribution made by smaller aberrations, which
may be quite numerous. Ttesore proved to be a poor reflection of the capynber
profile for our melanoma samples.

Analysis showed that the CNAS for cases with active disease were
significantly higher than those with resected diseps6.0011). There was,
however, a wide variation in the CNAS, with some overlap between the scores for
active and resected cases. It is possible that the presence of microscopic residual
disease in some patients with resected disease may be contribitiglyeioscores in
those patients, hence the overMfe also established a multivariable model (based
on the CNAS, cfDNA level and disease stage) which is a good discriminator of active
disease, with area under ROC of 0.90. There have been a number of recen
publications which have utilised cfDNA to differentiate melanoma cases from
controls[9] or to assess treatment response in melaj@dind2]. These studies
utilised either cfDNA levels, mutation analysis (predominantly BRAF) or cfDNA
integrity indices (or a combination of these approaches) in their analyses. We further
demonstrated, using a multivariable Cox regression analysis cogéatiother
factors known to affect survival, that high CNAS scores {57é&rcentile) were
associated with significaptipoorer survival. Although preliminary, these results are
consistent with those of Lee et(&. J. Lee et al., 201Who observed that ctDNA
predicts relapse and survival in stage Il/1ll patients.

We assessed how CNAS quartiles were associated with overall survival, and
found that there was a trend for worsening survival with the higher quartiles, with
those in the highest quartile (above th& pBrcentile) having the worst survival.
Interestingly, in their analysis of chromosomal instability based on a gene expression

signature in breast cancer tumour specimens, Swanton et al, showed a worsening
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survival with increasing chromosomal instability score except for the highest quatrtile,
which actually had an improved survival, suggesting that extreme genomic instability
beyond a certain threshold renders tumour cells unviable, hence the better grognosi
in this quartile. Our results did not support this paradox, but were more in keeping
with earlier studies that had established chromosomal instability to be generally
associated with worsening progno&arter, Eklund, Kohane, Harris, & Szallasi,

2006; Walther, Houlston, & Tomlinson, 2008)

The excellent correlation we found in the copy number aberration scores when
cfDNA copy number reads in each megabase window were normalised to the
corresponding reads from the pooled DNA from healthy controls, compared to the
normalisation usingeachpae nt 6 s corresponding | ymphocyte
pooled option(Samman et al., 20185 a coseffective means of achieving copy
number ratios, without having to run each

cfDNA sample.
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Chapter 4: Markers of Relapse in Melanoma Study
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Genomic instability, resulting in DNA copy number aberrations, is one of the
main mechanisms by which cells acquire the hallmarks of céHe@ahan &

Weinberg, 2011)The number and magnitude of genetic aberrations increase as
tumours progress, and the more genetically unstable melanomas are associated with
poorer outcome for patientslirsch et al., 2013)A copy number profile of the whole
genome taken at regular time intervals could reveal new and changing genomic
aberrations as they arise during tumour relapse and progression. Thus, longitudinal
copy number analysis in cfDNA has great potential as a source of biomarkers of
relapse in oncology, as it providesinimally invasivemeans of surveillance that
could easily be incorporated as part of standard felipwNot only does this

approach not require priori knowledge of mutations that may be preserd

tumour, it can be successfully carried out using-tmwverage wholgenome

sequencing with lovinput DNA, and can be applied in a variety of cancer subtypes
(Azad et al., 2015; Schutz et al., 2015; Weiss et al., 2@dditionally, the copy
number approach can be combined with mutational analysis, for a more
comprehensive analysis.

The previous chapter outlined the establishment capipeoach utilising low
coverage copywumber profiling of cfDNA in a single sample per subject as a
biomarker of active disease (and survival) in melanddmapter 3 (S. Silva et al.,
2018). Higher levels of cfDNA were found in those with active disease, compared
with those with resected disease (chapter 3.3). cfDNA concentration correlated with
survival, even after correcting for factors known to correlate with melanoma survival,
including BRAF status and stage of disease (see chapter 3[Bd.xopy number

aberration score CNAS, which is based on the susguéredZ-scores of copy
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number ratios of 1Mb windows across the genome, was found to be a good
discriminator of active disease, as well as a good predictor of sufTh@lCNAS
remained a good predictor of survival, after accounting for cfDNA concentration.
This chapter will explore a longitudinal analysis using this-tmwvwerage copy
number profile approach, in order to investigate the relationship between changes in
these profiles, and the clinical course of melanoma, specifically with relation to
relapse.

The hypothesito be testeds that individual measures and/or changes in

CNAS over time are potential markers of relapse in melanoma.

The aims othe work described ithis chaptewere:
1. To set up a study amdcruit melanoma patients and healthy controls, in order to
obtain longitudinal blood samples for genomic analysis and outcome data.
2. To explore cfDNA levels (plasma concentration) longitudinally over time.
3. To track changes in CNAS over time, and explore this score as a marker of relapse

in melanoma.

The objectives of this chaptesere:
1. To design and seip a study to recruit melanoma patients, and healthy controls,
from whom serial blood samplesere tobe obtained for cfDNA analysis.
2. To measure cfDNA concentrations over time in both cases and controls recruited to
the study. h the GEMS analysi@efer tochapter3) (S. Silva et al., 2018higher
concentrations of cfDNA were found in melanoma cases with active disease
compared to those with resected disease. As those with active disease tended to have

higher stage melanoma @IV), these findings reflect that cfDNA level gives an
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indication of the burden of disease, hence the potential utility of cfDNA concentration
as a biomarker of relapse.

3. To compare copy number aberration scores between cases that relapse and those
which do not experience a relapse, in order to assess the ability of the CNAS to
reliably detect melanoma relapses in this study cohod assess whether it is a better
predictor than cfDNA concentration in the longitudinal settithgandom coefficients
mixed-effects statistical model will be utilised to investigate the performance of

CNAS as a biomarker of relapse. This statistical model is required to take into
consideratin intrapatient variation in CNAS over time.

Circulating tumour DNA levels have been shown to correlate with melanoma tumour
burden(McEvoy et al., 2018; Wong et al., 201YyYe demonstrated (in secti8rB)

that cfDNA concentration was higher among melanoma cases with active disease,
compared with those who had had their melanomas surgically resected. We explored
the changes over time, of cfDNA concentrations, to see how these changed with the
occurrencef radiological/clinical relapse within our cohort of melanoma patients,

and compared these trends with those of the healthy controls in the MRMistudy

order to see how this compared with CNAS over time

4.2.1Study design

The Markers of Relapse in Melanoma (MRM) study was an academic,-single
centre study set up in Sheffield Teaching Hospitals NHS Trust to recruit melanoma
patients and healthy controls to obtain longitudinal blood samples cfDNA analysis.
The aim of the studwas to identify whether a genome instability score derived from

a weighted sum of the number and magnitude of capyber aberrations in cfDNA,
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and/or circulating levels of cfDNA, could act as early markers of relapse in
melanoma.

The primary objectives of the study were to recruit 120 patients with
melanoma and 120 healthy controls (cohabiting partners or siblings) over 2 years, and
obtain blood samples every 3 months (and atcéinically relevantadditional
hospital appointments); to determine plasma cfDNA levelsgaadtify genomic
copy-number aberrations; to assess if there was a temporal relationship between these
and the onset of melanoma relapse. The secondary objective was to confirm the

stability of cfDNA levels, and gemmic profiles, in controsubjectsover time.

4.2.2Funding
The study, and subsequent cfDNA analysis including-gereration

sequencing, was funded by Weston Park Cancer Charity (grant number R/141934).

4.2.3 Bhical approval

The protocol for the study was written to include details of recruitment, blood
sample collection, clinical data collection, as well as regulatory and ethical issues (see
AppendixC and Dfor trial protocol).Dr Shobha Silva led on the ethics application,
and was the named chief investigator on the sflidg.protocol was reviewed by
Yorkshire & The Humber (Sheffield) research ethics committee, and approval was
given on 28 January 2015 (REC reference 14/YH/1275). &garoval letter in

AppendixC.
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4.2.4Study population

Patients who had undergone surgical resection of their primary (and/or metastatic)
melanoma lesion(s), and who were undergoing surveillance at
Oncology/Dermatology/Plastic surgery departments, consented to providing blood
samples when they attended theutine melanoma follovap clinic appointments.
Partners and/or siblings of these patients were invited to participate in the study as

controls.Dr Shobha Silva led the recruitment of patients and controls for the study.

4.2.5Inclusion and exclusion criteria

Eligible patients included those with a diagnosis of cutaneous melanoma of
any stage (both incident and prevalent cases). Patients were excluded if they had
received chemotherapy within 4 weeks of recruitment (as cfDNA levels are
significantlyaffected bychemotherapySanzGarcia, Zhao, Bratman, & Siu, 2022)

had aknownconcurrent second malignancy, or were unable to give informed consent.

4.2.6Consent process

Participants were invited to participate in the study through a letter posted out
to their home address prior to their follayp appointment, and were provided with
information leaflets following discussion of the study. Participants were required to
provide written informed consent for participation in the study and for use of donated
blood specimens and any surplus pathology tissue specifgpsndixC). Written
consent was obtained Iy Shobha SilvaSisterJo Bird(a senior Research Nurse),
and Profesor SarahDanson, (Consultant Medical Oncologist). Each participant

provided a blood sample at eacim®nthly follow-up appointment.
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All participants completed a questionnaire, which provided detailed epidemiological
information about their |ifestyle (includi

family history.

4.2.7Processing and storage of blood samples

All blood samples were taken by venepuncture, using EDTA tubes, at the
relevant outpatient clinic departments in Sheffield Teaching Hospital, either by
Shobha Silva or Andrew Newsome (phlebotomist). Ferght millilitres (48ml) of
blood was collected &ach sampling. Samples were anonymised and promptly taken
to the research laboratory based in the Medical School in University of Sheffield,
where they were processed to plasma and buffy coat within two hours (as outlined in
Chapter 2). The processing wasried out by lan Brock (lab technician) and Dan
Connelly (data manager trained in processing protocol). All plasma samples were
stored in 1ml aliquots a80 °C, while for each participant, a baseline whole blood

sample was stored &0 °C.

4.2.8Analysis of cfDNA

All the cfDNA extractions (from case and control plasma samples), and
subsequent quantification, DNA library preparation and pooling for sequencing, were
carried ouby Dr Silva(as outlined in Chapté&). Loading of pooled libraries on to
the Illlumina HiSeq was carried out Emilie Jarratt (technician at Sheffield Diagnostic
Genetics Service). Bioinformatics support was provided initially by Dr James
Bradford (University of Sheffield) and subsequently bgttMParker (Sheffield

Diagnostic Genetics Service)ofy number ratios were generated (using the pipeline
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outlined in Chapte2) by Matt Parker, and copyumber aberration scores were

calculated (using STATA) br ShobhaSilva, as outlined in Chapté.

4.2.9Data collection

Relevant clinical details were obtained from clinic letters as well as from the
electronic database for clinical investigations (refer to section 1.11 for details of data
collected). All participant information was stored in a passvpoadected database
(excel workbook)which was only accessible By ShobhaSilva. Anonymised
information was stored in a separate datal@seel workbook)which was accessible

to my supervisors (Professor Angela Cox and Dr Dawn Teare).

4.2.10Statistical analysis
All analyses were carried out using Stata (version 12) and GraphPad Prism

(version 7). Seesection2.22 for detalils.

4.3.1Patient and control summary

The trial opened to recruitment in February 2015, and recruitment was
completed in October 2016. 140 melanoma patients in total were identified as
potential subjects for recruitment. 31 declined with no specific reason given, 3
patients were deemed unsigte due to significant cognitive impairment making them
unable to give informed consent, 1 declined due to a nepbdleia, 1 patient
withdrew due t@oor venous access, 1 patient relapsed prior to entry into the study,
and another patient haccancurrent malignancy which made them ineligible for the

study, 2 patients requested follay local to them making them ineligible.
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In total, 100 melanoma patients and 47 healthy control subjects were recruited. Of the
100 patients recruited, 4 withdrew (2 due to poor venous access resulting in difficulty
in obtaining blood samples, 1 due to a concurrent malignancy, 1 did not gasoa re

for withdrawal). Their samples were excluded from subsequent andbaesg 96

case subjects for analysis

Of the 47 controls recruited, 10 were not analysed further. Two of these
controls were spouses of patients who withdrew from the study, and samples from 8
controls, for whom it was only possible to collect a single blood sample, were
excluded due to timena funding constraints.

Patient/control characteristics are summarised in Tatl&here was a
slightly higher proportion of male patients recruited (59.4%), compared to females
(40.6%). As the controls recruited were predominantly spouses of the patients, there
was thus a higher proportion of female controls recruited (56.8%), comparede
controls (43.2%), but thdifferencewas not statistically significarfp=0.095). The
median age among cases was 64 years; and 68 years among controls, with no
significant difference beteen both group$€0.62). 59.4% of patients had stage
1I/1V tumours (AJCC 1" edition). Of the 54 patients for whom BRAF status was
available, 19 (35.2%) had BRAF mutant tumours.

Thirty six out of the96 case subjectsad a relapse event during the study. Of
those who relapsed, 14 patients (38.9%) had surgical excision as the first treatment of
their relapsed disease (2 of these patients relapsed again during the study). Of the
remaining 22 patients who relapsed, 17.286) received systemic therapies as their
first-line treatment for relapsed disease (7 patients had Biadeted therapy, 9
immunotherapy, and 1 patient had chemotherapy), 1 patient had palliative

radiotherapy, and gatients received best supportive care.
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Patients (=96) Controls (n=37)

Male 57 (59.4%) 16 (43.2%)
Female 39 (40.6%) 21 (56.8%)
Median age in years at diagnosis 64 (2390) 68 (3585)
(range)
Stage at recruitment

| 2 (2.1%)

! 37 (38.5%)

" 47 (49.0%)

vV 10 (10.4%)
BRAF status
Mutant 19(19.8%)
Wildtype 35 (36.5%)
Unknown 42 (43.8%)
Relationship of control
to patient
Spouse 29
Sibling 4

Table 4.1: Baseline characteristics for patients and controls recruited to the Markers of Relapse
in Melanoma study

4.3.2Distribution of longitudinal samples in the Markers of Relapse in Melanoma

study

All patients (and control participants), who had provided consent to take part
in the MRM study, were invited to provide a blood sample when they attended for
their regular outpatient Oncology/Plastic Surgery/Dermatology clinic appointments.
Figure 4.1 and able 4.2 summarize the numbers of samples collected. Over a period
of two years (March 2016 April 2017), a total of three hundred and seveng
longitudinal samples were processed, with eigirtg per cent of all participants
providing two or more Ingitudinal samples, and over half of participants providing at

least three samples. Control samples accounted for a quarter of all samples obtained.
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Number of longitudinal samples per case

OEOOREEA

No of longitudinal samples per control

HOCONEE
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Figure 4.1 Pie charts showing distribution of samples obtained from cases and controlSases shown on left, and
controls shown on right, as in the Markers of Melanoma study.

Number of Number of subjects | Total number | Total number Total number of
samples per of samples of samples samples from cases

subject from cases from controls and controls
ose | oy o ] o

1 17 8 17 8 25 6.7%

2 24 11 48 22 70 18.9%

3 29 12 87 36 123 33.2%

4 13 3 52 12 64 17.3%

5 9 2 45 10 55 14.8%

6 3 0 18 0 18 4.9%

7 0 0 0 0 0 0.0%

8 1 1 8 8 16 4.3%
T‘(’o%' (72;)2 ) (225)/0) 371 100

Table 4.2: Summary of samples obtained from cases and controls.

4.3.3cfDNA concentration in MRM samplg

Having demonstrated, in Chapter 3, that cfDBxcentration reflects burden

of disease, we explored the potential utility of cfDNA concentratiserial samples

as a biomarker of relapse.
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Comparison of cfDNA concentration in relapsed samplesyealapsed samples and
controls
Firstly, each longitudinsdamplevas cl assi fi ed as fArel apse
relapsedo, based on whether or not the sam
(clinical and/or radiological relapse). A sample was said to be associated with a
relapse event if, at the time of blood sampling, micdl, or radiological, diagnosis of

relapse wakad beemmade (se&igure4.2below).

| Clinical/radiological
relapse
Case subject
X
|
@ @ @
Sample 1 Sample 2 Sample 3
(not relapsed) (not relapsed) (relapsed)
Case subject
Y
i) i) i)
Sample 1 (baseline) Sample 2 Sample 3
(not relapsed) (not relapsed) (not relapsed)

Figure 421 A sampl e was at tor isbtuateuds ai fA,r eata ptshee t i me o
sampling, a clinical, or radiological, diagnosis of relapse was/had been made

The mearlog cfDNA concentrations in samples associated with a relapse was

comparedbothwith the mean of those samples not associated with a retapke
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control samples. Samples associated with a relapse had higher mean log cfDNA
concentrationsnE38, from 36 cases, mean 1.95, SD 0.79), compared to those
samples not associated with relapse (n=237, from 60 cases, mean 1.65, S[p9H.55), (
0.029) see figure &.

Interestingly, there was a significant difference in the cfDNA concentration in
longitudinal samples not associated with relapse, and those of healthy controls, with
the samples not associated with a relapse having a higher mean log concentration

comparedo controls =96, samples from 37 subjects, mean 1.41, SD Qu47),

0.0001)
L+ ]
]
=
5 .
m
gn | .
2o
O
g
-
=]
Mon-relapsed samplas Relapsed samplas Conbrols
n=38 n=237 =96

Figure 4.3: Box and whislker plot of the log ciDNA concentration {ne/ml of plasma) in
relapsed samples vi. non-relapsed zamples vs. controls. Log cfDMA concenirations (ng/ml of

plasma) in =2mples azsocizted with 2 ralap:e meare higher then pop-relapsed samples (p=0.0209%, and
the DA concenmations n pon-relapssd samples were hizher than comtrol samples (p=000001)
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Comparison of cfDNA concentration in relapsed cases;ra@psed cases and
controls
In a second analysis, eacfisewas attributed a status as relapsed orlraded
on whether or not the case had had a relapse event (clinical and/or radiological

relapse) at any point during the study, (Bgpire 4.below).

Clinical/radiological

relapse

Case subject

X i

@ i) i)
Sample 1 Sample 2 Sample 3
(relapsed) (relapsed) (relapsed)

Case subject

Y

i) i) il
Sample 1 (baseline) Sample 2 Sample 3
(not relapsed) (not relapsed) (nlot relapsed)

Figure 447 Acasewas at tr i budoe & ta tamspoineEdpriagghe study, a
clinical, or radiological, diagnosis of relapse was made

This analysis was done to explore if cases in this cohort which relapsed had
higher cfDNA concentrations overall. The log cfDNA concentration in all

longitudinal samples obtained from cases who had relapsed (n=97, samples from 36
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cases, mean 1.74, SD 0.66) was compared with all samples obtained from all cases
who had not relapsed (n=178, samples from 60 subjects, mean 1.66, SD 0.56), and
control samplesnE96, from 37 subjects, mean 1.41, SD 0,4@ég figure 4. In this
analysis, there was no significant difference in the mean concentration between
relapsed cases and nmlapsed caseg=£ 0.34). There was, however, a significant

difference in log cfDNA concentration in ngalapsed samples compared to controls

(p=0.0001).
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All samples from non-relapsed cases All samples from relapsed cases Controls
n=178 n=97 n=96

Figure 4.5 Box and whisker plot of the log cfDNA concentration (ng/ml of plasma) in relapsed
cases vs. nofelapsed cases vs. contraldlo difference in cfDNA concentrations was seen in all
samples obtained from cases associated with a relapse compared to all samples-fedapsed
cases§=0.34).
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Comparison of baseline cfDNA concentration between relapsed caseag]aymsed
cases and controls
We next examined whether the baseline cfDNA concentration alone was
sufficient to distinguish controls, neelapsed and relapsed cases. Egare 46

below).

Clinical/radiological

relapse
Case subject

X

it @t i)

Sample 1 (baseline) Sample 2 Sample 3

Case subject

Y
{t { {
Sample 1 (baseline) Sample 2 Sample 3
Control
Z
@t { {
Sample 1 (baseline) Sample 2 Sample 3

Figure 4671 Acasewas at tr i budoe ¢ ta tamgpoineprisgahe study, a clinical,
or radiological, diagnosis of relapse was mad€fDNA concentrations were comparkdtween

baseline samples from relapsed cases;retapsed samples, and controls
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The baseline mean log cfDNA levels for all cases which relapsed on the study
were compared with that of naelapsed cases and controls. The mean baseline log
cfDNA concentration in cases which relapsed36) was 1.56, SD 0.43; while the
mean for cases which did not relapseg0) was 1.60, SD 0.52, with no significant
difference in the mean cfDNA concentration between the two grgHIs63) see
figure 47. There was a significant difference in the baseline cfDNA concentration for
samples from nonelap®d cases (E60), mean 1.60, SD 0.52) and controls (n=37,

mean 1.38, SD 0.54pp=0.043.
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n=60 n=36 n=37

Figure 4.7: Box and whisker plot of the baseline logfDNA concentration (ng/ml of plasma) in
relapsed cases vs. nerelapsed cases vs. contraldlo difference in the baseline cfDNA
concentrations was seen in cases that relapsed compared to cases which did not relapse.

Comparison of cfDNA concentration in relapsed casesrplapsepost relapse and
control samples
We finally compared preand postrelapse samples. (sEggure 4.8elow)
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Clinical/radiological

relapse
Case subject
{ @t [y
Sample 1 Sample 2 Sample 3
Prd-relapse Pre-relapse Post-relapse

Case Slll]j ect NOT INCLUDED IN ANALYSIS AS CASE NOT ASSOCIATED WITH A RELAPSE

Y
{ {t {t
Sample 1 Sample 2 Sample 3
Control
Z
{ it {t
Sample 1 Sample 2 Sample 3

Figure 4.8: For cases associated with relapse (clinical or radiological) during the study, all
samplespre-relapse were compared to postelapse samplesThese samples were also compared to
control samples

Among cases that were associated with a relapse event at some time point

during the study, we compared cfDNA concentrations across samples prior to the

relapse event, with concentrations after the relapse event. Those samples obtained

after clinical or ratblogical evidence of relapse were shown to have higher mean

128



cfDNA concentrationrf=38, mean 1.95, SD 0.79) 0.022. The mean log cfDNA
concentration in samples obtained prior to relapse was 1.60 (h= 59, SD 0.54, and was

higher than that of controls (n=96, mean 1.41, SD 0p#/).028 see figure 4.

4
1

3
1

2
1

log cfDNA concentration

U |\p— °
o —
Samples prior to relapse Samples at (or post) relapse Controls
n=59 n=38 n=96

Figure 4.9 Box and whisker plot of the log cfDNA concentration (ng/ml of plasma) from cases
who have relapsed, in samples prior to relapse vs. pestlapse vs.controls. In cases that relapsed
in the study, a higher mean log cfDNA concentration was seen in samples at (or after) relapse
compared to samples prior to relapse

4.3.4cfDNA concentration over time
To explore the differences in longitudinal trends of cfDNA concentrations in
patients who experienced a relapse event during the study, with those who did not, the

log cfDNA concentration for each case was plotted longitudinally over time.

129



cfDNA concentration over time:
relapsed vs. non-relapsed cases

log cfDNA concentration ng/ml

Months from recruitment

Figure 4.1Q Spider plot of log cfDNA concentration over timein cases which relapsed (in blue) and
in cases which did not relapse in the study (shown in piriig.xaxis represesttime (in months)
from recruitment (represented as time 0), arakig the log cfDNA concentration (in ng/ml)

Cfdna concentration over time in controls

log cfDNA concentration ng/ml

Months from recruitment to sample

Figure 4.11: Spider plot of log cfDNA concentration over time in control subjectsThe xaxis
represents time (in months) from recruitment (represented as time O)axigltiie log cfDNA
concentration (in ng/ml)
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As seerfrom the plots above, the cfDNA concentration does not appear to
show any particular trends over time among relapsed cases, comparedd@psed
cases.

In summary, baseline cfDNA concentration did not differ between relapsed
cases and nerelapsed cases. A significant difference was seen when all samples
associated with a relapse event were compared with all samples not associated with a
relapse event. Ab, when all samples prior to a relapse event were compared with all
samples following a relapse event, there was again a significant difference, with
samples after a relapse having higher cfDNA concentrations.

The log of cfDNA concentration was included as daxior in the

longitudinal analysis of CNAS described in section 4.8.

4.3.5Comparison of CNAS in MRM samples

Having demonstrated good reproducibility of the CNAEhapter 3we
explored its performance as a biomarker of relapse in our cohort of melanoma patients
and controls, by making the following comparissimilar to those carried out for

cfDNA concentration

Comparison of CNAS in relapsed samples,-relapsed samples and controls

In a comparison of the CNAS in samples associated with a relapse vs. samples
not associated with a relapse evisete figure 4.2)using a Zsided ttest, there was a
significant difference between the two groupsd.0063), with the samples
associated with a relapse having higher log score®3; mean 11.44, SD 1.55),
compared to those not associated with a relapse eve28{, mean 10.70, SD 0.51)
see figure 4.12The nonrrelapsed samples had a lower mean log CNAS score

compared to healthy controls @& mean 10.95, SD 0.66, p=0.0011).
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Figure 4.12 Box and whisker plot of the log of CNAS in relapsed samples wson-relapsed
samples vs. controlslogCNAS in samples associated with a relapse were higher tharelapsed
samples (p6.0063, while nonrelapsed samples had lower mean logCNAS than control samples
(p=0.0011)

Comparison of CNAS in relapsed cases,-nelapsed cases and controls

Il n a separate analysis, each case was a:
relapsedo status, based on whether the cas:
point during the studysee figure 4.4) Samples from relapsed cases were associated
with higher log CNAS overall (h= 97, mean 11.06, SD 1.10), compared to those from
nonrelapsed cases (=178, mean 10.67, SD (0p50)0012. The samples from non
relapsed cases had a lower mean log CNAS score compared to healthy controls

(n=96, mean 10.95, SD 0.66, p=0.0003).
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Figure 4.13: Box and whisker plot of the CNAS in relapsed cases vs. noalapsed cases vs.

controls. Higher logCNAS scores overall were seen in all samples obtained from cases associated with
a relapse compared to all samples from-redapsed casep£0.0012).

*includes repeated measures

Comparison of baseline CNAS betweelapsed cases, noalapsed cases and
controls

A comparison was made between the baseline CNAS for all cases which
relapsed on the study, and the baseline CNAS for alrelapsed casdsee figure
4.6). The mean baseline log CNAS in cases that relapsed (mean 10.97, Si>-0.66,
36) was not statistically different compared to the baseline mean for cases that did not
relapse (mean 10.77, SD 0.5460),p=0.13). The baseline CNAS for noalapsed
cases did not differ significantly from that of the controls (n=37, mean 10.84, SD

0.75), p=0.13.
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Figure 4.14 Box and whisker plot of the baseline logCNAS in relapsed cases vs. ratapsed

cases vs. controldNo difference in the baseline CNAS was seen in cases that relapsedred to
cases which did not relapse.

Comparison of CNAS in relapsed cases petapse, post relapse and controls

In an analysis of all cases associated with a relapse, the mean of the logCNAS
scores in the samples taken at (or after) relapse3@, mean 11.44, SD 1.55, 95% CI
10.93i 11.95), was significantly higher than the samples taken prior to relapse (
59, mean 10.8, 95% CI 10.67.0.96),p=0.0057). Samples taken prior to relapse did
not differ significantly in log CNAS scores compared to contnat®96, mean 10.95,

SD 0.66, 95% CI 10.82 11.09,p= 0.18).
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Figure 4.15: Box and whisker plot of the logCNAS from cases who have relapsed, in samples

prior to relapse vs. postrelapse vs. controlsin cases thatelapsed in the study, a higher mean
logCNAS was seen in samples at (or after) relapse compared to samples prior to relapse (p=0.0057)
*includes repeated measures

4.3.6CNAS as a predictor of the presence of relapsed disease

In order to evaluate the performance of the CNAS as a diagnostic tool in
discriminating relapsed disease in the cohort of patients in the Markers of Relapse in
Melanoma study, we used logistic regression to explore variables affecting risk of

relapse.

Previous CNAS as a discriminator of relapse status

With the purpose of exploring whether CNAS, as calculated at previous
sampling, could predict for relapse status at the time of the following sample, a
logistic regression analysis was carried (@ table 4.3Previous CNAS was

shown to be a significant predictor of the presence of relapsed disease at the time of
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the following sampling (odds ratio for relapse 2.74, 95% confidence interval 1.47
5.11,p=0.001). Stage at recruitment and age were also found to be significant
predictors, while previous cfDNA concentration was not a significant predictor.
Previous CNAS remained a significant discriminator in multivariable analyses for
relapse statugp€ 0.002,with area under the Receiv®perator Characteristic curve

of 0.72) see figure 4.2

Univariable analysis

OR p-value 95% ClI AUC
Previous log CNAS 2.74 0.001 1.475.11 0.65
Previous log cfDNA level 0.78 0.54 0.351.73 0.57
Stage at recruitment 3.62 0.013 1.31:9.98 0.64
Age atrecruitment 0.97 0.003 0.950.99 0.66
Gender 0.42 0.072 0.161.08 0.59
BRAF status 0.82 0.67 0.341.99 0.52
Multivariable analysis

OR p-value 95% ClI -
Previous log CNAS 2.83 0.002 1.445.56 -
Stage 2.60 0.092 0.857.91 -
Age 0.98 0.066 0.961.00 -

Table 4.3 Logistic regression analysis for previous CNAS as a predictor of relapsed disease
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Figure 4.16 ROC multivariable analysis of previous CNASshowed it to be a significant
predictor of the presence of relapsed disease at the time of the following sampling (odds ratio
for relapse 2.74, 95% confidence interval 15471,p=0.001).

Current CNAS as a discriminator of relapse status:

In a separate analysis, CNAS was explored as a discriminator of relapse status
at the time of sampling, and was found to be a significant predictor (odds ratio for
relapse 2.66, 95% confidence interval 14714,p<0.0001). CfDNA level was also
found to be a significant predictor of relapse status at the time of sampling, and with
multivariable analysis including these variables (as well as stage and age which have
previously been shown to be significant predictorgjrent CNAS remained a
significant predttor of relapse status (p=0.0Grea under the Receiv@perator

Characteristic curve 0.74).
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Univariable analysis

OR p-value 95% ClI AUC
Current log CNAS 2.66 <0.0001 1.71-4.14 0.65
Current log cfDNA level 2.31 0.012 1.204.45 0.60
Stage 3.62 0.013 1.31:9.98 0.64
Age 0.97 0.003 0.950.99 0.66
Gender 0.42 0.072 0.161.08 0.59
BRAF status 0.82 0.67 0.341.99 0.52
Multivariable analysis
OR p-value 95% ClI -
Current log CNAS 2.51 0.001 1.434.42 -
Current log cfDNA level 2.07 0.096 0.884.85 -
Stage 2.45 0.11 0.837.27 -
Age 0.97 0.004 0.950.99 -

Table 4.4: Logistic regression analysis for current CNAS as a predictor of relapsed disease
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Figure 4.17 ROC multivariable analysis of current CNAS showed it to be a significant predictor of
the presence of relapsed disease at the time of sampling (p=0.001).
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CNAS above and below the 7Hercentile as a predictor of relapse status:

In an exploration of the relationship between CNAS and the presence of active
disease in the GEMS study (see Chapter 2), patients were ranked and grouped into
four quartiles based on their log CNAS, and those patients with CNAS scores above
the 7%" percentile were found to have a higher risk of active disease than those with
scores below the 5ercentile.

To test the ability of this binary variable (CNAS above and below the 75
percentile) to discriminate relapse status in the MRM cohort, a regression analysis
was carried out in two respects. Firstly, a variable was created using CNAS calculated
at previous blood sampling (in order to assess if this could predict future relapse
status). Secondly, a binary variable using current CNAS was explored to see how this
predicted relapse status at the time of blood sampling.

In the first analysis, previous CNAS above and below tffep#bcentile was
not found to be a significant predictor of future relapse status (odds ratio for relapse
1.05, 95% confidence interval 0-£2638,p=0.91).

Current CNAS above and below thé™ercentile, on the other hand, was
found to be a significant predictor of relapse status (odds ratio for relapse 2.93, 95%
confidence interval 1.28.76,p=0.012). However, multivariable regression analysis,
including cfDNA level, stage and age as predictors of relapse status, showed current
CNAS above and below the 7Hercentile no longer to be a significant predictor

(p=0.059).

139



Univariable analysis

OR p-value 95% ClI AUC
Current log CNAS category 2.93 0.012 1.276.76 0.62
Multivariable analysis

OR p-value 95% ClI -
Current log CNAS category 2.46 0.059 0.97-6.25 -
Current log cfDNA level 2.99 0.004 1.436.27 -
Stage 2.92 0.043 1.01:-8.48 -
Age 0.97 0.002 0.940.99 -

Table 4.5: Logistic regression analysis forcurrent CNAS above and below the 75 percentile as a
predictor of relapsed disease

4.3.7Baseline CNAS as a predictor of future relapse

To mirror the analysis done in the GEMS study, a regression analysis was
carried out to investigate the ability of baseline CNAS of cases in the MRM cohort to
predict future occurrence of relapse. Baseline CNAS was not found to be a significant
predictor @ future relapse (odds ratio 1.450.115, 95% CI 0.87 3.62).
In addition, the binary variable of baseline CNAS scores above and below'the 75
percentile was also not found to be a significant predictor of future relapse status

(0dds ration 2.66)=0.12, 95% CI 0.779.11)

4.3.8CNAS over time
Having previously demonstrated that the CNAS can predict active disease and
survival in melanoma patients (see Chapter 2), we then examined the CNAS in

longitudinal samples obtained from all cases recruited in the MRM study (n=96), and
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compared the trends seen in patients who experienced a relap6® (vith those

who did not (=60).

CNAS over time: relapsed vs. not relapsed cases

16n

log CNAS

0 10 20
Months from recruitment

Figure 4.18 Spider plot of log CNAS over time (in months)n cases which relapsed (in blue) and in

cases which did not relapse in the study (shown in pirtkg.xaxis represents time (in months) from
recruitment (represented as time&)d yaxis the log CNAS

CNAS over time in controls
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10
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Figure 4.19 Spider plot of log CNAS over time (in months) in controlsEach red line represents a

separate controThe xaxis represents time (in months) from recruitment (represented as time 0), and
y-axis the log CNAS
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As seen in the plo@abovein Figures 4.18 and 4.19here is a clear dramatic
rise in the CNAS over time for some relapsed cases. This pattern, however, is
evidently not exhibited by all relapsed cases. In contrast, the majority -otlapsed

cases demonstrate relatively stable CNAS scores over time.

4.3.9Individual CNAS plots:

Longitudinal CNAS plots (with 2 or more time points) were made for 30 of
the 36 patients who relapsed on the MRM study (6 patients had only 1 blood sample
obtained each, hence it was not possible to chart serial plots for these patients).
Of these 30 patients, 7 of them demonstrated a rise in CNAS (from baseline) ahead of
radiological or clinical relapse, and these are shown below (lead time from date of
ACNAS relapseo to radi ol odgiFigunel4d2@Chseni c al
006 had a sharp rise (from baseline) in CNAS nearly a year prior to clinical relapse.
The CNAS decreased following surgical excision of the relapsed disease but remained
raised above baseline. In case 0026, the CNAS dropped following surgical resectio
of a relapse, but began to rise again with a lead time of about 5 months (152 days)
prior to diagnosis of clinical relapse. The CNAS then fell again after commencing
immunotherapy. Case 0029 saw a rise in CNAS from baseline, over a year prior to
clinical relapseSimilarly, cases 0035, 0040 and 0050 each had a CNAS several

months prior to diagnosis of relapse.
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Figure 4.20 Longitudinal logCNAS plotted over time (in days) for 7separate cases
demonstrating CNAS rise ahead of radiological/clinical relapseThe vertical dotted lines represent
significant clinical timepoints (labels at the top of the vertical lines specify the nature of the time
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Of the remaining 2 patients 6 patients had a CNAS rise that coincided with
radiological/clinical relapse this was defined as a CNAS rise within 28 days of

radiological/clinical relapse (median interval of 16.86 days, rar@ days).
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Figure 4.21 Longitudinal logCNAS plotted over time (in days), foré separate cases
demonstrating a rise in CNAS which coincided with clinical/radiological relapse.
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Thus, B out of 30 cases 8133%) that experienced a relapse event in this
cohort demonstrated a rise in their CNAS at, or prior to, radiological/clinical relapse.
Of the remaining 71 cases, Bhowed no significant CNAS pattern prior to clinical or
radiological relapseand 9 actually showed a decrease in CNAS prior to their relapse
event Onecase had relapsed at the time of first blood sampling, and went on to have
two lines of systemic treatment, as depictetheFigure below.

Case 0007

PD PD

1stline 2nd line
chemo chemo
]

14.0-
13.5+
13.0+

12.54

Log CNAS

12.04

11.54

11.0

(¢] 50 100 150 200 250

Days from baseline

Figure 4.22 Longitudinal logCNAS profile plotted against time (in days, xaxis) showing case 007,
who received 2 lines of systemic treatment, with CNAS falling with treatment. Interestingly, CNAS
continued to drop despite radiological progression"8fir treatment.

PD: disease progression

4.3.10Random coefficients mixednodel to investigate CNAS as a biomarker of
relapse
We established, ithe various analyses outlined in secticdB.8thatCNAS
was significantly higher ibloodsamplegaken at/after aelapse event, compared to
sampledaken prior to relaps&ecognising the importance of taking into
consideratiorthe effect of repeated measunmesuch analyse@s withserial
samplingin the MRM study, weinvestigate further the performance of CNAS as a
biomarker Thistimet aki ng i nto account each patient 0:
accounting for the differences in CNAS measurements both within and between

patientsamixed effects model regression analysis was carried out:
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Current CNAS as predictor of current relapse status:

To explore the association between current CNAS and relapse status, and to
provide an estimate of t-bffectsdofjistieregtessiof pati e
was carried out, and current CNAS was shown to be a significant predictor of relapse
statug(odds ratio 3.41, 95% confidence interval 16/62,p<0.0001). The random
effects estimate was 2.03 (95% confidence interval-2.09, standard error 0.65).

The association remained significant after adjusting for cfDNA level, stage and age
(p=0.009),with a randorreffects estimate of 1.82 (95% confidence interval 0.87

3.77, standard error 0.68)

Univariable analysis

OR p-value 95% ClI Random-effect +
standard error
log CNAS 3.41 <0.0001 1.756.62 2.03 £0.65
log cfDNA level 5.33 0.011 1.4619.42 2.63+0.70
Stage 7.08 0.038 1.11-44.92 2.18 £ 0.66
Age 0.96 0.036 0.920.99 2.12+0.6
Gender 0.44 0.34 0.082.39 2.22 +0.65
BRAF status 0.67 0.59 0.152.94 1.53+0.55
Multivariable analysis
OR p-value 95% ClI Random-effect +
standard error
log CNAS 2.56 0.009 1.275.16 1.82 £ 0.68
log cfDNA level 2.92 0.11 0.7910.82 -
Stage 3.47 0.15 0.6418.7 -
Age 0.96 0.034 0.920.99 -

Table 4.6: Random-effects regression model of current CNAS as predictor of relapse status
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Previous CNAS as a predictor of current relapse status:

In a univariable mixed regression analysis to explore the ability of previous
CNAS to predict future relapse status, previous CNAS (i.e. logCNAS of sample taken
at prior sampling) was not shown to be significant predictor of relapse status at the

time of next sampling.

Univariable analysis

Random-effect +
OR p-value 95% ClI
standard error

Previous log CNAS 3.49 0.075 0.881 13.78 10.34 +5.72

Table 4.7. Random-effects regression model of previous CNAS as a predictor of relapse status

Previous CNAS as a predictor of current CNAS:

A mixed-effects linear regression was carried out to determine the association
between previous CNAS and current CNAS, in order to see if previous CNAS
predicts current CNAS. Previous CNAS was found to be a significant predictor of
current CNAS (coefficietn0.67, 95% confidence interval 0-0786,p<0.0001). This
remained significant after adjusting for relapse status (coefficient 0.52, 95%
confidence interval 0.38.72,p<0.0001). Previous cfDNA level, stage, gender, stage,

BRAF status and age were not found to be significant predictors of current CNAS.
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Univariable analysis

- p-value 95% ClI Random-effect +
Coefficient
standard error
Previous log CNAS 0.67 <0.0001 0.470.86 1.47x10% + 6.64x10°8
Previous log cfDNA level -0.019 0.90 -0.30:0.26 0.34+0.14
Relapse status 1.00 <0.0001 0.681.32 0.18 £ 0.063
Stage 0.13 0.37 -0.16:0.43 0.24+0.75
Age -0.0015 0.71 -0.00930.0063 0.25+0.076
Gender -0.040 0.80 -0.340.27 0.24+0.076
BRAF status -0.43 0.063 -0.880.024 0.23+0.13
Multivariable analysis
Coefficient p-value 95% ClI Random-effect +
standard error
Previous log CNAS 0.52 <0.0001 0.330.72 0.028+0.10
Relapse status 0.76 <0.0001 0.41-1.12 -

Table 4.8 Random-effects regression model of previous CNAS as a predictor of current CNAS

4.3.11CNAS as a predictor asurvival

Univariable Cox regression analysis showed baseline CNAS, as well as

baseline CNAS category (baseline log CNAS above and below theefgentile), to

be significant predictors of overall survival. BRAF status was also identified as a

significant predictor of survival. Baseline CNAS concentration, age, gender, and

stage at baseline were not found to be significant predictors of osenalval.

Mortality was significantly higher (HR (95% CI) 2.63 (1-32%69) with increasing

IogCNAS, p=0.014. After adjusting for the other significant predictors of survival,

baseline logCNAS remained a significant predictor of survival (HR (95% CI) 2.76

(1.037 7.35), p=0.044.
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Similarly, baseline CNAS category (baseline log CNAS above and below'the 75
percentile) was associated with significantly higher mortality (HR (95% CI) 4.96

(1.36:18.08), p=0.015), and this remained significant after adjusting for BRAF status

(HR 7.55 (95% Cl 1.585.94), p=0.011.

100
1

75
1

Survival (%)
50

Number at risk

Tolm Time (years) 0 2 4 6 8
o CNAS <75" percentile | 84 72 37 24 20
CNAS >75" percentile | 12 | 8 | 4 1 1
O —
T T T T T
0 2 4 6 8
Time (years)

CNAS below the 75th percentile
CNAS above the 75th percentile

Figure 4.23: Kaplan Meier survival estimates of overall survival,comparing CNAS below(in
blue, n=84)and above(in red, n=12)the 73" percentile, showing significantly higher mortality in

cases with CNAS above the'7percentile, after adjusting for BRAF status (HR 7.55 (95% CI-1.59
35.94), p=0.011.
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Univariable analysis

HR p-value 95% ClI

CNAS category 4.96 0.015 1.36-18.08
Stage 1.85 0.36 0.506.87
Age 1.003 0.88 0.961.05
Gender 2.36 0.18 0.67-8.24
BRAF status 0.24 0.046 0.61-0.97
Multivariable analysis

CNAS category 7.55 0.011 1.5935.94
BRAF status 0.21 0.003 0.0740.58

Table 4.9 Baseline CNAS category as a predictor of survival

4.3.12Quality control analysis

We had previously demonstrated the reproducibility of the CNAINA
libraries prepared from the MDAMB-435 cell line and sequenced on nine separate
runs(section 3.10), with the CNAS showing very little dispersion (coefficient of
variation (CV)=0.098), demonstrating high reproducibility of this score. In addition,
the CNAS for 10 subjects (8 cases and 2 controls) in duplicate sequencing runs were
comparedand the BlanéhAltman plot below demonstrates good agreement in the

CNAS between th&0technical repats.
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Figure 4.24: Bland-Altman plot of CNAS in duplicate sequencing runsshowing good agreement
in CNAS betweenl0technical repeats

To demonstrate that the copy number aberration scores were not related to the
amount of input DNA sequenced, a scatter graphSpnd a r necarnelétisn analysis
was carried out for case and control samples separately. The graf$pmeandaits

coefficients are shown iigures 4.25and 4.3.
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Figure 4.25: Scatter plot of logCNAS for cases vs. quantity of input DNAshowing no association
between the two variabl&gearmads coefficieng 0.0058, n=275)

Figure4.25 shows scatter plot of lo gCNAS scores for all samples obtained
from cases versus the quantity of input DNA sequenced for each sample (n=275). The

Spearmais coefficient 0.0058 indicates no association between the two variables.
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Figure 4.26: Scatter plot of logCNAS for controls vs. quantity of input DNA showing no
association between the two variatlp¢armaiss coefficient 0.0339, n=96)

Figure4.26 shows scatter plot of logCNAS scores for all samples obtained
from controls versus the quantity of input DNA sequenced for each sample (n=96).

The Spearmais coefficient 0.0339 indicates no association between the two

variables.

4.3.13Sensitivity and specificity of logCNAS as a marker of relapse:

The Youden index was calculated to identify theafipoint of logCNAS
which provides the maximum potential effectiveness as a biomarker of relapse status.
Adjusting for log cfDNA levelstage and age at diagnosis, the ROC AUC was

0. 7068, with a YoudefflogGNAS af 0L.28044ppfovidingd 1 a't

sensitivity of 58% and specificity of 83%.
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4.3.14Comparison of MRM and GEMS copy number aberration scores
The baseline copy number aberration scores from cases recruited to the MRM
study were compared with those recruited to the GEMS study, to explore how these

cohorts differed from each other. Thgure below shows the distribution of baseline

log CNAS in both cohorts.
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Figure 4.27: Box and whisker plot of the baseline logCNAS in the GEMS cohort (n=83) vs the
MRM cohort (n=96), showing a higher mean baseline logCNAS for the GEMS cohort (p=0.03)

The mean baseline log CNAS for the GEMS cohas8@) was higher than

that ofthe MRM cohort (=96), p = 0.03.

Mean log CNAS 95% ClI p-value
MRM 10.84 10.72i 10.96 0.03
GEMS 11.14 10.88i 11.40 -
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4.4.1CNAS vs cfDNA concentration, as a biomarker of relapse
Overall, in our various analyses of predictors of relapsed disease in the MRM
cohort, the Copy Number Aberration Score (CNAS) performed better as a marker of

relapsed disease, compared to cfDNA concentration, as sumnizeieed

CNAS cfDNA concentration
All relapsed samples vs. all non
Significant difference Significant difference
relapsed samples
All samples from relapsed cases
vs. all samples from norrelapsed Significant difference No significant difference
cases
Baseline samples from cases
No significant difference No significant difference
relapsed or not
Pre-relapse samples vs. post
Significant difference Significant difference
relapse samples

Table 4.10: Summary of CNAS vs cfDNA concentration as a marker of relapse in the MRM
cohort

We found cfDNA concentratioshowedno differences seen in baseline
cfDNA levels between cases that relapsed versus those thaidtdichis contrasts
with our findings in the GEMS study (seection 3.3 where there was a significant
difference in cfDNA concentrations between those with active disease and those with
surgically excised disease, with patients with active disease having higher
concentrations compared to those with excised disease. I'EfM& Gtudy, the
majority of patients with active disea had advanced stage IV disease (81.8%). In
contrast, in the MRM cohort, of those who relapsed, 61.1% had advanced stage IV
disease, while 38.9% relapsed with surgicaigectable stage Il (i.e. lower volume)
disease. So the higher burden of diseasledse with active disease in the GEMS
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study may account for the significant difference in cfDNA concentrations (and copy

number aberration scores) seen compared to those with surgically excised disease.
Baseline cfDNA levels in samples taken from wrelapsed cases were found

to be higher than levels measured in healthy controls. This again contrasts with our

findings in the GEMS study, where cfDNA levels amongst those with resected

disease were not ststiically different from controls. This may be explained by the

fact that subjects invited to take part in the MRM study were prevalent melanoma

cases undergoing melanoma folloyy at STH, with varying intervals from their

surgical excision. This differeddm the GEMS study, in which patients were

recruited within 4 weeks of their surgieakcision. Therefore, the baseline samples

obtained from subjects in the GEMS study

baseline samples from the prevalent melamaases recruited in the MRM study,

some of whom had had their surgical excision several months/years prior to

recruitment. This | ack of o6trued baselin

explain the lack of significant difference seen in the CNAS betwases thavent

on to relapse in the study, versus those cases that did not relapse.

4.4.2Baseline CNAS as a predictor of survival

We have shown in this cohort of 96 patients that high baseline CNAS scores
(log CNAS above the T5percentile) were associated with significantly poorer
survival. This mirrors the findings in our preliminary analysis in the GEMS study
where high CNAS scores were associated with higher mortaéschapter3.6).
These mirrored findings hay®tential clinical significance, deeyadvocate the

utility of this minimally invasive baseline bloddstin identifying melanoma patients
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with a potentially worse outlook, who are more likely to benefit from adjuvant
systemic treatment to improve their outcomes.

Tan et alTan et al., 2019and Lee at alJ. H. Lee et al., 201@emonstrated,
similarly, that baseline ctDNA analysis predicts survival in stage II/lll melanoma
patients. Further validation of our CNAS in an independent prospective cohort is
required to establish its potential to aid the adjwesatision making proas in

melanoma patients, as well as in other turrsias.

4.4.3Sensitivity/specificity and utility of CNAS as a marker of melanoma relapse

In the sensitivity/specificity analysis of logCNAS as a biomarker of relapse,
t he Y oud eravided the cutffgpaint of logCNAS which optimises its ability
to discriminate relapsed disease from-nelapsed status at the time of bleod
sampling. The low sensitivity of 58%, demonstrates the limited ability of lo gCNAS to
correctly identify relapsicases. The high specificity of 83% demonstrates that a low
logCNAS is likely to correctly identify nerelapsed status. Further exploratory
analyses are required to explore scoring algorithms which combine th@goyber
score with other potential biomeers €.9.ctDNA mutation burden) to maximise
sensitivity, while preserving the high specificity provided by the logCNAS score.

In choosing the mixeéffects random coefficients model for the longitudinal
analysis of CNAS, the unstructured method was utilised as the least restrictive
covariance assumption, in order to be as inclusive as possible, utilising all available
data pointsn the longitudinal samplingAs the unstructured matrixposes no
constraints on the values within the model, with each variance and covariance

uniquely estimated from the data, allowing for the best possible model fit, this matrix
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was justified, because there was no reason to expect the variances in this dataset to be
equal, or that covariances would display a specific pattern.

This model showed that logCNAS a significant predictor of relapse status at the
time of blood sampling. In addition, baseline logCNAS was shown, by logistic
regression analysis, to be a significant predictor of survival in this cohort. While this
needs prepective validation in a separate cohort, this could potentially have utility in
estimating individual risk of relapse, therefore tailoring the need for adjuvant
therapies. While other studies have shown similar association of baseline ctDNA with
survivalin melanoma patientd. H. Lee et al., 2019; Tan et al., 2018ese studies
have relied on the presence of mutations (BRAF/NRAS/KARjch could be
measured in ctDNAWhile this approach can improve the sensitivity of the test, it
doesrestrict the scope of these biomagk@ur analysis has demonstrated proof of
principle that lowcoverage copyumber analysis can be utilised as a marker of

relapse in melanoma, and warrants further exploration and validation.
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Chapter 5: Common Copy number aberrations in melanoma
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Genomic instability is one of the hallmarks of cancer, characterised by the
accumulation of genetic abnormalities, which facilitate the acquisition of additional
mechanisms that promote tumour growth and prolifergtt@amahan & Weinberg,

2011) These genetic abnormalities include gene mutations, chromothripsis, and copy
number aberrations. Various copy number aberrations have been studied in
melanoma, mainly in FFPE samples, but also in frozen tumour samples.

In chapters 3 & 4, using whole genome scores, we describgeéioenewide
copy number changes detected in cfDNA extracted from 2 cohorts of patients (GEMS
and MRM). In this chapter, we have attempted to explore individual copy number
aberrations, to see if those described in published literature, including The Cancer
Genome Atla (TCGA) are identifiable in our cfDNA samples from MRM.

The aim of the work described in this chapter was to identify, from published
literature, chromosomes which were associated with copy number aberrations in
cutaneous melanoma, and to then see if these chromosomes of interest were similarly
aberrantinthe i r cul ating cell free DNA Ietket r act ed
first instance, we analysed baseline samples from all patients recruited in the MRM
study, and wehen went on to study the CNAs in the 36 samples associated with a

relapse event in tHdRM study.

The objectives of the chapter were:

1. Compare each chromosome of interest identified in the literature with baseline
cfDNA samples from the Markers of Relapse in Melanoma (MRM) study.

2. Compare chromosome aberrations in cfDNA from relapsed samples from the

MRM study with the chromosomes of interest from the literature.
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3. Explore how copy number aberration data from The Cancer Genome Atlas (TGCA)
melanoma database compared to those from the relapsed samples from the MRM

study.

Havingconducted &earchin PubMedof relevant studiewhich reported the
common copy number aberrations in melanoma tumour (FFPE) samples, we compiled
a list of chromosomes of interest, where amplifications, deletions, or duplications had
beenidentifiedRe | evant studies were identified usi
and fimel anomao, and the search was | i mited
In identifying chromosomes of interest, where frequency of aberrations were provided
in the literatwe, we included those with a frequency of 10% or more in our
comparisons. The table below summarises the common gains and losses reported in
melanoma tumour DNA. We set out to see how these compared with the cfDNA
samples extracted from baseline blood dasipbtained from patients recruited to the

MRM study.
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Gain

Gain

Gain

Gain

Gain

Gain

Gain

Gain

Gain

Gain

Gain

Gain

Gain

Loss

Loss

Loss

Loss

Bastion 2003 Bastion 1998 Curtin 2005

(Bastian et (Bastian et (Curtin et al.,
al., 2003) al., 1998) 2005)
n=132 n=32 n=70

Gandolfi Hoefsmit
Jonsson 2007
2016 2020 TCGA
(Jonsson et
(Gandolfiet  (Hoefsmit et 2015
al., 2007)
al., 2016) al., 2020) n=333
n=47
n=41 n=38

2 (13%)

6p (37%) 6p (28%) 6p

4912

6p (19%) 6p

8 (commonly

8q (25%
q) (34%)

17(commonly

179 (24%) 17q

q) (13%)

11q13

17q

| |

1p (7%)
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Loss 7p (2%)

Loss

Loss

10q (36%) 10 (whole or q)

Loss 10 10 10q (56%) 10

10p (30%) (63%)

Table 5.1: Summary of key copy number aberrations identified in melanoma tumour FFPE
samples in the literature.Where provided, the frequency of aberration (expressed as a percentag

samples affected) is shown in brackets

5.3 Creation of summary plots of copy number ratios across individual
chromosomes of interest

As outlined in Chapter 2, the cfDNA extractions from the baseline samples
from the MRM study and subsequent quantification, DNA library preparation,
pooling for sequencing, were carried out myself. Copy number ratios were generated
using the pipeline outlied in Chapter 2. Dr Mark Dunning at Sheffield University of
Sheffield provided bioinformatics support to generate summary Mmtén plots of
the copy number ratio of each 1 Mb window for the nirgxybaseline samples were
plotted against chromosohjzosition for the identified chromosomes of interest from
Table 5.1. We defined a copy number gain as a copy number ratio of greater than 1.1,
and a copy number loss as a copy number ratio of less tharh&9vas used as a
guide, accounting for the fact that tumalerived cfDNA is diluted within wiletype
cfDNA in blood. A summary of all amplifications and deletions, identified using
these criteria in the chromosomes of interest, in the baseline samptesented in

AppendixE.
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The three most commonly affected aberrations of interest in the published
literature have been selected (chromosomes 7, 9 and 10), and their copy number

profiles in the MRM baseline samples are summarized below:

Chromosome 7

14-

----------------------------------------------------------------------------------- ---=  OQutlier
= Ccooo7

Ratio.s.n
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B

08-
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5.0e+07
1.0e+08

Figure 5.1 Copy number ratios of each 1Mb window of chromosome 7 in the MRM baseline
samples.The black arrows highlight p and q arms (with the centromere between)The red line
highlights the copy number ratio of 1.0.

The published literaturghowsquite high levels of gain of chromosome 7
(both p and g arms), This is not strongly evident in our MRM baseline saraples
seen in Figure 5.10nly one sample showed clear evidence of gain at the end of the g

arm, and there is a trend for gains in the p arm, as well as a trend for losses in the

beginning of the g arm.
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Chromosome 9

Ratio.s.n

08-

Outlier
s = C0007

* Cooss
*  COo09s

1e+08”

Figure 5.2 Copy number ratios of each 1Mb window of chromosome 9 in the MRM baseline
samples. The black arrows highlight p and g arms (with the centromere between). The red line

highlights the copy number ratio of 1.0.

Melanoma is associated with deletions on chromosome 9p21, a region that

contains the CDKN2A tumour suppressor ggi@uglle et al., 1995)Two samples in

our cohort showed evidence of loss in 9p, and one of these samples also showed a loss

in the q arm(see Figure 5.2 above)verall, there was a trend for losses in the p arm,

and gains in q.
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Chromosome 10
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Figure 5.3 Copy number ratios of each 1Mb window of chromosome 10 in the MRM baseline
samples. The black arrows highlight p and g arms (with the centromere between). The red line
highlights the copy number ratio of 1.0.

Another frequently deleted chromosome cited in the literature is chromosome
10 (frequently 10q, but wholthromosomeleletions as well as deletions affecting the
p arm have also been described). One sampleiMBM cohort demonstrated loss in
10p, and another sample showed a 10q, @&rseen in Figure 5.3 abo@verall,
however, there was a trend for gains at the end of the g arm.

In addition to three most commonly affected chromosomes in the literature
highlighted above, the profile below represents the chromosome with the highest
number of defined aberrations from our baseline samples.

One paper showed loss in 2(@urtin et al., 2005)In Figure 5.4, there is
evidence of losses in thirty samples in the MRM baseline samples (affecting p and/or

g arms). However, four samples showed gains (1 in 21q, and 3 in 21p).
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Figure 5.4: Copy number ratios of each 1Mb window of chromosome 21 in the MRM baseline
samples. The black arrows highlight p and g arms (with the centromere between). The red line
highlights the copy number ratio of 1.0.

Weaker evidence Weaker evidence
Chromosome Defined gain Defined loss

for gain for loss
1 1p 1q
2 2p
4 4p 4plaq
6 6p (1 outlier) 6q
7 7q (1 outlier) 7q
8 8q (1 outlier) 8q 8p, 8q
9 9q (1 outlier) 9q 9p
10 10q (1 outlier) 10p/q
11 11 q (1outlier) 11p/q
13 13p
17 17q 17q
20 20p/q
21 21 p (3 samples) 21q

21q (1 sample)

Table 5.2 Summary of gains and losses seen in the baseline samples from the Markers of Relapse
in Melanoma study.The defined gains and losses refer to those that met the criteria set for copy
number gains and losses (copy number ratio >1.1 and less than 0.9 respectively). The columns for
weaker evidence of gains/losses represent those aberrations that did npnhstettihe set criteria, but
showed a trend for these aberrations.
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5.4 Analysis of chromosomes of interest in the relapsed samples from
the Markers of Relapse in Melanoma (MRM) study

Having explored the copy number aberrations in the baseline samples, we
proceeded to analyse the aberrations in the cfDNA samples associated with a clinical
and/or radiological relapse. Again, we focused on aberrations seen wittinethe
most commonly affected aberrations of interest in the published literature

(chromosomes 7, 9 and 10).

Chromosome 7
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Figure 5.5: Copy number ratios of each 1Mb window of chromosome 7 in the MRM relapsed
samples. The black arrows highlight p and g arms (with the centromere between). The red line
highlights the copy number ratio of 1.0.

As seen in Figure 5.5 above, Wwave seen more copy nhumber changes
associated with chromosome 7 in the relapsed samples compared to the baseline
samples. One sample had copy number gains across the entire chromosome. Two
samples had gains predominantly in the g arm, but also in tlyepaariof the p arm.
Two further samples (both from the same patient) showed gains across the g arm.

Overall, there appeared to be a trend for losses in p and q arms across the cohort.
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Chromosome 9

14-
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Ratio.s.n
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Figure 5.6: Copy number ratios of each 1Mb window of chromosome 9 in the MRM relapsed
samples The black arrows highlight p and g arms (with the centromere between). The red line

highlights thecopy number ratio of 1.0.

Three samples (two of which were taken from the same patient at different
time points of relapse) showed losséshromosome @cross nearly the entire
chromosomegas seen in Figure 5.6 abovaother sample showed a loss on the g arm
only. A further sample showed losses in the p arm, as well as a gain in the terminal
aspect of the g arm. Overall, however, the samples in this relapsed cohort showed a

trend towards gains in the g arm, with sosuggestion of p arm loss.
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Figure 5.7: Copy number ratios of each 1Mb window of chromosome 10 in the MRM relapsed
samples.The black arrows highlight p and q arms (with the centromere betweenYedlire highlights

the copy number ratio of 1.0.
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In the figure above,re sample in this cohort demonstrated losses across the
entire chromosomg0, while two other samples showed losses in the p and g arm
respectively. A further sample showed a gain at the terminal part of the g arm. There

appeared to be a trend in the samples overall towards gains in the g arm.

Weaker evidence Weaker evidence
Chromosome Defined gain Defined loss
for gain for loss
1 1p 1q
2 2q
4 4plaq
6 6q
7 7p
8 8q 8q
9 9q 9p
10 10q
11 11p/q
13 13q
17 17q 17p
20 20p/q
21 21q 21q

Table 5.3 Summary of gains and losses seen in the relapsed samples from the Markers of

Relapse in Melanoma studyThe defined gains and losses refer to those that met the criteria set for

copy humber gains and losses (copy number ratio >1.1 and less than 0.9 respectively). The columns for
weaker evidence of gains/losses represent those aberrations that did npnhstettihe set criteria, but
showed a trend for these aberrations.
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The Cancer Genome Atlas (TCGA) programme carried out 4plaltiorm
analyses to characterize the somatic alterations in frozen tumour samples from 333
melanomagNetwork, 2015) These samples comprised 20% thick primary cutaneous
melanomas, and 80% metastases (regional lymph nodes/skin/soft tissue and distant
metastases). Based on the most prevalent significantly mutated genes, they defined
four subtypes within the melanoma saftas as follows: mutant BRAF (45% of
samples), mutant RAS (28%), mutant NF1 (8%), and tripilel type (14%). DNA
copy-number profiling by Affymetrix SNP 6.0 arrays was carried out across the
samples using an established protqtétCarroll et al., 2008) They reported similar
armlevel copynumber aberrations across all four gypes.However they noted
some differences between the subtyjpepecifically in focal amplifications targeting

known oncogenes, as summarised below:

Triple -wild type subtype
4912 amplification (KIT, PDGFRA, KDR)
129 14 (MDM2, CDK4)
CCND1 (11g13)
TERT (5p15)
Mutant BRAF subtype
BRAF (7q34)
MITF (3p13)

PD-L1 CD274 (9p24)
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Mutant RAS subtype
NRAS (1p13)
NF1 mutant subtype

NF1(17g11.2)

Using the TCGA copynumber data available for melanoma, we produced
plots on the proportion of amplifications / deletions across the chromosomes of

interest (7,9,10). These are shown below:

05-

State
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Proportion of Samples altered
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Genomic Coordinate

Figure 5.8 Proportion of samples demonstrating amplifications/deletions at chromosome 7

The proportion of samples in the TCGA melanoma samples (h=333) demonstratirfjcatigoiis

(dark blue) in chromosome 7 exceeded 50%. There was a much smaller proportion (<10%) of samples
which demonstrated deletions (light blu€he xaxis represents genomic coordinates across
chromosome 7; while the-gxis represents proportion of deletions (expressed as a proportion from 0 to
-1) and amplifications (0 to +1)
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Figure 5.9 Proportion of samplesdemonstrating amplifications/deletions at chromosome.9
Amplifications and deletions detected across chromosome 9 in the TCGA melanoma dataset (n= 333)
are here expressed as a proportiarthe yaxis with proportion of samples demonstrating deletions
expressed 0 tel.0, and proportion of samples showing amplificatiexgressed frorfd to +1.0)
Amplifications (dark blue)acrosghis chromosom&ere minimal (<10%); while deletior{ight blue)

were seen in at least 50% of samples (predominantly in the pHEmm)axis represents genomic
coordinates acrosgromosome 9
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Figure 5.1Q Proportion of samples demonstrating amplifications/deletions at chromosome 10
Amplifications and deletions detected across chromosome 10 in the TCGA melanoma dataset (n= 333)
are here expressed as a proportion on theig, with proportion of samples demonstrating deletions
expressed 0 tel.0, and proportion of samples showingpdifications expressed from 0 to +1.0) There

were minimal aplifications(dark blue, <5%) noted across the p arncltdomosomé.0 (while

deletiong(light blue)were seen in at least 50% of samplesie so in the @rm). The xaxis represents
genomic coorihates acrosshromosome 10

173



As seen in figures 5:3.9 above, ovehalf of the samples in the TGCA
melanoma dataset demonstrated amplifications in chromosome 7, and détetions
chromosomes 9 and 1Gomparatively, much smaller proportions of gains/losses
were seen in the corresponding chromosomes in the relapsed samples from our MRM
cohort. In the MRM cohort, 7 out of 36 samples had definite gains (3 in 7p, and 4 in
7q); while in chromosome 9, lossa 9p were noted in 4/36 samples, and 3/36 in 9q.
1 out of the 36 samples showed a gain in 9p. A similar proportion was seen in
chromosome 10, with 2 out 36 samples showing loss in 10p, 2/36 in 10q, and 1/36

showing a 10p gain.

Somatic copy number aberrations are very common in cancers, and are
detectable in about 90% of solid tumo(fPéeasance et al., 201®javing detected
copy number aberrations (CNAs) in DNA extracted from serial samples of blood
taken from patients recruited in the Markers of Relapse in Melanoma study, we have
explored how these CNAs compare with the commonest aberrations listed in
published literature. We have also compatieel rates oéberrations found in the
melanoma cohort in The Cancer Genome Atlas.

While there were very few samples in the baseline cohort that met the
threshold set for defined copy number gains or losses, the majority of the samples had
sections of chromosomes with copy number ratios greater than, or less than, 1.0,
reflecting the coomon CNAs summarised in Tables 5.1 and 5.2. It is well established
that tumourderived cfDNA is diluted within wildype DNA in circulatiofiDiehl et
al., 2005) which explains thé&ack of more extremeopy numberatios in cfDNA In

addition, the detection of copyumber aberrations would be influenced by the
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fraction of cfDNA present in circulation, the magnitude of the aberrations witin th
cfDNA, as well as the coverage utilised in identifying th&han et al., 2013;

Heitzer et al., 2013)Ve had demonstrated our limit of detection of detection of copy
number aberrations to be 6.25%, with loaverage (0.1x) sequencing. Recently,

Nguyen et al demonstrated their ability to detect copy number aberrations in plasma
samples with tumouderivedDNA content as low as 1%, using lllumina HiSeq at a
coverage of 1000x. This increased sensitivity of detection comes at a price in terms of
cost of sequencing, which would need to be taken into consideration when developing
a biomarker of relapse for usgthin a resourceonstrained health servidéguyen et

al., 2023) A proof-of-concept study in colorectal patients using4ooverage WGS
sequencing (6x coverage) copy humber alterations, in combination with epigenetic
signatures and cfDNA fragmentation patterns, demonstrated the ability of this
approach as a biomarkearfcolorectal cancer detection and treatment monitoring
(Hallermayr et al., 20225imilarly, a poshoc analysis of the PEARLY study utilised
low-coverage WGS to analyse copy number aberrations in-trggative breast

cancer. This showed that copymber aberration burden at baseline was found to
accurately predict for recurrencskiKim et al., 2022)

Interestingly, there were more cepymber aberrations identified in the
chromosomes of interest in the MRM cohort of relapsed samples, compared with the
baseline samples. This is expected, as it is established that ctDNA correlates with
tumour burderfDawson et al., 2013; Schreuer et al., 20%udgh that relapsed disease
is more likely to be associated with detectable eopynber aberrations.

A significant limitation in these analyses of capymber aberrations was that
by fixing the copy number windows at 1Mb, smaller aberrations would have been

missed as a result of lower resolution.
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In summary, some of the copy number aberrations seen in the published
literature are found in this dataset, although the signals are much weaker in cfDNA.
This limits the potential utility of our copy number aberration approach as a
biomarker of relapse in melanoma, unless the limit of detection (and therefore, the
sensitivity and sensitivity of the biomarker) can be improved. As discussed, this could
potentally be achieved by increasing coverage of WGS, and/or combining with other

markers, including ctDN mutational analysis (e.g. BRAF).
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Chapter 6: Conclusion and Future Work
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Outcomes for patients with advanced (metastatic or inoperable) melanoma
have improved dramatically with the introduction of systemic therapies, including
BRAF (B-Raf proteoncogene, serine/threonine kinase) inhibitors, mitemygivated
protein kinase 1 (EK) inhibitors(J. Larkin et al., 2014; C. Robert et al., 2028y
immune checkpoint inhibitors that target cytotoxityimphocyte associated protein 4
(CTLA4) and programmed cell death 1 (P[#ipdi et al., 2010; C. Robert,

Schachter, et al., 2015; Wolchok et al., 20I3)ese therapies have been shown to
significantly improve overall survival in patients, with durable responses (measurable
in years) seen in a proportion of patients. Therefore, early detection of metastatic
relapse is crucial to maximise potential benieii patients. The need for a clinically
useful biomarker of melanoma relapse formed the premise for this piece of research,
which investigated coppumber analysis in circulating cdtee DNA, as a marker of
relapse.

To begin with, preanalytical testing was carried out on cfDNA samples
obtained from a feasibility study (conducted for patient and healthy control
recruitment, and for cfDNA sample collection), to optimise DNA yield for
downstream analysis, and to invgate stability of cfDNA over time.

Focus was then made on exploring the application of published genomic copy
number scoring algorithms in this pilot cohort of melanoma patients and healthy
controls, and the CNAS&f algorithm which captures the whole spectrum of €opy
number aberrations across the genome regardless of amplitude or length of aberration)
proved more robust. It was shown to be a good discriminator of active disease, and a
good predictor of survival (wh higher scores associated with poorer survival) in the

pilot cohort of mehnoma cases.
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Following this proofofi concept in the pilot study, patients and healthy
controls were recruited into a separate longitudinal study, to test the hypothesis that
individual changes in CNAS over time could be utilised as a biomarker of melanoma
relapseA random coefficients mixedffects statistical model was utilized, taking
into consideration interand intrapatient variations in CNAS, to investigate the
performance of this scoring algorithm as a biomarker of relapse. This model showed
that the CNAS ws a significant predictor of relapse status at the time of blood
sampling. Nearly half (46.67%) of the cases that had a relapse event in this cohort,
demonstrated a rise in CNAS rise at, or prior to, clinical/radiological relapse. Baseline
CNAS, while notshown to be a significant predictor of future relapse status, was
found to be a good predictor of survival. The low sensitivity (55%) of the CNAS in

this cohort, indicates its limited ability to correctly identify relapsed cases.

It is crucial that precise biomarkers are developed to guide management decisions in
all aspects of melanoma manageniefiom deciding on the extent of surgical

resection of the primary and/or nodal disease, to guiding degisadimg on the need

for adjwant therapies, to tailoring systemic treatment in metastatic diSdase. is,

as yet, no validated predictive/prognostic blkiaded biomarker that can reliably

guide these decisions. Blodsed cfDNA analysis (the liquid biopsy), as a

minimally invasve, costeffective, reproducible test, has potential for application in
these aspects of melanoma management, provided further development of the

technology can improve their sensitivity and specificity.

The main limitation in both theilpt studyand theseparate longitudinal sty

conducted as part of this reseavdds th@ retrospective nature, which limits the
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interpretation of the analyses. In addition, the small size of both studies, and relatively
small number of serial samples obtained in the longitudinal study, as well as the
varying intervals between those samples, limited the conclusions that could be
reliably drawn from thdongitudinal analysed$-urthermore, in our copgumber
analysis, we utilizethe CNAnorm bioinformatics pipeline in calculating cepy
number ratios, a method which was developeldaunse Thispipeline was utilisedh

our pilot study, ad for consistency, and to enablemparison across both studies, we
maintained this as the pipeline of choice in data analysis in the longitudinal study.
There are other potentially more sensitive and accurateroapper analysis tools,
notably ichorCNA, which has become accepted agditeestandard for lowcoverage
copy-number analys{g\dalsteinsson et al., 2017; Allsopp et al., 2023; Hallermayr et

al., 2022; Sato et al., 2024; Wallander et al., 2021)

Future work will focus on validating the CNAS in a sepalatgercohort
prospectivelywith emphasis on regular interval sampling to maxirsesgal
collection for genomic analysislo improve the sensitivity of copyumber analysis
as a marker ahelanomaelapseit would be interesting to combine tlapproach
with other biomarkersg.g.ctDNA BRAF/NRAS mutational burdenYhere has been
considerable research of recent that has shown dPCRalsfar identifying rare
alleles atow frequency, with high sensitivity and accurddjarczynski, Laus, dos
Reis, Reis, & Vazquez, 2020; Postel, Roosen, LatRard, Taly, & WangRenault,
2018) Therefore, combining copyumber number loweoverage wholgenome
sequencing analysis with BRAF/NRAS dPCR would present a potentially highly

sensitive marker of relapse, while maintainthgcosteffectivenes®f such a test
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The copynumber approachlsohas potential applications beyond being utilised as a
marker of relapsesignificant advances have been made recently, in the adjuvant
melanoma setting, with melanoma recurrence rates reduced, and progiression
survival improvedhroughthe use of immunotherg@nd BRAFtargeted therapy in
patients with resected nodal and visceral disease. Thereforenoogyer analysis

can potentially have a role in informing decisions in adjuvant therapies in melanoma
patientsFurthermoe, & copynumber aberrations are not limited to melanoma, the
investigation of CNAS analysis for detection and/or prediction of relapse in other

tumour sites is warranted.
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Appendix A: A selection of technologies used in detecting genetic/epigenetic changes in DNA

Denaturing capillary electrophoresis

(Fiala et al., 2013; Levy et al., 2012)

Denatured PCR fragments are separated (at an optimum temperature, or during a temperature gradient) based on théie|ecipeptieseof mutated vs.
non-mutated fragment®etectable fraction of mutant alleles 0.3%
Pros: Simpleprinciple

Applicable on a variety of commercial sequencers

Cons: Requires a panel of mutations to be-pedected

SangerSequencing
(Kheterpal & Mathies, 1999; Sanger, Nicklen, |

Coulson, 1992)

Fragments of DNA are created by incorporating dideoxynucleotide analogues (terminators). Each terminator can havena ihateestwhich can be
uniquely identified. Terminator products are purified, then separated by size usihtbscencegenerated by the terminators. Amplification and
sequencing typically occur separately (but can be done in a single reaction)
Pros: Can detect known as well as new mutations simultaneously
Cons: Low specificity

Detectable fraction of mutant alleles-26%

Can miss rare mutations

Coamplification at lower denaturation
temperature PCR

COLD PCR

(3. Li et al., 2008)

(Mancini et al., 2010)

By lowering the temperature of the PCR annealing step, mutated fragments are preferentially amplified, then partlyonéttggyraher annealing. At this
lower temperature, nemutated fragments remain dousiganded, so primer annealing is prevented.

Pros: Able to detect lowprevalence mutations (6L.5%)

Cons: Simultaneous enrichment of multiple amplicons (with different melting temperatures) requires additional teehgicoemartmentalization of

reactions and gradual increase of temperature
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BEAMing
beads, emulsion, amplification and magnetics
(Diehl et al.,2008; M. Li, Diehl, Dressman,

Vogelstein, & Kinzler, 2006)

Tumour mutations are identified by direct sequencing. Total number of DNA fragments in plasma is estimated byRPe&& tiRteR products are bound td
beads, which are analysed by flaytometry or optical scanning to determine the fraction of DNA fragsnbat contains these mutations. This fraction ig
multiplied by the total number of fragments to get the number of mutated fragments.
Detectable fraction of mutant alleles 0.001L7%
Pros: Counts prespecified mutations

Can identify rare variants

High sensitivity & specificity

Cons: Requires tumour sample for personalised mutation assay

Taggedamplicon deep sequencing (TAM
Seq)

(Forshew et al., 2012)

Short DNA amplicons (15@00bp) are amplifedina2t ep process. The resulting |ibraries are
mutations that are present above the background rate across multiple samples can be detected.
Pros: High specificity and sensitivity
Can identify mutations which lack hotspots
Cons: Detectable fraction of mutant alleles limited to 2%

Requires personalized assays

Pyrosequencing

(Ogino et al., 2005)

ASequencing by synthesiso: a complementary DNA st r andachtimeanyddotieis
incorporated into the complementary strand, a pyrophosphate group is released, producing detectéialeriighsity of which is specific for each
nucleotide. Thus, the sequence of DNA template is determined.
Pros: Detectable fraction of mutant alleles 5%

No requirement for a purification step

Suitable for detecting methylation changes

Cons: Low sensitivity and specificity
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Whole genome/exome sequencing by massive
parallel/next generation sequencing
(Chan et al., 2013; Dawson et al., 2013; Heitz{
et al., 2013; Leary et al., 2010; Leary et al.,

2012; Murtaza et al., 2013; Shaw et al., 2012)

DNA is purified, sheared, assembled into Alibrariesametméefmi mrpparag
lllumina sequencing: fluorescerdlgbelledn uc |l eot i des are i ncorporat ed -rbsplutiboniigital BdnBra registers the t
resultingcolourchanges, and the sequence is thus determlinedn t or r ent sequencing: beads coated wi
with nucleotides. A serdonductor registers the resulting pH changes as specific nucleotides are incorporated, and the sequence is determinieel ba
patternof pH changes.
Pros: Candetect various DNA alterations (including copy number changes and chromosomal rearrangements) in a multiplexed manner
High specificity
Cons: Requires considerable expertise
Personalised assay required

Falsé negatives where burden of disease is low

Droplet digital PCR
(Kinugasa et al., 2015; Reinert, 2015; Taly et §

2013)

DNA sample is separated into partit i dabelledds foditiveqy megative for)the tamet sequencesthen a
guantification is done by counting the positive partitions.
Pros: High specificity and sensitivity
Multiplex methodology enables highly efficient analysis
Cons: Requiregersonalized assays

Expensive

Nanopore (single molecule) sequencing

http:/Mww.nanoporetecibom

Based on principle of the Coulter counter. An insulating membrane containing an aperture (n@epaoat®s two chambers containing conductive
electrolyte. When DNA molecules are driven through the nanopore across an electrical gradient, changes in ionic asrtbatremropore can be
measured in time, to give information on the nucleotide seguefithe DNA moleculeDetectable fraction of mutant alleles 0.0G13%
Pros: Eliminates the need for amplification

Long read lengths

Potentially low cost
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Cons: Technology still under development
Instability of biologic nanopores

Signal noise may limit singlaucleotide resolution
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BIOMARKER TYPE MEASUREMENT USES LIMITATIONS
Lactate dehydrogenase Enzyme, catalyses pyruvat| Serum assay Strongest prognostic indicator in clinical use Non-specific
(Balch et al., 2009; Karagiannis, conversion to lactate in the| (colorimetric, ELISA currently Some studiefailed to show its

Fittall, & Karagiannis, 2014;
Kelderman et al., 2014; Palmer,
Erickson, Ichetovkin, Knauer, &
Markovic, 2011; Solassol, BDlihanh,
Maudelonde, & Guillot, 2011;
Tandler, Mosch, & Pietzsch, 2012)

presence of hypoxia

assays)

Correlates with tumour burden

As a prognostic indicator in patients receiving
Ipilimumab treatment

Increasing level correlates negatively with
survival

prognostic/predictive value

S10M

(Egberts et al., 2012; Guo, Stoffel
Wagner, Bierwirth, Mezger, &
Klingmuller, 1995; Henze, Dummer
JollerJemelka, Boni, & Burg, 1997;
Kruijff et al., 2009)

Protein, downregulates p53

ELISA estimation in
serum

Correlates with tumour burden
Negative correlation between levels and surviv,

Non-specific

Tyrosinase
(Garbe et al., 2003; Quaglino et al.,
2007; H. Schmidt, Sorensen, Fode,
Nexo, & von der Maase, 2005; Visu
et al., 2007)

Enzyme, involved in
melanin synthesis

RT-PCR in blood

Prognostic indicator of tumour progression
Correlates with survival

Some studies failed to show
prognostic value

Melanoma-inhibitory activity MIA
(Diaz-Lagares et al., 2011;
Juergensen et al., 2001; Meral et al
2001, Perrotta et al., 2010)

Amino-acid, acts as an
autocrine growth factor,
promotes tumour invasion
and metastasis

Increased levels associated with advanced dis
and poorer prognosis
Correlates with treatment response and relaps

Less specific than LDH or S100B

Vascular endothelial growth factor

Glycoprotein, stimulates

ELISA estimation of

As a prognostic and predictive marker

Non-specific

(Ugurel, Rappl, Tilgen, & Reinhold,| tumour angiogenesis serum level Correlates with tumour stage/disease burden | Several studies failed to reproduce
2001) Increasing level associated with poor survival | correlation with survival

(Pelletier et al., 2005)

Cyclooxygenase? Enzyme involved in IHC staining of tissue As a prognostic and predictive marker Invasive process, as requires tissu

prostaglandin synthesis

specimen

specimen
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(Becker, Siegelin, Rompel, Enk, &
Gaiser, 2009)

Expressed in tumours
Induced by stimule.g.

Correlates with Breslow thickness, disease
specific survival

Non-specific

(Kuzbicki, Lange, Straczynska inflammation Differentiates between early melanoma lesiong
Niemiec, & Chwirot, 2012) and benign naevi
Osteopontin Glyco-phosphoprotein, IHC of tissue specimen | An independent predictor of survival Non-specific (elevated in auto

(Rangel et al., 2008)
(Alonso et al., 2007)

initiates various signal
transduction pathways,
enhancing tumour growth
and micreenvironment

ELISA estimation of
serum level

Increased expression in primary tumour is
associated with increased incidence of metasta

immune diseases, infections)

C-reactive protein

(Fang et al., 2015)

(Deichmann, Kahle, Moser, Wacke
& Wust, 2004)

Acute phase reactant
produced in the liver in
response to pro
inflammatory cytokines

ELISA estimation of
serum level

An independent prognostic marker: elevated
levels associated with poorer survival

High levels associated with disease progressio
and distant metastases

Non-specific

Matrix metalloproteinase
(Nikkola et al., 2005)
(Nikkola et al., 2002)

(Rotte, Martinka, & Li, 2012)

Endopeptidases involved ir
remodellingtumour
microenvironment

ELISA estimation of
serum level
IHC of tissue sample

As a prognostic marker

MMP-1 and-3 correlate with diseadece

survival

MMP-9 correlates with overall survival
Increased MMP2 expression differentiates
melanoma lesions from normal/dysplastic naey

Not tumourspecific (elevated in
othermalignancies)

YKL -40

(H. Schmidt et al., 2006)
(H. Schmidt et al., 2005)
(Egberts et al., 2012)

Glycoprotein with uncertain
cellular function.

ELISA estimation of
serum level

As a prognostic marker

Correlates with tumour stage and disease
progression

Independently correlates with survival
(conflicting evidence for this)

Limited sensitivity

Non-specific

Level affected by treatment with
immunotherapy

Galectin-3

(Brown et al., 2012)

(Vereecken et al., 2009)

(Buljan, Situm, Tomas, Milosevic, &
Kruslin, 2011)

Protein secreted by
melanoma cells and
inflammatory cells
Promotes tumourigenesis
and metastasis

IHC of tumour specimen

As a prognostic marker

Independently correlates with survival
Inversely relates with tumour thickness
Increased expression associated with more
aggressive phenotype

Not tumourspecific

Carcinoembryonic antigenrelated
cell adhesion molecule

(Thies et al., 2002)

(Sivan et al., 2012)

Membrane protein,
stimulates angiogenesis,
confers protection to
tumour cell from immune

attack

As a prognostic marker
An independent factor for risk of metastasis
Correlates with tumour stage and survival

Not tumourspecific
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Appendix C: Research Ethics Committee approval

Revised 10 February 2015

23 January 2015

Dr Shobha Silva

Academic Unit of Clinical Oncology
Weston Park Hospital, Whitham Road

Sheffield
S$10 2SJ

Dear Dr Silva

NHS

Health Research Authority

National Research Ethics Service

NRES Committee Yorkshire & The Humber - Sheffield
HRA NRES Centre Manchester

Barlow House

3rd Floor

4 Minshull Street

Manchester

M1 3DZ

Telephone: 0161 625 7704

Study title:
REC reference:

IRAS project ID:

Markers of relapse in melanoma
14/YH/1275
167721

Thank you for your email of 20 January 2014. | can confirm the REC has received the
documents listed below and that these comply with the approval conditions detailed in our
letter dated 11 December 2014

Documents received

The documents received were as follows:

Document Version Date

Covering letter on headed paper [Letter from Dr Shobha 16 December

Silva] 2014

Letters of invitation to participant 1.1 20 January 2015

Other [Questionnaire] 1.1 15 December
2014

Other [Email from Dr Shobha Silva] 20 January 2015

Participant information sheet (PIS) [Information Leaflet 1.2 20 January 2015

Controls]

Participant information sheet (PIS) [Information Leaflet 1.2 20 January 2015

Patients]

Approved documents

The final list of approved documentation for the study is therefore as follows:

Document

Version

Date

Covering letter on headed paper [Cover letter] 1.0

17 November

A Research Ethics Committee established by the Health Research Authority
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Clinical Trials Executive approval

The Department
University Of

Of Oncology.
Sheffield.

-

PJW/MAR Academic Unit of Glinical Oncology

Head, Professor Penella J Woll

Cancer Clinical Trials Centre

16 December 2014 Weston Park Hospital
Whitham Road, Sheffield S10 2SJ
Telephone: +44 (0) 114 226 5208

Dr S Silva i Fax: +44 (0) 114 226 5678
Weston Park Hospital
Sheffield S10 2SJ E-mail: pjwoll@sheffield.ac.uk

Tel: +44 (0) 114 226 5206
Dear Shobha

Re: Markers of Relapse in Melanoma

Thank you for introducing this trial to the Clinical Trials Executive on 8 December 2014.
Reproduced below is the relevant extract from the minutes of that meeting:

“Dr Silva introduced this population-based case-control longitudinal study, which aims to collect
detailed epidemiological data on cutaneous melanoma over time. The project is being
undertaken as part of her PhD and is funded by Weston Park Cancer Charity. Plasma circulating
cell-free DNA (ccfDNA) provides an easily accessible source of tumour derived DNA and the aim
of the project is to identify whether cancer-specific somatic mutations detected in ccfDNA
and/or circulating levels of ccfDNA, could act as early markers of relapse in melanoma. This will
be tested by assessing the relationship between levels of ccfDNA, ccfDNA molecular markers
and metastatic relapse over time. It is hoped that being able to detect relapses before the
manifestation of clinical symptoms would enable earlier initiation of treatment, and therefore
improve the effectiveness of these treatments.

- It is proposed to recruit 120 patients with melanoma and 120 healthy controls (co-habiting

partners or siblings) over 2 years, and obtain blood samples every 3 months from recruitment
for up to 5 years, which will involve up to 20 extra blood tests. There will be no extra visits for
patients but up to 20 visits for controls over 5 years. to coincide with patient visits. It is also
aimed to assess the relationship between inherited variation in key genes and gene expression
in healthy skin, and this will involve obtaining a single skin biopsy from some patients. Patients
will be recruited at WPH and RHH, and will all continue with their current treatment and/or
follow-up. Study visits will take place alongside each patient's routine NHS 3-monthly follow-up.
These will be conducted by a member of the research team and involve questionnaire
completion (initial visit only) and obtaining a blood sample.

Dr Wadsley and Lesley Bruce provided supportive peer review. Dr Wadsley thought the study
scientifically interesting. However, more detail was required regarding patient eligibility as it
was not clear from the protocol about what would be expected of the controls and if they would
be required to have 3 monthly blood tests for 5 years. He asked if there was a record of
controls being willing to commit to this and Dr Silva acknowledged that it was a lot to ask.
Dr Wadsley thought it an ambitious recruitment target and wondered if it was realistic in the
timeframe but Dr Silva was confident that it could be achieved and cited the track record with
the GEMS study. It was not clear whether patients are to be in remission at recruitment or
could already have relapsed. Dr Wadsley noted that the follow up is up to 5 years and wondered
if there would be enough data at the end of year 3 when Dr Silva finishes, but she confirmed that

Page 1 (PTO)
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Participant information leaflets/consent forms/invitation letter

Letter of invitation

The

University
Q( s Of
W% Sheffield.

Sheffield Teaching Hospitals NHS

NHS Foundation Trust

Academic Unit ofClinical Oncology
Head: Professor Penella Woll
Cancer Clinical Trials Centre

Broomcross Building

Weston Park Hospital
Whitham Road, Sheffield S10 2SJ
Telephone: +44 (0) 114 226 5235
Fax: +44 (0) 114 226 536

Dear )
We are working witlresearchers at the University of Sheffield, who are looking for
people with melanoma, as well as healthy volunteers, to participate in a study looking at
ways to detect melanoma eany/e would like to invite you to participate, and we hope
you are willing to help.

The study is looking at the genes (DNA) thmety be responsible for Melanoma, to find out how
they work, in order to help develop better tests and treatments for the future.

In addition to patients with melanoma, teeidy needs healthy volunteers who may be
partners or siblings of patients. If a relative (partner/sibling) will be attending your
appointment with you, you may want to discuss this with them.

Please find enclosed an information leaflet about the study. A member of the research team
will talk to you about the study when you attend your appointment, if you are interested,
and will answer any questions you may have regarding the study.

Thank you very much for reading this letter.

Yours sincerely,

Dr Sarah Danson Dr Andrew McDonagh
Mr AJ Stephenson Dr James Lester
Dr Helen Ramsay Mr M Brotherston
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Patient information leaflet

I The
i@ University
“an 73 Of

Sheffield.

Sheffield Teaching Hospitals INHS

NHS Foundation Trust

Academic Unit of ClinicaDncology
Head: Professor Penella Woll
Cancer Clinical Trials Centre

Broomcross Building

Weston Park Hospital
Whitham Road, Sheffield S10 2SJ
Telephone: +44 (0) 114 226 5235
Fax: +44 (0) 114 226 5364

INFORMATION SHEET FOR PATIENTS

Markers of relapse in melanoma

Thank you for reading this.

You arebeing invited to take part in a research study. Before you decide, it is important for
you to understand why the research is being done and what it will involve. Please take time
to read the following information carefully and discuss it with friends tikeda, your GP

and others if you wish. Ask us if there is anything that is not clear, or if you would like more
information. Take time to decide whether or not you wish to take part.

1. What is the purpose of the study?

This study is designed to collect together important clinical information, detailed
guestionnaires, blood samples and any surplus tissue samples from patients with a diagnosis
of melanoma (skin cancer). We will be asking for permission to approach therpaahd

siblings (brothers or sisters) of these individuals.

Many factors contribute to whether or not an individual develops melanoma, at what age,
how aggressive their cancer is, and how well it responds to treatment. This study will be
used to identify possible factors, which may improve the diagnosis and tneabie
melanoma in the future.

2. Why have | been chosen?
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We are inviting people with a diagnosis of melanoma to take part in this study. We will also
be asking for permission to approach the partners and siblings of these individuals.

3. Do I have to take part?

It is up to you to decide whether or not to take part. A member of the research team will
talk to you about this study and give you time to think about whether or not you would like
to take part. If you do decide to take part you will be given this infobomaheet to keep

and will be asked to sign a consent form. If you decide to take part you are still free to
withdraw at any time and without giving a reason. Whether you take part or not will not
affect your treatment or the standard of care you receiv

4. What will happen to me if | take part in the study?

If you agree to take part, we will meet with you when you attend your regular 3 monthly
appointments for up to 5 years. Also, in between these regular appointments, if you attend
clinic for any reason related to your melanoma diagnosis, we would likeetowith you.

There will be no extra hospital visits for the purposes of this study. At the first visit, you
will have the opportunity to discuss the study, and be asked to sign the consent form if you
want to take part.

You will be given a questionnaire at the first clinic visit and a member of the research team
will help you complete this if you wish. This will include questions on:

1 Your age, place dbirth and ethnic group.

1 Your health and previous illnesses.

1 The history of cancer in your family, for example who has or had cancer and at

what age it was diagnosed.

1 Your exposure to sun.

The guestionnaire will take approximately 30 minutes to complete.

At the first, and each of the subsequent clinic visits, you will be asked to give a single
50ml blood sample. This should take about 5 minutes. Neither you nor your doctors
will receive a result from this blood sample because it is purely for researsh. Thi
sample will be carefully processed to allow us to study the DNA (substance that
makes up genes) and proteins in it. We will analyse any differences over time, in the
DNA from you and your partner/sibling to try and identify genes that may (along with
mary other factors) affect how a tumour develops.

At each clinic visit you will be asked about any new medications you are taking and
will be examined.

We will also analyse stored spare biopsy material and pathology specimens. Such
specimens will have been taken when you had your biopsy or surgery, for examination by
the hospital pathologist, to determine your diagnosis. We would like to use any tesue th
is left over from this procedure to extract DNA to look for any genetic changes within the
tissue itself.

We will also ask for permission to perform an additional skin biopsy. This will take about
15 minutes, and is a smaller biopsy than the initial biopsy you would have had for your
diagnosis. This is additional to the blood tests. However, if you wish ndtaee an
additional skin biopsy this does not affect you participating in the study or any of your
other medical care.
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We will obtain information on your disease and treatment from the medical records, to link
in with the work described above. This information will include information about any
cancer and the treatment received.

All this information will be stored anonymously (i.e. labelled with a code number and not
your name) on a secure computer database.

5. What are the possible disadvantages and risks of taking part?

You will have the discomfort of a blood test (and skin biopsy if this is performed) and the
inconvenience of taking part in a questionnaire interview. You would be asked to attend the
hospital routinely for cheekips on a dnonthly basis, even if not on @hstudy, so
participation in the study should not incur extra clinic visits. You would be able to continue
with any other treatments you require (such as surgery, chemotherapy or radiotherapy)
whilst on this study.

Since all of the data will be anonymous, individual results from this research study will not
be fed back to you, so there are no implications for your treatment.

6. What are the possible benefits of taking part?

There is no immediate clinical benefit to you in taking part. This research may lead to the
development of a new genetic test or treatment that may benefit those with melanoma at
some point in the future.

7. What if new information becomes available?
If any important new information becomes available thay affect your health during the
period of the study, the investigators will contact you to tell you about it.

8. What happens when the research study stops?

The blood and biopsy samples that you give us will be kept for up to 20 years. The
samples will only be used for research purposes and not for any financial gain. The
samples will be treated as a gift from you to us. Additional studies will be planned in
the future and may use your samples. Any such studies would have to be reviewed
and gain approval from a research ethics committee.

9. Will my taking part in the study be confidential?

Yes. Anything you say will be treated in confidence, no names will be mentioned in any
reports of the study and care will be taken so that individuals cannot be identified from
details in reports of the results of the study. Everyone who takes part in thevdtusky
assigned a code number, and all of the data relating to each person will be held on a
computer database and will only be linked to that code number, and not to people's names
or addresses. We would like to inform your GP of your participatio

10. What will happen to the results of the study?

The results will be presented at scientific conferences and published in scientific journals.
You will not be identified in any reports or publications. If you would like a summary of
the study results, please contact a member of the study team (seé detatiécbelow).

11. Who is organising and funding this study?

The study is being organised by Dr Sarah Danson, and Dr Shobha Silva at Weston
Park Hospital, Sheffield, in collaboration with researchers in the Royal Hallamshire
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Hospital and the University of Sheffield. The study is funded by Weston Park Hospital
Cancer Charity.

12. Who has reviewed the study?

This research protocol has been reviewed in the hospitals were patients will be seen
and by the University of Sheffield. It has also been scientifically reviewed by external
reviewers, and by Sheffield Research Ethics Committee.

13. What if something goes wrong?

If you are harmed by your participation in this study, there arspegialcompensation
arrangements. We will only be taking a blood sample, which carries negligible risk. If you
are harmed due to someoneds negligence, th
you haveany cause to complain aboany aspect of the way in which you have been
approached or treated during the course of this study, the normal National Health Service
complaints mechanisms are available to you and are not compromaygway because

you have taken part in a research study.

If you have any complaints or concerns please contact in the first instance the project co
ordinator, Dr Shobha Silva at Weston Park Hospital, Whitham Road, Sheffield, S10 2SJ.
Tel: 0114 226 5000.

Or contact Dr David Throssell, Medical Director, Sheffield Teaching Hospitals NHS
Foundation Trust, 8 Beech Hill Road, Sheffield, S10 2SB. Tel: 0114 271 2178.

14. Contact for further information.
If you need more information or have any questions concerning this study, please
contact the study team:

Dr Shobha Silva, Weston Park Hospital, Sheffield, S10 2SJ. Tel: 0114 226 5000.
Email: shobha.silva@sth.nhs.ur Dr Sarah Danson, Weston Park Hospital,
Sheffield, S10 2SJ. Tel: 0114 226 5000. Engmdanson@sheffield.ac.uk

Research Nurse: Sister Helen Cramp, Institute for Cancer Studies, University of
Sheffield Medical School, Sheffield S10 2TH. Tel: 0114 271 2354. Email:
h.e.cramp@sheffield.ac.uk

Thank you for reading this and for taking an interest in this research study.
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Control information leaflet

The
University
Of
Sheffield.

Sheffield Teaching Hospitals NHS

NHS Foundation Trust

Academic Unit of Clinical Oncology
Head: Professor Penella Woll
Cancer Clinical Trials Centre

Broomcross Building

Weston Park Hospital

Whitham Road, Sheffield

S10 2SJ
Telephone: +44 (0) 114 226 5235
Fax: +44 (0) 114 226 5364

INFORMATION SHEET FOR CONTROLS

Markers of relapse in melanoma

Thank you for reading this.

You are being invited to take part in a research stBdyore you decide, it is important for

you to understand why the research is being done and what it will involve. Please take time
to read the following information carefully and discuss it with friends, relatives, your GP
and others if you wish. Ask ughere is anything that is not clear, or if you would like more
information. Take time to decide whether or not you wish to take part.

1. What is the purpose of the study?

This study is designed to collect together important clinical information, detailed
guestionnaires, blood samples and any surplus tissue samples from patients with a diagnosis
of melanoma (skin cancer), their partners and their siblings (brothers os)sister

Many factors contribute to whether or not an individual develops melanoma, at what age,
how aggressive their cancer is, and how well it responds to treatment. This study will be
used to identify whether blood tests can help to identify the developmeetuorence, of

a melanoma in its early stages.

2. Why have | been chosen?
You have been asked because either your sibling or partner has a diagnosis of melanoma.
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3. Do I have to take part?

It is up to you to decide whether or not to take part. A member of the research team will
talk to you about this study and give you time to think about whether or not you would like
to take part. If you do decide to take part you will be given this infobomaheet to keep

and will be asked to sign a consent form. If you decide to take part you are still free to
withdraw at any time and without giving a reason.

4. What will happen to me if | take part in the study?
If you agree to take part, we will ask you to attend the clinic every 3 months for up to 5
years, to coincide with clinic visits for your partner/sibling. At the first visit, have the
opportunity to discuss the study, and be asked to sign the conseriit yjormwant to take
part.
You will then be given a questionnaire and the research team will help you complete this if
you wish. This will include questions on:

1 Your age, place of birth and ethnic group.

1 Your health and previous illnesses.

1 The history of cancer in your family, for example who has or had cancer and at

what age it was diagnosed.

1 Your exposure to sun.

The questionnaire will take approximately 30 minutes to complete.

At the first, and each of the subsequent clinic visits, you will be asked to give a 50ml
blood sample. This will take about 5 minutes. Neither you nor your doctors will
receive a result from this blood sample because it is purely for research. This sample
will be carefully processed to allow us to study the DNA (substance that makes up
genes) and proteins in it. We will analyse any differences over time, in the DNA
between you and your partner/sibling who is a patient to try and identify genes that
may (along with many other factors) affect how a tumour develops. Individual
abnormalities detected in the DNA will not be communicated to you, as the relevance
of these abnormalities is not known.

All information will be stored anonymously (i.e. labelled with a code number and not your
name) on a secure computer database.

5. What are the possible disadvantages and risks of taking part?

You will have the discomfort of a blood test and the inconvenience of attending the hospital
for repeated visits, as well as the inconvenience of taking part in a questionnaire interview.
Since all of the data will be anonymous, individual results fromrégearch study will not

be fed back to you, so there are no implications for your health.

6. What are the possible benefits of taking part?

There is no immediate clinical benefit to you in taking part. This research may lead to the
development of a new genetic test or treatment that may benefit those with melanoma at
some point in the future.

7. What if new information becomes available?
If any important new information becomes available that may affect your health during the
period of the study, the investigators will contact you to tell you about it.
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8. What happens when the research study stops?

The blood samples that you give us will be kept for up to 20 yearsarhples will

only be used for research purposes and not for any financial gain. The samples will
be treated as a gift from you to us. Additional studies will be planned in the future and
may use your samples. Any such studies would have to be reviewgdiamrgproval

from a research ethics committee.

9. Will my taking part in the study be confidential?

Yes. Anything you say will be treated in confidence, no names will be mentioned in any
reports of the study and care will be taken so that individuals cannot be identified from
details in reports of the results of the study. Everyone who takes part in thevdtuzty
assigned a code number, and all of the data relating to each person will be held on a
computer database and will only be linked to that code number, and not to people's names
or addresses. We would like to inform your GP of your participatio

10. What will happen to the results of the study?

The results will be presented at scientific conferences and published in scjeutifials.

You will not be identified in any reports or publications. If you would like a summary of
the study results, please contact a member of the study team (see contact details below).

11. Who is organising and funding this study?

The study is being organised by Dr Sarah Danson and Dr Shobha Silva at Weston
Park Hospital, in collaboration with researchers in the Royal Hallamshire Hospital
and the University of Sheffield. The study is funded by Weston Park Hospital Cancer
Charity.

12. Who has reviewed the study?

This research protocol has been reviewed in the hospitals were patients will be seen
and by the University of Sheffield. It has also been scientifically reviewed by external
reviewers, and by Sheffield Research Ethics Committee.

13. What if something goes wrong?

If you are harmed by your participation in this study, there arspecialcompensation
arrangements. We will only be taking a blood sample, which carries negligible risk. If you
are harmed due to someoned6s negligence, th
you haveany cause to complain aboanhy aspect of the way in which you have been
approached or treated during the course of this study, the normal National Health Service
complaints mechanisms are available to you and are not compromesegway because

you have taken part in a research study.

If you have any complaints or concerns please contact in the first instance the project co
ordinators, Dr Shobha Silva at Weston Park Hospital, Whitham Road, Sheffield, S10 2SJ.
Tel: 0114 226 5000.

Or contact Dr David Throssell, Medical Director, Sheffield Teaching Hospitals NHS
Foundation Trust, 8 Beech Hill Road, Sheffield, S10 2SB.

14. Contact for further information.
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If you need more information or have any questions concerning this study, please
contact the study team:

Dr Shobha Silva, Weston Park Hospital, Sheffield, S10 2SJ. Tel: 0114 226 5000.
Email: shobha.silva@sth.nhs.ur Dr Sarah Danson, Weston Park Hospital,
Sheffield, S10 2SJ. Tel: 0114 226 5000. Email: s.danson@sheffield.ac.uk

Research Nurse: Sister Helen Cramp, Institute for Cancer Studies, University of
Sheffield Medical School, Sheffield S10 2TH. Tel: 0114 271 2354. Email:
h.e.cramp@sheffield.ac.uk

Thank you for reading this and for taking an interest in this research study.
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Patient consent form

Sheffield Teaching Hospitals NHS'

NHS Foundation Trust

Academic Unit ofClinical Oncology
Head: Professor Penella Woll
Cancer Clinical Trials Centre

Broomcross Building

Weston Park Hospital
Whitham Road, Sheffield S10 2SJ
Telephone: +44 (0) 114 226 5235
Fax: +44 (0) 114 226 5364

PATIENT CONSENT FORM
Markers of relapse in melanoma
Name of Researcher: |l denti fication Number f o

Please initial box
1. | confirm that | have read and understand the information sheet ddt@tader
2015 (Version 1.3for the above study and have had the opportunity to ask questio

2.1 understand that my participation is voluntary and that | am free to withdraw at 4
time, without giving any reason, without my medical care or legal rights being affe

3.1 give permission for samples of blood to be obtained from me, at intervals over
next 5 years. | understand that DNA (the substance that genes are made of) will b
extracted from the blood sample and analysed to identify genes related to the
development of melanoma.

4.1 give consent for the storage of clinical information about me on a computer dat
I understand that the laboratory and clinical information will be labelled with a cod
number and that no other personal information will be held with the DNA or clinica
information (i.e. it will not have my name or address on it).

5.1 agree to the use of data about my health provided by the Office of National Stg
and Trent Cancer Registry.

6.1 understand that sections of any of my medical notes may be looked at by resp
individuals from Sheffield Teaching Hospitals or the University of Sheffield or from
regulatory authorities where it is relevant to my taking part in research. | give pert
for such individuals directly involved in this study to have access to my records.
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7.1 give permission for surplus biopsy material and pathology specimens to be use
Study.

8.1 understand that all data (personal and clinical) collected will be treated in acco
with European and national laws for the protection of data.

9.1 agree to the use of my samples and data for future research.

10.1 understand that | will not benefit financially if this research leads to the develg
of a new treatment or medical test, but that a proportion of any profits may go tow
further research in this field.

11. OPTIONAL.: | agree for an additional skin biopsy to be taken for research purp

12. | agree for my GP to be informed of my participation in this study.

11.1 agree to take part in the above study.

Name of Patient Date Signature

Researcher Date Signature
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Controlconsent form

The
University
Of
Sheffield.

Sheffield Teaching Hospitals NHS!

NHS Foundation Trust

Academic Unit of Clinical Oncology

Head: Prof Penella Woll

Cancer Clinical Trials Centre

Broomcross Building

Weston Park Hospital
Whitham Road, Sheffield S10 2SJ
Telephone: +44 (0) 114 226 5235
Fax: +44 (0) 114 226 5364

CONTROL CONSENT FORM
Markers of Relapse in Melanoma
|

Name of Researcher: l denti fication Number for t

Please initial box
1.1 confirm that | have read and understanditifi@mation sheet dated #@anuary
2015 (Version 1.2) for the above study and have had the opportunity to ask questig

2.1 understand that my participation is voluntary and that | am free to withdraw at ar,
time, without giving any reason, without my medical care or legal rights being affeg

3.1 give permission for samples of blood to be obtained from me at intervals over th
next 5 years. | understand that DNA (the substance that genes are made of) will be
extracted from the blood sample and analysed and compared with that from melan
patients.

4.1 give consent for the storage of clinical information about me on a computer
database; | understand that the laboratory and clinical information will be labelled
with a code number and that no other personal information will be held with the DN
or clinical information (i.e. it will not have my name or address on it).

5.1 agree to the use of data about my health provided by the Office of National
Statistics.

6.1 understand that all data (personal and clinical) collected will be treated in
accordance with European and national laws for the protection of data.
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7.1 agree to the use of my samples and data for future research.

8.1 understand that | will not benefit financially if this research leads to the
development of a new treatment or medical test, but that a proportion of any profits
may go towards further research in this field.

9. | agree for my GP to heformed of my participation in this study.

10.1 agree to take part in the above study.

Name of Control Date Signature

Researcher Date Signature
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Patients Controls
Male 47 (56.6%) 26 (34.7%) p=0.006
Female 36 (43.4%) 49 (65.3%)
Median age in years at diagnosis _
(range) 57 (2087) 60 (1883) p=0.76
Other cancers 10/83 (12.0%) 3/75 (4.0%) p=0.066
Family history of melanoma 3/83 (3.6%) 0/55 (0%)* p=0.154
Family history of cancer 42/83 (50.6%) 22/55 (40.0%)* p=0.221
Stage at sampling Recently Active
excised disease
l 15 1
Il 11 1
]| 11 6
v 2 36
Total 39 44
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Appendix E: Research Ethics application form.

MHS REC Form Referance: IRAS Version 3.5
14NHM2ZTS

Welcome to the Inegrated Research Application System

IRAS Project Filter

The integrated dataset requined for your project will be created from the answers you give to the following questions. The
systern will generate only those guestions and sections which (a) apply o your study type and (b} are required by the bodies
reviewing your study. Flease ensure you answer all the questions before proceeding with your applications.

Please enter a short title for this project (maximum 70 characters)
Markers of relapse in melanoma

1. ls your project research?
@ Yes () No

2. Selact ang category from the list below:

() Clinscal trial of an investigational medicinal product

) Clinical investigation or other study of a medical device

() Combined trial of an investigational medicinal product and an investigational medical device

) Other clinical trial to study a novel intervention or randomised clinical trial to compare Intenventions in clinical practice
() Basic aclenca atudy Involving procedures with human participants

() Study adménistering questionnairesintervews for quantitative analysis, or using mixed quantitativelqualitative
methodology

() Study Involving qualitative methods only

@) Study limited to working with heman tissue samples {or other haman bological semples) and dats (specific project
ondy)

() Study limited to working with data (specific project only)

() Resaarch tissue bank

() Research database

If your work does not fit any of these categories, select the option below:

() Othier study

2a. Please answer the following questions):

a) Wil you be taking new samples primanly for research purposes (Le. not surplus or existing @y Oin
stored samples), including any removal of organs or issue from the deceased? e o
b} Will you be using swiplus tissue or existing stored samples identifiable to the researcher? ® ves (No
)} Wil you be using only surplus tissuee or existing stored sampdes not identfiable to the

researcher? OYes @No

d) Will you be processing identifiable data at any stage of the research (including in the identfication @Yea (ONo
of participants)?

3. In which countries of the UK will the research sites be located 7| Tick ail that appiy)

[w| England
[ ] Scotiand

Date: 1711172014 1 16T 721./606966/1/108
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