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Malignant melanoma is a tumour with tendency to metastasise early and with a
rapidly increasing incidence. A minority of melanomas and their benign counterparts,
naevi, prove difficult to diagnose on histopathology alone, which is currently the gold
standard and a small percentage are genuinely histologically ambiguous.
Chromosomal Instability is a well described feature of malignant tumours and
melanomas have been shown to demonstrate typical patterns of chromosomal
instability, in comparison to benign naevi which show minimal DNA copy number
change. QPCR based assays called Duplex Ratio Tests (DRTs) have been developed by
our laboratory for application on DNA from formalin fixed paraffin embedded samples
of melanoma and naevi.

The reproducibility and accuracy of the DRTs has been demonstrated and appropriate
correction factors for DNA quality have been calculated for the assays, based on the
results of 108 diploid samples. As a panel, seven DRT assays were able to differentiate
unambiguous cases of melanoma and naevi with sensitivity of 95% and specificity of
97.5% respectively on an opportunity sample of 20 naevi and 40 primary melanomas,
when tested by logistical regression. When applied to independent true cohorts of 105
melanomas and 103 naevi the sensitivity of DRTs was 84% and specificity 88%.
Logistical regression analysis of DRT scores for 20 non-metastasising primary
melanomas and 20 unmatched metastasising primaries showed the DRT assays to
correctly predict outcome in more cases (28/40) than clinical stage alone (24/40) and
when combined with clinical stage, DRT scores predicted outcome with a sensitivity of
85% and specificity of 70%. BRAF mutation analysis of one series of cases indicated
that 95% of the naevi and 27% of the primary melanomas tested showed the V600E
mutation. Of the 5 metastasising primary melanomas with the mutation, 3 of the
subsequent metastases were also V600E positive.

DRTs targeting chromosomal centromeres were also developed as part of this project,
although testing these assays against a hybridoma cell line DNA panel demonstrated
that centromeric alphoid repeat regions show homology between the targeted
chromosomes not previously described, making these assays impractical to develop as
part of the DRT panel at this stage.

DRT assays therefore show potential to act as molecular biomarkers of melanoma on
FFPE specimens and DRTs may have applicability to prognosis in melanoma or to other
tumour types if new DRTs to relevant loci are developed.



Acknowledgements

| am indebted to my supervisors Dr Gerald Saldanha and Dr Howard Pringle for all
their time and advice over the course of my research. They have been consistently
enthusiastic about the project throughout and have shown great patience in putting

up with an occasionally ignorant and frequently recalcitrant student.

A special thank you goes to Linda Potter, who did all of the tissue sectioning for this
project and gave me endless guidance on practical methods. | am also grateful to
Angie Gillies, Lindsay Primrose, Janine Moreton and Dr Karen Page for their technical
advice and friendship. Dr Karen Page also developed the GAPDH primers used, (see

section 2.3.3).

Intercalated BSc students Zahir Mughal, Lovesh Dyall, Nisreen Hathiari and Danielle
Bury, and one MSc student AbdlIrzag Ehdode worked with my supervisors prior to my
involvement in the project and were responsible for the development of several of the
assays used. | have tried to make it as clear as possible in this thesis which aspects of
assay development was completed by others, (see sections 1.4.1 and 2.4.2 —2.7).
Zahir Mughal also provided me with some much appreciated IT support in formatting

this thesis.

| am grateful for the funding | received from the Pathological Society of Great Britain
and Ireland for this project and for the flexibility and support of my clinical supervisors
in the Histopathology Department of Leicester Royal Infirmary, particularly Drs
Richards, West and McGregor. Within The University, Dr Jacqui Shaw has been a great

source of advice and support over the past couple of years.

Finally, my wife Helen deserves special thanks for putting up with all my grumpiness

and distraction, as well as for being an assiduous proof reader.



Table of Contents

Y o Y 4 - [ T OO R PP P PSP ii
Table Of CONTENTS ....eeeieeieee e e s iv
LISt Of TADI@S ... iX
LiST Of FIUIES .eeiiiiiiiee ettt s e e et e e e st e e e s s abae e e s ssnbaeeeesnsseeeesnnsaaaesannns Xi
ADDIEVIATIONS. ...eeieeieieie ettt e XV
1. INEFOTUCTION ..ttt st sae e s e e s nreeeas 1
1.1 Melanoma Background.........ccccuiiiiiiiiiie ettt st e e 1
1.1.1 Melanoma EpidemiolOgY .....c.uueiiieiiiiiiiciiie ettt 2
1.1.2 Melanoma Risk FACTOIS.....cccuuiiiiiiiiiieiee et 4
1.1.3 Melanoma DIi@BNOSIS ....eeieiiieiccriiiiiee e e e eeciitere e e e e e e eerrree e e e e e e s e snrrraeeeeeeeeeennnnes 4
1.1.4 Melanoma Prognostication .........ccccceieiieiiiiiiiieeee e 8

1.2 Genetic Changes in MEIaN0Ma ... ....uvveieieeeiieiiiieeeee e eeceerreeee e e e e eesbrreereeeeeeeenannns 9
1.2.1 Chromosomal Instability in Melanoma ........cccceeeeeieciiiiieeee e, 9
1.2.2 Commonly altered genes in melanoma........ccccceeeeeeiiiiieeee e, 11

1.3 Biomarkers in Melanoma.........c.cooiiiiiiiiiiiiieiecceeeeeeee e 13

1.3.1 The effect of formalin fixation and paraffin embedding in biomarker

(o 1S3V <T FoT o] 4 <] o USRI 14
1.3.2 Diagnostic Melanoma Biomarkers..........cccuveeeeeeeecccciiieieeee e 15
1.3.3 Prognostic Melanoma Biomarkers ........cccvvveeeeeeeiieciiineeeeeeeeeeeccireeeeeeeee s 21
1.4 QPCR as a melanoma biomarker .........occoeeeiiiiiienieeeeeee e 30
1.4.1 Paralogue Ratio Tests and Duplex Ratio Tests........cccvvvveeeiieeiiiiiinrreeeeeeeeiennns 30
1.4.2 Centromeric Repeats in Chromosomal Instability........cccccceevvviiieiiniiieniinnnen. 33



2.

1.5 Translation of Melanoma Biomarkers into Clinical Practice .......cocovevvveiineeeeennnn. 34

1.5.1 PRASES it 34
1.5.2 GUIAEIINES it 36
1.5.3 StUAY DESIZN weeiieiiiiie ittt ettt e e e s rae e e s baa e e s s sabae e e e sbbaeessnaneees 36
1.6 AIMS aNd ODJECTIVES. ...eiiiiiiiiiiiiiiee ettt e e s e e e sbre e e e snanees 39
IMETROMAS . e e e s 42

2.1 Clinical €ase SEIECTION ......coiiiiiiiieeeee et 42
2.1.1 Reference range SAmMPIES......coccuiieeieiiiee ettt esaaee e 43
N A o T T VT =T =3 44
2.1.3 Melanoma and NaevVi CONOIES ......uueiiiiiiiiie ettt 46
2.1.4 Clinical iNfOrmMatioN.......coiiiiiiie ettt e 47
2.1.5 London Dermatopathology Symposium SEries.......ccccveeeeeeccirveeeeeeeeeeeeinrveneen. 48
2.1.6 Ethical @PProVval ... 49
2.2 Hybridoma Cell INE@ DNA .......ooeeieee et e e e e e e e e e e e e e e an 49
2.3 SaMPIE PreParation ....ccccccvrieeieeee ettt ee e e e e e e e r e e e e e s e raeaeeeeas 50
2.3.1 H&E staining and MiCrOSCOPY ..eceeeieiiirrrrreeieeeeeiecnrreeeeeeeeeesintnrreeeeeeeessenansnenens 50
2.3.2 DNA extraction and quantification .........cccccoeeeeciiiieec e, 51
2.3.3 GAPDH analysis of DNA quality .....ccccviiieiieei et 54
2.4. Selection of regions of interest and specificity testing........cccccveeeeeieiicinreenneeennn, 55
2.4.1.Centromeric repeat SEQUENCES ....uceiiieieiieiiiiee e e e e eeeeairee e e e e e e eeenaaeeeeeeeeeeennnas 55
2.4.2 Regions of genomic instability in melanoma.......cccccceeeeeieiiciivieeeec e, 55
2.5 Design Of DRTS @Nd CDRTS ..uviiiiiiiiiiiiiiieeeeriitee e ssiree e s e s ssirnee s ssnae e e s saraeesssaseees 56



3.

2.6 Testing of DRT reaction KiNetiCs ......cocvvveeiiiiiiieiiiiiee e 57

2.7. Testing of DRTS and qUAlItY ..ccccevvieeeiiieee e e 58
2.8 QUANItAtiVe PCR ...cciiiiiiiii e 59
2.8. 1 QPCR SEEL UP weeiruiiiiiieieesiie ettt ettt st ettt be e et e e bt e st e e sae e e be e aeeeareas 59
2.8.2 QPCR rBACHION ..eeeiiiiei ittt 60
2.8.3 QPCR data @XtraCtion.......cceeiiueiiiiiiiiiiieiciec e 60
2.8.4 Calculation of the DRT score from the raw QPCR data ........ccccceevveeieenieennnen. 61
2.8.5 Testing of melanoma and naevus samples........cccceeeeecieeeeciiee e e, 62
2.9 BRAF mutation analysis Method........ccceeeiiiiiiiiiiiiie e 63
2.10 StatistiCal ANAIYSIS....uuiiiieieie e e e 64
2.10.1 Z SCOrE @NAlYSIS ceveeeieiieiciiiieeeee e e e ceccttee e e e e e e e s e e e e e e e s e snarea e e e e e e e e e e ennnraeeeeas 64
2.10.2 Intraclass Correlation Coefficient ..........cceoviieiiiiiiiiiiieee e 64
2.10.3 Bland-Altman @nalysSiS......ueeeeeieiieiiiiiieeeieeeeecccirreeee e e e eesrarrree e e e e e e e eanrreeeees 64
2.10.4 Logistic regression analysiS.......ccoeccciurereeieeiieieciiireeeee e eeccrrreee e e e e e e e enrreeeees 65
2.10.5 NOrmality tESTING coeeeeeeiirieeeee e e e e e e e e e anraeeeees 65
RESUIES .. e e s e 66

3.1 DRT assays targeting chromosomal centromeres ........cccoocccvvvieeeeeeeeccccviieeeeeee e, 66
3.1.1 Targeted CeNtrOMEriC rEGIONS ..ccceieeeiieieeee et eeerre e e e e e e aee e 66
3.1.2 Testing of centromeric DRT assays with hybridoma cell line DNA................. 67
3.1.3 Testing the accuracy and repeatability of the Xb/18b cDRT .....ccceevcvvrernnennns 72
3.1.4 The value of centromeric DRTs as potential markers in this project ............. 75

vi



4.

3.2 Accuracy, reproducibility, method comparison and the development of normal

Y Y ={<T o ol D1 RS 76
3.2.1 Testing DNA accuracy and reproducibility in DRTS......cccccvvvvviereiiiiieeesniieeenn. 76
3.2.2 DNA extraction Methods .........c.couiiiiiiiiiiiii e 81
3.2.3 Testing DRTs against a series of diploid FFPE samples........cccccceeecvveeeecinnennn. 81

3.3 Discrimination between different types of melanocytic lesions using the primary

series of MelanoCyLiC [€SIONS .......uiii i 85

3.3.1 Demonstration that DRTs are diagnostically useful — proof of concept on the

[ T4 T=] 1= PP PP PP PPPPPPPPPPPPPPPPPPPRt 85
3.3.2 Naevi versus melanoma COMPAriSON.......cccuuviiiiriieeeeeiieee e scieeeeeereeeeeseaeeeeas 90
3.3.3 Comparison of primary melanomas with or without metastasis................... 95
3.3.4 Correlation between BRAF.PTEN DRT result and BRAF mutation status....... 96

3.3.5 Comparison between primary melanomas and the corresponding metastasis

3.3.6 Further investigation of the TBX2.HIC1 scores across melanocytic lesions in

TNE PriMAIY SEIIES coeeeieeierieeee et eeseerr e e e e e e e e e e e e e e e e eessatsraeeeeeeeesennnnns 98
3.4 Testing cohorts of melanoma and NV ......ccccevviiieeee i, 102
3.4.1 Cohort demographics ....ccuueieeiieiieccciee e e e e e 102
3.4.2 Cohort analysis for melanoma Versus NAeVi.......ccceeeeeeeeerecivveereeeeeeiescnnneeenn. 104
3.5 London Dermatopathology SYmposium Cases.......eeeeeeeeveecurrereeeeeeieiiiineeeneeeeenns 112
DiISCUSSION ..iiiiiiiiiiiiie it 118

4.1 Centromeric DRTS ...civiiiiiiiiiiiiiiiiicnic e 119

4.2 Analytical validity of DRT assays as potential biomarkers, method comparison

and normal range developPmMENT ... 122

vii



L Y AN ool - T o)V 122

N A Y=Y o 1o Yo U ol « 1] 11 42 SRR 124
4.2.3 Optimisation of DNA extraction methods........ccccceveveiieeinciieeeccee, 125
4.2.4 The diploid reference range ......coovcveeeieiiieee e 126

4.3 Potential of DRTs to differentiate between classes of melanocytic tumours on

the primary Series Of CASES. ..uuiiiiiiiii i e aae e e 127

4.3.1 Differentiation between melanoma and naevi using DRTs on the primary

=] = OO PP PP PP 127
4.3.2 Differentiation between differing classes of melanoma using DRTs ........... 128
4.3.3 London Dermatopathology Symposium Cases........cccoecveeeeeivveeeencnveeeennnne 130
4.3.4 Interpreting results of the TBX2.HIC1 DRT assay in melanocytic lesions.....132
4.3.5 BRAF mutation analysis in primary SEries .......ccceevvvveeeeeeeeieiiiiinneeeeeeeeeeeennns 133

4.4 Separation of melanoma and naevi on the cohort study.........cccccvviieeeereinnnnnns 135
4.5 FUPTNEI WOTK ..oeeiiieiie et 138
5. CONCIUSION .t st sn e e re e e e e sneesneens 141
FiY o] 01T o[ [ GRS Il
Appendix 1 — Example of free energy testing for primer design of X.18 cDRT ............ Il
Appendix 2 — Documentation pertaining to research funding.........ccccceeveeeeiecinnneneen. Xl
Appendix 3 — Research Ethic Committee APproval......cccccovvveeieeieiieiciiineeeeeee e XVI
Appendix 4 — Presentations and Publications arising from this work....................... XIX
21 oY [ToT=4 =T o V2P XXII

viii



List of Tables

Table 1-1 AJCC 2009 staging system for melanoma. ........cccccevviiieiiniiieee e 4

Table 1-2 ABCDE criteria for the clinical diagnosis of malignant melanoma.................... 5

Table 1-3 The Glasgow seven point checklist used to aid the clinical diagnosis of

(0011 =12 T0Y 1.0 = T PPN 5

Table 1-4 Most common chromosomal regions of somatic copy number alteration as

described by 3 large array CGH studies of primary cutaneous melanoma DCN variation.

Table 1-5 Summary of prognostic tissue biomarker studies in melanoma, including

detail of discovery and validation studies and outcome prediction for each marker. ..28

Table 1-6 Summary of array-scale prognostic tissue studies in melanoma................... 29

Table 1-7 The DRT targets for the series of 7 existing DRTs, including sequences for the

PriMErs @aNd PrODES ..ooceii e e e e e e e e e e e s e s e e e e e e e e eannnes 32
Table 1-8 Genetic relevance of the targeted loci used for the 7 existing DRTs. ............ 32
Table 2-1 Inclusion and exclusion criteria for naevi in the primary series..................... 45
Table 2-2 Inclusion and exclusion criteria for melanoma in the primary series. ........... 45
Table 2-3 Summary of the three protein digestion methods used.........ccccccceeveunnnnnnenn. 54

Table 2-4 Thermal profiles for the DRT reactions using the Tagman and SYBR green

L= 0T =] RN 60

Table 2-5 Primers and probes used in the BRAF mutation analysis experiments. ........ 63

Table 3-1 Chromosome pairings. Three sets of pairs were established for the

AeVelopPMENT Of CDRT @SSAYS. .iciirrrrrerieeeieiiiirrrereeeeeeieiitrrrereeeeeeiesssrrrereeeeessesssrrreereeeeeens 66

Table 3-2 Primer sets designed for the paired cDRT chromosomes..............cceeeeuvrnneen. 67



Table 3-3 CT values for each of the primer pairs for chromosomes X and 18 tested

against the full panel of hybridoma cell line DNA samples........ccccooveeeeeieeicccciiineeneeennn. 68

Table 3-4 CT values for each of the primer pairs for chromosomes 9 and 6 tested

against the full panel of hybridoma cell line DNA samples........ccccooeeeeeieiicccciiiieeeeeenn. 69

Table 3-5 The effect of varying temperatures on QPCR CT values for the highest

amplified chromosomes using the set 9b primers and probe. ........cccceecvieeeiiieeeenneen. 71

Table 3-6 CT values for each of the primer pairs for chromosomes 8 and 10 tested

against the full panel of hybridoma cell line DNA samples.......cccccoviveieeieiicccciineeeeeen, 72
Table 3-7 Statistical analysis of the reproducibility of DRT values for the 7 DRTs......... 77
Table 3-8 Results of comparison for protein digestion methods.........cccccccvveeiiiiieeenns 81
Table 3-9 Correlation of mean CT and AACT values for the 7 DRT assays. ......ccccveeennne 83

Table 3-10 Number of cases from the primary series for which the cAACT value was

detected outside the 99% prediction band for NAEVI. .......eeveeeeeiiciiiieeeeeieeieceeeeeee, 91

Table 3-11 Sensitivities and specificities for prediction of subsequent metastasis in 40
melanomas (20 P-Ms and 20 P+Ms) using DRT assay results and clinical stage

separately and combined, with logistic regression analysis. .......ccccvveeeeieeieiicinreeeneeenn. 96

Table 3-12 Correlation coefficients and corresponding p values for comparison of DRT

values derived for P+Ms and their corresponding metastases using all 7 DRTs............ 98

Table 3-13 P values for the t-test comparison between naevi and tonsil DRT scores for

the three assays involving TBX2, HIC1 and Ch2. ........coocciiiiieiiee e, 100

Table 3-14 Number of cases from the melanoma and naevi cohort studies for which

the cAACT value was detected outside the 99% prediction band for naevi................ 112



List of Figures
Figure 1-1 Age specific incidence rate for melanoma in the UK 2006-2008. (4) ............. 3
Figure 1-2 Typical macroscopic appearances of malignant melanoma. ...........ccccceeenn. 5

Figure 1-3 Imbalance profile showing regional frequency of genomic gain and loss,

from CGH analysis of 99 malignant melanomas with gain shown as green and loss as

Figure 1-4 Summary of signalling pathways involving proteins known to be genetically

altered in melanoma and their effect on cell proliferation, apoptosis and DNA repair.

........................................................................................................................................ 13
Figure 2-1 Malignant melanoma and a histological section from the same lesion
following manual MicrodisSECtION. .....ccuiiiiiiiiiiie e e 53
Figure 2-2 Amplification plots for the MYB.RREB assay for a naevus and a melanoma.
........................................................................................................................................ 61
Figure 3-1 Male and female FFPE tonsil samples tested using the Xb/18b DRT............ 73

Figure 3-2 Male and female fresh frozen tonsil samples tested using the Xb/18b DRT.

........................................................................................................................................ 74
Figure 3-3 Reproducibility of the Xb/18b DRT. ...cccvvieviiieiieeeeeeeteee e 74
Figure 3-4 Bland Altman plots for the 7 DRTs using the control tonsil CT values.......... 78

Figure 3-5 Correlation between CT results for the tonsil control samples in the first and

second PCR runs, for all 7 of the tested DRTS. ... 80

Figure 3-6 The relationship between CT and AACT for each of the DRTs. .....cccceeeevnnnnn. 84

Figure 3-7 DRT values for the 4 classes of melanocytic lesions with the MYB.RREB1 DRT

Y- | RS 86

xi



Figure 3-8 Plot of DRT values for the 4 classes of melanocytic lesions with the

BRAF.PTEN DRT @S58V .ciiiiiciiiiitiietiii ittt ettt rrrer e e e s s ee e e s e s s s e sennnes 87

Figure 3-9 Plot of DRT values for the 4 classes of melanocytic lesions with the

SSRI.PERP DRT @SSAY. ..ettttteiiiiiiiiiiiiietees ettt et e s s e e e e s e srana e e s e e e e eas 87

Figure 3-10 Plot of DRT values for the 4 classes of melanocytic lesions with the

ASAP.LZSTL DRT @S5aY. tiiiiiiiiiiiiiiiiiiiie e 88

Figure 3-11 Plot of DRT values for the 4 classes of melanocytic lesions with the

TBX2.HICL DRT @SS@Y. ceiieiuurrriiiiiiiiiiiiiiitiies ittt eirre e ae e s s s s aaae s 88

Figure 3-12 Plot of DRT values for the 4 classes of melanocytic lesions with the

LDLRAA3.CCNDL DRT @SS@Y...uuuueieerureeeeisiureeesasseeeeesssseesessseeeesssssseesssssssesssssssesssssssesssnnns 89

Figure 3-13 Plot of DRT values for the 4 classes of melanocytic lesions with the

AKT3.MIB2 DRT @SSAY. ceiiiiiiiiiiiiiiiiiiieeee et a e e e e e e e e e e 89

Figure 3-14 Photomicrograph of the benign naevus which appeared aneuploid with

the RREBL.MYB DRT @SS8Y. tirtiiiiiiiciiiiiiiieeeeeieiitiiteeeeesesessinstaeseesasesesansssssessessessssnsssnnees 91

Figure 3-15 From top to bottom, photomicrographs from the P-M, P+M and

metastasis which were negative for aneuploidy with all DRT assays.. ....cccccceeeeeeeiennns 92

Figure 3-16 ROC curve demonstrating the specificity and sensitivity of the full panel of

7 DRTs to differentiate between melanoma and NAeVi. ......eeeeeevvvvveieeviieeeeeeeeeeeeeieenn 94

Figure 3-17 Proportion of primary sample cases tested demonstrating the BRAF V600E

mutation on QPCR MuUtation @analySis. .....ueeeieiiiiieeiiiieeieeeeeeecccirreeeee e eenrrrreee e e e e e e ennns 97

Figure 3-18 Results of the 3 assays testing the TBX2 HIC1 and Ch2 (Glucagon) loci using

tonsil controls and naevi from the primary series of cases.. .....ccccoeevvvveeeeeeeeieccivnnneen. 101

Figure 3-19 Results of the 3 assays testing the TBX2 HIC1 and Ch2 (Glucagon) loci using

tonsil controls and a selection of naevi from the cohort series of naevi......ccooe......... 102

Figure 3-20 Photomicrographs of the two Spitzoid lesions tested...........ccccceeeeeennnnns 106

Xii



Figure 3-21 Box and whisker plot for the AKT3.MIB2 assay comparing the cohorts of

NACVI AN MEIANOIMA. . oiiiiieeeee ettt e e et e e e e et e e e e etaeeeeetaasseeeaaeeeeeanans 107

Figure 3-22 Box and whisker plot for the ASAP.LZST1 assay comparing the cohorts of

NACVI AN MEIANOIMA. .ot e e et e e e et e e e e etreeseetaaeseeeaeeseeeanans 107

Figure 3-23 Box and whisker plot for the BRAF.PTEN assay comparing the cohorts of

ETSZIE 1210 M a0 T=1 F= 1o Y 1.0 F- TP 107

Figure 3-24 Box and whisker plot for the CCND1.LDLRad3 assay comparing the cohorts

OF NGV AN MBIANOMA. ceiiiiiie ettt e et ettt eeseeereearaeeseseeereeesannenss 108

Figure 3-25 Box and whisker plot for the MYB.RREB1 assay comparing the cohorts of

NACVI AN MBI ANOIMA. it e e et e e e e et aeeeeeeaeeeeeeaaeeeeeaaeeeeeanns 108

Figure 3-26 Box and whisker plot for the SSR1.PERP assay comparing the cohorts of

NACVI AN MBI ANOIMA. it e e et e e e e et e e e e eeae e e e et e e e e eeaaeeaeeans 109

Figure 3-27 Box and whisker plot for the TBX2.HIC1 assay comparing the cohorts of

AETEIE [T M aaT=1 =10 1oY 1.0 1= TP 109

Figure 3-28 ROC curve demonstrating the specificity and sensitivity of the full panel of
DRTs to differentiate between melanoma and naevi from the large cohort series using

11 TSR YA O B oo =TT TR 111

Figure 3-29 Photomicrograph of case 1 from the London Dermatopathology

I3V 2T 010 3 18T ¢ Y= S 114

Figure 3-30 Photomicrograph of case 2 from the London Dermatopathology

SV MNP OSIUM SO, uuiuiiiiieieieieie e nan 114

Figure 3-31 Photomicrograph of case 3 from the London Dermatopathology

I3 18] o 0 1Y 10T 4 TR Y = 115

Figure 3-32 Photomicrograph of case 4 from the London Dermatopathology

03V 12T 010 3 18T ¢ Y= 115

Xiii



Figure 3-33 Photomicrograph of case 5 from the London Dermatopathology

SYMPOSIUM SET. e s 116

Figure 3-34 DRT scores for the 5 cases submitted for the London Dermatopathology

Symposium, usSing 3 Of the DRT @SSAYS...cciiiiiiiiiiriiieeiiiiiiee e sitee e ssire e e s sireee s s sveeeeeenans 117

Xiv



Abbreviations

AE
AlCC
AQUA
ARPC2
ATF2
AUC
BLAST
CDC
cDNA
cDRT
CGH
Ch
COX-2
CRIS
CRUK
CT
DASL
DB
DCN
DFS
DM
DNA
DRT
FDA
FFPE
FISH
GAPDH
GS
H&E
IAP

Abdlrzag Ehdode

American Joint Committee on Cancer
Automated Quantitative Analysis

Actin related protein complex 2

Activating Transcription factor 2

Area Under Curve

Basic Local Alignment Search Tool

Centres for Disease Control and Prevention
Complementary Deoxyribonucleic Acid
Centromeric duplex ratio test

Comparative Genomic Hybridisation
Chromosome

Cyclo-oxygenase enzyme 2

Computerised Radiology Information System
Cancer Research United Kingdom

Cycle threshold

cDNA mediated Annealing, Selection, extension and Ligation
Danielle Bury

DNA Copy Number

Disease free survival

David Moore

Deoxyribonucleic Acid

Duplex ratio test

United States Food and Drug Administration
Formalin Fixed Paraffin Embedded
Fluorescent In Situ Hybridisation
Glyceraldehyde 3-phosphate dehydrogenase
Gerald Saldanha

Haematoxylin and eosin

Inhibitor of apoptosis

XV



ICC Intraclass correlation co-efficient

IHC Immunohistochemistry

IMS Industrial Methylated Spirit

JHP Howard Pringle

LD Lovesh Dyall

LP Linda Potter

Met Metastasis

MITF Micropthalmia transcription factor

mm millimetres

MT Metallothionein

NCBI National Centre for Biotechnology Information
NCI National Cancer Institute

NHS National Health Service

NICE National Institute for Clinical Excellence

P+M Primary melanoma with metastasis

PCR Polymerase Chain reaction

P-M Primary melanoma without metastasis

PRT Paralogue Ratio Test

QPCR Quantitative Polymerase Chain reaction

RGS1 Regulator of G-protein signalling

RNA Ribonucleic Acid

ROC Receiver Operating Characteristics

RTQPCR Reverse Transcriptase Quantitative PCR

SD Standard Deviation

SEM Standard Error of the Mean

SNOMED Systematized nomenclature of medicine clinical terms
SPP1 Osteoponin

STUMP Spitzoid Tumour of Uncertain Malignant Potential
TMA Tissue Microarray

UCSF University California San Francisco

UHL University Hospitals Leicester

UK United Kingdom

Xvi



us
uv
WT2
M
ACT
AACT

um

United States

Ultra Violet

Wilm’s Tumour 2

Zahir Mughal

Delta cycle threshold
Delta delta cycle threshold

Micrometre

XVii



1. Introduction

1.1. Melanoma Background

Malignant melanoma is a tumour derived from melanocytes. Melanocytes are located
at the base of the epidermal layer of the skin and are also found at some mucosal sites
as well as in the meninges and inner ear. Melanocytes are embryologically derived
from the neural crest and their main function is to synthesise melanin pigment.
Melanin production is induced by ultra violet (UV) radiation from the sun and is taken
up by keratinocytes to protect the skin from the effect of UV radiation. It is the
presence of melanin which accounts for pigmentation of the skin, with different

concentrations of melanin accounting for individual and racial variations in skin colour.

Malignant melanoma most commonly arises in the skin of lighter-skinned individuals
and can occur at sun-exposed or non-sun-exposed sites. It also occurs rarely in
mucosal sites such as the buccal or nasal mucosa and in the uvea. It is a tumour with a
propensity to metastasise at an early stage of development; it has been reported that
if a primary cutaneous melanoma achieves a volume of greater than 200mm? at the
time of excision, the tumour is likely to have already metastasised (1). Fortunately
many melanomas are detected at an earlier stage due to their notable appearance on

the skin (described in 1.1.2), which causes patients to present to medical services.

The benign counterpart of melanoma is the naevus. Naevi are exceedingly common
tumours which are often present in large numbers in those with types | and Il skin (2).

Skin types | and Il represent the lightest skin of skin types I-VI described by Fitzpatrick



in 1975 and are typically seen in those of northern European ancestry (3). These
lesions are typically smaller than melanomas, appearing uniform and well

circumscribed macroscopically.

The name malignant melanoma is somewhat tautologous, since a melanoma is by
definition a malignant tumour, with pre-malignant lesions being termed either
melanoma-in-situ or lentigo maligna, depending upon the clinical features and
histopathological appearances. The term ‘melanoma’ will be used throughout the

remainder of this thesis to denote a malignant melanocytic tumour.

1.1.1 Melanoma Epidemiology

Melanoma is the third commonest and most deadly form of skin cancer in the both
the UK and USA according to data published by Cancer Research UK (CRUK) and
Centres for Disease Control and Prevention (CDC) respectively and in the UK
melanoma is the fifth commonest form of cancer overall, excluding the non-
melanoma skin cancers (4,5). There are over 10,000 new cases of melanoma
diagnosed each year in the UK with those over the age of 65 most likely to be affected,
though melanomas arise in adults of all ages (see figure 1-1). The incidence of
melanoma in the UK has risen dramatically from 3.2/100,000 to 16/100,000 over 33
years from 1975 to 2008 — the most rapid increase over that period of any cancer type

(6). This increase in the UK has been mirrored in the US (7).
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Figure 1-1 Age specific incidence rate for melanoma in the UK 2006-2008. (4)

Whilst most melanomas are cured with surgical resection, a significant proportion of
cases will recur, either locally or in the form of metastatic spread after resection.

Occasionally melanomas present with the symptoms of metastatic spread.

Prognosis for patients diagnosed with melanoma is largely dependent upon the
American Joint Committee on Cancer (AJCC) disease stage, which is determined by
tumour thickness (Breslow depth), mitotic count, ulceration and the presence or
absence of local or distant disease spread. The basic staging system is outlined in table
1-1 (8). Metastasis often occurs early in tumour development and at present there is
no effective systemic treatment once metastasis has occurred. The prognosis for those
with disseminated disease is poor, with a 5 year survival of less than 10% (8).Over

2000 patients die each year from melanoma in the UK (9).



Stage | Primary melanoma < 1.00 mm in depth, or £2.00 mm if
no ulceration. No distant spread.

Stage Il Primary melanoma with depth > 2.00 mm, or > 1.00 mm
if ulcerated. No distant spread.

Stage Il Spread to local lymph nodes.

Stage IV Distant metastasis.

Table 1-1 AJCC 2009 staging system for melanoma (8).

1.1.2 Melanoma Risk Factors

Risk factors for the development of melanoma can be either hereditary or
environmental. Hereditary factors include skin type, hair colour, family history and the
presence of multiple naevi on the skin. Some families harbour specific defects in genes
such as the tumour suppressor gene CDKN2A. For these families all those with the

affected gene are at increased risk of melanoma (10).

The most important environmental risk factor for melanoma is exposure to UV
radiation (11). The vast majority of UV radiation exposure comes from direct sunlight
although some individuals do subject themselves to artificial UV radiation in order to
tan their skin. Epidemiological studies suggest that occasional high dose exposure to
UV radiation sufficient to cause sunburn is much higher risk for the development of
melanoma than prolonged UV exposure, whereas prolonged sun exposure is believed
to be more important in the causation of non-melanomatous skin cancers such as

basal cell carcinoma (12).

1.1.3 Melanoma Diagnosis

When a patient presents to medical services with a pigmented lesion, the lesion is

examined to assess whether it may represent a melanoma. The classical clinical



features of melanoma are summarised in both the ABCDE criteria, (detailed in table 1-

2) (13) and the Glasgow seven point checklist (detailed in table 1-3) (14), both of

which have been developed as an aide to clinicians examining these lesions. A

photograph of a typical melanoma is shown in figure 1.2.

A Asymmetry

B Border is irregular

C Colour is variegated

D Diameter greater than 5mm
E Evolution over time

Table 1-2 ABCDE criteria for the clinical diagnosis of malignant melanoma (13).

Major features

Minor features

Change in size
Irregular shape

Irregular colour

Diameter > 7 mm
Inflammation
Oozing

Change in sensation

Table 1-3 The Glasgow seven point checklist used to aid the clinical diagnosis of

melanoma (14).

Figure 1-2 Typical macroscopic appearances of malignant melanoma. (Image sourced
from the National Cancer Institute Visuals Online; image reference AV-8500-3850)




Many thousands of melanocytic lesions, benign and malignant, are excised and sent
for histopathological analysis every year, to diagnose or exclude malignant or dyplastic

lesions, for cosmetic reasons or because lesions are causing physical irritation.

Histopathological analysis is the gold standard for diagnosis of melanocytic tumours,
as it is with the majority of tumour types. In the vast majority of melanocytic lesions a
confident diagnosis of benign naevus or malignant melanoma can be made on a
standard haematoxylin and eosin histology stained tissue section alone and the
histological features of melanocytic lesions are well described and recognised (15).
Within a small subset of melanocytic lesions however, it can be very difficult to
differentiate between melanoma and naevus based upon light microscopy and even
specialist dermatopathologists cannot agree over the classification of a subset of cases
(16-19). As a result the misdiagnosis of melanocytic lesions accounts for a significant

proportion of the litigation claims against histopathologists (20).

There are certain classes of melanocytic lesion which account for most of the difficult
or erroneous diagnoses when distinguishing between naevi and melanoma. This
includes Spitz naevi and Spitzoid melanoma, nevoid melanoma, traumatised naevi,
mitotically active areas within congenital naevi and the differential diagnosis between

severely dysplastic naevi and melanoma (21).

Diagnostically difficult melanocytic tumours may result in either misdiagnosis of a
melanoma or naevus, or a patient being given the inconclusive label of a tumour with
uncertain malignant potential. The medical and psychological consequences to the
patient of an erroneous diagnosis of melanoma or naevus can be catastrophic. In

those cases in which a definite diagnosis cannot be made this causes significant



uncertainty in planning treatment and predicting outcome, with potentially major
social, psychological and financial repercussions for the patient. The difficulty posed
by such lesions has led to attempts by expert dermatopathologists to produce
diagnostic criteria based on histological features (in order to improve diagnosis)
(22,23). Despite this, ambiguous lesions remain a problem and these lesions have

prompted the search for an effective diagnostic biomarker for melanoma (24).

Data from the US indicates that despite an increasing incidence of melanoma
(doubling over 15 years), the mortality rate has remained unchanged, even though
only a minority of individuals are screened for melanoma by their dermatologist (7). In
the UK the rate of melanoma has risen fivefold in 33 years (6), but with only a modest
corresponding increase in mortality over the same period. This data raises the concern
that either melanoma is being over-diagnosed by histopathologists, which may be
partly due to medico-legal pressure not to ‘miss a melanoma’ (25), or that increased
biopsy rates have led to more small, slow growing melanomas being diagnosed which
fit the histological criteria for diagnosis of a melanoma, but are very low risk for
metastasis. Possible slow growing low-risk melanomas might be analogous to the
indolent, low grade prostate cancers which occur in elderly males, are asymptomatic
and have long been described as being detected incidentally at post mortem (when an
individual dies of other causes) (26). As melanomas, unlike most malignant tumours,
are not given a grade of histological differentiation which is used to predict behaviour,
it is not possible to determine whether the increased diagnosis rate is matched by an
increase in the number of low-grade lesions being diagnosed, as the second

explanation would suggest.



If either of these explanations for the notable recent increase in melanoma incidence
hold any truth, then either a diagnostic biomarker (for the first explanation) or
prognostic biomarker (for the second) would be of clinical value in redefining which
patients diagnosed with primary melanoma are truly at long term risk from their

disease.

1.1.4 Melanoma Prognostication

As mentioned above, the prognosis for patients diagnosed with malignant melanoma
is currently based upon disease stage, additional histopathological features and some
clinical information. Disease stage reflects the Breslow depth, surface ulceration,
mitotic index and disease spread. Breslow depth, the presence of surface ulceration
and local spread (tumour microsatellites) are determined by histopathological analysis
of the tumour and the additional histopathological features which can influence
prognosis to a lesser extent are evidence of regression and tumour infiltrating
lymphocytes. Clinical information which is of potential prognostic importance is
tumour site, patient age and gender. These features are included in the
histopathology reports for melanoma and are used to define the stage of disease,
based on the internationally recognised AJCC melanoma staging system (8). In the UK,
all of the histopathological features used to determine disease stage plus comment on
the presence or absence of tumour regression and tumour infiltrating lymphocytes are
recommended for inclusion in the Royal College of Pathologists national dataset for
skin cancer reporting (27)and are included in the American reporting guidelines

produced by the College of American Pathologists (28).



1.2 Genetic Changes in Melanoma

All neoplasms are characterised by genetic changes and malignant tumours typically
show a wide range of DNA alterations. Although each individual melanoma undergoes
its own pattern of clonal events and shows an individual pattern of genetic alteration,
as with most neoplasms, melanomas as a whole are characterised by certain somatic
genetic alterations which characterise the tumour type. These changes include
deletions, mutations and amplifications at certain loci, epigenetic alterations such as
changes in DNA methylation and genome wide variations in DNA copy number (DCN)

which occur as a result of chromosomal instability (29).

1.2.1 Chromosomal Instability in Melanoma

Genomic instability is a well-described feature of malignant tumours and has been
studied for several decades (30,31). Changes in DCN can include whole chromosomal
copy number loss or gain, formation of isochromosomes (where one chromosome
arm is gained and the other arm is lost), and gains or losses of specific genes or
regions within a chromosome. Studies using comparative genomic hybridisation
(CGH) and array CGH have been used to investigate copy number profiles in malignant
tumours since 1992 (32). It has subsequently been described that specific tumour
types show typical patterns of somatic copy number alteration across their tumour
genome and that these patterns vary between different tumour types (33,34). Array
CGH is a technique in which DNA from a test sample and DNA from a diploid control
sample are labelled with differing fluorescent tags before being co-hybridised to
thousands of individual probes. The resultant hybridisation is detected by fluorescent

fluorophores. The comparative fluorescence between the test and control sample is



used to establish any difference in DCN between the control and the test sample at

the loci tested.

The array CGH method is an advancement on the original CGH technology. In the
original CGH methods DCN change could be assessed for whole chromosomes or
chromosome regions, but did not have the resolution to detect copy number changes

in individual genes as with array CGH.

Genomic instability appears to indicate a worse prognosis for solid tumours (35) and
has been described as conferring tumours with multidrug resistance (36). It is thought
to occur as a result of several mechanisms including defects in the mitotic spindle
assembly checkpoint (37). Translocations and deletions have also been described as
occurring during repair of double stranded breaks in DNA or through the premature

mitosis of cells with damaged DNA (38).

The CGH pattern of genomic instability seen in melanoma has been shown to vary
from the changes seen in naevi, with the vast majority of melanomas showing a wide
range of chromosomal aberrations (39-41). Naevi typically show little if any evidence
of chromosomal instability, with one isolated region of common copy number gain
described in Spitz naevi (42) (further described in section 1.3.2). The typical pattern of
chromosomal instability as described by Baudis in a series of 99 primary melanomas is

shown in figure 1.3 (33).

The largest scale studies using CGH to determine somatic copy number alteration in

primary cutaneous melanoma were performed by Bastian et al (39,40) and Baudis(33).
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These have detailed patterns of chromosomal copy number gain and loss in melanoma

and the regions commonly lost or gained are summarised in table 1-4.

Study Chromosomal regions of gain Chromosomal regions of loss
Bastian et al 2003 (132 6p, 19, 7p, 79, 8q, 17q, 20q 9p, 9q, 10p, 10q, 69, 11q

cases)

Curtin et al 2005 (106 6p, 7,11q913, 8q, 17q, 20q 6q, 8p, 9p, 10, 11q, 13, 21q
cases)

Baudis 2007 (99 cases) 8921, 6p, 1q, 7, 20g, 11q13 6924, 10922, 3, 9p, 13p, 1p 11923

Table 1-4 Most common chromosomal regions of somatic copy number alteration as

described by 3 large array CGH studies of primary cutaneous melanoma DCN variation.
(33,39,40)

The study by Bastian et al also tested 54 benign naevi as part of the same study,

demonstrating that these tumours show little somatic copy number alteration, with

the exception of occasional gains in Chromosome (Ch) 11p and Ch 7 (39).

._l"'r-q———--— T Ty

% cases with CNV

Chromosome

Figure 1-3 Imbalance profile showing regional frequency of genomic gain and loss,
from CGH analysis of 99 malignant melanomas with gain shown as green and loss as
red (reproduced from Baudis et al) (33).

1.2.2 Commonly altered genes in melanoma

There are several proto-oncogenes and tumour suppressor genes which are frequently
altered in melanoma and characterise the genetic alterations seen in this tumour,

their interactions are summarised in figure 1-4. The most well-characterised of these
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are the proto-oncogene BRAF (43) and the tumour suppressor genes CDKN2A (44)and
PTEN (45). BRAF is part of the Raf family of serine/threonine kinase enzymes which are
involved in regulating the MAP kinase pathway and are therefore crucial for cell
division. The CDKN2A genes codes for the tumour suppressor protein p16 plus several
transcript variants. Protein p16 acts as a cell cycle checkpoint restriction factor by
restricting the activity of the cyclin dependent kinases. PTEN inhibits the Akt signalling
pathway and is therefore involved in regulating cell proliferation as well as having a

role in the triggering of apoptosis.

Gene expression profiling and CGH analysis have identified a wider range of genes
which are frequently altered in melanoma. Some of those which are believed to be
important in the development of melanoma include the well-described tumour
suppressor genes RB and p53 (46,47). Changes in gene methylation of two further
tumour suppressor genes, APAF1 (48) and APC (49) have also been described as
common events. The oncogenes MITF (50), TBX2 (51) and MYC (52) are all found to be
frequently amplified in melanoma, whereas NRAS and Beta-catenin may undergo

activating mutations as part of melanoma development (53,54).

Genome wide sequencing analysis of melanoma cell line DNA has shown a wide range
of mutations not previously described in melanoma and evidence of widespread DNA
damage due to long term UV exposure (55). This has led to identification of further
genes thought to be involved in the development of melanoma. Activating mutations
in the gene RAC1 were detected in 9.2% of melanomas sequenced by Krauthammer et
al (56). RAC1 codes for a signalling G-protein involved in regulation of the cell cycle

and was also one of several novel genes found to be frequently mutated in a further

12



study by Hodis et al, which involved sequencing and permutation framework analysis

of melanoma genomes (57).
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Figure 1-4 Summary of signalling pathways involving proteins known to be genetically
altered in melanoma and their effect on cell proliferation, apoptosis and DNA repair.

1.3 Biomarkers in Melanoma

There are 4 important classes of tissue and serum biomarkers which could be of
clinical use in the management of patients with melanoma. Diagnostic biomarkers
have the potential for use in ambiguous melanocytic lesions to identify those which
are truly malignant. Prognostic biomarkers are those which predict behaviour
independently of the prognostic features used currently such as Breslow depth.
Progression markers would have the ability to detect recurrent disease at an early
stage as a circulating serum marker. Finally, predictive markers are those which

predict response to a specific therapy.
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This research project is focused upon the development of potential diagnostic and
prognostic assays, and putative melanoma biomarkers in the diagnostic and
prognostic classes described in the literature are therefore reviewed in sections 1.3.2

and 1.3.3.

1.3.1 The effect of formalin fixation and paraffin embedding in biomarker

development

In order for melanocytic lesions to be reliably diagnosed and for optimum prognostic
assessment of melanoma, these specimens are routinely formalin fixed in their
entirety and, as most of the lesions are small, are then frequently embedded in
paraffin in their entirety. Whilst this improves sampling and therefore aids diagnosis
and prognostication using light microscopy, there is no opportunity for fresh tissue to
be stored from the lesion. Formalin fixation causes cross linking and degradation of
DNA and similarly alters RNA and although DNA can be retrieved from formalin fixed
paraffin embedded (FFPE) tissue, it is typically of lower yield and quality than DNA
extracted from fresh frozen samples. The size of the specimen along with the fixation
period, storage period and storage conditions are all factors affecting the quality and

yield of extracted DNA and RNA (58).

Due to the current histopathological laboratory practices discussed, any tissue
biomarker developed for diagnosis or prognosis in melanoma must be applicable for

use on DNA extracted from FFPE tissue.
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1.3.2 Diagnostic Melanoma Biomarkers

Putative diagnostic melanoma biomarkers include those targeting characteristic
changes in DNA seen in melanoma, those profiling RNA expression and proteins

detected by immunohistochemistry (IHC) studies.

As mentioned in 1.2.1, a study investigating array CGH profiles of different
melanocytic lesions reported that amongst benign naevi, only a small number showed
specific gains on the short arm of Chromosome 11 and in the distal part of
chromosome 7 (39). Comparisons of the copy number alterations between Spitz naevi
and melanoma using this method have been widely reported in further studies and a
specific isolated change at Ch11p is a well-recognised molecular characteristic of
benign Spitz naevi (42,59). In a study by Ali et al, the pattern of copy number
aberrations within a small series of Spitzoid tumours was predictive of tumour
behaviour with the typical gains on Chromosome 11 and 7 seen in those behaving in a
benign fashion and multiple chromosomal abnormalities seen in Spitzoid melanomas
(59). There are case reports of borderline melanocytic lesions in which CGH analysis
correctly predicted clinical outcome, despite in some cases a contrary
histopathological diagnosis. These reports are suggestive as to the potential for copy

number analysis to refine diagnosis (60,61).

Congenital naevi are potentially problematic melanocytic lesions for histopathological
analysis. In a series of congenital naevi studied using CGH no significant aberration in
DCN was identified in lesions without histological evidence of proliferation or those
with conventional proliferative nodules. Those congenital naevi with proliferative

nodules, which are benign but can ‘mimic’ melanoma histologically, displayed
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chromosomal aberrations entirely different to those with nodular melanoma arising
within a congenital naevus, which were of the same copy number pattern as
conventional nodular melanoma (62). This is another area of problematic and
borderline melanocytic pathology in which CGH may predict outcome more accurately

than conventional histopathology.

In summary there is data supporting the use of CGH as a method for separating benign
from malignant lesions in the borderline melanocytic tumours encountered in clinical
practice. To further test its clinical applicability, the method warrants testing against a
wide spectrum of benign, malignant and borderline melanocytic lesions. There are
prohibitive factors for widespread use of CGH analysis at present however. These
factors include the current cost of CGH analysis and the expertise and time required to
analyse the large quantity of bioinformation produced. Array CGH is currently
established in a handful of specialist centres such as University of California San

Fransisco (UCSF) as the gold standard for DCN analysis in melanocytic tumours.

Using the information generated from CGH studies, Gerami et al have demonstrated
that Fluorescent In Situ Hybridisation (FISH) can be used to differentiate between
naevi and melanoma (63). The assay is a combination of 4 FISH probes (MYB, RREB1,
CEP6 and CCND1). This is the only melanoma diagnostic biomarker to have been
translated into clinical practice and to have become commercially available. Although
the assay has shown good sensitivity and specificity in several studies comparing
unambiguous melanoma and naevi, diagnostic accuracy has been less impressive
when tested against genuinely ambiguous lesions with follow-up (64,65). A large scale

recent study of this assay by an independent research group found that the sensitivity
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and specificity of the FISH assay for detecting melanoma on straightforward cases
were 85% and 90% respectively, although this was decreased to 45% and 80% when

90 ambiguous tumours with follow-up were tested (64).

Immunohistochemistry (IHC) biomarkers have the advantage of using an established
technique which is widely used in routine practice. There are several IHC markers
which have shown promise in differentiation between naevi and melanoma, either as
single markers or as part of a diagnostic panel. Many of the markers have been tested
only on histologically straightforward benign naevi and malignant melanoma, and
although some have been tested on problematic melanocytic lesions, the number of

cases tested is usually small. Few studies have tested a large set of borderline lesions.

The most widely studied proliferation marker is Ki-67 (66,67). Whilst naevi routinely
express a proliferation fraction (cells positive for Ki-67) of less than 5%, compared to
13-30% for melanoma, the proliferation fraction is normally higher in Spitz naevi and
dysplastic naevi (up to 15%) (67). Ki-67 has also been used in a panel in combination
with the IHC mitosis marker phospho-Histone H3 (pHH3), and survivin, a protein
encoded by a member of the inhibitor of apoptosis (IAP) family. Differentiation
between Spitz naevus and melanoma within this series was dependent upon the
pattern of staining for pHH3 in the superficial dermal component of the lesion for
Spitz naevus compared with superficial and deep dermis in melanoma, with no study
of inter-observer variability for this scoring. The subjective parameters used to
differentiate the lesions in this study are further compounded by the small numbers of

cases, with only 8 Spitz naevi studied (68).
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Kashani-Sabet et al investigated an IHC assay using the several immunomarkers;
ARPC2, FN1, RGS1, SPP1 and WT2. Actin related protein complex 2/3 subunit 2,
(ARPC2) is a subunit of a protein complex implicated in actin polymerisation.
Fibronectin (FN1) is a glycoprotein cell adhesion molecule. Regulator of G-protein
signalling (RGS1) acts to attenuate G-protein signalling. Osteopontin (SPP1) is a
protein known to have several functions including acting as an anti-apoptotic factor.
Wilm’s Tumour 2 (WT2) is a putative tumour suppressor gene implicated in Beckwith
Wiedemann Syndrome. Using a scoring algorithm developed from a tissue microarray
(TMA) training set, the panel was tested against a set of problematic and borderline
lesions, correctly diagnosing 18 of 24 previously misdiagnosed melanocytic lesions
(75%). As with the panel developed by Nasr et al, scoring with this panel was
dependent upon judgement of where in the lesion (superficial or deep) the marker
was expressed and again inter-observer variability for this method has not been

described (69).

Expression of the protein SI00A6, a member of the S100 family, has been investigated
for use in the specific differential diagnosis between melanoma and Spitz naevi,
showing a clearly different pattern of expression between melanoma and Spitz naevus
in all of the cases studied, with diffuse strong staining for all Spitz naevi and patchy
weak staining for melanoma (70). Hilliard et al demonstrated that expression of the
tumour suppressor gene pl6 differentiated between desmoplastic melanomas and

desmoplastic Spitz naevi in a small set of cases (71).

In a tissue microarray study, expression of the kinase Cdc7 was found to differ

between dyplastic naevi and melanoma, and to differ between Spitz naevi and
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melanoma, but did not differentiate between atypical Spitzoid tumours and
melanoma (72). As yet these results have not been replicated on full histological
sections. IHC for the heat shock protein HSP105 in other tissues has shown increased
expression in malignancy and a study by Park et al shows a clearly differing pattern of
expression between melanoma and benign naevi, though this has not been studied in
ambiguous or problematic lesions such as Spitz naevi (73). Expression of the cyclo-
oxygenase enzyme (Cox-2), when studied using image analysis, was found to
differentiate between melanoma and benign naevi, but again there has been no study

of the of the pattern of expression in borderline lesions (74).

Whilst numerous IHC studies have demonstrated different patterns of protein
expression across a range of melanocytic lesions, none of the putative IHC biomarkers
have been shown to differentiate reliably between benign and malignant in a full
range of borderline melanocytic lesions. These findings suggest that the most likely
means of successfully developing a robust and clinically useful IHC biomarker would
be through the development of an IHC panel, with a combination of antibodies
providing a more robust test of benignity or malignancy than any single marker. Thus
far Kashani-Sabet et al (69) have described the most successful panel for
discriminating benign and malignant lesions, with good, though not definitive,

accuracy in problematic and borderline lesions.

Methods used to quantify RNA expression in melanocytic lesions include RNA
expression arrays, Reverse Transcriptase Quantitative Polymerase Chain Reaction
(RTQPCR) and microRNA studies. RNA expression data using formalin fixed tissue has

shown good, though not absolute, separation of melanoma from naevi using cluster
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analysis from hybridisation to a DNA chip (75), though the sets of cases used in this
study did not include problematic or borderline lesions. The use of expression
microarrays on fresh frozen tissue may be less transferable to use in diagnosis, but
these studies do have value for discovery of markers which differentiate between
benign and malignant, such as PLAB and L1CAM (76) or those used by Kashani-Sabet
et al described above (69). Most of these studies have focused on the identification of

a prognostic marker for melanoma, rather than on the diagnosis of borderline lesions.

Lewis et al demonstrated that it was possible to classify melanomas using multiple
targets for RTQPCR and performing a hierarchical cluster analysis, though the
groupings identified have not been correlated with clinical outcome and the study was
performed on frozen rather than fixed tissue. Whilst it would be of interest to identify
how expression profiles vary across a range of borderline and problematic melanocytic
lesions, the current technical difficulty of using this method on FFPE tissue would limit

its clinical usefulness (77).

Research by Glud et al demonstrated that microRNA is well preserved in formalin fixed
tissue from benign naevi, when compared with microRNA from fresh frozen tissue
from the same specimens (78). Whilst there is no published data formally evaluating
microRNA biomarkers for diagnosis in melanocytic lesions at the time of writing,
Philippidou et al demonstrated the differing microRNA expression profiles between
naevi and primary and metastatic melanoma (79). Given the suitability of this
technique for use in FFPE tissue, microRNA RTQPCR could be developed into a
successful diagnostic biomarker, especially within the cohorts of problematic and

borderline tumours.
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1.3.3 Prognostic Melanoma Biomarkers

Despite the efforts of histopathologists to stage tumours accurately and the wide
array of information used to prognosticate those individuals diagnosed with a primary
melanoma, melanomas which are morphologically similar often behave differently
(80,81). This unpredictability makes accurate prognostication difficult, leading to
uncertainty both for patients and for clinicians planning their management. This has
led to a search for tissue markers which may improve the prognostic accuracy of the
current AJCC criteria. As new systemic therapies for melanoma such as Vemurafenib
are developed (82) it would be desirable to have a more accurate means of identifying

which patients require more aggressive treatment.

Numerous IHC studies have described changes in expression of various cell cycle, cell
signalling and cellular adhesion proteins thought to be involved in tumour progression
in melanoma (24,83). Whilst this has identified many potential IHC biomarkers and
has broadened the understanding of the cellular processes involved in disease
progression, few have reported that expression is a significant risk factor for
metastasis or for death when tested using multivariate analysis that includes the

clinical data such as patient age and tumour Breslow thickness.

Mitotic count is currently one of the key prognostic factors in the AJCC criteria (8).
Ladstein et al described that counting cells positive for the cell proliferation marker Ki-
67 on IHC sections of nodular melanomas was a stronger prognostic indicator than
mitotic count (84). Previously Ki-67 expression in thin melanomas (Breslow< 1mm)
had been found to be a more accurate predictor of tumour behaviour than mitotic

count (85,86). Studies in other tumour types reveal that mitotic count is a potentially
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unreliable marker, due to a significant degree of inter-observer variability in both the
counting and recognition of abnormal mitosis (87). There is therefore an argument
that IHC for Ki67, a test which is readily available, could replace mitotic count as part
of the AJCC criteria as a simple step to improve accuracy and uniformity in

prognostication.

In the largest published prognostic IHC study using full histological sections, Weinlich
et al used IHC to test for expression of Metallothionein (MT) I and Il (88,89). These
intracellular proteins with a high affinity for heavy metal ions were detcted using an
antibody which reacts with a conserved epitope of both MT | and MT Il isoforms. Over
1000 cases were included in the study with patients recruited between 1993 and
2004, and subsequent follow-up data was recorded. Over-expression of
Metallothionein was identified as an independent prognostic factor on multivariate

analysis. Validation of this large and statistically powerful study is yet to be published.

In smaller study also using full histological sections, Micropthalmia transcription factor
(MITF) was investigated using IHC in a series of 63 intermediate thickness melanomas
(1.0mm-4.0mm). This demonstrated that MITF staining pattern was an independent
predictor of disease specific and overall survival on multivariate analysis, although
inter-observer variability for scoring of the antibody was not described (90). Whilst no
follow-up IHC studies have been done since publication of this study in 2000, MITF has
been recognised as a strong potential biomarker in melanoma, targeted in several
Quantitative Polymerase Chain Reaction (QPCR) tissue studies and used as a marker

for detecting circulating tumour cells (77,91-93).
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Whnt5a is a ligand in the Wnt signalling pathway, inhibiting B-catenin signalling.
Research from our department has previously described Wnt5a expression as a
prognostic marker in a series of 90 melanomas, with cytoplasmic Wnt5a expression

found to be a marker of poor prognosis on multivariate analysis (94).

Kashani-Sabet et al developed a multimarker prognostic assay based on three IHC
markers: NCOA3, RGS1, and SPP1 (69). The proteins RGS1 and SPP1 have been
described in section 1.3.2. NCOA3 is a nuclear steroid receptor co-activator. The
staining patterns for each of these markers were scored to give an overall multimarker
index. Higher index scores were significantly predictive of reduced disease specific
survival and the likelihood of positive sentinel lymph node biopsy, independent of the
other predictive factors. This assay was first performed on a test set of 395
melanomas using a tissue microarray, and underwent validation on an independent

set of 141 melanomas, using full histological tissue sections (95).

Gould-Rothberg et al tested a wide range of molecules involved in melanoma
oncogenesis using the Automated Quantitative Analysis (AQUA) method for
immunofluorescence-based IHC on a tissue microarray of melanomas with follow-up
data (96). Five key markers were identified on the discovery set: Activating
Transcription Factor 2 (ATF2), the cell cycle regulator p21, the tumour suppressor
protein p16, B catenin, part of the Wnt signalling pathway, and Fibronectin, an
extracellular glycoprotein. Expression thresholds were set using a discovery set of
melanomas and an algorithm established to determine whether a melanoma was to
be classified as high or low risk for metastasis. This method was then applied to a

validation set of melanomas, to classify the tumours into low and high risk. The
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validation set consisted of a further tissue microarray using 246 independent cases
derived from the same archive as the discovery set. The high risk group were at
increased risk of melanoma specific mortality on multivariate analysis (a 60% 10-year
survival rate in the high risk group compared with 90% in the low risk group). Whilst
this method has only been tested on a tissue microarray and would still require
validation on full histological sections of melanoma samples, it does have the
attractive advantage over conventional IHC of using an automated scoring method,
thereby resolving the problem of intra- and inter-observer variability with IHC scoring,
though access to the technology and expertise required may prove a barrier for the

use of this method in routine practice.

A large scale study by Winnipennickx tested a set of melanomas, for which frozen
tissue and follow-up data was available, using array technology to assess RNA
expression (97). They were subsequently classified, using unsupervised hierarchical
clustering, into two groups based on pattern of expression, with the different groups
showing significantly differing survival profiles. Using this data, corresponding IHC
markers were tested against a large set of melanomas to identify whether expression
of the markers had an impact upon survival, with only staining for MCM4 and MCM6,
two DNA replication licensing factors, showing a statistically significant impact on

multivariate analysis (97).

Haqg et al investigated primary and metastatic melanomas using gene expression to
perform hierarchical clustering and found that melanoma metastases could be
separated into ‘Type I’ and ‘Type II’ based on the clustering (98). Whilst only small

numbers were analysed (too small for statistical analysis), Type | metastases appear to
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prove more lethal than Type Il and these results suggest that gene expression profiling
of metastases may be worthy of further investigation on a more extensive set of cases
(98). This study identified several genes which varied in expression between naevi and
melanoma or between primary and metastatic melanoma. The data was used to select
the IHC biomarkers used in the multimarker panel described by Kashani-Sabet et al

(above) (95).

Conway et al described the use of complementary DNA (cDNA) mediated Annealing,
Selection, extension and Ligation (DASL) technology for the quantification of RNA in
tumours (99). DASL technology quantifies expression of several hundred mRNAs and,
crucially, it can be applied to FFPE tissue, thus bridging the gap between mRNA
expression arrays and use of FFPE samples. This method examined the expression of
502 genes in a large series of melanomas, identifying that increased expression of the
gene Osteopontin was most strongly associated with a reduction in relapse-free
survival and verifying this on a validation set. On multivariate analysis however,
Osteopontin expression was not a significantly independent factor when Breslow
depth was included as a variable. Interestingly, Osteopontin was also assayed by
Kashani-Sabet et al (see above) in their multimarker IHC assay where increased

Osteopontin expression was associated with worse prognosis (95).

MicroRNA expression signature was investigated using array technology in a series of
FFPE melanoma metastases by Segura et al (100). A predictor value was constructed
from the microRNA signature which correlated to survival. When the method was
applied to the same series, microRNA expression signature was found to be a

significant post-recurrence survival factor independent of disease stage on Cox
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proportional hazard regression analysis, although this prognostic assay has not been

tested on primary melanomas.

Three microRNAs were identified as potential diagnostic markers by Satzger et al,
using real-time (RT) PCR on a small series of FFPE melanomas and naevi. When tested
on a larger set of 128 melanomas with follow-up data, upregulation of one of the
microRNAs (miR-15b) was found to be a significant independent predictor of overall

and disease free survival (DFS) on multivariate Cox analysis (101).

Jonsson et al (102) performed array CGH analysis on a series of 57 stage IV melanomas
alongside gene expression analysis. Using the expression analysis data, these cases
were categorised into 4 subtypes. The ‘proliferative’ subtype, in which loss of the 9p21
region was most common, was associated with a worse prognosis on univariate
analysis. These findings were validated on melanoma gene expression data sets from

other research groups.

Conway et al (103) described the use of Multiplex Ligation-Dependent Probe
Amplification (MPLA) in FFPE melanoma samples, to identify the ‘gene dosage’ of loci
in the Chromosome 9p21 region (including CDKN2A, CDKN2B and MTAP). This study
identified that within a series of 75 vertical growth phase melanomas, reduced gene
dosage of the 9p21 region overall and the specific regions coding for COKN2A were
associated with tumour recurrence on univariate analysis, though multivariate analysis

was not reported for these findings.

At present there are no prognostic melanoma biomarkers that have been developed

beyond the ‘early’ phase trials, as the few which have undergone robust testing and
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validation on retrospective cohorts need to be tested in prospective studies. Details of
the largest and most promising prognostic tissue melanoma markers are summarised

in table 1-5 and the array based studies for melanoma prognosis are detailed in table

1-6.
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i discovery validation predicts . . .
. feature associated FFPE or frozen which variables in .
biomarker name ith . assay type ) same archive as outcome on Itivari lvsi outcome effect size* p value*
with poor prognosis tissue size cohort TMA size cohort TMA independent K MVA or UVA multivariate analysis
discovery
Ki67 as alternative to .
o Ki67 T IHC FFPE 202 Y N MVA BMU DSS HR 3.1 0.003
mitotic count
Metallothionein MT ™ IHC FFPE 1270 Y N MVA BUSCAG 0os RR 3.49 <0.001
MITF MITF ¢ IHC FFPE 63 N N MVA BMUSH os NSp 0.011
cytoplasmic
Whnt5a . IHC FFPE 94 N N MVA BSGA os HR 2.91 0.003
expression T
BRMS1 BRMS1 | IHC FFPE 137 N Y MVA AGSt DSS RR 0.51 0.02
MCAM (MUC18) MCAM T IHC FFPE 120 N Y 78 N Y Y Y MVA BAUG SNP HR 14.8 0.01
SNF5 SNF5 IHC FFPE 88 N Y MVA AGBSUH 0os RR 5.1 0.01
BCLG, Ki67,p16 & p21 21\, P16 1, ki-67 IHC FFPE 60 v v 72 N v v v MVA B, others NS os NS 0.001
, others .
mutlimarker 1, BCL6 D P P
NCOA3, RGS1 &
: NCOA3 N, RGS1 1,
Osteopontin . IHC FFPE 395 Y Y 141 Y N Y N MVA BCUGSA DSS RR 1.34 0.01
X Osteopontin T
multimarker
ATF2, p21, B catenin, )
) ) based on algorithm )
p16 & fibronectin score AQUA-IHC FFPE 192 Y Y 246 Y Y Y N MVA BAGStMiS DSS HR 2.7 0.03
multimarker
MCM4 MCM4 1 IHC FFPE 62 N Y 176 N Y Y N MVA BUAG 0os HR 4.04 0.01
MCM6 MCM6 T IHC FFPE 62 N Y 176 N Y Y N MVA BUAG os HR 7.42 0.003
Osteopontin Osteopontin T DASL FFPE 156 Y Y 198 N Y Y N MVA AGS (Nswhen B RFS HR 1.67 0.008
P P included) (1.24) (0.32)
miRNA expression . miRNA expression
. expression pattern FFPE 59 N N MVA St os HR 3.16 0.0029
signature array
miR-15b miR15-b miRNA RT-PCR FFPE 128 N N MVA ABU 0os HR 0.41 0.013
Gene expression gene expression .
expression array frozen 57 N N 44 N N Y Y UVA os NSp 0.04
subtype subtype
UVA (NS on
INK4A INK4A RT-PCR FFPE & frozen 86 N N Mi/A) 0os NSp 0.006
9p21.3 gene dosage 9p21.3 L MPLA FFPE 75 N N UVA relapse NSp 0.04

*Based on validation set data where available. Key: A = age, B = Breslow thickness, C = Clark’s level, DASL = cDNA mediated Annealing, Selection, extension and Ligation, DSS = disease specific survival, G=gender,
FFPE= formalin fixed paraffin embedded, H= histological subtype HR = hazard ratio, IHC = immunohistochemistry, M= mitoses, Met = metastasis, Mi = microsatellite lesions, miRNA = microRNA, MPLA = multiplex
ligation-dependent probe amplification, MVA = multivariate analysis, N = no, NA = nuclear area, NS = not significant, NSp = not specified, OS = overall survival, RFS = relapse free survival, RR = relative risk, S = site,

SNP = sentinel node positivity, St = AJCC Stage, TMA = tissue microarray, U = ulceration, UVA = univariate analysis, Y = yes.

Table 1-5 Summary of prognostic tissue biomarker studies in melanoma, including detail of discovery and validation studies and outcome

prediction for each marker.
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method used to identify

methods used to prevent false

biomarkers identified as a result

author assay type number of cases in  fixed or frozen  validated on an
array (discovery / tissue independent set? | biomarkers from array data discovery and overfitting of the array data
validation)
Winnipennickx et  RNA expression 58 frozen N class comparison and class Benjamini and Hochberg MCM4 & MCAMS6 IHC
al array prediction analysis method
Haqq et al RNA expression NSp frozen N multiclass significance SAM software NCOA3, RGS1, Osteopontin
array analysis multimarker IHC assay
Conway et al mRNA - DASL 156 /198 FFPE Y Cox proportional hazards Bonferroni method Osteopontin
ratio for each gene
Segura et al miRNA expression 59 FFPE N Cox regression co-efficient SAM software miRNA expression signature
array
Jonsson et al array CGH 57/ 44 frozen Y hierarchical clustering and SAM 9p21 homologous deletion

two group SAM

Key: CGH = comparative genomic hybridisation, DASL = cDNA mediated Annealing, Selection, extension and Ligation, FFPE = formalin fixed paraffin embedded, IHC = immunohistochemistry, miRNA =
microRNA, N = no, NSp = not specified, SAM = significance analysis of microarrays, Y = yes.

Table 1-6 Summary of array-scale prognostic tissue studies in melanoma.
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1.4 QPCR as a melanoma biomarker

Polymerase Chain Reaction (PCR) is a method first described by Kary Mullis et al in
1986 (104) and for which he subsequently received the Nobel Prize for chemistry. The
principle of PCR is to amplify small quantities of DNA though a series of doubling
reactions. PCR allows tiny amounts of DNA from a region of interest to be amplified up
to the level at which it becomes detectable. A more recent development is real time,
or Quantitative PCR (QPCR). This differs from PCR in that with each cycle a fluorescent
dye allows the target DNA to be accurately quantified and therefore comparisons can
be made between different samples or targets as to the amount of starting target

DNA.

1.4.1 Paralogue Ratio Tests and Duplex Ratio Tests

Our laboratory has previously investigated the use of a QPCR-based assay called a
Paralogue Ratio Test (PRT) (105) for the purpose of detecting DNA copy number (DCN)
variations (106). PRTs target genetic paralogues. Paralogues are two genetic
sequences at different loci which have identical or highly conserved sequences.
Amplicons for PRTs are chosen such that the two paralogues are amplified using the
same primers, but can be distinguished using two different fluorescent probes
targeting areas of sequence difference. This compares the quantity of DNA at the 2
genomic sites occupied by the paralogues in the same reaction. The ratio between a
pair of targets should be 1:1 in diploid tissue, assuming equal efficiency of the 2
reactions. When the relevant DCN changes are present, such as may occur in genomic
instability, the ratio will differ from 1. Paralogue Ratio Tests were developed and

tested by previous BSc and MSc students within the department (LD, DB and NH). In
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the course of their work, the analytical validity of PRTs has been demonstrated by use
on FFPE placental tissue from cases of trisomy, in order to demonstrate a paralogue
ratio of 3:2 when a PRT targets one locus on the trisomy chromosome and another on
a diploid chromosome, compared with a 1:1 ratio when two diploid loci are targeted

(106).

The disadvantage of PRTs is the limited number of suitable paralogue sites in the
regions of interest when studying chromosomal instability in melanoma. Therefore
previous students in the department (AE and ZM) developed a similar series of assays
called duplex ratio tests (DRTs). In these assays 2 different sets of primers and probes
are used in the same reaction to compare DNA quantity at two separate loci which are
not paralogues and again a ratio is created . Whilst this has the disadvantage of
requiring 2 primer sets to be designed and synthesised, there is the advantage that a

wider range of loci can be targeted.

Through the work performed by AE and ZM, a panel of 5 DRTs has thus far been
shown to differentiate between histologically unambiguous cases of naevi and
melanoma in a set of 20 cases presented by our research group (see Appendix 4).
Following this small study, the five assays were modified and added to in order to
create a final set of seven DRT assays by ZM. The details of the 7 assays are included in

table 1-7 and a brief description of their targets in table 1-8.
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Assay Locus Forward primer Reverse primer Probe
BRAF 7934 5'-TCATGAAGACCTCACAGTAAAAATAGGT-3' 5"-ATCCAGACAACTGTTCAAACTGATG-3' VIC-AATCTCGATGGAGTGGGTC-MGB
PTEN 10g23.3 5'-GCGACTGCGCTCAGTTCTCT-3 5'-TCACAGCGGCTCAACTCTCA-3’ FAM-CTCTCGGAAGCTGC-MGB
RREB1 6p25 5'-TGTCCCAATGACGTCAAGTTC-3 5'-CTACACTCATGACCGCCGAC-3' FAM-GTTGATGGAAGATAGGTCT-MGB
MYB 6q22-23 5"-GCTTGTACAGAAATACGGTCCGA-3 5'-GCCACCTCTCCCTACATTGTT-3' VIC-TTGCCAAGCACTTAAA-MGB
SSR1 6p24.3 5'-CCTTAGATGCCTCATTCCGTTAT-3" 5'-CAGTGTTCAGAGGAAGAGCTGTG-3 FAM-CAGGACTACCAGTTTTAT-MGB
PERP 6024 5"-TACTCAGCGCCATCGCCT-3' 5"-AGCATTTCCACCACAGCGAG-3’ VIC-TTGCAGTCTAGCGACCAC-MGB
ASAP 8024.1-24.2 5'-CAGGCTAAATCTGGAAAGTTCAATC-3' 5'-GTTTGTCATCCAGATCATCATCG-3’ VIC-AATCTTCGACAGGAGGAGATA-MGB
LZST1 8p22 5"-GTGACCACTCTTCTTTAAGCCATAGA-3' 5"-TGGAAAGCCACACCCTCTG-3' FAM-CCTGGGCTGGGTGC-MGB
CCND1 11q13 5'-TGGTGAACAAGCTCAAGTGGAA-3' 5’-CGCCTCTGGCATTTTGGA-3 FAM-CCGCACGATTTCATTGA-MGB
LDLRad3 11p13 5'-ACAACGTCAATAATGGCATCCA-3’ 5"-GCCTACTTCCGACGCATTCT-3' VIC-TTGCCAAGCACTTAAA-MGB
TBX2 17923 5'-GGCCTAGACCGCGTGATAAA-3' 5'-GGTCTACACTGACTTCAGTCGTAACTG-3' VIC-GGTTGAGGGATGCTGGA-MGB
HIC1 17p13.3 5"-TGTGCGACGTGATCATCGT-3' 5'-CACCACCAGGGACTTGAGGTAG-3’ FAM-AAGAGGGCGTTCTGCA-MGB
AKT3 1q44 5'-CTGGACATCACCAGTCCTAGCTC-3' 5"-ACCCTTGGCTGGTCTGGG-3' VIC-ATAGCAGGGGCACCTT-MGB
MIB2 1p36.33 5"-CACCAAGCACCACTCCTTCTG-3' 5'-CAGCCGCTTCACTGTGTCAA-3’ FAM-CCGGGTCATCGGCGA-MGB

Table 1-7 The DRT targets for the series of 7 existing DRTs, including sequences for the
primers and probes (target from region of gain shaded).

Gain Gene information Loss Gene information
Regulates the MAP kinase signalling
- - L Tumour suppressor known to be frequently altered
BRAF pathway involved in cell division and PTEN umour supp . W quently
. - in melanoma.
differentiation.
Transcription factor binding to RAS Transcriptional protein involved in controlling
RREB1 responsive elements. Locus gained in MYB proliferation. Locus a region of DNA loss in
melanoma. melanoma.
Endoplastic reticulum membrane receptor.
Downstream target of the tumour suppressor p53
SSR1 Close to the RREB1 locus on chromosome PERP & PP P
6 and close to the MYB locus on chromosome 6.
Influences cell motility and is in a region of TUMOUF sUbDressor gene in region of common DCN
ASAP chromosome 8 known to be amplified in LZST1 PP & &
loss for several tumours.
melanoma.
Part of the cyclin family involved in . . . .
S . Lipoprotein receptor. Located in a region of DNA
CCND1 inhibition of tumour suppressor protein LDLRad3 'pop : P . I gl
loss in melanoma.
and regulates cell cycle.
T-box transcription factor, located in Tumour suppressor gene frequently deleted in a
TBX2 . S HIC1 A .
common region of DNA gain in melanoma. range of cancers including melanoma.
Promotes cell growth, survival and L. . . . .
h - ! = Within genomic region known to contain a putative
AKT3 angiogenesis. Deregulated activity MIB2 & & P
tumour suppressor gene.
promotes melanoma.

Table 1-8 Genetic relevance of the targeted loci used for the 7 existing DRTs.
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DRTs and PRTs benefit from being relatively simple and cheap. A further advantage is
that each sample can be tested with multiple assays, meaning that a wide array of
DNA loci can be tested, providing a good sample of the relevant genomic alterations in
melanoma. In comparison FISH assays are limited to assessing 4 loci. Array CGH is the
gold standard, giving genome wide DCN analysis, but is expensive and requires

specialist equipment.

1.4.2 Centromeric Repeats in Chromosomal Instability

Centromeric alphoid repeat sequences are non-coding sequences of DNA found in the
centromere of each chromosome. The alphoid repeats typically consist of several
monomers which show variable homology, with the full sequence then repeated
across the centromeric region (107). For most of the chromosomes the described
sequences are specific and can therefore be targeted to identify individual
chromosomes (108), though there are chromosomes, such as Ch13, which share the

alphoid repeat with other chromosomes (in this case Ch21 and Ch22) (107).

DRT and PRT assays utilise changes in single copy amplicons. This can be a problem if
there is limited DNA which is of poor quality, as is frequently the case in DNA
extracted from FFPE tissue. Centromeric repeats have the advantage that each one
exists as multiple copies and should be easier to detect. The targeting of centromeric
repeats therefore represents a possible alternative (or addition) to single copy target
DRTs. If DRTs targeting centromeric sequences (cDRTs) could be successfully
developed to target one frequently gained and one frequently lost chromosome, in

which chromosome specific repeats are found, these assays could be used to detect
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whole chromosomal genomic instability, potentially operating more successfully than

conventional DRTs in cases where the quantity of DNA is lower.

1.5 Translation of Melanoma Biomarkers into Clinical Practice

In order to establish the steps which need to be taken for development of a biomarker
in melanoma, we must consider how a biomarker makes its journey from initial
discovery to translation into clinical practice and the factors which affect marker
development (109). As with drug development, a biomarker must go through a series
of study ‘phases’, each of which are defined by key research questions, in order to be
established as a rigorous and well-tested marker. Careful study design is crucial to
eliminate bias and also to reduce the possibility of chance findings. Markers must also
be tested on a cohort of cases which are representative of the wider population, to
ensure that the results of the study are applicable to routine clinical practice (the
biomarker’s ‘generalisability’). In an attempt to standardise and improve the way
biomarker studies are reported, structured guidelines for biomarker reporting have

now been published.

1.5.1 Phases

In contrast to drug development where the phases of clinical trials are well
established, in biomarker research the phases are still in proposal. One model for the
phases of biomarker development has been described by Sackett (110). This sets out 4
phases : Phase | establishes that a marker differs between cases and controls (e.g.
poor outcome melanomas versus good outcome melanomas). This is often described

as the ‘discovery phase’ and is concerned with identifying scientifically validated
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targets. Phase Il determines the predictive power of the marker, by testing whether
patients with a given result are more likely to have a certain disease or clinical
outcome. These early phase studies are typically performed on unequivocal cases.
Phase Il studies examine whether a test distinguishes those with a disease from those
without, in a group in whom the disease is suspected or the outcome is unknown.
This is commonly the first instance in which a test is performed in a group of equivocal
cases that are akin to those that would be tested in a real clinical setting and typically
the sensitivity and specificity is less than that seen in the Phase | and Il studies. Phase
IV studies determine whether patients who undergo this test fare better in the long
term than those who do not. This phase is carried out as a randomised controlled trial
in which those suspected to have the disease are randomly assigned either to have the
biomarker assay or not. A comparison of these two groups is used to determine
whether the results of the biomarker test affect subsequent management and
ultimately patient outcome. As later phase studies last for several years, the complete
process of biomarker translation is likely to take 10 years or more from the point of
initial discovery. No molecular tissue biomarkers that inform melanoma prognosis

have, as yet, ascended this evidence ladder.

A different 5 stage model has been proposed by Pepe (111),and has been advocated
by the National Cancer Institute (NCI) Early Detection Research Network. This is a
more complex series of ‘research questions’ and subquestions. For both proposed
models however the ‘phases’ of biomarker development are defined by the research
guestions rather than by study design. Individual markers ascend the evidence ladder

by setting and answering each of the ‘research questions’. Regardless of which
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biomarker development model eventually becomes recognised as the standard,
biomarkers must progress from ‘early phase’ trials, which involve cohorts of
retrospective cases, onto prospective biomarker studies and finally onto randomised

controlled trials which determine the impact upon clinical outcome.

1.5.2 Guidelines

Published biomarker studies vary widely in how they are reported, with differing
degrees of detail provided regarding the cases used and how the results have been
achieved. Following a recommendation from the NCI and The European Organisation
for Research and Treatment, the REMARK guidelines have been established as a
standard structure for the reporting of prognostic biomarker studies (112). Using the
guidelines as a template for reporting biomarker studies can help to ensure that
research is published with sufficient relevant information to allow for the quality and

generalisability of the results to be confidently assessed by other research groups.

1.5.3 Study Design

It is important to realise that whilst the ‘phases’ of biomarker research outline the
research questions and that ‘guidelines’ for prognostic biomarker research indicate
how results should be reported, neither phases nor guidelines are directly concerned
with study design. The real complexity of biomarker research lies in the nuances of

study design.

Suitable study design is the most important factor in safeguarding the validity of a
biomarker study’s outcomes. The main threats to validity relate to chance findings,

bias, confounding and the ability to generalise the results. These threats are controlled
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by ensuring the use of appropriate samples; specifying the best biomarkers; using an
assay that is accurate, reliable and cost-effective; by incorporating the results of the
biomarker assay into the best algorithm, pattern or statistical model; by determining
the best parameters of the algorithm, pattern or statistical model; and by specifying

the best cut-off for assigning a patient to good versus poor prognosis category.

The effect of bias is a major problem in biomarker studies (109). Potential sources of
bias in biomarker studies include specimen selection and the absence of blinding to
outcome (for example, a researcher scoring an immunohistochemistry stain whilst
being aware of clinical follow-up data). The use of tissue microarrays, used in many of
the IHC biomarker studies, where only a small core of tumour is tested rather than full

histological sections is another potential source of bias.

A common problem in discovery-driven ‘omics’ research, where vast numbers of
molecules are screened at once for prognostic significance, is the potential for chance
discovery of spurious associations. This occurs as a result of sampling variation and the
use of inappropriate p-value cut offs. For example, in a study in which 25,000 targets
are screened on a series of cases and controls, if 0.05 is the p-value cut off used to test
whether each target shows a differential result between cases and controls, this will to
lead to around 500 discoveries, of which only a small proportion are likely to represent
‘true’ biological markers which differentiate between cases and controls in the wider
population. The true markers will therefore be swamped by the large number of false
markers which are simultaneously ‘discovered’. This problem can lead to ‘overfitting’
which occurs when cases are classified based on spurious chance associations. This

problem is most acute where expression array data is used for class prediction analysis
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and especially in studies where the cases used to define the classes are also included
in the series on which the prediction analysis is tested. Statistical methods exist which
can be applied to the data to reduce false discovery rate although Dupuy et al have
reported the high rate of basic statistical flaws evident in published microarray studies

and the potential therefore for false biomarker discovery (113).

A design for prospective (Phase Ill) biomarker studies has been described by Pepe et al
as a ‘prospective specimen collection, retrospective-blinded-evaluation’ (PRoBE) study
(114). This involves prospective collection of cases and controls from the same cohort.
A true cohort comprises a chronological series of cases which meet certain inclusion
and exclusion criteria and the use of a cohort is helpful to eliminate bias between the
two groups and to ensure that the sample resembles the wider population as far as is
possible. The study then involves the collection of follow-up data (e.g. regarding
metastasis and survival), with blinded testing of the samples after they have been
collected to identify whether the biomarker results correlate to the known outcome.
Ideally, a similar method would be adapted to all biomarker studies since

‘opportunity’ samples do not reflect the target population well.

To ensure that a test is generalisable, it must be ensured that the population used to
develop the test is representative of the population encountered in clinical practice. A
biomarker may not be generalisable if the cases used to discover and validate a
marker are not a true representation of the cross section of cases which are
encountered in clinical practice. This is another factor which is influenced by study

design.
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For translation into clinical practice, biomarker assays need to demonstrate their
reproducibility, specifically to determine whether the same results can be gained
when the test is repeated on the same samples at different times by different
operators. Assay reliability should increase with a standardised methodology and
automated procedures. Finally, the cost of the technology needed for the assay to be
performed must be affordable and the expertise required to process and interpret the

assays must be easily available to diagnostic laboratories (115).

1.6 Aims and Objectives

As outlined earlier in the chapter, melanoma is frequently deadly and has a
dramatically increasing incidence. One of the major challenges in melanoma pathology
is distinguishing melanoma from benign naevi in a subset of histologically challenging
lesions. Aside from the clinical details of the patient, prognostication of primary
melanoma is based entirely on histological features seen on light microscopy and
improving prognostication using molecular methods is another challenge in the

development of melanoma management.

The hypothesis for this project was:

DCN variations in melanoma can be characterised using real-time PCR assays and

these can be developed into clinically useful biomarkers.

The aims of this project were:

1. To develop new DRT assays targeting chromosomal centromeres, in order to

assess whole chromosomal copy number changes in FFPE samples.
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2. To determine whether the previously developed DRT assays (detailed in
section 1.4.1) targeting specific genes can be shown to demonstrate reliability

and reproducibility.

3. To determine whether previously developed DRT assays targeting specific
genes show discrimination between different types of melanocytic lesions
and therefore whether they have potential as either prognostic or diagnostic

markers.

4. To further test the diagnostic and prognostic capability of these assays by

testing true cohorts of melanoma and naevi with the DRTSs.

The corresponding objectives for the research aims were as follows:

1. DRT assays targeting chromosomal centromeres

i.  Selection of suitable chromosomal centromeric repeat regions for the targeting
of cDRTs to demonstrate whole chromosomal copy number alteration in

melanoma.

ii. Testing centromeric repeat DRT specificity and suitability using hybridoma cell

line DNA.

2. Reliability and reproducibility of previously developed DRTs targeting specific

genes

i.  Testing DRT accuracy and reproducibility using samples with known copy

numbers, matched samples and repeat experiments.

ii. Determining the optimal method for DNA extraction from FFPE tissues.
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Testing of the DRTs against a series of diploid FFPE samples and determining a

normal range of values and calculating correction factors where required.

Discrimination between different types of melanocytic lesions in a small series

of samples (primary series) to show proof of concept that DRTs are clinically

useful.

Comparison of benign naevi and melanoma using DRT assays.

Comparison with DRTs of melanomas with differing clinical outcomes to

determine whether these assays have prognostic potential

Correlation of DRT results to primary melanomas and the corresponding

metastases for these lesions.

Testing true cohorts of melanoma and naevi

To further test any diagnostic or prognostic capabilities of the DRT assays in a

larger cohort representative of incident melanoma cases.

To develop a model for prognosis or diagnosis.
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2. Methods

2.1 Clinical case selection

Cases of tonsil, benign skin, benign lymph node, naevus and primary and metastatic
melanoma were identified from the histopathology diagnostic archive of the
Histopathology Department of the University of Leicester Hospitals NHS Trust by
searches conducted using the systematized nomenclature of medicine clinical terms
(SNOMED) coding system, a system used to code all diagnostic specimens. A tissue (T)
code is given to each specimen to denote the tissue of origin and a morphology (M)
code given to define the pathological appearance (e.g. T = SKIN, M = MELANOMA).
Searches can be made using the electronic archive of reports for specific codes over

specific periods of time.

Where cases were identified from SNOMED code searches, the histopathology report
was then accessed using the histopathology electronic archive, to identify those cases
which were suitable for inclusion (based on the report). The original Haematoxylin and
Eosin (H&E) stained histology was then reviewed by a histopathologist (GS or DM) to
ensure that the lesion was of sufficient size for DNA extraction and to check that none
of the remaining exclusion criteria were met (see tables 2-1 and 2-2). The cases which
were selected on the basis of the original H&E section were then retrieved from the
tissue block store of the Histopathology Department of the University of Leicester
Hospitals NHS Trust (or the Human Tissue Authority Licenced storage area of the
University Department, if the cases had been used in other research projects). The

tissue blocks were then checked by a histotechnician (LP) to ensure that there was
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sufficient tissue block thickness to cut the necessary sections for DNA extraction

without cutting the archived material to extinction.

2.1.1 Reference range samples

In order to develop a robust normal range of results for the assays we proposed to
test in benign tissue, a reference range of benign diploid tissue samples was
developed. The aim was to select a series of samples with a wide range of DNA
concentrations and quality, comprising 108 cases that included skin wide local excision
(WLE) samples (n=26), reactive lymph nodes (n=23) and benign tonsil samples (n = 53),
all of which were identified and selected using the clinical case selection methods
detailed in 2.1. None of the 26 skin samples from wide local excisions for melanoma
nor the 23 lymph nodes from lymph node dissections for melanoma contained
melanoma. The only exclusion criteria for the benign lymph node and benign wide
local excision skin sample cases were the presence of malignant cells in the section, a
tissue section of less than 25mm?and insufficient block thickness for sections to be cut
without the destruction of all remaining tissue. The samples selected were from cases

received between 2005 and 2010.

An independent series of reactive tonsil specimens was selected to facilitate one
series of experiments, in which matched fresh frozen and FFPE tissue from the same

specimen was required for comparison. These cases were all taken from 2008.

DNA was extracted from a further 20 FFPE tonsil samples from the same archive which

consisted of 10 specimens from male patients and 10 from female patients. These
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samples were used to test the X/18 cDRT assay. These cases were also taken from

2008.

Finally, 10 separate tonsil samples were selected to act as plate controls for the DRT
assays, also from the 2008 diagnostic archive. The results generated for these cases
were used to normalise each PCR run. A full description of how this was calculated can

be found in 2.8.4.

2.1.2 Primary series

An opportunity sample of 40 primary melanomas, 20 melanoma metastases and 20
benign common naevi were selected for use as a primary series of cases to identify
whether DRT assays detected DCN differences between the different classes of
lesions. These cases all originated from the diagnostic archive of the Histopathology
Department of the University of Leicester Hospitals NHS Trust. A series of inclusion
and exclusion criteria were established for both the naevi (see table 2-1) and
melanomas (see table 2-2). The melanomas were selected to include 20 primary
melanomas with more than 5 years disease free survival (DFS), henceforth referred to
as Primary minus Metastasis or ‘P-M’, and 20 primary melanomas with histological
evidence of metastasis, referred to as Primary plus Metastasis or ‘P+M’. The 20
metastases were matched to the 20 P+M cases, such that each metastasis was derived

from one of the P+M primary melanomas.
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Inclusion

Exclusion

e Common naevus - compound or
intradermal

Equivocal diagnosis

Junctional naevus

e Sufficient DNA for use in the
required number of PCR reactions

Dysplastic (Clark's) naevus

Special type of naevus (e.g. Spitz, Blue,
Congenital)

Sectional area < 25mm?

Tissue block too thin

Naevus less than 5% sectional area

Table 2-1 Inclusion and exclusion criteria for naevi in the primary series.

Inclusion

Exclusion

® Breslow 2.0 mm or greater

Equivocal diagnosis

e Primary melanoma

Tissue block too thin

e Sufficient DNA for use in the

required number of PCR reactions

Melanoma less than 5% sectional area

Sectional area < 25mm?

Table 2-2 Inclusion and exclusion criteria for melanoma in the primary series.

In order to define whether the assays are able to differentiate between a benign and

malignant melanocytic lesion, they must be first shown to differentiate between

unambiguous melanoma and naevi. For that reason, ambiguous melanocytic lesions

and the problematic naevi types which give rise to most misdiagnosed and

diagnostically challenging melanocytic lesions were excluded.

Previous work completed by other students in the laboratory indicated that DNA yield

was much more likely to be adequate if the tissue sectional area was greater than
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25mm?’ and (for melanomas) the lesions was greater than 5% of the sectional area
(personal communication - not published). All melanomas selected were at least 2mm
in Breslow depth. This criterion was set as melanoma thinner than 2mm are difficult to

accurately micro-dissect (see 2.3.2).

This was an opportunity sample with no attempt made to ‘match’ the P-Ms and P+Ms
for disease stage or any other clinical parameters, such as age or gender, and
consisted of cases from the diagnostic archive which had already been used in other
studies within the laboratory and were therefore easily accessible. For all 20 of the
metastasising primary melanomas, the metastatic tissue was also retrieved from the
diagnostic archive, making 4 classes of melanocytic lesions (80 in total): 20 benign
naevi, 20 P-Ms, 20 P+Ms, 20 metastases matched to the P+Ms. All cases were less

than 10 years old at the time of DNA extraction.

2.1.3 Melanoma and naevi cohorts

Following the testing of the primary series with the designed assays, a subsequent
cohort of cases was developed to further compare the application of the assays in
naevi and melanomas. To ensure that the cases selected for use in the subsequent
series represented, as best as possible, the wider population of melanomas (as
discussed in 1.5.3), true cohorts of melanoma and naevi were developed. The same
inclusion and exclusion criteria used in the primary series were also used for the
cohort of naevi (Table 2-1). The melanoma inclusion and exclusion criteria were as for
the primary series (Table 2-2), with the exception that all melanomas greater than
1mm in thickness were included in an attempt to make the cohort as representative as

possible.
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From the 1° of January 2000 onwards, all melanomas and naevi sequentially
diagnosed in University Hospitals Leicester meeting these criteria were included in the
cohort, with the H&E histology reviewed and the paraffin embedded tissue block
inspected in order to establish whether the criteria were met. The cohorts of
melanoma and naevi extended up to the point where over 100 cases were included in
each. All of the cases had been diagnosed more than 7 years before the date of data
retrieval and were up to 11 years old at the time of DNA extraction. Due to the greater
frequency of suitable naevi compared to melanoma, all naevi were cases from 2000,

whereas the melanomas selected were from 2000 to 2003.

In total 111 naevi and 106 melanomas were selected from the diagnostic archive for

use in this cohort.

2.1.4 Clinical information

For melanomas and naevi from both the primary series and the cohorts, clinical
information including the patient’s age, gender and the site of the lesion, were taken
from the original histopathology report. The pathology system was also examined for
each of these patients to identify whether there was any evidence of subsequent
metastasis. This included identifying any whether any histology or cytology samples
had been reported diagnosing metastatic melanoma, examining the clinical details
from all samples sent after the diagnosis of primary melanoma (including
microbiology, haematology and biochemistry) to identify any mention of metastatic
melanoma in the clinical details and searching for mortuary entries to determine
whether the patient had died (although death in itself was not taken as a marker of

metastatic disease).
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The cases for which there was no evidence of metastatic disease were then checked
using UHL NHS Trust’s Computerised Radiology Information System (CRIS). All
radiology reports after the date of diagnosis were examined in order to identify any
indication of metastatic disease. Where melanomas had no evidence of metastasis on
these grounds, they were considered to have 5 years DFS. For the patients to be
classified as having 5 years DFS, it was also necessary that the most recent entry for
the patient required them to still have an address within Leicestershire or Rutland (the
geographical area served by University Hospitals Leicester NHS Trust) and have
pathology or radiology results extending 5 years beyond the date of the primary
melanoma (to indicate that they were still in contact with local healthcare services 5
years from the initial diagnosis). This was to reduce the possibility that the patient
may have died but not been brought to our mortuary, or the possibility that they may
have moved to a different area where they had been treated for metastatic disease in

another NHS Trust.

No cases of melanoma with the first recorded metastasis more than 5 years from

initial diagnosis were included in the P-M versus P+M comparison.

2.1.5 London Dermatopathology Symposium series

Before testing of the primary series got underway, our research group leader (GS) was
invited to contribute to a national meeting (London Dermatopathology Symposium
2011) using the DRT method. One of the sessions of the meeting was devoted to
discussion of diagnosing ambiguous melanocytic lesions. To facilitate this a series of 5
melanocytic lesions which had been originally reported as being of uncertain

malignant potential were collected. Prior to the meeting the lesions underwent review
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of the histology by a panel of dermatopathology experts, DCN analysis using the FISH
assay developed by Gerami et al (63), performed in the laboratory of Dr Daniela Massi,
(University of Florence Medical School), and, thirdly, DRT testing using our assays. No
clinical data regarding the lesions was made available to us and the results of all 3
assessments were presented at the meeting. This was performed before the primary
series and cohort series on a limited timescale meaning that only a limited series of
DRTs were tested with these cases. Although carried out earlier than the other series
this is presented at the end of the results chapter as it represents a clinical application

of the DRTSs.

2.1.6 Ethical approval

This study was part of the research project ‘Chromosomal instability as novel
melanoma diagnostic marker’, which was approved by the Derbyshire Research Ethics
Committee (reference 08/H0401/77) and by the Research and Development office of
the University of Leicester Hospitals NHS Trust (reference: REGPR00105). DM was
listed as a co-investigator on this study with both bodies. The ethical approval allowed
for the use of archived clinical specimens from the diagnostic archive of UHL
histopathology department to be used to develop and test the PCR assays. It also

allowed for DM and GS to access clinical information regarding the specimens used.

2.2 Hybridoma cell line DNA

The centromeric repeat DRTs (cDRTs) were tested against a panel of hybridoma cell
line DNA (Corriel Institute, Camden, New Jersey) (116). Version 2 of the panel was

used. The panel consisted of DNA from cell lines each containing one human
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chromosome and the DNA of a mouse or Chinese hamster. Each of these cell lines is
therefore specific for a human chromosome. The panel consists of 27 samples —one
for each of the 24 different human chromosomes, 2 control samples consisting of
hamster and mouse DNA only and a positive control containing all human
chromosomal DNA. This hybridoma panel was acquired to test the specificity of the

cDRTs for individual chromosomes.

2.3 Sample preparation

2.3.1 H&E staining and microscopy

Once the FFPE tissue blocks had been selected for inclusion as described in 2.1, at
least 6 histological sections were cut from each case using a microtome and placed on
conventional glass slides. All tissue sectioning was performed by LP. Tissue sections
were then stained with Haematoxylin and Eosin (H&E). This was performed by first de-
waxing the sections by immersing them in xylene (Genta Environmental Ltd.). The
tissue sections then underwent rehydration through decreasing concentrations of
industrial methylated spirit (IMS) (Genta Medical) and then running water. Sections
were subsequently submerged in Mayer’s Haematoxylin (Fisher Scientific) and then
placed under running water. Sections were finally submerged in Eosin (BDH
Laboratory Supplies) before being placed under running water. Dehydration was then
performed by placing the sections in increasing concentrations of IMS and finally
xylene, before being mounted with coverslips using a distyrene plasticizer xylene

(DPX) resinous mountant (Sigma-Aldrich Life Sciences).
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H&E sections were examined using light microscopy by GS or DM. In cases of naevi
and primary or metastatic melanoma, the H&E section was used to mark the section
for microdissection using an ultrafine permanent marker (Staedtler). This was done in
order to enrich the subsequent DNA extract for tumour DNA and therefore limit the
contamination with diploid DNA from surrounding non-tumour cells. For the benign
diploid reference range samples the H&E sections were used to confirm that there
were no malignant cells present in the tissue which would contaminate the diploid

DNA and no marking of the section was required.

All photomicroscopy for the project was a performed using an ES00 microscope

(Nikon, Japan) connected to a Progres CF Scan digital camera (Jenoptik, Germany).

2.3.2 DNA extraction and quantification

Histological sections of 5um from the selected cases were de-waxed using xylene and
rehydrated in Industrial Methylated Spirit (IMS), before air drying. The tissue sections
were then manually dissected using a 500ul pipette tip (by DM), using the H&E stained
and marked section as a guide, and placed in 500ul of
Tris(hydroxymethyl)aminomethane - HCI (pH 8.0)- 0.1% Sodium dodecyl sulfate (TRIS-
SDS) solution. 25ul of 10mg/ml proteinase K digestion solution (Roche) was added to
each sample before incubating at 55°C overnight. For the majority of cases in this
project the samples were kept at 55°C for 72 hours with a second dose of proteinase K
at 24 hours and a third at 48 hours (see below for details). Microdissected sections
were stained with H&E (performed by LP) and examined (by DM) in order to ensure
accurate microdissection and minimal contamination with non-tumour tissue (see

figure 2-1).
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Phenol Chloroform DNA extraction was performed following proteinase K digestion by
adding 500ul Phenol/Chloroform/IAA (25:24:1, pH 8.0) (Simga Life Sciences) to the
solution, vortexing the sample and microfuging at 14000 rpm for 3 minutes. The
aqueous phase was then separated and placed in a sterile tube with a 500l pipette
and the process repeated in order to ensure removal of the protein content. The
residual phenol was removed by adding 500ul Chloroform/IAA (24:1) and microfuging
the sample. The resulting aqueous phase was mixed with 10ul 1M Sodium Chloride
and absolute ethanol (both Fisher Scientific) at -20°C. This was stored at -20°C
overnight and then microfuged at 14000 for 15 minutes to form a DNA pellet. The
resulting DNA pellet was washed in 70% ethanol (Fisher Scientific) and was
subsequently dried and re-suspended in 30ul of 1xTE (10mM TRIS-HCI, 1ImM
Ethylenediaminetetraacetic acid [EDTA] pH 8.0), for storage at 4°C. The DNA
concentration in the solution was quantified using the nanodrop ND-1000
spectrophotometer (Thermo Scientific, Wilmington, Delaware). This was all performed

as per the standard methodology used in our laboratory (106).
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2mm

Figure 2-1 Malignant melanoma (above) and a histological section from the same
lesion following manual microdissection (below).

In order to establish the best method for DNA extraction in skin and lymph node
samples, where the DNA yield may be low, an experiment was designed in which
single 4um histological sections of skin samples and lymph node samples were either
digested over 24 hours with 1 dose 25 uL of protein kinase (PK) (method 1), or
digested over 72 hours with 3 doses (method 2). Following this comparison, the 3 day
digestion method was tested using either 5 sections of tissue (method 3) or 1 section
(method 2). Table 2-3 summarises the digestion methods. The samples were then

tested using a cDRT and the mean cycle threshold (CT) value calculated. Mean CT
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values were then compared between the 3 digestion methods using a paired t-test to

determine whether differences between the groups were statistically significant.

Method 4 uM sections used  PK doses Digestion time
1 1 1 24
2 1 3 72
3 5 3 72

Table 2-3 Summary of the three protein digestion methods used.

2.3.3 GAPDH analysis of DNA quality

Variability in the fixation of clinical specimens used can lead to differences in the
quality of extracted DNA and this is not reflected in the quantification of the specimen
using spectrophotometry described in 2.3.2 (117). It is therefore possible to extract
DNA which is present in sufficient quantity to be detected by spectrophotometry but
is degraded by FFPE and storage to the extent that it is not suitable for testing using
QPCR. In order to test DNA quality for each specimen before applying a full panel of
DRT assays, each specimen was tested using QPCR primers for the low copy promoter
region of the gene Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which codes
for an enzyme necessary for glycolysis and has widely been used to test DNA for
QPCR. A set of GAPDH primers previously developed in our laboratory by Dr Karen
Page for GAPDH (GAPDH100) (118) were used along with the SYBR Green probe
(Applied Biosystems, Foster City, California, USA). CT values of over 34 cycles were
taken to indicate poor quality of the DNA and these cases were excluded from the DRT

assays.
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2.4. Selection of regions of interest and specificity testing

2.4.1.Centromeric repeat sequences

Centromeric regions of interest were identified from the array CGH data made publicly
available through the National Center for Biotechnology Information (NCBI) website
(Jonsson, Curtin, Baudis). The selection of chromosomes for cDRT design was made on
the basis of whole chromosomal copy number change. Alphoid repeat sequences
specific to the selected chromosomes were identified through previously published

data (119,120). The sequences for these repeats were available on the NCBI website.

In order to ensure that the regions selected for primer and probe design were specific
for the gene or region of interest, specificity testing was performed. This involved
testing each of the repetitive sections of the alphoid repeat sequences (monomers)
using the NCBI Basic Local Alignment Search Tool (BLAST) against the human
nucleotide database. This gave an indication of how specific each monomer was for
the chromosome of interest. The monomers returned by BLAST as being most specific

were then selected as targets for QPCR.

One of the chromosomes was selected for having frequent whole chromosome gain in
melanoma and the other frequent whole chromosome loss in order to create a ratio

of >1.

2.4.2 Regions of genomic instability in melanoma

The development of the non-centromeric DRTs was completed before this project as
outlined in 1.4.1 and therefore analysis of the regions of instability in melanoma was
performed by previous students (DB, AE, ZM, LD, NH). Their identification of regions of
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frequent genomic instability in melanoma was completed using array CGH data
published by Curtin et al (40), Jonsson et al (102) and Baudis et al (33), made publicly
available via the NCBI. The array CGH plots were processed using the aCGH
MultiExperiment Viewer (MEV) software (121,122) to identify common regions of
somatic copy number alteration. The genomic regions were viewed using the NCBI

Map Viewer (http://www.ncbi.nlm.nih.gov/mapview/) (123) and target genes were

then tested using the NCBI BLAST application as described above. Following NCBI
BLAST testing, the most specific regions from the gene of interest were selected as the

loci for the amplicons.

The first gene in each pair was chosen because it was from a region frequently gained
in melanoma whereas the second was from a region of frequent DNA copy number
loss. Thus, the duplex ratio of DNA should be > 1 in those melanomas carrying a

common pattern of somatic copy number alteration.

2.5 Design of DRTs and cDRTs

The online application Muplex was used to generate PCR primer pairs for the cDRTs
and the DRTs, with amplicon lengths of 70-100 bases pairs, for use in a duplex QPCR
reaction (124). Appropriate probes for the amplicons were then designed using the
online application Primer3 (Howard Hughes Medical Institute, Chevy Chase,

Maryland).

The cDRTs were all designed as part of this project by DM.

All the non-centromeric DRTs used in this project were previously designed by other

students working in the department (DB, AE, ZM, LD, NH), under the supervision of
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JHP. These previously developed DRT assays were designed using the same method

described here. Details of the assay sequences can be found in tables 1-7 and 1-8.

2.6 Testing of DRT reaction kinetics

In order for QPCR reactions to work effectively it must be ensured that the designed
primer and probe sequences have suitable reaction kinetics, by investigating the
secondary structure formation and dimerization that may occur between the 2 pairs
of primers and the 2 probes present in each reaction. Where the free energy of these
dimers or structures is too great, this may prevent the PCR reaction from performing
efficiently and 5 kcal/mol was considered to be the upper limit of acceptable free
energy for a secondary structure or self-dimer in the assays. Reaction kinetics were
predicted using two separate software applications; Primer Express (Applied
Biosystems) and Beacon Designer (Premier Biosoft International, Palo Alto, California,

USA) (http://www.premierbiosoft.com/QPCR/) (125).

These primers were checked (for annealing temperature and secondary structure)
using Primer Express software (Applied Biosystems, Foster City, California) and the
online software application NetPrimer (Premier Biosoft International, Palo Alto,

California).

This was performed by DM for the cDRTs. The analysis had been performed previously
for the non-centromeric DRTs by DB, AE, ZM and LD. Details of an example of reaction

kinetics testing for a cDRT can be found in Appendix 1.
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2.7. Testing of DRTs and quality

The designed primers were produced by Sigma-Aldrich Life Sciences (St Louis,
Missouri, USA) and Tagman probes were produced by Applied Biosystems (Foster City,

California, USA).

Primer sets were synthesised first and underwent testing using SYBR green (Applied
Biosystems) probes. SYBR green binds to double stranded DNA produced in a PCR
reaction and emits green light, but is not sequence specific. SYBR green testing was
performed in order to test the viability of the assays before the corresponding probes
were synthesised. For the cDRTs the primers were tested against the hybridoma cell
line DNA panel to check chromosomal specificity (by DM). For the DRTs, the primers
had been tested prior to this project on FFPE tonsil DNA (by DB, LB, ZM and AE). For
those primer sets which were deemed successful the corresponding probes were then
synthesised. Synthesis was performed in this order largely due to the cost of specific

probes compared to the relatively cheap primer sets.

Further testing of the DRTs was performed by ZM prior to this project. This involved
testing varying concentrations of a fixed tonsil derived DNA sample with the DRTs to
plot standard curves of CT values for the 2 targets versus log (DNA concentration).
These were performed and demonstrated equal efficiency changes with changing DNA
concentration shown by parallel regression lines of the 2 targets for each DRT

(personal correspondence ZM and JHP).
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2.8 Quanitative PCR

As mentioned briefly in section 1.4, QPCR is an advanced form of PCR which allows for
guantification of the product at each cycle of the reaction using a fluorescently
labelled reporter probe. Probes can either be specific to the amplicon, such as the
Tagman (Applied Biosystems) probe, or a non-specific probe, such as SYBR green,
discussed above. The advantage of the Tagman probes is great specificity for a given
target and the ability to differentiate between two products synthesised
simultaneously (as with a DRT), but each Tagman probe must be designed and
synthesised separately, making these probes more costly and time consuming to

produce.

2.8.1 QPCR set up

QPCR was performed on 96 well QPCR plates (Applied Biosystems, Foster City,

California, USA), using 10ng of DNA in each reaction.

For those reactions using SYBR green, 5 pl of SYBR Green (Applied Biosystems, Foster
City, California, USA) master-mix was used in each reaction, along with 0.2ul of 10pM
forward and reverse primers. 10ng of DNA was used each reaction and therefore DNA
samples were diluted to give a concentration of 3.33ng/ul in order to give 10ng of
DNA by adding 3ul of the diluted DNA solution into each reaction. For each reaction

the volume was made up to 10ul with sterile H-0.

DRT reactions which used the Tagman probes were made up with 5ul of Genotyping
Mastermix (Applied Biosystems, Foster City, California, USA), 0.3ul of 20pM forward

and reverse primers and 0.2l of both Tagman probes at 1:20 dilution. Again DNA
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samples were diluted such that 3ul of sample gave 10ng of DNA in each reaction and

all reactions were made up to 10ul with sterile H-0.

QPCR reactions were set up in triplicate on the 96 well plates. A no template control

was run on each 96 well plate.
2.8.2 QPCR reaction

PCR Reactions were run on the Step One Plus QPCR machine (Applied Biosystems,
Foster City, California, USA), with a thermal profiles outlined in table 2-4 for the SYBR

green reporter reactions and the specifically designed Tagman probe reactions.

Tagman Reactions SYBR Green Reactions

50°C for 2:00 95°C for 0:20
N
95° for 10:00 \l/
N
40 Cycles of: 95°C for 0:15 95°C for 0:03
then 60°C for 1:00 then 60°C for 0:30

Table 2-4 Thermal profiles for the DRT reactions using the Tagman and SYBR green
reporters.

2.8.3 QPCR data extraction

The cycle thresholds (CTs) for fluorescence from the reporter probes were set a ARN
value of 0.05 which was selected as a level of fluorescence which is well above the

background fluorescence which is seen before detectable amplification occurs, but
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below the level when the DNA reaction becomes saturated with product. The ARN
value is the fluorescence detected in the reaction normalised to the inert ROX dye

which is present in the mastermix used to make up the reaction.

The standard deviation (SD) was performed on replicates for the ACT score and a
range of values between -0.3 and 0.3 were accepted as precise replicate values, as

previously described for the assessment of DCN variation with QPCR (126).

Amplification Piot Amplification Plot

0.05 0.05

001 0.01

ARn
ARn

0.001 0.001
0.0001 0.0001
0.00001 0.00001

0.000001 0.000001
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Cycle Cycle

Figure 2-2 Amplification plots for the MYB.RREB assay for a naevus (left) and a
melanoma (right). For the naevus plot the rate of amplification as reported by MGB
probe fluorescence (ARN value) is equal at the cycle threshold (CT) of ARN = 0.05,
giving a ACT of around 0. For the melanoma, the RREB1 probe shows gain with a lesser
number of cycles then the MYB probe leading to a ACT of around 1.

2.8.4 Calculation of the DRT score from the raw QPCR data

The ACT score was calculated for each of the reactions using the equation: CT gene 1 —
CT gene 2 = ACT, where gene 1 is the gene of common DNA gain and gene 2 that of

common DNA loss. The mean ACT from the triplicate reactions was used for
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subsequent analysis. A series of 10 benign diploid tonsil DNA samples (as described in
2.1.1) acted as control cases for each of the PCR runs using FFPE samples. From this
series of 10 tonsils a mean tonsil ACT (for all 10 tonsil samples) was calculated.
Normalisation was performed for each specimen by the following equation: ACT -
AACT=

mean tonsil ACT = AACT. Finally a DRT value was calculated using the equation: 2°

DRT.

2.8.5 Testing of melanoma and naevus samples

The validated assays were tested on the London Dermatopathology Symposium series,
the primary series and the cohort series of melanocytic lesions. Each experiment
consisted of a 96-well QPCR plate containing 10 tonsil controls with only one DRT
tested with each experiment. All samples on every plate were tested in triplicate. For
the London Dermatopathology Symposium series the 10 plate controls, an extra 7
tonsil controls, 4 naevi, 4 melanomas and the 5 ambiguous cases were tested
alongside a no template control (NTC) sample, totalling 31 sample and making 93
reactions on the plate due to triplication. The primary series was run with 10 plate
controls, 5 naevi, 5 P-Ms, 5 P+Ms, 5 metastases and an NTC on each plate. The cohort
series experiments were each run with 10 plate controls, 10 melanomas, 10 naevi and
an NTC on each plate, apart from the 11% plate of the cohort which contained 11
naevi, 6 melanomas and 2 Spitzoid tumours alongside the 10 plate controls and the
NTC. The layout of the all the plates was kept standardised for each of the assays in
order to facilitate pre-programmed data extraction tables developed in Microscoft

Excel.
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2.9 BRAF mutation analysis method

BRAF mutation analysis was performed using QPCR primers previously developed in
our laboratory by JHP, based on work by Benlloch et al (127). The PCR primers target
the region of exon 15 in the BRAF gene which contains the point mutation V600E
which is the most common mutation in BRAF seen in melanoma. The primers do not
include the mutation itself however and they will therefore amplify both the wild-type
and mutated sequences. There are 2 minor groove binder (MGB) probes for the
mutated and wild-type sequences. The details of the probes and primers can be found
in table 2-5; the mutation is highlighted in bold on the mutation probe and the

corresponding wild-type nucleotide also in bold.

Nucleotide sequence
BRAF exon 15 forward primer 5’-TCATGAAGACCTCACAGTAAA-3’
BRAF exon 15 forward primer 5’-ATCCAGACAACTGTTCAAACT-3’
BRAF V600E mutation probe FAM-CTACAGAGAAAT-MGB
BRAF wild-type probe VIC-TAGCTACAGTGAAAT-MGB

Table 2-5 Primers and probes used in the BRAF mutation analysis experiments.

The set up method for this reaction was similar to that described in section 2.8.1: DRT
reactions were made up with 5ul of Genotyping Mastermix, 0.6ul of 20pM forward
and reverse primers and 0.2l of both Tagman probes at 1:100 dilution. DNA samples

were diluted such that 3ul of sample gave 10ng of DNA in each reaction and all
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reactions were made up to 10ul with sterile H,0. The experiments were loaded onto
96 well plates and run on the Step One Plus QPCR machine using the Tagman settings

set out in table 2-4.

2.10 Statistical Analysis

2.10.1 Z score analysis

Z scores for the naevi and melanoma were created using the mean and the SD of the
naevi DRT values for all of the assays. This was used to determine which cases fell
outside of the 99% normal range for naevi, with those outside this range being

considered aneuploid for a given DRT assay.

2.10.2 Intraclass Correlation Coefficient

The Intraclass Correlation Coefficient (128) (ICC) was calculated using the SPSS
statistical package Version 18.0.2 (SPSS Inc, Chicago, IL) PASW to assess the agreement
between repeated assays using CT values for each DRT probe. The following
parameters were used: Model= two-way random, type= Absolute agreement,
Confidence Interval= 95%. Paired T-test analysis (two-tailed) was calculated using
GraphPad Prism, version 5.02 to assess the systematic difference in repeated
measures. Unpaired T-test analysis was also performed using GraphPad Prism version

5.02

2.10.3 Bland-Altman analysis

Bland-Altman analysis was performed using GraphPad Prism version 5.02 and was
used to represent mean CT versus difference in CT. This analysis was also used to
determine values for bias and limits of agreement.
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2.10.4 Logistic regression analysis

SPSS statistical package Version 18.0.2 software (SPSS Inc, Chicago, IL) was used to

perform binary logistic regression analysis using the corrected AACT values in order to

determine the discriminatory sensitivity and specificity of the assays and to calculate a

prediction probability value used to plot Receiver Operating Characteristics (ROC)
curves. Malignancy was used as the binary dependent variable for when testing
against naevi and melanoma and the corrected AACT values were entered as
covariates. For testing of P-Ms and P+Ms, subsequent metastasis was used as the
binary dependent variable and again the corrected AACT values were entered as

covariates.

2.10.5 Normality testing

Testing of normalcy of the reference range CT values was performed in GraphPad

Prism version 5.02 using the D’Agostino and Pearson omnibus normality test.
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3. Results

3.1 DRT assays targeting chromosomal centromeres

3.1.1 Targeted centromeric regions

The following chromosomes were selected as candidate targets for the cDRT assays,
owing to the frequency of these chromosomes showing whole chromosomal loss or
gain in melanoma: X, 18, 9, 6, 8 and 10. In order for the DRT to show a ratio > 1,
chromosomes with common copy number gain were paired with those showing

common copy number loss. Three pairings were made (see table 3-1).

Pair Loss Gain
1 X 18
2 9 6
3 10 8

Table 3-1 Chromosome pairings. Three sets of pairs were established for the
development of cDRT assays.

Several primer sets were made for most of the paired chromosomes, apart from
chromosome 8, where only one appropriate amplicon could be generated from the

relevant repeat sequence. The primer sets were first tested with SYBR Green before

specific Tagman probes were synthesised. The primer sets were coded with a letter to

differentiate the sets and for demonstration of their comparisons. Table 3-2 outlines

the primer sets by target chromosome.
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Pair 1 Pair 2 Pair3
X 18 9 6 8 10
Xa 18a 9a 6a 8a 10a
Xb 18b 9b 6b 10b
Xc 18c 9c
9d

Table 3-2 Primer sets designed for the paired cDRT chromosomes.

3.1.2 Testing of centromeric DRT assays with hybridoma cell line DNA

All of the centromeric repeat primers were tested individually against the hybridoma

panel of cell line DNAs.

The mean CT value was taken as the output value for each sample and the various CT

values for each case are presented in tables 3-3, 3-4 and 3-6. For chromosome X,

primer pairs Xa, Xb and Xc all showed a high degree of specificity for that

chromosome. For chromosome 18, 18b showed the greatest degree of specificity for

this chromosome and therefore the set Xb/18b was selected and the appropriate

probes designed.
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Primer pairs for X and 18
X 18
Chromosome Xa Xb Xc 18a 18b 18c
1 35.4 34.3 34.6 31.3 33.0 33.9
2 35.9 32.4 35.1 15.1 32.7 33.9
3 35.0 35.4 35.4 325 33.0 34.7
4 31.2 36.5 34.2 31.3 33.1 32.2
5 34.4 35.2 33.8 26.8 324 33.0
6 34.1 34.6 33.2 30.6 32.2 34.7
7 35.8 34.7 34.2 30.6 325 32.9
8 36.1 29.8 34.8 19.6 32.1 17.2
9 35.8 34.6 33.9 23.5 324 31.4
10 34.0 30.6 32.6 294 325 33.2
11 33.2 22.1 33.1 30.6 31.8 34.0
12 33.2 32.8 33.8 30.9 32.9 34.1
13 34.3 34.7 34.2 22.2 33.1 34.3
14 33.8 33.5 32.3 20.2 32.1 30.6
15 35.3 34.4 33.9 18.0 33.0 33.9
16 33.8 26.1 32.0 24.7 32.0 341
17 34.5 35.6 34.0 29.5 32.7 33.9
18 34.9 36.3 32.2 13.7 14.7 13.9
19 34.4 34.8 34.5 27.1 32.6 35.0
20 32.6 32.3 33.3 15.8 33.1 31.3
21 32.2 27.6 32.1 21.2 31.3 31.6
22 29.7 28.1 32.6 23.6 315 31.3
X 14.7 14.4 14.0 28.8 32.7 33.7
Y 34.9 35.2 34.9 17.8 19.5 19.4
mouse negative 35.0 36.5 32.6 31.0 32.0 34.1
hamster negative 344 35.9 33.1 31.9 29.6 33.8
no template control 37.0 37.5 35.6 33.4 33.0 36.4
positive human control 18.2 14.6 13.5 11.2 ub 13.8

Table 3-3 CT values for each of the primer pairs for chromosomes X and 18 tested
against the full panel of hybridoma cell line DNA samples. The targeted chromosome
is highlighted.

For chromosome 6, primer pairs 6a and 6b both showed a high degree of specificity.

For chromosome 9 however, neither 9a nor 9b showed a high degree of specificity and

therefore alternative primers, which were tested for duplex PCR alongside 6a and 6b
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using the appropriate software and online applications, were synthesised and labelled

9c and 9d.
Primer pairs for 6 and 9
9
Chromosome 9a 9b 9c 9d 6a 6b
1 ubD 36.0 25.7 28.2 323 35.1
2 uD 22.1 24.4 26.4 32.0 35.2
3 ub 32.3 28.1 26.7 25.3 35.2
4 26.5 16.2 13.8 17.5 37.5 34.9
5 ub 30.5 24.4 27.5 30.7 36.4
6 uD 35.2 30.8 29.6 18.0 13.0
7 ub 29.7 24.3 28.7 35.2 34.8
8 36.0 28.0 28.6 27.5 314 33.0
9 22.6 14.2 12.8 12.8 34.0 35.2
10 uD 35.6 27.9 27.0 34.1 33.7
11 ub 31.9 29.8 254 29.3 36.8
12 uD 36.5 23.2 25.8 32.7 34.8
13 39.3 34.7 25.4 28.1 33.1 35.5
14 31.6 20.5 21.0 23.4 29.5 33.2
15 34.3 27.1 13.5 13.4 29.5 37.3
16 uD 25.5 23.2 25.9 32.1 30.3
17 ubD 35.2 27.7 30.0 36.1 33.9
18 38.1 25.5 20.8 22.1 30.6 32.0
19 uD 30.1 25.8 28.4 29.1 35.2
20 31.6 23.5 22.5 26.9 324 35.3
21 36.6 33.0 22.7 27.6 32.3 32.2
22 34.4 20.9 23.2 23.9 29.9 334
X 28.5 31.8 26.2 27.8 34.4 35.7
Y uD 18.9 16.1 19.4 31.7 334
mouse negative ub 24.9 29.7 30.3 37.4 34.7
hamster negative ub 38.0 30.1 31.3 38.6 35.2
no template control ubD 36.5 28.2 31.3 36.3 34.8
positive human control 21.3 13.6 11.9 11.8 16.1 13.7

Table 3-4 CT values for each of the primer pairs for chromosomes 9 and 6 tested
against the full panel of hybridoma cell line DNA samples. The targeted chromosome
is highlighted. UD = undefined where no product was detected with QPCR.
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Regrettably, neither of the new chromosome 9 primers, 9c or 9d, showed greater
specificity for chromosome 9, despite the primers being selected for regions where
the repeat sequence is divergent from similar non-specific repeat sequences according

to published data detailing the repeat regions (129).

The CT values for all of the primer sets 9a to 9d showed chromosomes other than 9
amplified by the primer pairs with CT values between 1 and 4 cycles greater than
those for chromosome 9. The most specific was 9a, although a CT value of 22.6 was a
much higher value than expected from fresh frozen DNA for a repeat sequence. The
second most specific set was 9b which showed a difference of 2 cycles between CT
values for chromosome 9 and chromosome 4. The Tagman probes were therefore
synthesised for the 9b primer pair in an attempt to improve the specificity of the
reaction for chromosome 9. If the repeat region on chromosome 9 (showing apparent
homology with chromosome 4 using the primers and a SYBR green reporter) had a
differing nucleotide sequence in the region binding with the MGB probe, this would
improve specificity for chromosome 9 compared with the SYBR green assay. The result
of testing the hybridoma panel with the MGB probe for primer set 9b was a CT of 14.8
for chromosome 9 and 16.2 for chromosome 4, compared to 14.2 for chromosome 9
and 16.2 for chromosome 4 using the SYBR green reporter, representing no increase
(and indeed a decrease) in specificity with the addition of the MGB probe. Varying
annealing temperatures were programmed into the QPCR machines whist testing the
same samples in an attempt to improve the specificity (table 3-5), but again, varying

the annealing temperature from the usual 60°C did not improve the specificity.
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Ch9 Ch 4 Ch 14 Chy
Temp (°C) | mean CT | meanCT | mean CT | mean CT
60 14.8 16.2 22.0 23.7
62 17.9 19.3 25.3 26.7
64 33.2 35.8 39.5 ubD

Table 3-5 The effect of varying temperatures on QPCR CT values for the highest

amplified chromosomes using the set 9b primers and probe. UD = undefined where no

product was detected with QPCR.
Primers were designed for a chromosome 8 and 10 duplex reaction. Primer set 10b

was found to have the greatest specificity for chromosome 10. The chromosome 8

primer set showed limited specificity. Due to lack of suitable regions within the repeat

sequence for selection of an amplicon, it was not possible to generate further primers

for the Chromosome 8 repeat.
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Primer pairs for 8 and 10
8 10

Chromosome 8a 10a 10b
1 34.6 ub 30.7
2 32.6 uD ub
3 34.3 uD 315
4 30.4 ub 32.2
5 31.7 ub 32.2
6 27.6 ub 31.7
7 23.5 ub 34.0
8 21.1 ub 31.8
9 334 ub 32.3
10 23.4 uD 19.6
11 32.1 uD 30.6
12 25.3 ub 36.5
13 33.8 ub 33.7
14 33.7 ub 33.4
15 34.7 ub 31.9
16 23.4 ub 31.3
17 34.5 ub 31.3
18 37.1 ub 33.2
19 25.6 ub 333
20 34.1 ub 29.4
21 34.8 ub 31.7
22 34.9 ub 30.8
X 26.0 ub 321
Y 34.3 uD 31.3
mouse negative 33.9 ub 32.0
hamster negative 32.9 uD 31.8
no template control 38.5 uD 32.6
positive human control 18.7 ub ub

Table 3-6 CT values for each of the primer pairs for chromosomes 8 and 10 tested
against the full panel of hybridoma cell line DNA samples. The targeted chromosome
is highlighted.

3.1.3 Testing the accuracy and repeatability of the Xb/18b cDRT

The Xb/18b cDRT was applied to DNA extracted from 10 male and 10 female tonsils, to
determine whether the assay could predict the sex (the ACT value should differ by a
factor of 2, or one PCR cycle, between male and female, as females have 2 copies of

the X chromosome).
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Figure 3-1 Male and female FFPE tonsil samples tested using the Xb/18b DRT. This plot
demonstrates the overlapping spread of AACT values for male and female FFPE tonsil
DNA when tested using the Xb/18b DRT. Note all values were normalised to the mean
female ACT. Mean and Standard Error of the Mean (SEM) shown.

This showed a difference between the mean male AACT and the mean female AACT of
0.84, which is close to 1.0 (figure 3-1), though the spread of the results shows a large
degree of overlap, not the clear separation which might be expected. In order to
investigate whether this overlap was due to DNA quality in the FFPE tonsil samples or
variations in repeat copy number between individuals, 5 male and female frozen tonsil
samples were tested (figure 3-2). The assay was also repeated on the same samples on
a different day, showing a high degree of reproducibility for the assay with a AACT

correlation coefficient of 0.99 (figure 3-3).
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Figure 3-2 Male and female fresh frozen tonsil samples tested using the Xb/18b DRT.

This plot demonstrates the clear separation of AACT values for male and female fresh
frozen tonsil DNA when tested using the Xb/18b DRT. Note all values were normalised

to the mean female ACT. Mean and SEM shown.
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Figure 3-3 Reproducibility of the Xb/18b DRT. This plots the AACT values resulting
from repeated testing of the same fresh frozen tonsil DNA when tested on two
consecutive days (correlation co-efficient from all 10 cases = 0.99).
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Testing the assay on frozen tonsil samples shows much clearer separation in this small
cohort, suggesting that the poorer quality of DNA extracted from FFPE tissue does

influence the cDRT accuracy.

To further investigate the accuracy of the assay, the set of ten pairs of matched diploid
samples (skin and lymph node) were tested to identify whether the ACT between the
2 samples from the same patient were comparable. This was tested by calculating the
AACT value between the skin and lymph node samples, with an expected AACT of 0 if
both samples give the same result with the assay. The experiment revealed that for 7
of the 10 sample pairs the AACT value was less than 0.6. For the remaining 3 pairs, the
AACT was between 1.0 and 3.0. The two highest values were also the cases in which
the highest CT value was recorded. These 2 values were both WLE samples and were
also those in which the original extraction gave the lowest yield of DNA. Therefore the
2 results concerned may represent those in which the DNA quality affected the
accuracy of the assay. This further indicates that for the cDRTSs to be useful assays,
good DNA quality from FFPE samples is crucial. This therefore challenges the original
hypothesis that targeting centromeric repeat sequences with cDRT assays would be a
means of testing whole chromosome copy number changes in degraded DNA

extracted from FFPE tissue with greater accuracy than DRTs targeting specific genes.

3.1.4 The value of centromeric DRTs as potential markers in this project

The initial aim of using cDRTs was to develop a range of assays which would identify
chromosomal copy number change with greater sensitivity because they exist as
multiple target sequences. However, when the CT values were compared between the

cDRTs and 2 of the DRTs on the same samples at the same time, CT values were not
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significantly lower for cDRTs than the DRTs. This issue, coupled with the problems in
developing assays which were specific for individual chromosomes, revealed cDRTSs to
be more difficult to develop than DRTs and to appear less accurate in the assessment

of somatic copy number alterations.

This work testing cDRTs combined with the work performed by previous students in
our group testing DRTs suggested that DRTs represented more promising targets than
cDRTs as tissue biomarkers. Due to the limited time for the project, the possibility of
having limited amounts of DNA extracted from clinical specimens and limited funding
for running assays and producing probes, DRTs became the focus for testing clinical

specimens for the remainder of the project. This is discussed in sections 3.2 to 3.4.

3.2 Accuracy, reproducibility, method comparison and the development of

normal ranges for DRTs

3.2.1 Testing DNA accuracy and reproducibility in DRTs

The CT and DRT values for 10 plate control samples which were tested every time an
assay was performed were used to determine assay reproducibility. The CT values for
the plate control samples on the first 2 occasions the DRTs were performed were used
to determine an intraclass correlation co-efficient (ICC) for each DRT. The DRT values
for these samples were used to determine bias, limits of agreement, co-efficient of
variation and a paired t-test result. There were good agreement statistics for all 7 of
the DRTs, with low levels of bias (i.e. low variation between the assay runs) and high
(non-significant) p values on paired t-test comparison, meaning that there was no

systematic bias between assays performed on different days (see table 3-7).
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The difference in CT values for the same target over the 2 occasions was compared to

the mean CT value over both experiments for Bland Altman comparison plots in figure

3-4. (NB the difference in CT is labelled ACT, but in this case is the difference of the

same target CT on 2 occasions and not a comparison of the 2 different targets in a DRT

on the same occasion). These show results clustered close to zero and on linear

regression only one of the Bland-Altman plots (ASAP.LZST1) showed a significant trend

(p=0.043) representing systematic differences between the first and second run.

Limit of T test
Assay Icc Bias %CV
agreement P value
MYB 0.95
-0.00091 -0.21t00.21 8.4% 0.98
RREB1 0.95
BRAF 0.95
-0.0010 -0.27 t0 0.27 10.2% 0.98
PTEN 0.93
SSR1 0.95
-0.0022 -0.22t00.22 8.2% 0.95
PERP 0.96
ASAP 0.95
0.0045 -0.17t0 0.18 7.3% 0.88
LZST1 0.95
TBX2 0.93
-0.0043 -0.31t00.30 12.9% 0.94
HIC1 0.94
LDLRad3 0.96
0.0072 -0.28t0 0.30 11.0% 0.89
CCND1 0.96
AKT3 0.98
0.0053 -0.18t0 0.19 7.7% 0.87
MIB2 0.97

Table 3-7 Statistical analysis of the reproducibility of DRT values for the 7 DRTSs.
Intraclass correlation coefficient, bias, limit of agreement, %CV and t test p value is

detailed for each of the 7 DRTSs.
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Figure 3-4 Bland Altman plots for the 7 DRTs using the control tonsil CT values. Only
one of the plots (ASAP.LZST1) showed a significant trend on linear regression analysis.
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Plots demonstrating the relationship between CT values for the same tonsil control
cases using the same DRTSs assays are shown in figure 3-5 and demonstrate the close

association which is reflected in the statistical analysis of reproducibility (table 3-7).

Both the MYB.RREB1 and SSR1.PERP assays targeted loci on the gained p arm and loci
on lost g arm of the Chromosome 6 isochromosome. The 80 naevi and melanoma DRT
results were correlated for these 2 assays, returning an intraclass correlation co-
efficient of 0.77. This gives a good indication that both assays are detecting the same

changes in chromosome 6 and supports the accuracy of the DRTs.
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Figure 3-5 Correlation between CT results for the tonsil control samples in the first and
second PCR runs, for all 7 of the tested DRTs. These values were used to calculate the

correlation co-efficients quoted in table 3-7.
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3.2.2 DNA extraction methods

As DNA quality appears to be crucial for the use of cDRT assays, 3 DNA extraction
methods were compared (see table 2-3 in the previous chapter). The mean cDRT from
the X/18 assay was used as a surrogate marker of DNA quality. The results in table 3-8
demonstrate that CT values are lower using method 3. Therefore longer digestion and
the use of 5 histological sections rather than 1 for DNA extraction, appears to result in
better quality DNA both for wide local excision specimens and lymph nodes. These

differences are statistically significant (p < 0.05) for all comparisons between different

methods.

Tissue Method cDRT mean CT

method 1 27.23

WLE method 2 25.56

method 3 24.69

method 1 24.35

LN method 2 22.57

method 3 22.34

Table 3-8 Results of comparison for protein digestion methods. Mean Xb/18b cDRT CT
values resulting from the 3 different DNA extraction methods for a series of wide local
excision (WLE) and lymph node (LN) specimens.

3.2.3 Testing DRTs against a series of diploid FFPE samples

The assays were tested against a reference range of 108 formalin fixed paraffin
embedded benign tissue samples, as detailed in section 2.1.1, in order to determine

the normal range of values in diploid tissue for each DRT.

The mean AACT values for the reference range, using each of the 7 DRTs, are

summarised in table 3-9. When the AACT values for the diploid samples were
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compared to the corresponding mean CT values, for 4 of the 7 assays a significant
trend was detected (see figure 3-6). This indicates that the AACT result for these
assays is dependent on the mean CT, which may indicate that the AACT is influenced
by DNA quality, since a high CT for the same starting quantity of DNA reflects poor

amplification. This suggests that as DNA quality changes, there is an unequal change

in

the reaction efficiency between the 2 PCR reactions present in each assay. As mean CT

values may vary between different types of lesions (with smaller lesions such as naevi

with lower DNA yields typically showing higher mean CTs), this represents a potential

source of bias. In an attempt to eliminate any potential bias, for the 4 DRTs where a
significant trend was identified between mean CT and AACT (see figure 3-6), a
correction factor was calculated based upon the equation of the line (see table 3-9).
This correction factor was applied to all AACT values for a given assay when the
diploid, naevi and melanoma samples were tested, producing a ‘corrected AACT’
(cAACT) for these 4 assays and these cAACT values were used to calculate the DRT

score.

In 2 of the 3 DRTs without a significant trend, the mean AACT was close to zero
(<0.05). In those with a significant trend, applying the correction factor to the AACT
values for all of the subsequent samples, producing a ‘corrected AACT’ (cAACT)

returned the mean value close to zero (see table 3-9).
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Assay Mean AACT SD AACT Significant trend Mean corrected  SD corrected

CT vs AACT AACT AACT

MYB.RREB1 0.162 0.285 Yes -0.0197 0.269

BRAF.PTEN 0.220 0.478 Yes <0.0001 0.461
SSR1.PERP 0.183 0.377 No

ASAP.LZST1 0.163 0.263 Yes 0.0004 0.242
TBX2.HIC1 0.040 0.277 No
LDLRad3.CCND1 0.016 0.443 No

AKT3.MIB2 0.177 0.268 Yes 0.0002 0.245

Table 3-9 Correlation of mean CT and AACT values for the 7 DRT assays. Mean AACT,

SD and the result of comparing the CT/AACT relationship are detailed from testing on

the large reference range of DNA extracted from FFPE diploid samples.

Using the D’Agostino and Pearson omnibus normality test on the CT values for the

reference range results, it was determined that of the seven DRTs, four showed a

normal distribution of CT values: BRAF.PTEN, TBX2.HIC1, LDLRad3.CCND1, AKT.MIB2.

For these four assays it can be presumed that the range of results on which any
correction factor was calculated represents a normal range and is not skewed

population. Both the MYB.RREB1 and ASAP.LZST1 assays show a non-Gaussian

distribution of the results used to determine the correction factor.
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The corrected AACT values were calculated from the equation of the trend lines as

detailed for the 4 assays with a significant trend:

MYB.RREB1: corrected AACT = AACT —(0.05696 x CT) + 1.663

BRAF.PTEN: corrected AACT = AACT - (0.07697 x CT) + 2.102

ASAP.LZST1: corrected AACT = AACT —(0.05925 x CT) +1.752

AKT3.MIB2: corrected AACT = AACT —(0.07818 x CT) + 2.186

3.3 Discrimination between different types of melanocytic lesions using the

primary series of melanocytic lesions

3.3.1 Demonstration that DRTs are diagnostically useful — proof of concept on the
primary series

The primary series of cases aimed to identify how the results for these DRT assays
differ between 4 different classes of melanocytic lesions: benign naevi, primary
melanomas without metastasis, primary melanomas with metastasis and melanoma

metastases.

The 20 FFPE naevi samples were taken from 6 males and 14 females, with a mean age
of 37.3 years and an age range from 12 to 67 years. The male to female ratio was 8:12
for the primary melanomas without metastasis (P-Ms) and 10:10 for the primary
melanomas with metastasis (P+Ms). The mean age was 65 for the P-Ms and 69 for the
P+Ms. The mean Breslow depth was 3.9 for the P-Ms and 5.4 for the P+Ms. The mean
time from diagnosis of the primary tumour to the metastasis for the P+Ms was 16

months.
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The results allow us to make 3 comparisons, that of naevi versus primary melanoma,
P+M versus P-M and P+M versus their corresponding metastases, corresponding to
potential value as diagnostic, prognostic and progression biomarkers. The DRT scores
for the 7 assays on the 4 classes of melanocytic lesions are shown in fig 3.7-3.13, with
the scores being corrected in those where a relationship existed between CT and AACT

(MYB.RREB1, BRAF.PTEN, AKT3.MIB2, ASAP.LZST1 (see figure 3.6).
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Figure 3-7 DRT values for the 4 classes of melanocytic lesions with the MYB.RREB1 DRT
assay. This plot demonstrates the clustering of naevi scores around a value of 1. A z-
score was created based on the naevi values and the 99% upper limit for these scores
is indicated. Most of the melanomas of all 3 classes fall outside this limit.
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Figure 3-8 Plot of DRT values for the 4 classes of melanocytic lesions with the
BRAF.PTEN DRT assay.
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Figure 3-9 Plot of DRT values for the 4 classes of melanocytic lesions with the
SSR1.PERP DRT assay.
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ASAP.LZST1 DRT assay.

Figure 3-11 Plot of DRT values for the 4 classes of melanocytic lesions with the
TBX2.HIC1 DRT assay.
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Figure 3-12 Plot of DRT values for the 4 classes of melanocytic lesions with the
LDLRad3.CCND1 DRT assay.
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Figure 3-13 Plot of DRT values for the 4 classes of melanocytic lesions with the

AKT3.MIB2 DRT assay.

89



3.3.2 Naevi versus melanoma comparison

With z-scores created based on the 20 naevi cases as the normal range, only one of
the naevi returned a cAACT value outside of the 99% normal range for one of the
assays (MYB.RREB1). Of the primary melanomas, 38 of the 40 cases were detected
with at least one of the DRTs. Of the 20 metastases, 19 were detected using the same
method. All of the 7 assays detected at least one of the melanomas as being outside of
this normal range (see table 3-10). This represents a sensitivity of 95% and a specificity

of 95%.

A photomicrograph from the naevus which was classified as aneuploid using this
method is shown in figure 3-14. Photomicrographs from the 3 melanomas which were
not classified as aneuploid are shown in figure 3-15. All 3 of the ‘negative melanomas’
show a marked lymphocytic infiltrate which may have caused contamination of the
extracted DNA. Further review of the histology from the ‘positive naevus’ by an
experienced specialist dermatopathologist (GS) demonstrated no atypical features to

call into question the original diagnosis and explain the aberrant result.
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naevi P-Ms P+Ms mets

BRAF.PTEN 0 5 10 14

ASAP.LZST1 0 5 2 2

LDLRad3.CCND1 0 0 1 0

Detected with at least 1 DRT 1/20 19/20 19/20 19/20

Table 3-10 Number of cases from the primary series for which the cAACT value was

detected outside the 99% prediction band for naevi.

Figure 3-14 Photomicrograph (x1 objective lens) of the benign naevus which appeared

aneuploid with the RREB1.MYB DRT assay. On further review, there were no atypical

features identified and this was confirmed as a benign naevus.
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Figure 3-15 From top to bottom, photomicrographs from the P-M, P+M (both x10
objective lens) and metastasis (x20 objective lens) which were negative for aneuploidy

with all DRT assays. Note the lymphocytic infiltrate in all 3 lesions.
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Of the 7 assays, MYB.RREB1 detected the highest number of primary melanoma
samples (30/40) as being outside of the 99% normal range (figure 3-7), followed by
BRAF.PTEN (15/40) (figure 3-8). In combination, these 2 assays detected 36/40
primary melanoma cases using the 99% normal range as the cut-off. The 4 primary
melanomas not detected with this method comprised 2 P-Ms and 2 P+Ms. Of these
four cases, 2 were not detected with any of the other 5 DRTs, one was detected by
two other DRTs (LDLRad3.CCND1 and AKT3.MIB2) and one was excluded from the
MYB.RREB1 analysis due to poor replicate values but was detected by the SSR1.PERP
DRT which also targets adjacent regions within 6p/6q. In fact of the 16 cases which
were detected with the SSR1.PERP assay, this was the only case which was not also
positive for MYB.RREB1 and this was only for the technical reason of poor CT

replication.

The ASAP.LZST1 and the TBX2.HIC1 assay identified 9/40 and 0/40 total melanomas
respectively. The ASAP.LZST1 assay did not however identify any melanomas which

had not also been detected by either the BRAF.PTEN or MYB.RREB1 assay.

Binary logistic regression analysis using the 7 DRT values to compare naevi and

primary melanoma demonstrated 97.5% sensitivity and 95% specificity for identifying

malignancy. A Receiver Operating Characteristics (ROC) curve using predicted
probability values derived from AACT values from all 7 DRT assays in the comparison
between naevi and melanoma is presented in figure 3-16. This shows an area under
the curve (AUC) value of 0.995. Using the 2 most discriminating assays alone

(MYB.RRBE1 and BRAF.PTEN), gave a sensitivity and specificity of 92.5% and 90%
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respectively, and the optimum values quoted above could only be achieved using all 7

assays.

When compared to the results from the diploid reference range, one of the DRTs
(TBX2. HIC1) showed a significant difference in mean DRT between values for the
reference range and the naevi (p<0.0001) with no significant difference in results
between naevi and primary melanoma (figure 3-11). This unexpected finding was

followed up with further work outlined in 3.3.5.
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Figure 3-16 ROC curve demonstrating the specificity and sensitivity of the full panel of
7 DRTs to differentiate between melanoma and naevi. This was determined using
binary logistic regression analysis of the 7 DRT scores on the 20 naevi and 40
melanomas from the primary series of cases. AUC = 0.995
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3.3.3 Comparison of primary melanomas with or without metastasis

There were 20 melanomas with and 20 melanomas without metastasis selected in the

primary series and the demographic data pertaining to these cases is detailed in 3.3.1.

There was no statistically significant difference between the DRT values for the P-Ms
and P+Ms with any of the 7 DRTs on unpaired t-test analysis. Binary logistic regression
analysis using the results of all 7 DRTs on the 40 primary melanomas was performed
to determine the sensitivity and specificity for separation of P+Ms and P-Ms and the
percentage correctly predicted. The same analysis was performed using clinical stage
alone as a predictor of subsequent metastasis and the combination of clinical stage
and DRT values. The results of this analysis are presented in table 3-11. The results
indicate that there may be some, limited, discriminating difference in genetic
instability between P+Ms and P-Ms at the loci targeted. The discrimination between
metastasising and non-metastasising lesions with DRTs is not as successful as the
discrimination between naevi and melanoma on this series. This might be expected, as
the DRT targets were selected from genomic regions of somatic copy number

alteration common to all primary melanomas in general.
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Sensitivity Specificity % correctly
predicted
Clinical stage alone 40% 80% 60%
DRT results alone 70% 65% 70%
Clinical stage and DRT 85% 70% 77.5%
results combined

Table 3-11 Sensitivities and specificities for prediction of subsequent metastasis in 40
melanomas (20 P-Ms and 20 P+Ms) using DRT assay results and clinical stage
separately and combined, with logistic regression analysis.

3.3.4 Correlation between BRAF.PTEN DRT result and BRAF mutation status

The cases of naevi and melanoma for which there was sufficient remaining DNA from
the primary series were subsequently tested for the V60OE BRAF mutation. This was to
investigate whether there was any association between the DRT score for BRAF.PTEN
and the BRAF mutation status. DNA copy number alteration at the BRAF locus has not
yet been described as being associated with BRAF mutation. This revealed that 18/19
naevi, 5/20 P-Ms, 5/17 P+Ms and 4/20 metastases harboured the mutation (see figure

3-17).
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Figure 3-17 Proportion of primary sample cases tested demonstrating the BRAF V600E
mutation on QPCR mutation analysis.

Of the 5 P+Ms which were V600E positive, 3 had a mutation positive matched
metastasis, one had a matched metastasis with wild type genotype and one had no
matched metastasis due to a lack of remaining DNA. The frequency of V600OE BRAF
mutations in this set of naevi was 95%. The rate of mutation in the primary
melanomas was 27%. There was no significant correlation between the mutation
status and DRT score, even when naevi were excluded from this analysis (p=0.86),
though as the DRT result reflects the copy number status of PTEN as well as BRAF, it is
difficult to draw firm conclusions about the relationship between BRAF copy number

status and the V600E mutation from these results.

3.3.5 Comparison between primary melanomas and the corresponding metastasis

There was a significant association between the DRT values for the P+M cases and the
corresponding metastases with all of the DRTs apart from LDLRad3.CCND1 when

correlation co-efficients were calculated (see table 3-12). Further comparison of the
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scores by paired t-test analysis revealed the BRAF.PTEN assay, but no other DRT pair,
showed a significant difference between the set of P+Ms and the matched metastases
(BRAF.PTEN paired t-test p=0.016). A significant correlation co-efficient and a lack of
any significant difference between the 2 groups suggests that regions of somatic copy
number alteration are conserved as primary tumour progresses to metastasis and that
there is not a major increase in the DNA copy number alterations at these loci during

this progression.

DRT Correlation coefficient Correlation coefficient P value
MYB.RREB1 0.663 0.002
BRAF.PTEN 0.520 0.019
SSR1.PERP 0.753 0.0001
ASAP.LZST1 0.532 0.019
TBX2.HIC1 0.675 0.001
LDLRad3.CCND1 -0.137 0.565
AKT3.MIB2 0.654 0.002

Table 3-12 Correlation coefficients and corresponding p values for comparison of DRT
values derived for P+Ms and their corresponding metastases using all 7 DRTs.

3.3.6 Further investigation of the TBX2.HIC1 scores across melanocytic lesions in the

primary series

As demonstrated in figure 3-11, the results for the TBX2.HIC1 assays using the range of
melanocytic lesions suggests that naevi and melanoma may exhibit the same degree
of aneuploidy relative to the TBX2 and HIC1 loci on Chromosome 17. If so this would

represent a copy number change in benign naevi of either gain at the TBX2 locus or
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loss at the HIC1 locus, neither of which have been previously reported. As it has been
described that naevi show very few, highly specific alterations in DCN, it is most likely
that if the results of the TBX2.HIC1 assay were to represent a genuine somatic
alteration in DCN in naevi, this would only be seen at one of the loci. There was no
significant relationship between CT and AACT when TBX2.HIC1 was tested on the
reference range series of diploid cases, indicating that this phenomenon is not likely to
be due to variations in DNA quality (and therefore CT value) between naevi and tonsil

controls.

In order to determine which of the loci targeted was the most likely to represent DCN
change in naevi, a locus was identified (Glucagon) from a region of Ch2 which appears
to be genetically stable in previous CGH studies of melanocytic lesions. On testing of
this locus using the Wellcome Trust Sanger Institute’s CONAN application (130) no
high level amplifications or homozygous deletions were identified on 51 melanoma
cell line profiles. An amplicon was identified in the Glucagon gene which was highly
specific for that region when tested against the human genome using the NCBI BLAST
software and for which it was possible to design primers and probes which did not
cross react with the primers and probes from either the TBX2 or HIC1 assays. This
allowed the scores for melanoma, naevi and plate control tonsils to be tested with 3
different assays: TBX2.HIC1, TBX2.Ch2 and HIC1:Ch2. The objective of making this 3
way comparison was that if DRT scores for one of the assays involving Ch2 were to
show a similar pattern of results to TBX2.HIC in suggesting aneuploidy, whilst the
other Ch2 assay showed naevi with diploid DRT scores, this would indicate which of

TBX2 or HIC1 was the likely candidate for copy number change.
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This 3 way comparison was made using DNA extracted from, firstly, the 20 primary
series naevi compared to 10 plate control tonsils (figure 3-18) and, secondly the first
20 cases of the naevi cohort compared to the 10 plate control tonsils (figure 3-19). The
results demonstrated the same pattern with both sets of cases. In each the HIC1.Ch2
assay showed naevi clustered around 1, albeit with a wider range of values than the
tonsil controls but, crucially, with no significant difference between the values for
naevi and controls on t-test analysis. For both of the assays using TBX2 the naevi

values were significantly different to the control values (see table 3-13).

Assay Primary series cases Cohort series cases
TBX2.HIC1 0.001* <0.0001*

TBX2. Ch2 0.005* 0.0024*

Hicl.Ch2 0.886 0.06

Table 3-13 P values for the t-test comparison between naevi and tonsil DRT scores for
the three assays involving TBX2, HIC1 and Ch2 (* denotes statistical significance). On
both series of cases the assays involving TBX2 show a clearly significant difference.
There was a positive correlation between the results of individual cases with the
TBX2.HIC1 and TBX2.Ch2 assays, with a correlation co-efficient of 0.77 (suggesting
some correlation between those which show greatest evidence of chromosomal

instability with the 2 assays involving TBX2). All of these results suggest that there may

be an increase in the DCN of TBX2 in naevi.
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Figure 3-18 Results of the 3 assays testing the TBX2 HIC1 and Ch2 (Glucagon) loci using
tonsil controls and naevi from the primary series of cases. Note the similar pattern of
naevi scores compared to benign controls between the TBX2.HIC1 and TBX2.Ch2 loci.
The HIC1.Ch2 naevi scores cluster around 1.
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Figure 3-19 Results of the 3 assays testing the TBX2 HIC1 and Ch2 (Glucagon) loci using
tonsil controls and a selection of naevi from the cohort series of naevi. Again, there is
a similar pattern of naevi scores compared to benign controls between the TBX2.HIC1
and TBX2.Ch2 loci. The HIC1.Ch2 naevi scores cluster around 1.

3.4 Testing cohorts of melanoma and naevi

3.4.1 Cohort demographics

In development of the melanoma cohort, 660 melanoma reports were reviewed. 5
cases were excluded as their original reports indicated that they were of ambiguous
histology and therefore not suitable for testing as a series of unambiguous cases. 52
cases were metastases rather than primaries. A further 407 were excluded as the

melanomas were not of sufficient Breslow thickness for inclusion in the study or the
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cases were in situ (non-invasive) melanoma. 34 cases were excluded as there was
insufficient cross-sectional area to meet the inclusion criteria. Finally, 56 cases were
excluded as the relevant tissue blocks were either unavailable or were not of sufficient
thickness for sections to be cut for DNA extraction. This led to a cohort of 106
melanomas from which DNA was extracted. This comprised all suitable melanomas in

the UHL pathology archive from 1° January 2000 to 29th of December 2003.

304 naevi were reviewed in the development of the corresponding naevus cohort. 1
case was excluded as it was a special type naevus listed in the exclusion criteria (table
2-1), though most of the special type of naevi would be excluded by the original
pathology database search. Two cases were excluded as their reports expressed an
equivocal or discursive diagnosis of benign naevus. 189 cases were excluded as there
was insufficient sectional area of tissue or lesion (most of these were tiny lesions). All
cases which had insufficient tissue block thickness were also of insufficient lesion cross
sectional area. The remaining 111 naevi comprised all suitable naevi in the archive

from 1" January 2000 to the 3rd of March 2000.

Of the 111 naevi and 106 melanomas selected for use in the cohort phase of the
study, DNA extracted from 8 of the naevi and 1 of the melanomas did not amplify to
the required CT of 34 using GAPDH primers on two separate occasions. On both
occasions the cases were tested alongside tonsil plate controls which amplified at the
expected CT. These 9 cases were therefore excluded from the study and the final

analysis included 103 naevi and 105 melanomas.

The final 103 naevi in the cohort were taken from 50 males and 53 females, with a

mean age of 33.6 years and from a range of ages 9 to 92.
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The final 105 melanomas in the cohort came from 45 males and 60 females, age range
31 to 94. The mean age was 71.4 years. The mean Breslow depth was 4.3mm. Only 15
of the cases had evidence of metastasis on histology, cytology or radiology according

to the pathology and radiology records of the UHL NHS Trust.

The principal aim of the cohort phase of the study was to test whether the differences
between melanoma and naevi seen on the primary series could be reproduced in a
true cohort of melanoma and naevi. Since the results of the primary series suggested
that DRTs have less prognostic than diagnostic potential, the cohort was designed to

test DRTs as diagnostic biomarkers.

3.4.2 Cohort analysis for melanoma versus naevi

The naevi versus melanoma comparison showed a less obvious separation between
the 2 groups using the panel of DRTs than had been seen on the primary series. In
particular the MYB.RREB1 assay did not discriminate between the majority of cases as
successfully as previously, though there was still a statistically significant separation
between the groups for 5 of the assays on unpaired t-test analysis. The TBX2.HIC1 and
CCND1.LDLRad3 DRTs showed no significant difference between the two groups (p
values of 0.22 and 0.69 respectively). All other p values were < 0.005. The lack of
differentiation between melanoma and naevi on TBX2.HIC1 assay may be expected
given the previous findings discussed in detail in section 3.3.6. In the primary series
only one of 60 malignant melanoma specimens was outside the naevi 99% z-score
range, therefore it is unsurprising that there was no statistically significant difference

between melanoma and naevi in the cohort series of cases with this assay.
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Alongside the cohorts, 2 available Spitzoid melanomas were also included as a small
sample to determine whether these cases would be classified as malignant along with
the conventional melanomas. These were specimens H242 and H51 and their
histological appearances are shown in figure 3-20. Case H51 was originally diagnosed
as being a Spitzoid Tumour of Uncertain Malignant Potential (STUMP) whilst case
H242 was diagnosed as Spitzoid melanoma. Both subsequently metastasised,
confirming their malignant nature. These are the type of cases which are sometimes
histologically challenging to classify as benign or malignant and it is envisaged that the

assay would ultimately be applied to these types of cases.

These lesions are both classified as being within the melanoma group on binary
logistic regressions analysis of the results. The box and whisker plots in figures 21-27
show them having a high DRT value for several of the assays, with one of the cases
showing a value above all the naevi values for ASAP.LZST1 and the other case showing

a value above all the naevi values for AKT3.MIB2.
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Figure 3-20 Photomicrographs of the two Spitzoid lesions tested, (both taken with x1
objective lens). Top image shows specimen H242, bottom image shows specimen H51.
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Figure 3-21 Box and whisker plot for the AKT3.MIB2 assay comparing the cohorts of
naevi and melanoma. The results for the 2 Spitzoid tumours (Sp T) are included as
scatter points.
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Figure 3-22 Box and whisker plot for the ASAP.LZST1 assay comparing the cohorts of
naevi and melanoma. The results for the 2 Spitzoid tumours (Sp T) are included as
scatter points.
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Figure 3-23 Box and whisker plot for the BRAF.PTEN assay comparing the cohorts of
naevi and melanoma. The results for the 2 Spitzoid tumours (Sp T) are included as
scatter points.
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Figure 3-24 Box and whisker plot for the CCND1.LDLRad3 assay comparing the cohorts
of naevi and melanoma. The results for the 2 Spitzoid tumours (Sp T) are included as
scatter points.
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Figure 3-25 Box and whisker plot for the MYB.RREB1 assay comparing the cohorts of
naevi and melanoma. The results for the 2 Spitzoid tumours (Sp T) are included as
scatter points.
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Figure 3-26 Box and whisker plot for the SSR1.PERP assay comparing the cohorts of
naevi and melanoma. The results for the 2 Spitzoid tumours (Sp T) are included as
scatter points.
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Figure 3-27 Box and whisker plot for the TBX2.HIC1 assay comparing the cohorts of
naevi and melanoma. The results for the 2 Spitzoid tumours (Sp T) are included as
scatter points.
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Binary logistic regression analysis using the AACT results of all 7 DRTs to compare the

naevi and melanoma cohorts showed the assays were able to predict lesions as

malignant with a sensitivity of 84% and a specificity of 88%, with 86.0% of cases

correctly predicted as melanoma or naevus. Separation between naevi and melanoma

using predicted probability values developed from all 7 assays is represented in the
ROC curve (Figure 3-28), with an AUC value of 0.923. As described previously, the
TBX2.HIC1 assay showed minimal difference between the naevi and melanoma,
although exclusion of the TBX2.HIC1 results from the logistic regression analysis
resulted in the same sensitivity (84%), but a marginally lower specificity (87%), with

85.5% of cases corrected predicted as melanoma or naevus.
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Figure 3-28 ROC curve demonstrating the specificity and sensitivity of the full panel of
DRTs to differentiate between melanoma and naevi from the large cohort series using
the AACT scores. AUC = 0.923.

When the naevi cohort z-score method of identifying chromosomal instability was
used as in the primary series, with the 99% cut off used to define aneuploidy, the
SSR1.PERP assay was the most discriminating between melanoma and naevi, followed
by the MYB.RREB1 and BRAF.PTEN assays. Details of which cases were returned as
being outside this 99% z-score range can be found in table 3-14. The sensitivity using
this method on the cohort was much lower (67% compared to 95%) than on the
primary series and the proportion of naevi detected was increased (8% compared to

5%), with a specificity of 92%.
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Although the use of the z-score method of classifying aneuploidy was useful in the
primary series, in the cohort study, binary logistic regression showed far greater
sensitivity as a statistical method on the cohort series (84% compared with 67%).
Specificity was marginally improved with the z-score method (88% for binary logistic

regression and 92% for the z-score method).

Naevi Melanomas
MYB.RREB1 1 24
BRAF.PTEN 0 18
SSR1.PERP 1 39
ASAP.LZST1 1 15
TBX2.HIC1 3 4
LDLRad3.CCND1 1 12
AKT3.MIB2 1 10
Detected with at least 1 DRT 8/102 71/105

Table 3-14 Number of cases from the melanoma and naevi cohort studies for which
the cAACT value was detected outside the 99% prediction band for naevi.

3.5 London Dermatopathology Symposium Cases

Due to the limited time and tissue available for this analysis (which was actually
performed prior to the primary and cohort series of cases), a limited series of DRT
assays were applied to DNA extracted from the 5 ambiguous lesions for discussion at
the Symposium. Photomicrographs of the H&E histological sections for each, all taken
with x4 objective lens, are shown in figures 3-29 to 3-33. The cases were tested

alongside the standard series of plate tonsil controls, extra tonsil controls and a small
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number of benign naevi and melanomas. Although the numbers were too small for
meaningful statistical analysis, figure 3-34 below shows all of the 5 cases appearing to
show evidence of aneuploidy with the BRAF.PTEN DRT, more typical of melanoma
than naevi. One of the cases showed a value typical of melanoma with ASAP.LZST1
(case 2) and the results for the MYB.RREB1 assay lay between the naevi and
melanoma values. On the basis of the BRAF.PTEN assay alone, it was suggested that all
5 of the lesions had evidence of aneuploidy typically seen in melanoma rather than
benign naevi. In comparison, only 2 of the cases (case 3 and case 4) were positive
using the FISH assay. Expert review by a panel of experts led to a range of opinions
and floor discussion with no consensus opinion on any of the cases (personal
communication with GS). The lack of consensus between dermatopathology experts
over difficult cases of this nature has been described previously (16-18)(19) and
reiterates the inadequacy of conventional light microscopy for diagnosis in ambiguous
melanocytic lesions. Regrettably, there was no follow-up data for these cases to

indicate how they behaved clinically.
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Figure 3-29 Photomicrograph of case 1 from the London Dermatopathology
Symposium set.

Figure 3-30 Photomicrograph of case 2 from the London Dermatopathology
Symposium set.
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Figure 3-31 Photomicrograph of case 3 from the London Dermatopathology
Symposium set.

Figure 3-32 Photomicrograph of case 4 from the London Dermatopathology

Symposium set.
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Figure 3-33 Photomicrograph of case 5 from the London Dermatopathology
Symposium set.
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Figure 3-34 DRT scores for the 5 cases submitted for the London Dermatopathology

Symposium, using 3 of the DRT assays. The controls, naevi and melanoma were tested

at the same time.
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4. Discussion

Numerous assays have been studied in an attempt to develop an effective molecular
biomarker to, firstly, differentiate between melanoma and naevi for cases of
diagnostic difficulty and, secondly, to aid prognostication. As yet only one diagnostic
FISH assay (63) and no prognostic assays have been translated into clinical practice.
The imbalance between the wide array of ‘discovered’ biomarkers and the lack of any
prospective biomarker validation in this field may simply reflect that discovery and
validation of a biomarker on small existing cohorts or opportunity samples of cases
with follow-up data is a more viable task for research groups than a prospective study
which involves a greater degree of organisation, requires more funding and takes
several years to complete. Nevertheless, this means that despite the large body of
research on the subject, there has been little practical benefit to patients with

melanocytic tumours.

Work performed in our laboratory (carried out by AE and ZM and based upon some
assays developed by LD and DB), comparing results from a small sample of melanoma
and naevi suggests that QPCR may be developed into a useful diagnostic assay in the
form of Duplex Ratio Tests (DRTs) (data presented at NCRI meeting 2011 — see

Appendix 4).

The DRT method benefits from the simplicity of using a standardised technique and
being relatively cheap to run (compared to array technologies or FISH). Before DRTs
can be further validated however, the method needs to show a clear differentiation

between melanoma and naevi on a wider range of samples.
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4.1 Centromeric DRTs

Despite the huge volume of published genomic data regarding DNA sequences and
their identified variations, limited information has been published characterising the
alphoid repetitive sequences found in the centromeric region. The attempt to identify
chromosome specific regions within these repeats described in section 3.1 has
suggested that a great deal of homology exists between repeats on different
chromosomes. This was identified when attempts were made to generate specific
primer sets targeting chromosomes 8 and 9. It appears that chromosome 8 has
homology with chromosome 10 and that chromosome 9 has homology with
chromosome 4, presuming the hybridoma cell lines contain no centromeric cross-
chromosomal contamination (and there is no evidence to suggest that they do). This
makes it difficult to develop assays which show specificity for one chromosomal target
and to use repeat sequences from the chromosomes thought to have the greatest
degree DCN alteration in melanoma. This therefore poses problems for the potential

use of centromeric repeat sequence ‘cDRTs’ in diagnostic or prognostic assays.

Furthermore, the specific repeats on different chromosomes appear to vary widely in
the frequency of their repeats per unit of DNA, from our RT-PCR data, although
varying efficiencies of simultaneously performed PCR reactions may be an explanation
for this variation. Nevertheless, a useful DRT relies upon the paired targets to be
roughly equal in number in normal tissue in order to give a ratio of 1:1 in diploid cases.
If there is a large difference in DCN between the two targets in diploid tissue,
subsequent aneuploidy variations in DCN are less easily detectable than if there is

normally an equal number of both targets in normal tissue.
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Initial results using the X/18 cDRT showed that in a minority of cases gender could not
be predicted by the ACT (where females would be expected to have 2 copies of each
and males one copy of X and two copies of 18). This raised the possibility that alphoid
repeats may vary significantly in copy number between individuals or may harbour
more frequent polymorphisms than was previously thought. Neither of these
explanations are described in the literature however. When frozen tissue rather than
FFPE was used for DNA extraction, gender could be accurately predicted based on the
ACT and the assays showed a high degree of reproducibility. This informs us on two
fronts: firstly, it is unlikely that there is a large degree of alphoid repeat variation or
polymorphisms between individuals and secondly that even for high frequency
sequences, DNA from fresh frozen tissue provides material which provides greater
accuracy for amplifying alphoid repeat sequences. This is in contrast to data which has
been derived from single copy target assays, where testing on DNA derived from FFPE
tissue and fresh frozen tissue has shown Paralogue Ratio Tests (PRTs) and DRTs to be
accurate and precise on both (106) (and see appendix 4). Although DNA degradation
by formalin is well described (131), there is no clear explanation as to why this appears
to represent a greater problem in centromeric DNA, but may be related to the
mechanism by which DNA degradation occurs. In the case of an assay involving
Chromosome X this may be related to the effect of formalin fixation on the inactivated
Barr body in female cells. Although no evidence can be found in the literature to
support this explanation, it is suggested by the wide range of formalin fixed female

AACT values compared to corresponding to the male values (see figure 3-1).
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Analysis of paired samples (high yield tonsil versus low yield skin) from the same
patient indicates that in some cases individuals did have varying ACT values (i.e. AACT
of >0.5 or <-0.5) between their two specimens. This appears to be related to the
average CT value (and is likely to be a reflection of the quality of DNA present). This
suggests that QPCR for alphoid repetitive sequences may be prone to a lack of
specificity when DNA yield is low or poor quality, in much the same manner as QPCR
for single copy sequences. cDRTs may therefore have no advantage over single copy
DRTs for detection of genomic stability in small FFPE specimens other than detecting
whole chromosomal losses and gains, although the experiment testing protein
digestion times and the number of histological sections has shown that greater section
numbers and longer digestion time reduced the CT values. At present, although the
specific 18/X cDRT has been developed as a proof of concept for the cDRT method,
despite repeated redesigning of the assays, neither the 6/9 or the 8/10 cDRT have
been fully developed into assays which specifically compare the ratio of the two

chromosomes.

There appears to be a lack of full chromosome specificity for alphoid repeat assays
and their accuracy seems to be particularly affected by the use of DNA derived from
FFPE tissue. At present this makes these assays unattractive candidates to be part of
an algorithm which attempts to identify clinically useful changes in DCN. There is the
possibility however that these assays as they currently stand may be useful in copy
number evaluation, as we do not fully understand how the ratios produced on the
hybridoma panel translate to the ratios found in the FFPE human DNA. Nevertheless,

within the scope of this project, in which time, research funding and extracted DNA
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samples were limited, it was decided that further testing of QPCR DCN assays should
focus on non-centromeric DRTs for the remainder of the project. There is certainly
potential for cDRTs to be of use as simple tests for whole chromosome copy number
change if they can be optimised on the appropriate starting material and clinically
validated, perhaps as an alternative to karyotyping or as a means of screening for

genomic instability in tumours.

4.2 Analytical validity of DRT assays as potential biomarkers, method

comparison and normal range development

Any biomarker which has the potential for clinical translation must demonstrate
accuracy and reproducibility, as discussed in section 1.5. Accuracy indicates that the
test is identifying a genuine change (in this case, genomic instability) and
reproducibility confirms that the test will give the same (or very similar) results when

applied to the same sample on different occasions.

4.2.1 Accuracy

The accuracy of the assays is firstly supported by the diploid samples showing copy
number ratios clustering around 1:1 and the good agreement between the two DRT

assays targeting 6p.6q across a range of samples.

The accuracy is somewhat further supported by the detection of aneuploidy in the
majority of the melanomas tested and the lack of evidence of aneuploidy in the vast

majority of benign specimens.

It is difficult to further test the accuracy of the assays without employing an additional
method such as FISH or CGH analysis on the same samples. This was outside of the
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remit of this project but would be required for full translation of a melanoma

biomarker and is discussed in the further work section (4.7).

When a series of paralogue ratio tests (PRTs) were developed by our group prior to
this project (see 1.4.1), paralogues from different chromosomes were tested within
one assay. Accuracy of these assays could then be tested using placental tissue with
known DCN variations in chromosomes X (varying gender), 18 and 13 (both common
trisomy chromosomes) (106). As all but one of the DRTs detect 2 targets on the same
chromosome, similar tests for accuracy with this series of DRT assays are not possible.
The one assay targeting loci on different chromosomes is BRAF.PTEN, where the loci
targeted are 7934 and 10qg23.3. Trisomy 7 is very rare and usually exists as a mosaic
and Trisomy 10 is also very rare, only affecting the distal part of chromosome 10, with
a breakpoint located between 22 and g25 (either side of the 10923.3 PTEN locus). A
deletion syndrome does occur affecting chromosome 1p36 which is the locus of MIB2,
tested in the AKT3.MIB2 assay (the 1p36 deletion syndrome, occurring in
approximately 1/10000 live births), although again the breakpoint is variable and can
be either side of the exact MIB2 locus (1p36.33) targeted in the AKT3.MIB2 assay.
There is therefore less opportunity to test the accuracy of the DRT in the same manner

as PRTs through use of placental tissue.

As an alternative, the DRTs were tested, (prior to this project, by AE), using melanoma
cell line DNA, demonstrating that the ACT scores were very close to those which
would be predicted from the Sanger cancer genome project array data for these cell

lines, (data previously presented - see Appendix 4).
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4.2.2 Reproducibility

The reproducibility of the assays is demonstrated by the agreement statistics for the
DRTs which show all of the assays to be broadly reliable on FFPE tissue. All of the
values for calculated bias were similar, with the LDL.Rad3 assay showing a slightly
higher value than the other assays and along with TBX2.HIC1, a somewhat wider limit

of agreement and higher co-efficient of variation than the other assays.

The limits of agreement were widest for the TBX2.HIC1 assay (0.31 to -0.30), which is
just beyond the margins of what is considered acceptable for a new technology used
in clinical diagnosis (0.3 to -0.3) (132). All other assays were within these limits. The
TBX2.HIC assay also revealed unexpected results when applied to the primary series of

melanoma and naevi and the possible technical explanations are expanded in 4.3.3.

The MYB.RREB1 assay showed some of the best agreement statistics of all the DRTs in
the assessment of reproducibility, yet the actual CT values were some of the highest
for any of the DRTs (clustering between 31-34 for tonsil DNA specimens). This
indicates that the mean CT value, which reflects starting DNA and reaction efficiency,
is not the only determinant of reproducible results for DRTs and reaction kinetics may

also be of relevance.

Only one of the Bland Altman plots comparing the difference between CT values on 2
occasions and the mean CT showed a significant trend on linear regression analysis
with a borderline p value of 0.043. This further indicates that for the DRT assays as a
whole there appears to be minimal systematic difference between separate

experiments under the conditions and protocols used in our laboratory.
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4.2.3 Optimisation of DNA extraction methods

Testing of the DNA extraction methods reported in section 3.2.2 show that prolonged
protein digestion and greater volumes of FFPE tissue used as starting material have a
statistically significant impact upon CT values for a given specimen. Prolonged protein
digestion presumably has an impact on CT by breaking down more of the tissue to
allow the DNA to be more readily extracted from the cells present. The results of the
comparison of tissue section numbers indicates that the quantity of FFPE melanoma
tissue used to prepare the DNA tested is a rate-limiting step with these assays.
Although, on the basis of these findings, we used 5 histological sections as the
material for extraction of DNA, the amount of DNA extracted from any tissue section
is dependent on a number of factors such as the thickness of the section, which can be
controlled by microtomy, and several factors which are not controllable when using
retrospective samples. These include the length of fixation of the clinical specimen
before embedding, the cross sectional area of the melanoma, the cellularity of the
melanoma and the degree of DNA degradation during storage of the tissue. When
using specimens which vary in nature it is likely that different specimens have
somewhat differing requirements for protein digestion and DNA extraction. For
instance a WLE specimen typically contains a fibrous scar and may require greater
volumes of proteinase K for digestion of the dense area rich in protein than a small
lymph node. No definite figure can therefore be given as the ideal number of sections
to give optimum DNA quantity, but within the field of molecular testing of FFPE

melanoma tissue, multiple 5 um sections seem to be preferable. This correlates to
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CGH studies on FFPE tissue which have used multiple sections to elute the required

amount of DNA for analysis (41).

4.2.4 The diploid reference range

The series of 108 formalin fixed diploid samples used to develop the DRT score
reference range showed for several of the DRTs there was a significant correlation
between AACT and mean CT value. This indicates that for these assays changes in CT
have an unequal effect on the two paired reactions and suggests that one of the
reactions has lower efficiency at a higher CT than another. This might be expected,
given that each is a separate reaction, although if uncorrected this might lead to a
systematic bias if one class of lesions typically showed a lower yield of good quality
DNA and therefore higher CT values overall. In three of the assays there was no
significant trend, indicating that for these DRTs any systematic difference is
undetectable with over 100 diploid samples. It is possible that small differences may
exist for these assays but that there is insufficient statistical power with 108 diploid

samples to determine this.

If the assays are to be developed into clinically useful biomarkers, normalisation may
also need to be re-examined, in order to ensure that the reference range CT values all
show a Gaussian distribution of CT values before correction factors are calculated,
ensuring that the correction factors are not based on a skewed set of DNA samples.
Application to a wider reference range sample, perhaps representing a diploid sample

cohort rather than an opportunity sample, may be indicated.
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4.3 Potential of DRTs to differentiate between classes of melanocytic tumours

on the primary series of cases.

4.3.1 Differentiation between melanoma and naevi using DRTs on the primary series

Results from the primary series of cases demonstrate that this panel of DRTs can
distinguish unambiguous cases of melanoma from naevi when using DNA extracted
from FFPE tissues, with 97.5% sensitivity and 95% specificity for identifying malignancy

using logistic regression analysis with all 7 DRTs.

The MYB.RREB1 and BRAF.PTEN DRTs showed the greatest separation between
melanoma and naevi and these 2 assays alone returned a sensitivity and specificity of
92.5 and 90% respectively. The MYB.RREB1 targets 2 of the loci also utilised for the
commercially available FISH assay (63) and the efficacy of these loci for testing
melanoma specific copy number aberrations with both FISH and QPCR supports the

accuracy of the DRTs.

One naevus was classified as aneuploid using both the z-score method and binary
logistic regression and this showed no histological features to explain the aberrant
results. The classification of the lesion as melanoma was on the basis of only one of
the DRT assays (MYB.REB1), with the others showing a pattern typical of a diploid
lesion. This raises the possibility of aneuploid contaminant DNA in this sample,
although the classification of other benign naevi as aneuploid in the cohort series
indicates that this is likely to be more than an isolated spurious result. There were two
primary melanoma and one metastasis identified as diploid using the z-score cut offs.

All of these lesions demonstrated a marked lymphocytic infiltrate within the tumour
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on review of the histology, possibly causing contamination. This represents a
disadvantage of this technique compared with FISH where the correct area within the
tumour can be visualised. A possible solution to this problem would be the use of
laser-capture microdissection for these samples, rather than crude pipette-tip
microdissection using a pen-marked slide as a guide, although this would increase the

case by case workload for this method.

The primary series was developed as an opportunity sample of both naevi and
melanomas and there is therefore likely to be selection bias and a lack of
generalisability with this series of cases, highlighting the need for cohort studies to
indicate the likely sensitivity and specificity values which would be found in the wider

population.

Discussion around the comparison of the z-score and binary logistic regression

methods for separating melanoma and naevi can be found in section 4.4.

4.3.2 Differentiation between differing classes of melanoma using DRTs

Comparison of P-Ms and P+Ms using the DRTs was less discriminatory than
comparison of melanoma and naevi, although when combined with clinical stage, the

7 DRT scores correctly separated P-Ms and P+Ms in 77.5% of cases.

It might have been reasonably expected that the naevus versus melanoma comparison
would produce greater separation than P-M versus P+M, since widespread genomic
instability is a feature of malignancy rather than just a marker of metastatic potential
and also because the loci selected as targets for the assays were identified from array

CGH studies of melanomas in general and not specifically those which were
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metastasising primaries. There is no publically available array data comparing P-Ms
with P+Ms and if this data were generated, this may highlight genomic regions in
which there are copy number differences between the 2 groups. There is, however,
array data comparing primary melanoma and metastatic tumours (133). Some of the
loci identified in this study show greater copy number alteration in metastatic
tumours and may identify candidate loci which would be valuable in prognostic DRTs.
As it is not possible to identify when the alterations occurred in the development of
the metastases, and given that metastases frequently show differing clones
developing from the primary tumour (134), it is impossible to know if these loci are of

true prognostic relevance for testing primary tumours.

Although there is a clearer reason why a method targeting genomic instability is
applicable for diagnosis in melanocytic lesions (diploid naevi being compared with
aneuploid melanoma), any clinically translated prognostic marker would impact on far
greater numbers of patients, since the number of melanomas diagnosed far outweighs
ambiguous melanocytic lesions. Indeed the diagnostic FISH assay developed by Bastian
et al has now been tested as a prognostic marker (135) and studies in other solid
tumours have identified that genomic instability is a marker of worse prognosis as

discussed in section 1.2.1. (35).

The good correlation between P+Ms and matched metastasis with most of the DRTs
suggests that the DCN changes are present in the primary tumour at the time of
metastasis and persist as the tumour develops at a distant site. It is not possible to
speculate on this small series of cases whether the correlation between the primary

and metastasis with these assays would be of use in determining whether a new
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malignant lesion from a patient with a history of melanoma represented a separate

primary or a cutaneous metastasis.

The results of the BRAF.PTEN assay showed a significant difference between the
melanomas with and without subsequent metastasis and this difference indicates that
there may be DNA copy number change at one of these loci which occurs within a
tumour clone causing propensity for the clone to metastasise. Similarly the lack of
correlation between the LDLRad3.CCND1 DRT scores for the P+Ms and their
metastases indicates that a copy number change may occur at either or both of these

loci within the metastasising clone before the tumour spreads.

4.3.3 London Dermatopathology Symposium Cases

The London Dermatopathology Symposium Cases were a series of 5 ambiguous
melanocytic lesions, all of which showed evidence of aneuploidy using our method
and for which the overall analysis is limited by the lack of clinical information. They do
however raise two interesting issues which are fundamental to this project. Firstly
they represent the first comparison between the DRT method and the established
FISH assay developed by Gerami et al (63). The comparison showed that the FISH
assay detected aneuploidy in 2 of the 5 cases, compared to all 5 with DRTs. Although a
tiny sample of cases, the results suggests that the DRT method shows either greater
sensitivity for detecting melanoma than the FISH assay, or shows much lower
specificity for melanoma than the FISH assay, or possibly a combination of the two.
One of the advantages of a QPCR method is that a greater number of sites can be
tested for chromosomal instability than with a FISH assay. This is because numerous

different DRTs assays can be tested on the same sample, provided sufficient DNA can
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be extracted from the tissue. In comparison FISH is performed using fluorescent
probes on a tissue section with microscopic analysis and only a limited number of
probes (usually up to a maximum of 4) can be used at one time. This may account for
any improvement in sensitivity seen in comparison. There is counter-argument that an
increased number of targets leads to an increased risk of false positive results and
therefore where several assays are used the development of a robust prediction

model is crucial.

The second interesting issue to arise from this series of ambiguous cases regards the
problem of testing a biomarker on ambiguous lesions. Lesions are classified as
ambiguous on the basis of their histology indicating that dermatopathologists cannot
give a confident diagnosis of either a naevus or a melanoma, as demonstrated by the
panel opinion and floor discussion at the symposium. The only way to identify
whether they were definitely a melanoma or naevus on follow-up is to identify those
lesions which subsequently metastasise (provided there is not a separate primary
melanoma in the same patient). We know however, that only a proportion of excised
melanomas will metastasise and the stage at which they metastasise is somewhat
unpredictable (80,86). Of the ambiguous cases which do not metastasise, some may
still therefore represent melanoma. Testing putative biomarkers on ambiguous lesions
with subsequent metastasis used as the distinguishing feature of malignancy
effectively means that the marker is being tested for its prognostic rather than
diagnostic efficacy. A compromise solution for markers targeting chromosomal

instability may be to test ambiguous lesions which have undergone other DCN analysis
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such as array CGH or FISH to develop a ‘molecular consensus diagnosis’ before

evaluating each of the individual markers in turn.

4.3.4 Interpreting results of the TBX2.HIC1 DRT assay in melanocytic lesions

The TBX2.HIC1 assay raised the unexpected possibility that naevi may show
aneuploidy at this site. This was based on DRT scores in both the melanoma and naevi
which were higher than the controls and suggested aneuploidy. The analysis of AACT
versus CT indicated no significant trend to explain the results might be due to varying
DNA quality. In order to further investigate this a third marker was developed for a
region on chromosome 2 described as showing relative genomic stability in all
melanocytic lesions. Three-way assays using the three loci showed that the change
only occurred in the assays including TBX2 and that the pattern was also seen in an

independent set of naevi.

If this does indicate a true region of genomic instability in benign naevi, this would
represent a novel finding. No amplification has been identified in the Chromosome
17923 region previously in the limited CGH studies involving naevi (39), although it is
possible that any amplification may be highly specific and in a region not probed by
CGH analysis. Using a FISH probe for the TBX2 locus would be the next step in
establishing whether there is true copy number change and a TBX FISH probe has
been identified and kindly made available to our laboratory by Prof Anne Kallioniemi
(Institute of Biomedical Technology, Tampere, Finland). The probe has previously been
used to investigate TBX2 amplification in breast cancer (136). Although there was no

further time within this project to optimise the FISH assay and apply it to benign naevi

132



to answer the question about TBX2 copy number, it hoped that subsequent students

will be able to take on this research and answer this question.

4.3.5 BRAF mutation analysis in primary series

Numerous oncogenic mutations in BRAF have been described, of which the V600E
mutation is the most common and promotes early melanoma development (43). The
BRAF V600E mutation describes a point mutation of T to A at nucleotide 1799,
changing the associated codon from GTG to GAG. Around 50 % of melanomas have
been reported to express BRAF mutations and of these over 90% are the V600E
mutation, giving a V600E mutation rate in the studies reported elsewhere of around
45% (137). BRAF mutations are most commonly found in melanomas arising at sites of

UV exposure (138).

The trend in BRAF.PTEN DRT scores increasing from P-Ms to P+Ms to metastases
indicates that this assay may target a locus in which DNA copy number change is
associated with progression of melanoma. This assay may therefore be suited to
development as a serum marker of circulating tumour DNA in recurrent disease. The
frequency of the V60OE BRAF mutation (27%) in the primary melanomas is lower than
reported elsewhere (137) although as this was an opportunity sample of only 40
primary tumours, the BRAF mutation rate may be influenced by the fact that all
lesions in this primary series were 2mm or more in the thickness, introducing a
selection bias. It is thought that thicker melanomas are more likely to demonstrate a
NRAS mutation and therefore not be dependent on BRAF as a driver mutation (139).
The rate of BRAF mutation detected in the metastases was only 20%. As the

metastases were paired to the P+Ms, any bias involved in selecting the P+Ms would
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also affect the subsequent metastases. In the single metastasis which had a BRAF
mutated primary, but was wild type itself, there is the possibility that a clone has
developed within the tumour which has lost the original driver mutation. This can
occur in tumours which are heterozygous for a driver mutation and then undergo loss
of heterozygosity as the tumour develops. Some of the subsequent clones are then
homozygous for the mutation and others homozygous wild type and if the latter

metastasises, the driver mutation may not be seen.

Although increased somatic copy number alterations have been described in
melanoma with BRAF mutation in comparison to NRAS mutated tumours (140), no
relationship has been described between BRAF mutation status and copy number
alteration at the BRAF locus itself. The small sample of cases tested with the
BRAF.PTEN DRT also shows no relationship between BRAF mutation status and the

DRT score.

The issue of BRAF mutation has therapeutic relevance to melanoma, as in 2011, the
BRAF inhibitor Vemurafenib was approved by the US Food and Drug Administration
(FDA) for the treatment of metastatic melanoma and was approved by the UK’s
National Institute for Clinical Excellence (NICE) in 2012 for the treatment of advanced

melanoma.

The rate of V600OE mutations in the benign naevi was 95%. This is higher than the rate
reported elsewhere which has been anywhere between 39 and 86% (141-145). As
with the melanomas tested, use of an opportunity sample is likely to have led to

selection bias, possibly affecting the BRAF mutation rate.
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4.4 Separation of melanoma and naevi on the cohort study

The cohorts of naevi and melanoma were developed in order to test with greater

certainty whether DRTs were able to differentiate between melanoma and naevi.

As the separation of P-Ms and P+Ms with the DRTs was less impressive than that
between melanoma and naevi on the primary series, the cohort series was designed
to test the diagnostic rather than prognostic capability of the DRTs. Once the
melanoma and naevi cohorts were developed the relevant clinical data was extracted
which identified that the cohort of melanomas included only 15 cases with confirmed
metastasis. As this represents only a small proportion of the total number of
melanomas in the cohort (14%) this was not considered suitable for testing as a
prognostic cohort. Another reason for not using this cohort for prognostic analysis is
that whilst the primary series cases were selected such that presence or absence of
clinically confirmed metastasis was clearly demonstrated, the cohort was a true
inclusive series of all melanomas which met the inclusion and exclusion criteria in a
given period and many of the cases included in the cohort were ambiguous for
metastasis. This includes those cases for which there was no follow-up on pathology
or radiology after diagnosis of the primary melanoma (many of the patients treated
for primary melanoma are subsequently followed up at local district general
hospitals). Also many of the patients may have either died or moved out of the area
with no record of this on the pathology and radiology systems used for clinical

information.

More detailed investigation of the patients’ follow-up would be required to determine

with a reasonable degree of accuracy which cases had developed metastasis. This
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would require, at least, access to the hospital notes system and the General Register
Office which notes all deaths in England and Wales (for those patients who die out of
hospital or move out of the local area). Accessing these sources of information for the

purposes of this study was not covered under the ethics application for this project.

Two methods were used throughout the project to differentiate naevi and melanoma.
Firstly the z-score was created for naevi and the 99% limit of the naevi used as the
limit of a normal diploid sample. This method shows good separation between the
melanoma and naevi on the primary series. Secondly, logistic regression analysis was
performed. This gives greater statistical ‘weight’ to certain assays which seem to be
more discriminatory (such as the score of the MYB.RREB1 assay). Although this shows
very similar sensitivity and specificity values to the z-score method on the primary
series of cases, in the more representative cohort series, the logistical regression
prediction model seems a more robust method of processing the DRT scores to
determine diagnosis as this allows the appropriate weighting of each the 7 values to

be combined to calculate a prediction probability value.

The results from the cohort analysis demonstrated that in combination the method
was able to diagnose melanoma using the results of six of the seven DRT assays
(TBX2.HIC1 excluded) with a sensitivity of 84% and a specificity of 88%. Although not
as impressive as the results seen in the opportunity primary series, this result still
indicates good diagnostic ability of the assays, with values very close to those reported
for the FISH assay developed by Bastian et al (63) when tested on unambiguous cases
of melanoma and naevi by an independent study group (sensitivity 85% and specificity

90%)(64).
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Cohort analysis is less susceptible to selection bias and these results have greater
generalisability to the wider population than an opportunity sample. Despite this
there are inevitable biases which occur, with potential sources of bias in this cohort
series being the exclusion of thin tissue blocks and thin Breslow thickness tumours,

both of which were due to technical limitations described in 2.1.3.

There may be other technical sources of bias from the cohort analysis. Due to large
numbers of samples tested the DNA was extracted in large batches (20-30 cases at a
time) and the DNA was then run as repeated large scale QPCR experiments involving
30 cases. In clinical practice it would be more likely than one or two ambiguous
tumours would be extracted and tested at once. Performing the techniques in batches
was necessary given the large numbers involved and limited time and resources
available, but this does raise the possibility of DNA or reagent degradation occurring
due to the longer periods taken to set up and load large scale experiments, or even an
increased risk of sample contamination given the large number of cases being

processed on the bench simultaneously.

Alongside the cohort analysis an opportunity sample of two Spitzoid tumours which
subsequently metastasised, confirming their malignant nature, was included. Only one
of these was diagnosed as representing melanoma on histopathology. These were
both classified as melanoma using the DRTs and although this is a tiny sample, too
small for statistical testing, it does support the idea that DRTs may be of diagnostic

utility in problematic and genuinely ambiguous lesions.
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4.5 Further Work

The clear differentiation between naevi and melanoma using a panel of DRTs is strong
grounds for extending the cohort of unambiguous cases of naevi and melanoma. This
is the next step of biomarker development (as outlined in 1.5.1) to develop a
prediction algorithm and cut off points for naevi and melanoma. The next step would
be then to test the algorithm on a new series of cases including unambiguous naevi
and melanoma, alongside ambiguous lesions and rare variants of melanoma and
naevi. A prediction algorithm would be developed using logistic regression analysis of
the cohort data. Given that DRTs represent a putative diagnostic melanoma biomarker
it would be of interest to test a series of melanoma and naevi samples with both the
DRTs and the FISH assay developed by Gerami et al (63), to compare these two

methods which both target DCN alteration as a marker of malignancy.

Although these DRTs do show some separation between P-Ms and P+Ms, the panel of
DRT assays show only limited additive value in predicting melanoma behaviour when
analysed alongside the disease stage. It is possible that an alternative panel of DRT
assays could be developed to act as prognostic markers by performing array CGH
studies on matched P-Ms and P+Ms. This may identify patterns of copy number
change which could predict metastasis (no such CGH data sets are currently publicly
available). This would allow for new DRTs to be designed specifically targeting the loci

which differentiate between the two classes of lesions.

Another possibility is that the DRTs could be used as a means of detecting abnormal
DCN profiles in circulating tumour DNA. It has been shown that circulating tumour

DNA can be detected even from tumours of small size and at an early stage of
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development (146). Whilst there is little clinical need for biomarkers to detect primary
tumours in melanoma as a general screening tool as early primary lesions can be
detected by clinical examination, or self-examination (147), detection of metastatic
disease at an early stage may be beneficial to the patient. Metastatic melanoma
commonly spread firstly to the local lymph nodes and early detection of metastatic
spread using a serum progression marker may allow for the removal of the local lymph
node groups. However, a randomised controlled trial to determine whether this
actually improved survival would be required if this route of biomarker development

was taken and early detection of metastasis demonstrated.

Difficulties in testing ambiguous cases with diagnostic biomarkers have already been
discussed in section 4.3.1, although a further limitation is the scarcity of ambiguous
lesions for which there is spare tissue readily available for testing. As the lesions are
uncommon, they must be sourced from different institutions in order to develop sets
large enough for statistical analysis. Furthermore, as the cases are of histopathological
and scientific interest, there is often demand for the limited tissue available for both
for histology slide sets and molecular testing. Typically these lesions are in the region
of 10mm in maximal dimension and again this limits the tissue available for research
without exhausting the diagnostic material. Inclusion of ambiguous cases in a study
set also involves the agreement around their diagnosis as being ‘ambiguous’ by
dermatopathology experts. As noted previously, achieving consensus on these cases

can be difficult (17).

The unexpected results of the TBX2.HIC1 assay in benign naevi have been discussed at

length in section 4.3.4. The continuation of this work using the recently acquired FISH
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probe for TBX2 in benign naevi would be of considerable interest, as a positive result

may provide further insight into the process of naevogenesis.

A possible technical improvement in the design of the assays would be the titration of
primer concentrations within the assays such that the parallel regression lines for two
targets in one assay with varying DNA concentration, described in 2.7, were
overlapping. This would mean that the raw ACT result would be a closer reflection of
the absolute DNA copy number difference of the 2 targets and less reliant upon

normalisation against diploid controls to indicate aneuploidy.

Although the development of effective centromeric DRTs was not achieved as part of
this project, the results of the design phase of experiments raises scientific questions
regarding these repeat sequences. Despite repeat sequences apparently showing
specificity for individual chromosomes on testing of the NCBI genome database, the
assays developed for these sequences show reactivity with several other
chromosomes in practice. This suggests that a limited amount is known about the
homology of centromeric alphoid repeat sequences. As these represent regions of
non-coding DNA it may be argued that this homology is of little clinical relevance, but,
with new molecular biomarkers constantly being developed, this as yet undescribed
homology may influence the development and accuracy of future PCR or FISH assays

which target the centromeres.
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5. Conclusion

DRTs have been demonstrated to be accurate and reliable and show impressive
capability for differentiating between unambiguous cases of melanoma and naevi
using DNA derived from FFPE tissue, with sensitivity and specificity similar to that
reported for the FISH assay developed by Gerami et al (63); currently the only

diagnostic melanoma biomarker to be clinically translated.

Centromeric DRTs do not seem to improve sensitivity when compared to DRTs which
target coding DNA, and suffer from the problem of targeting centromeric regions

which appear to show homology with other chromosomes.

New DRTs are easily developed and may have potential in melanoma prognosis if
further information regarding DNA copy number changes which differentiate between
metastasising and non-metastasising melanomas can be generated. There may also be

applications for DRTs in other tumours for diagnosis or prognosis.
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Appendix

Appendix 1 — Example of free energy testing for primer design of X.18 cDRT

The following tables and dimerisation representations detail the predicted dimers and

hairpins with their free energies for a X.18 cDRT (ID 9410). This information was
collated for several potential assays for X.18 and the most promising primer pairs
were synthesised. The collated information for 10 different potential assays can be

found in a table at the end of appendix 1.

Name: 109410

Description: x

Reaction Conditions:

July 21, 2010

Assay Type: TagMan®

Nucleic Acid Concentration Monovalent Concentration
(nM) 0.25 (mM) 50
Free Mg++ Concentration Total Na+ Concentration
(mM) 5 (mM) 332.84
AAACGGAAGCATTCTCAGAA
Sense Primer:
Length ™m GC% GC Clamp | Cross Dimer Self Hairpin
(bp) ‘o) (AG) Dimer (AG)
(AG)
20 53.3 40 1 -2.4 -1.8 -0.6
AAAGGCATGTTCAGCTCTGT
Anti-sense
Primer:
Length ™m GC% GC Clamp | Cross Dimer Self Hairpin
(bp) ‘o) (AG) Dimer (AG)
(AG)
20 55.7 45 1 -2.4 -3.0 0.0

TaqMan®:

TTCTTTGTGATGATGGAGTTTCA


http://www.premierbiosoft.com/qOligo/Analysis.jsp#Section1
http://www.premierbiosoft.com/qOligo/Analysis.jsp#Section2

Length m GC% GC Clamp | Cross Dimer Self Hairpin
(bp) ‘o) (AG) Dimer (AG)
(AG)
23 55.11 34.78 1 With Sense - -0.9 -0.9
1.8
With Anti-
sense -1.7

Secondary Structures for Sense Primer

Dimer: -

5' AAACGGAAGCATTCTCAGAA 3'
PEET i
3' AAGACTCTTACGAAGGCARA 5'

5' AAACGGAAGCATTCTCAGAA 3
L1 b
3' AAGACTCTTACGAAGGCARAA 5'

-0.6

Hairpin:-

/TCTTACGAAGGCAAA 5'
C Il

\AGAA 3'

-0.6

/GAAGGCAAA 5'

C Il

\ATTCTCAGAA 3'

-0.6

Secondary Structures for Anti-sense Primer

Dimer: -

5' AAAGGCATGTTCAGCTCTGT 3'

NN
3' TGTCTCGACTTGTACGGAAA 5'



http://www.premierbiosoft.com/qOligo/Analysis.jsp#Section3

5' AAAGGCATGTTCAGCTCTGT 3
L1
3' TGTCTCGACTTIGTACGGAAA 5'
-2.3
5' AAAGGCATGTTCAGCTCTGT 3
I I

3' TGTCTCGACTTGTACGGAAA 5
-1.1

Hairpin:-

Not Found

Secondary Structures for Tagman®

Dimer: -

5'" TTCTTTGTGATGATGGAGTTTCA 3'
1] P
3' ACTTTGAGGTAGTAGTGTTTCTT 5'

5' TTCTTTGTGATGATGGAGTTITCA 3'
Ny b b

3' ACTTTGAGGTAGTAGTGTTTCTT 5'

-0.9

Hairpin:-

/GGTAGTAGTGTTTCTT 5'
A [
\GTTTCA 3'

-0.9

/GTAGTAGTGTTTCTT 5'
[ [
\GAGTTTCA 3'

-0.9

Cross Dimer

Cross Dimer between Sense Primer and Anti-sense Primer:-



5' AAACGGAAGCATTCTCAGAA 3'
LI

3' TGTCTCGACTTGTACGGAAA 5'

5' AAACGGAAGCATTCTCAGAA 3'

1] i
3' TGTCTCGACTTGTACGGAAA 5'

5' AAACGGAAGCATTCTCAGAA 3'

L1 1
3' TGTCTCGACTIGTACGGAAA 5'

5' AAACGGAAGCATTCTCAGAA 3'
bl

3' TGTCTCGACTTGTACGGAAA 5'

5' AAACGGAAGCATTCTCAGAA 3'
| | [
3! TGTCfCéAé%%GTACGéAAA 5!
-0.6
5' AAACGGAAGCATTCTCAGAA 3
b bl

3' TGTCTCGACTTGTACGGAAA 5'

-0.5

Cross Dimer between Sense

5' AAACGGAAGCATTCTCAGAA 3
NN b b

3' ACTTTGAGGTAGTAGTGTTTCTT 5'
-1.8
5' AAACGGAAGCATTCTCAGAA 3'
1 ! !
3! ACT%%GAGG%AGTAGT&TT%&%% 57

-1.8

5' AAACGGAAGCATTCTCAGAA 3
bl

Primer and Probe Sequence:-

3' ACTTTGAGGTAGTAGTGTTTCTT 5'

-1.0

5' AAACGGAAGCATTCTCAGAA 3
Pl e

3' ACTTTGAGGTAGTAGTGTTTCTT 5'



-0.9

5' AAACGGAAGCATTCTCAGAA 3'
IR N N

3' ACTTTGAGGTAGTAGTGTTTCTT 5'
-0.9

5' AAACGGAAGCATTCTCAGAA 3'

1]
3' ACTTTGAGGTAGTAGTGTTTCTT 5'

5' AAACGGAAGCATTCTCAGAA 3'
o
3' ACTTTGAGGTAGTAGTGTTTCTT 5'

5' AAACGGAAGCATTCTCAGAA 3'
i 1]
3' ACTTTGAGGTAGTAGTGTTTCTT 5'

5' AAACGGAAGCATTCTCAGAA 3'

L1l
3' ACTTTGAGGTAGTAGTGTTICTT 5'

-0.1

Cross Dimer between Anti-sense Primer and Probe
Sequence: -

5' AAAGGCATGTTCAGCTCTGT 3'

RN
3' ACTTTGAGGTAGTAGTGTTICTT 5'

5' AAAGGCATGTTCAGCTCTGT 3
A
3' ACTTTGAGGTAGTAGTGTTICTT 5'

5' AAAGGCATGTTCAGCTCTGT 3
b FET

3' ACTTTGAGGTAGTAGTGTTTCTT 5'

5' AAAGGCATGITCAGCTCTGT 3'
i RN

3' ACTTTGAGGTAGTAGTGTTTCTT 5'



5' AAAGGCATGTTCAGCTCTGT 3'

3' ACTTTGAGGTAGTAGTGTTTCTT 5'

5' AAAGGCATGTTCAGCTCTGT 3'

3' ACTTTGAGGTAGTAGTGTTTCTT 5'

-0.1

Name: 1D9410

Description: 18

Reaction Conditions:

July 21, 2010

Assay Type: TagMan®

Nucleic Acid Concentration

Monovalent Concentration

(nM) 0.25 (mM) 50
Free Mg++ Concentration Total Na+ Concentration
(mM) 5 (mM) 332.84
GAGCAGTCCTGAAACACTCTT
Sense Primer:
Length Tm GC% GC Clamp | Cross Dimer Self Hairpin
(bp) ‘o) (AG) Dimer (AG)
(AG)
21 56.16 47.62 1 -1.1 -1.1 -1.0
ACCTTAGCCCTGAAAGCG
Anti-sense
Primer:
Length ™m GC% GC Clamp | Cross Dimer Self Hairpin
(bp) ‘o) (AG) Dimer (AG)
(AG)
18 54.36 55.56 3 -1.1 -0.5 -0.5
TCTGGAACTGGACTTTTGGAG
TagMan®:

Vil


http://www.premierbiosoft.com/qOligo/Analysis.jsp#Section1
http://www.premierbiosoft.com/qOligo/Analysis.jsp#Section2

Length m GC% GC Clamp | Cross Dimer Self Hairpin
(bp) ‘o) (AG) Dimer (AG)
(AG)
21 55.76 47.62 1 With Sense - 0.0 0.0
4.3
With Anti-
sense -1.7

Secondary Structures for Sense Primer

Dimer: -

5' GAGCAGTCCTGAAACACTCTT 3'
LT
3' TTCTCACAAAGTCCTGACGAG 5'
-1.1
5' GAGCAGTCCTGAAACACTCTT 3'
L1 b b
3' TTCTCACAAAGTCCTGACGAG 5'
-1.0
5' GAGCAGTCCTGAAACACTCTT 3'
R I O R A R
3' TTCTCACAAAGTCCTGACGAG 5'

-0.8
Hairpin:-
/CCTGACGAG 5'

T | [
\GAAACACTCTT 3'
-1.0
/GTCCTGACGAG 5'
I I I I
\AAACACTCTT 3'

-0.8

Secondary Structures for Anti-sense Primer

Dimer: -

5' ACCTTAGCCCTGAAAGCG 3'
L1 P
3' GCGAAAGTCCCGATTCCA 5'

Vil


http://www.premierbiosoft.com/qOligo/Analysis.jsp#Section3

-0.5

Hairpin:-

/CCGATTCCA 5'
\ [
\CTGAAAGCG 3"

-0.5

Secondary Structures for Tagman®

Dimer: -

Not Found
Hairpin:-

Not Found
Cross Dimer

Cross Dimer between Sense Primer and Anti-sense
Primer: -

5' GAGCAGTCCTGAAACACTCTT 3'
L
3! GCGAAAé%éCCéAT%CCA 5"
-1.1
5' GAGCAGTCCTGAAACACTCTT 3'
i
3" éCéggAGTCCCGATTCCA 5"

-0.5

Cross Dimer between Sense Primer and Probe Sequence:-

5' GAGCAGTCCTGAAACACTCTT 3'
I N N 1
3' GAGGTTTTCAGGTCAAGGICT 5'

-4.3
5' GAGCAGTCCTGAAACACTCTT 3'
N 1
3' GAGGTTTTCAGGTCAAGGICT 5'

-2.5

5' GAGCAGTCCTGAAACACTCTT 3'



3' GAGGTTTTCAGGTCAAGGTICT 5'

5' GAGCAGTCCTGAAACACTCTT 3'
LT
3' GAGGTTTTCAGGTCAAGGTICT 5'

-1.3

5' GAGCAGTCCTGAAACACTCTT 3'

1]
3' GAGGTTTTCAGGTCAAGGTCT 5'

5' GAGCAGTCCTGAAACACTCTT 3"

1]
3' GAGGTTTTCAGGTCAAGGTICT 5'

5' GAGCAGTCCTGAAACACTCTT 3"
i 1] i
3' GAGGTTTTCAGGTCAAGGTCT 5'

5' GAGCAGTCCTGAAACACTCTT 3'
R I O 1
3' GAGGTTTTCAGGTCAAGGICT 5'

-0.1

Cross Dimer between Anti-sense Primer and Probe
Sequence: -

5' ACCTTAGCCCTGAAAGCG 3
o
3' GAGGTTTTCAGGTCAAGGTICT 5'

5' ACCTTAGCCCTGAAAGCG 3
1 Il
3' GAGGTTTTCAGGTCAAGGICT 5'



Xmon 18mon | xforward primer X reverse primer X probe structural problems
9365 8 4 | TCGTATAGGAAGGAACTTCATA CTCCATCATCACAAAGAATATT TAAAAGGCAAACGGAAGCAT dimers at true 3 end of RP
9373 8 5 | CTACGGTCGTATAGGAAGG TGAGTGAAACTCCATCATCA TAAAAGGCAAACGGAAGCAT cross dimers at 3 end of FP
9374 8 6 | GGTCGTATAGGAAGGAACTT AAACTCCATCATCACAAAGAA TAAAAGGCAAACGGAAGCAT hairpin involving 3 end of FP and cross dimers of RP, FP and probe
9376 11 4 | TTGGAAACGGGAATATTT GTGGCTGGAACACAAACA TGGAAACGGGAATATTTCCA FP and probe have hairpins and dimers involving 3 end
9377 11 5 | AAACTGAAACATTCTCAGAAAC AAAGCAATGTTAAACTCTGTG ATGTTTGTGTTCCAGCCACA multiple hairpins at 3
9378 11 6 | CGGGAATATTTCCACAGA TGTGGCTGGAACACAAAC ATGTTTGTGTTCCAGCCACA hairpins involving 3
9392 5 6 | TGCGATGACTGCATTCAA TCCAAAGAAAGAGGGTTTC TGGAGCAGTTTTGAAACCCT hairpin and dimers involving the true RP 3 end
9396 12 6 | TCTTCACAGAAAGACGAGAGA AGTTGAATGCAATCATCACA CGAGAGAGAAGCATTGTCAGAA good - little involving 3 end
9400 6 5 | TTTGTATTCAACTCCCAGAGT AAGAGTGTTTCATAGCTGCTC TTTCCTTTTGAAAGAGCAGCT hairpins at 3 end of RP and FP
9401 6 6 | AACTAAACAGAAGCATTCTCG AACTCTGGGAGTTGAATACAA AAACAGAAGCATTCTCGGAAA cross dimers at true 3 end of RP only
ID Xmon 18mon | 18 forward primer 18 reverse primer 18 probe structural problems
9365 8 4 | CATAGAGCAGGTTTGAATCAC TTTCCAACATAGGCCTGA GCTTTCAGGCCTATGTTGGAAA probe shows 4 dimers at 3 end
9373 8 5 | GAATCTGCAAAGTGGATATTT TATATGTATTCCGTTCCAGC GATTTCGCTGGAACGGAATA forward primer hairpin with bonds at 3 end
9374 8 6 | TTGAACACTCCCTTTCATAG TCCAGTTCCAGATACTACAAA CCCTTTCATAGAGCAGTCCTG dimers at 3 end of probe
9376 11 4 | CTGAGAAACATCTTTGTGATG GGAGTGATTCAAACCTGCT CCCTTTCATAGAGCAGTCCTG hairpin at 3 on the FP
9377 11 5 | AGAGAATTGAACCACCGTT CAAATATCCACTTTGCAGAT CACCGTTTTGAAGGAGCAGT hairpin at 3 on the FP and cross dimer at 3 on the probe
9378 11 6 | TGAACACTCCCTTTCATAGAG AAAGTCCAGTTCCAGATACTAC CACCGTTTTGAAGGAGCAGT dimers close to 3 ends on FP and RP
9392 5 6 | TGCTTTCTGATGTTTGCAT GAGTGTTTCAGGACTGCTCTA CCCTTTCATAGAGCAGTCCTG dimers and hairpins close to 3 on FP at dimers at 3 on probe
9396 12 6 | ATAGAGCAGTCCTGAAACACT CACCTTAGCCCTGAAAGC GACTTTTGGAGCGCTTTCAG FP hairpin at 3, probe dimers at 3
9400 6 5 | TAAGAGAATTGAACCACCG AGCTAGCCAAATATCCACTT CACCGTTTTGAAGGAGCAGT good - little close to 3 ends
9401 6 6 | TCTGAGAAACTGCTTTCTGAT GGACTGCTCTATGAAAGGGA TTGAACCTTTCTTTTGATAGAGCA some dimers close to 3 end, but better
best structures
pairs with the best structures

The results of free energy studies for ten potential DRT assays for the X.18. The ChX primers and probe are detailed at the top, the Ch18 primers and probe at the bottom.

On the basis of these calculations, assays 9365 and 9401 appeared the most attractive and these primers were synthesised.
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Appendix 2 — Documentation pertaining to research funding

O
Pathological Society

Understanding Disease

Dr DA Moore

8 Uplands Road
Qadby
LEICESTER
LEZ 4NS

19" July 2010

Dear Dr Moore,

Pathological Society Small Grants Scheme grant application — 01 April 2010

Grant Reference No: SGS 2010/04/01

| am writing to inform you that the sum of £10 000 has been paid directly into the University of Leicester's bank
account today, Monday 17" July 2010 to fund your project ‘Translating Prognostic Biomarkers in
Melanoma’. The payment has been referenced RM60G0308 as requested.

Itis a condition of the award that you submit a two page written report (approx 300 words) of the work you
undertook within one year of the award. | have attached a document outlining the required layout of your
report. Please ensure that your report is received no later than Friday 15 July 2011.

Enjoy your project and | look forward to hearing from you
Yours sincerely

Hlolwsh,

pp: Dr MJ Arends
Research Sub-Committee Chair

Pathological Society of Great Britain & Ireland Tel: 020 7976 1260  Fax: 020 7930 2981 President: Professor AH Wyllie
2 Carlton House Terrace, London SW1Y 5AF E-mail: admin@pathsoc.org Treasurer: Professor AD Burt
Registered Charity No: 214702 Website: www.pathsoc.org General Secretary: Professor CS Herrington
VAT Registration No: 481 4009 62 Administrator: Mrs RA Pitts Meetings Secretary: Professor 10 Ellis
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Structured Report for the Pathological Society Awards: Small Grant

Award

Grant Reference No: SGS 2010/04/01
Title: Translating Prognostic Biomarkers in Melanoma
Name & Address: Dr David A Moore, 8 Uplands Road, Oadby, Leicester, LE2 4NS

Background:

Melanoma is a form of skin cancer which frequently metastasises at an early stage. At present
the prognosis for a patient diagnosed with primary melanoma is based upon the
histopathological features.* Melanomas with the same histological features behave differently in
different individuals however, making prognostication more difficult.” * Furthermore,
misdiagnosis of melanoma as a benign naevus is one of the most common serious errors made
in histopathology, with huge potential consequences for patients. A small subset of melanocytic
lesions make up the majority of the diagnostically challenging lesions which account for these

misdiagnoses.

It is known that DNA copy number changes occur in melanoma and that these changes vary
between individual tumours.*® If differences in copy number change can be demonstrated
between naevi and melanoma or between melanoma which progress and those which don't,
this could be developed into a diagnostic or prognostic test. A diagnostic test for melanoma has
already been developed using FISH,® though this has shown variable sensitivity when tested on

ambiguous lesions and there are practical drawbacks of this method.

Original Aims (copied from original application):
This study aims identify DNA copy number changes in melanoma which can be translated into

prognostic and diagnostic markers for use on formalin fixed paraffin embedded tissue.

Results:

We have developed a range of real-time PCR assays each of which consist of a duplex PCR
reaction targeting 2 loci in which there is known chromosomal instability in melanoma (one
region of common gain and another of common loss). These assays are referred to as either
paralogue ratio tests (PRTs) or duplex ratio tests (DRTs) depending upon whether or not the

PCR primers for these 2 loci are the same.

The range of real-time PCR assays developed have subsequently been tested against
melanomas and benign tissue, with a certain combination of assays being able to differentiate

between benign tissue and melanoma. They have also been tested against over 100 benign
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tissue samples with varying DNA vyields in a series of experiments consisting of over 1000
assays. The results of these experiments represent a robust reference of the normal range for
these assays in diploid tissue. Although the assays are still in the process of being tested
against a further series of melanomas and naevi, initial results suggest they also differentiate
between histologically unequivocal cases of melanoma and naevi (see figure 1 for an example
of one of the assays) and may show a difference between those melanomas which metastasise
and those which do not.

Conclusions:

The developed DRTs and PRTs are able to differentiate melanoma from benign tissue in the
majority of cases and seem to be able differentiate melanoma form naevi (although our
investigations are still ongoing). It will therefore be extremely interesting to test a series of
ambiguous lesions using these assays to determine if the results of the assays predict the
behaviour of the lesion. There is also the possibility of testing these DRTs against primary

cases with follow-up data, to determine any possible prognostic value they may add.

How Closely Have the Original Aims been Met:

At the time of our grant application, we planned to use array CGH on a series of matched
melanoma cases with differing outcomes to develop targets for our assays. However, the DNA
yield we were typically able to acquire for each melanoma sample was insufficient for array
CGH analysis and while we investigated the possibility of using whole genomic amplification to
increase the DNA yield, it became apparent that due to the noise to signal ratio seen with this
degree of amplification, many of the specific deletions and amplifications we were aiming to
detect would have been lost. For this reason we redefined our strategy and decided to use
publicly available array CGH data to identify regions of copy number gain and loss in

melanomas and used these loci to develop multiple DRTs and PRTs.

The grant from the Pathological Society has allowed us to design and synthesise 13 real-time
PCR assays from which we have been able to identify a select group of assays which can
effectively differentiate melanoma from benign tissue in the majority of cases and have tested
these against our reference range of over 100 samples. We have therefore met the original aim
of identifying ‘DNA copy number changes in melanoma which can be developed into a
prognostic or diagnostic markers for use on paraffin embedded tissue’ and are in the process of
translating these markers. Once validated against an independent cohort, we plan to test this
panel of assays against a series of less common types of naevi (including Spitz and Congenital
naevi) and ultimately cases of diagnostic difficulty for which there is follow-up data, to determine

their true diagnostic value.
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Figure 1. Comparison of DRT results naevi, good outcome melanomas (GOMS), poor outcome

melanomas (POMs) and melanoma metastasis, using one of the DRT assays (BRAF/PTEN).
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Appendix 3 — Research Ethic Committee Approval

P NHS

National Research Ethics Service

Derbyshire Research Ethics Committee
3rd Floar

Laurie House

Colyear Street

Derby

DE1 1LJ

Telephone: 01332 868765
Facsimile: 01332 868785
25 July 2008

Dr G S Saldanha

Consultant Dermatopathologist

Dept of Cancer Studies and Molecular Medicine
Level 3 Robert Kilpatrick Clinical Sciences Building
Leicester Royal Infirmary

PO Box 65

Leicester

LE2 7LX

Dear Dr Saldanha
Full title of study: Chromosomal instability as a novel melanoma diagnostic
marker

REC reference number: 08/H0401/77

The Research Ethics Committee reviewed the above application at the meeting held on 15
July 2008.

Ethica! opinion

The members of the Committee present gave a favourable ethical opinion of the above
research on the basis described in the application form, protocol and supporting
documentation, subject to the conditions specified below.

Ethical review of research sites

The Committee agreed that all sites in this study should be exempt from site-specific
assessment (SSA). There is no neea to submit the Site-Specific Information Form to any
Research Ethics Committee. The favourable opinion for the study applies to all sites
involved in the research.

Conditions of the favourable opinion

The favourable opinion is subject to the following conditions being met prior to the start of
the study.

Management permission or approval must be obtained from each host organisation prior to
the start of the study at the site concerned.

Management permission at NHS sites ("R&D approval”) should be obtained from the
relevant care organisation(s) in accordance with NHS research governance arrangements.
Guidance on applying for NHS permission is available in the Integrated Research
Application System or at http://www.rdforum.nhs.uk.

Continued/

This Research Ethics Committec is an advisory committee to East Midlands Strategic Health Authority
The National Research Ethics Service (NRES) represents the NRES Directorate within the
VIPH 133 National Patient Safety Agency and Research Ethics Committees in England
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Approved documents

The documents reviewed and approved at the meeting were:

Document Version Date

Application 2952/2930/1/638 |17 June 2008
Investigator CV 17 June 2008
Protocol 2 01 July 2008
Covering Letter 18 June 2008
Peer Review 11 February 2008
Student researcher's CV

Membership of the Committee

The members of the Ethics Committee who were present at the meeting are listed on the
attached sheet.

Statement of compliance

The Committee is constituted in accordance with the Governance Arrangements for
Research Ethics Committees (July 2001) and complies fully with the Standard Operating
Procedures for Research Ethics Committees in the UK.

After ethical review

Now that you have completed the application process please visit the National Research
Ethics Website > After Review

You are invited to give your view of the service that you have received from the National
Research Ethics Service and the application procedure. If you wish to make your views
known please use the feedback form available on the website.

The attached document "After ethical review — guidance for researchers” gives detailed
guidance on reporting requirements for studies with a favourable opinion, including:

« Notifying substantial amendments

« Progress and s afety reports

« Notifying the end of the study
The NRES website also provides guidance on these topics, which is updated in the light of
changes in reporting requirements or procedures.

Continued/
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We would also like to inform you that we consult regularly with stakeholders to improve our
service. If you would like to join our Reference Group please email
referencegroup@nres.npsa.nhs.uk.

os/Hodo1/77 Please quote this number on all correspondence

With the Committee’s best wishes for the success of this project

Yours sincerely

\'"4" Chair

IQ/P Mr Peter Ko rczakR <

Emazil: jenny.hancock @derwentsharedservices .nhs.uk
Enclosures: List of names and professions of members who were present at the

meeting and those who submitted written comments
“After ethical review — guidance for researchers” SL-AR-2

Copy to: Ré& D Office for University Hospitals of Leicester - NHS trust
Miss N Hathiari via email
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Appendix 4 — Presentations and Publications arising from this work

1. The following abstract was accepted for a poster presentation at the National

Cancer Research Institute Meeting in Liverpool, November 2011:

Accurate detection of copy number changes in DNA extracted from formalin fixed

paraffin embedded tissue using duplex ratio tests

A minority of melanocytic lesions cannot be confidently classified as benign or malignant on
histopathological examination, causing significant diagnostic uncertainty. DNA copy number
(DCN) changes can be used to distinguish benign from malignant cases, though DNA extracted
from formalin fixed paraffin embedded (FFPE) is of poor quality and more difficult to analyse
for DCN assessment than DNA from fresh frozen tissues. In this study DCN assays called
duplex ratio tests (DRT) were developed using a duplex real-time polymerase chain reaction
designed to compare two target loci, the first commonly amplified or gained in cancer, the
second commonly deleted or lost. The purpose of this study was to evaluate whether DRTs
are analytically valid for detecting aneuploidy in cancer when applied to degraded DNA

extracted from FFPE histopathological samples.

Five DRT assays to loci with common DCN changes in melanoma were designed and tested for
the following genes BRAF/PTEN; TBX2/CDKN2A; CCND1/LDLRAD3; RREB1/MYB; SSR1/HDDC2.
These were evaluated using DNA extracted from archived FFPE samples microdissected from

10 of each: melanoma, benign naevi, diploid control tonsil tissue and 5 melanoma cell lines.

The assays proved accurate when DNA extracted from fresh and FFPE melanoma cell lines
were compared, with an interclass correlation coefficient of 0.99. The DRT results from the
melanoma cell lines correlated to the SNP6 array data from the Sanger cancer genome project.
The assays gave precise results when repeated though the precision was marginally reduced
once the cycle threshold value for 10ng of FFPE DNA increased above 32 cycles reflecting the
importance of DNA quality. In application the combined values from the 5 markers

distinguished between all the naevi and melanomas.

This technique shows the diagnostic potential to distinguish genetically unstable tumours such

as malignant melanoma from benign genetically stable lesions such as naevi in FFPE tissues.
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2. The following abstract was accepted for a poster presentation at the Pathological

Society of Great Britain and Ireland’s Winter Meeting in London, January 2012:

Duplex Ratio Tests Differentiate Between Naevus and Melanoma Using DNA

Extracted From Formalin Fixed Paraffin Embedded Surgical Specimens

Melanoma misdiagnosis is a common cause of litigation against histopathologists due to the
difficulty of distinguishing benign from malignant lesions within a subset of melanocytic
tumours. This has led to the search for an effective diagnostic biomarker for melanoma which
is suitable for use on formalin fixed paraffin embedded (FFPE) tissue. Genomic instability is a
well characterised feature of malignancy and the typical DNA copy number changes seen in
melanoma are well described. The DNA copy number changes seen in benign naevi generally

occur much less frequently in highly specific regions of the genome.

We have developed a series of duplex real-time PCR assays (Duplex ratio Tests, or DRTs) to
compare regions of frequent DNA copy number gain and loss, which are applicable for use in
FFPE tissue. These included a Chr:7p BRAF versus Chr:10q PTEN DRT and a Chr:6p RREB1
versus Chr:6g MYB DRT. These DRTs have been tested against DNA extracted from a series of
20 naevi, 20 melanomas without recurrence, 20 melanomas with recurrence and 20 matched

melanoma metastases (MMets).

The DRT values for the BRAF/PTEN assay showed a significant difference between the 20 naevi
and all 40 primary melanomas (p=0.0004) and between all 40 primary melanomas and the 20
Mmets (p=0.0017). DRT values for the RREB1/MYB assay showed a significant difference
between naevi and all melanomas (p=0.0001). When the 20 naevi samples were compared to
the 40 melanoma samples using logistic regression analysis, the combination of these 2 assays
had a sensitivity of 93% and a specificity of 95% for predicting malignancy in this set of

melanocytic lesions, with ROC curve analysis showing an area under the curve of 0.97.

These results strongly support the further development of DRT-based diagnostic assays and

their eventual application to FFPE ambiguous melanocytic lesions.
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3. A review article by DM, GS and JHP was published in Histopathology in April 2012.

The title and abstract are presented below; the full article follows:

Prognostic Tissue Markers in Melanoma

Prognosis for patients diagnosed with cutaneous melanoma is currently based upon
histopathological features alone, although tumours which are morphologically similar can
behave differently. Numerous putative biomarkers have been identified in an attempt to aid
prognostication for primary melanoma, using methods which include immunhistochemistry,
PCR, array CGH and gene expression arrays. Despite this wide body of research, no biomarkers
for prognosis in melanoma have been translated or are close to translation into clinical
practice. In this review selected prognostic biomarkers are evaluated and the factors
influencing successful biomarker translation including phases of biomarker development and
study design are explored, in an attempt to highlight the current gap between prognostic

melanoma biomarker research and clinical translation.
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