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Abstract
Organconfined nuscleinvasivebladder cancer (MIBG$ treated with either radical
cystectomy (RC) or radiotherapy (RT) aadies survival rates ainly 4060% There is
no clear survival advantage between the tweerapiesand thereforebiomarkersthat
could aid irthe choice of treatmentvouldbe of use in this diseas&oth the abundance
of the DNA repair protein MRE11l and the genotype of a sirglnucleotide
polymorphism in theMRE11gene have been found to havpotential as predictive

biomarkes of RT outcoma MIBC.

The aim of this thesiwas toinvestigate biomarkers relevant to MIBC canspecific
survival (CSS) To achieve this aiman aubmated MRE11 IHC biomarker was
investigated with the goalof obtaining the technical validation required to progress
this potential biomarker toward a prospective studiollowingon from this the
specificity of MRE11 IHC abiomarker for MIBC was tesieby performing MRE11 IHC
on a cohort of anal cancer samplég¢ext the rs1805363 G>A germline SNMRE11
was investigated, with the aim ofvalidating the previously reported association
between the presence of the rs1805363 A minor allele and increls§eB1lisoform 2
expressionThe role ofMRE1lsoform 2 in therepairof radiatiorrinduced DNA damage
wasthen examined.Finally, the crowdsourcing of IHC scoritigough a smartphone
gaming appwas investigatd as a tool to reliably scopotential IHC markers with

increased efficiency.

The reoptimisation of anautomated MRE11 IHC protocol was foundrtorease the
reliability of IHC scoring arslgnificantlyalter the distribution of scores forpatients

within aMIBCTMAtissue cohortwhen compareda an insufficiently optimised assay
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However this study did not have thstatistical power to validate MRE11 as a prége
biomarker of RTresponsein MIBC.Additionally MRE11IHCwas not found to be

predictiveof patient relapsefree survival in analancer.

In the analysis of the rs1805363>Agermline MRE11 SNPhe a@arriage of the
rs1805363 A minor allelevas found to correlate with asignificant increase in the
expression oMRE11lisoform 2 in patient tumour biopsie€ells which expressed an
MRE11lisoform 2 constructvere also found to hava significant reduction isurvival
following irradiation increasedevels of endogenous DNA damaayed slower kinetics

of DSB repair compared ttells which expressetie MRE1lisoform 1 construct

In the investigation intocrowdsourcingas a method of scoring IHthe crowdsourced
scores for six of the eleven IHC stains analysed were found to have a stroglgtam

with scores produced by trained researchélise crowdsurced scoresvere also found
to be of sufficient accuracy to identifMRE11 andCK20as potential predictive and
prognostic biomarkers in MIBElowever,as implemented bythis study the use of

crowdsourcinglid not result in an increase in the speed of data analysis.

In conclusion this thesis provided more evidence faIREllas a key target for
investigatons into MIBC biomarkersThe finding thatMRE11lisoform 2 expression
results in a DNA repair defect is an important consideration for futureistudfthis
protein as a biomarker. ©wdsourcing was identified as a potentially tidetool for
screeningpiomarkers. However, to reach its full potentiatther investigationinto the

optimal application of this methodology is needed.
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PBS: phosphate buffered saline

PBST: PBS tween

PCR: polymerase chain reaction
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PR: progesterone receptor

pRh retinoblastoma protein

PRMT1: protein arginine methyltransése type |

PTEN: phosphatase and tensin homolog

QOL: Quality of life

gPCR: guantitative polymerase chain reaction

RC: radical cystectomy
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RFS: relapse free survival

RNA: ribonucleic acid

RNAseq: RNA sequencing

ROS: reactive oxygen species

RPA: replicatioprotein A

rpm: revolutions per minute

RT: radiotherapy

SCCA: squamous cell carcinomas of the anus and anal canal

SDMA: symmetric dimethylated arginine

SDS: sodium dodecyl sulfate
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SDSS: Sloan Digital Sky Survey

shRNA: small hairpin RNA

siRNA: small interfering RNA

SNP: single nucleotide polymorphism

SPARE: Selective Bladder Preservation Against Radical Excision Trial
SQS: semjuantitativescore
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ssDNA: singistranded DNA
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TIL: tumour infiltrating lymphocyte

Tip60: Tat interactive protein 60kDa

TMA: tissue microarray

TMT: trimodality therapy/treatment

TNM: Tumour Node Metastasis

TP53: tumour pragin p53

TURBT: transurethral resection of the bladder tumour

UC: urothelial carcinoma

WRN: Werner

WSR: Wilcoxon signed rank test

WT: wild type

XLF: XRCdike factor

XPF: excision repair cressmplementing rodent repair deficiency, complementation

group 4

XRCC4:-iay cross complementing protein 4
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Chapter lntroduction

1.1Bladder cancer

Bladder cancer is the®@most commonly diagnosed cancer worldwide, with the highest
incidence rates evident iBurope(Olive & Banath, 2006}t is a disease more common

in men compared to women arid placed as the 4 mostcommon cancer in men and
the 11" most common cancer in woen (Kamatet a, 2016) However,although
bladder cancer occurrence is lower in women, females tend to present with more
advanced disease and have a worse progn@sagkovicet al, 2011) There is a higher
incidence of bladder cancer in older patientshich poses issues with regard to
treatment due to the prevalence of comorbidities. In the UK between 22074 over

half of all bladder cancer cases were aged 75 or (Badder cancer statistics | Cancer
Research UK)

Bladder cancer neoplasms are defined according to their histological type.
Approximately 905% of bhdder cances areclassed asirothelial carcinoma (UQ
(alternatively termed transitional cell carcinomasid originate from the urothelial cells

of the bladder lining(Martin et al, 2016)

UC neoplasmsisblay a rangeof variant histologies which are identified by their
distinctive cellular morphologies. Exaraplof morphologicavariant histologies inUC
are micropapillary, nested, plasmacytoid, neuroendocrine and sarcomaiogdidition
to morphologicd variants a proportion of UGhow cellulardifferentiation within the
neoplasm towards different epithelial type$hisis termed divergent differentiation
andis preent in up to 20% of UGGofritet al, 2016) In the tumours that show foci

indicative of divergent dierentiation, squamous differentiation is the most common
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with glandular differentiation occurring in a lower proportion of caé&sin, 2009)UC
with squamoudlivergent differentiation shoulehot be confused with a pure histology
type of squamous cell carcinomahere the tumour contains predomamtly squamous
features. In a UC with squamous differentiatidine predominant cell type is UC and
only foci displaysquamous featuredHistological variants in UBave been found to
associate with poor prognosis amtcreased risk of recurrence and pregsionwhen
compared to norvariant counteparts (Seiseret al, 2014; Hsielet al, 2015; Gofritet
al, 2016) However, a recent study grasnowet al (2017)demonstrated that in UC,
where the tumour has invaded into muscle of the bladder,phesence of variants had
no influence on patient outcome following treatment with bladesraring

chemoradiation.

Several studies have been conducted into the molecular characterisation of UC and
have identifiedrecurring chromosomal alterations, point tations andinactivating
mutationsin the diseaseFurthermore, recurrent mutations have been found to occur
frequently in genes involved in cell cycle regulation, chromatin regulation, and kinase

signallingpathways(Guiet al, 2011; Lindgreet al, 2012; Weinsteiret al, 2014)

Characterising the molecular profile lmfadderUC has enabled the identification ofa
divergent pathways of tumagenesis. One pathwais associated with low grade
papillarytumours which are unlikely to progress to invade the muscle of the bladder
This pathway isnarkedby activating mutations iFGFR3a fibroblast growth factor
receptorinvolved in kinase signallipgnd gene mutatins that lead to a constituently
active receptor tyrosine kinas®as pathway. The second pathway is associated with

high grade invasivetumours and is characterised by defects in the p53 and the
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retinoblastoma protein(pRb pathways(Wu, 2005; Goebell & Knowles, 2018¢cent
workin the molecular profiling of bladder cancer rasoled to thediscoveryof distinct
bladder cancer subtypes the musclenvasive form of the disese theseare discussed

in1.1.2.

Apart from UCpure histological types of bladder cancer includguamaus cell
carcinoma thatccounts for 5% of maligancies, adenocarcinoma (accounting0.5
2% of malignancigsand small cell carcinoma (accountifgr <1% of bladder cancer

case$(Martin et al, 2016)

Bladder cancerumours are classifiedccording to TNMtumour, node, metastasis)
staging (Table 1), World Health OrganisatiofWWHO)grading classifi¢dgons (Tablel.2)

and are stratified according to risk (Table3). The grade of a tumour is based its
pattern of growthand cytological characteristics such as cell polarity and nuclear size.
Thegrowth of a tumour through the lining of the bladder anthe muscularis propria is
used tostage a neoplasm and is also utilisedéparate bladder cancer into two types:

non-muscleinvasive (NMIBC) and musdéferasive (MIBQ)Table 1.1Figure 1.1)
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Table 1.1: TNM staging of bladder canceA descriptim of the featuresused to
categoriseneoplasmsto a specificT TXT4), N (NxN3) and M (MGM1) stage The
growth the tumour through the bladder determines the T stage of a bladder neoplasm
and is used to separate patients into NMIBC and MIBC tyijresNand M stages assess
the presence of lymph node invasion and distant metastg@alsen from Babjuket al,
2017)

TNM staging classification of urinary bladder cancer

T pT Stage determined through pathological examination
NMIBC
TX Primary tumour cannot be assessed
T0 No evidence of primarjumour
CIS Early highgrade cancer on the innermost lining of t
(Carcinoma bladder. A flat lesion that is always highade. Higkrisk
in situ) of progression to musclavasive disease
T1 Tumour invades subepithelial connective tissue has

yetinvaded through to the muscle

MIBC
T2 Tumour invades muscle

T2a:Tumour invades superficial muscle (inner half)
T2b:Tumour invades deep muscle (outer half)

T3 Tumour invades perivesical fat tissue

T3a: Tumour contained within perivesical fat tisss
only detectable under the miscroscope

T3b: Tumour within the perivesical fat tissue is evid
with macroscopic testing

T4 Tumour hasinvaded surrounding organs: prostat
uterus, vagina, pelvic wall or abdominal wall

T4a: Tumour invades prostatgerus or vagina

T4b: Tumour invades pelvic wall or abdominal wall

N NX Regional lymph nodes cannot be assessed
NO No regional lymph node metastasis
N1 Metastasis in a single lymph node in the true pe
(hypogastric, obturator, external iliac, orgsacral)
N2 Metastasis in multiple lymph nodes in the true pel
(hypogastric, obturator, external iliac, or presacral)
N3 Metastasis in one or more common iliac lymph node
M MO No distant metastasis
M1 Distant metastasis
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Table1.2: World Hedth Organisation (WHO) grading classificatios description of
the criteria used in assessing the grade of a bladder neoplaSgiological
characteristics and morphological features are diger grading a bladder neoplasm
The morphological pattern of gwth of a neoplasm is described by papillary or flat
lesions.(takenfrom Babjuket al, 2017)

Grade 1 (G1) | Well differentiated cells ¢w-grade)

Grade 2 (G2) | Moderately differentiated @w to highgrade)

Grade 3 (G3) | Poorly differentiated (lgh-grade)

Papillary lesiong -urothelial | -Non-cancerous (benign) tumour

papilloma | -Papillary urothelial neoplasm of low
malignant potential (PUNLMP): slow growir
cancer unlikely to spread

-Lowgrade papillary urothelial carcinoma:
slow growing cancer that is unlikely to spre
-High-grade papillary urotheliatarcinoma:
quicker growing cancdhat is more likely to
spread

Flat lesions -Urothelial proliferation of uncertain
malignant potential

-Reactive atypia

-Atypia of unknown significance
-Urothelial dysplasia

-Urothelial CISalwayshigh-grade

Tablel.3: Risk categorisation of MIBC A description of the featurethat are used to
categorisebladder neoplasms as low, intermediate high riskihformation obtained
from Veeratterapillayet al, 2016 andBabjuket al, 2017).

Lowrisk Primary, solitary, Ta, lograde /G1, < 3 cm, nGIS

Intermediaterisk All tumours not defined as low or higisk

Hightrisk T1/Tis, with higkgrade/G3 tumours, concomitar@lS
or large (>3 cm) Ta/T1 G1/G2 tumours
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Figurel.1: Bladder cancertaging An illustration of he growthof a bladdemeoplasm
through the lining of the bladdeaind its corresponding T stagélS, Ta and T1 tumours
are classed as namuscle invasive as they are confined to the bladder linGi§is an
early high gradehigh riskflat lesionretainedin the innermost lining of the l@dder.Ta
lesionsare papillary carcinomsconfined tothe innemost lining of the bladderT1
tumoursshow growthinto the connective tissubeneath the bladder liningr2, T3and

T4 tumours are classed as musaieasive. T2 tumours have grown into the muscle of
the bladder but not through to theperivesical fat tissueT3 tumours have invaded
through tothe perivesical fat tissubut are still confined to the bladde4 tumours
have invaded through the layers of the bladder and have growth outside of the bladder
in the prostate, uterus, vagina, pelvic wall or abdominal Walprinted from Knowles &
Hurg, 2014).

NMIBC has a good prognosisth 5 year survival rates between 80 and 90%. By
comparison MIBC has a significantly worse prognosis with only6@%05 year survival
rate for disese stage T3 diseaseRoughly 75% of bladder cancer atis willpresent

at diagnosiswith NMIBC with the remaining 25% of patients having eith#BC or
metastatic disease. Only a small proportion of patientsZ0&) with MIBC are those
who have preiously been diagnosed withMNBC and progressed to MIBC. Therefore,
80-90% of MIBC patients will be diagnosed with thescleinvasiveform of the disease

at primary presentation.
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1.1.2Subtypes of MIBC

Recently studies have revealed distinct MIBC subtypes that are associated with genetic
and clinicopathological feature¥hree independent groups have identified basal and
luminal subtypes within bladder caar which are analogous the basal and luminal
subtypes found in breast canc@choiet al, 2014b; Damraueet al, 2014; Weinsteiret

al, 2014)

The basal subtype occumore frequently in women and such tumours angrinsically
aggressive, having decreased ratesaricerspecificsurvival (CSS) and overall survival
(OS). Related to this, basal MIBC are also associated with advanced disease stage and
metastasis at presentation. Additionally, basal MIBCs are erttichieh squamous
features and sarcomatoid differentiation, a characteristic associated with epithelial
mesenchymal transition (EMTChoiet al, 2014a) The luminal MIBC subtype tumours
have both hiy levels of the fibroblast growth factor receptor 3 (FGFR3) protein and
activating mutations in th&GFR8ene, features frequently found in NMIBCs. This, in
addition to an enrichment of papillary features in the histology of luminal MIBCs, has
led to theidea that luminal MIBCs correspond to papillary NMIBCs that have progressed
to become muscleinvasive In contrast to the basal subtype, that displays EMT
plasticity, luminal cancers are considered more epithelial in nature. Yet despite this,
luminal tumous are still capable of lymph node invasion and metast@imiet al,

2014a)

Thebasal and luminal subtypesn be further separated inttwo more subgroups that
display a decreased sensitivitychemotherapy. A basalaudin low subgyup has been

identified thathas intermediate sensitivityp chemotherapy. This group is characterised
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by the expression of markers of EMT and tumoilnat have a strong mesenchymal
signature compared to other basaimours (Damraueret al, 2014) Within the luminal
subtype a p53like groip has been found which is resistant to neoadjuvant
chemotherapy. p53ike MIBCs have similar frequencies of p53 mutationotber
subgroups of MIBC but are characterised by a gene expression signature similar to that
seen with active p53 expression. pbi8e tumours are not stable. Indeed a pbige

status was found to be induced in some luminal subtype tumours after exposure to
neoadjuvant chemotherapy. pSike MIBCs also show high levels of stromal and

fibroblast infiltration(Choiet al, 2014b)

The distinct gene expression profiles and characteristics of recently defined MIBC
subgroups have thegiential to more accurately describe the heterogeneous features
and behaviour of MIBDadhaniaet al, 2016)and to inform treatment. It is already
possibde to distinguish basal and luminal MIBC using a simple technaglied
immunohistochemistry (IHC). Antibodies against tvetated cytoskeletal proteins
cytokeratin 5/6 (CK5/6) and cytokeratin 20 (CK20), are found to be expressed
differentially in basabhnd luminal MIBC. Levels of CK5/6 expression are significantly
higher in basal tumours, whereas, CK20 is more highly expressed in luminal tumours,

with the abundance of the two proteins being inversely correlgi@toiet al, 2014b)
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1.2 Treatment of Bladder Cancer
The treatment of NMIBC andIBIC differsHowever, both NMIBC and MIBC are

usually teated with curative inten{Figure 1.2)

- Organ-confined
Bladder Cancer
NMIBC
TURBT
Low-risk Intermediate-risk High-risk Very high-risk

Figure 12: Management oforganconfined bladdercancer Nonmuscle invasive
bladder cancer is treated with transurethral resection of the bladder tumour (TURBT)
followed by either intravesical administration ofemotherapy or BCGlependingon

risk categorisation. Very higisk nonmuscle invasive bladder cancer or patients who
have failed BCG are efed radical cystectomy. Muselevasive bladder cancer is
treated with either radical cystectomy or maximal TUR&owed by concomitant
chemoradiotherapy (CRT), with or without neoadjuvant chemotherapy.

1.2.1Management of NMIBC

NMIBC is treated initially with a transurethral resection of the bladder tumour (TURBT)
using adequate surgical depth to include the muads propria. Ifhigh-grade pT1
disease is founch second TURBT is recommendel weeks after the initial resection

to remove residual tumour and for restagiras the tumour may in fact be pTRerret

al, 1999; WrR &t al, 2006; Hashinet al, 2016; Kamiyaet al, 2016) In addition to

Page33of 304



TURBT, an intravesical administration of chemotherapy after resection is also
recommended. The frequency of chemotherapy is dependent on how the tumour is
classified: low, intermediate drighrisk(Table 1.3 Lowv-riskNMIBC, such dew-grade
Ta tumours, receive a single intravesical treatment of mitomyoin more rarely
epirubicin or gemcitabineimmediately after resection. Fantermediaterisk NMIBC,
such as multifocal or multecurrent lowgrade Ta tumoursit is advocated that
chemotherapy is maintained over the first year after TURBT high-risk NMIBCthe
recommended treatment is intngesical administration oBacillus Calmetté&uerin
(BCG) immunotherapyFor veryhighrisk NMIBCs, such as those withultiple and/or
large highgrade T1 tumours, micropapillary histological variants, concomitag
present in bladder, prostatiturethra, the presence of lymphovascular invasion

patients who have failed BC@dicalcystectany is offered Kamatet al, 2016)

1.2.2Management ofMIBCBladder Cancer

MIBC isroutinely treated with either radical cystectomy (RC) or concomitant
chemoradiotherapyCR7, with or without neoadjuvant chemotherapy. Historically RC
has been considered the gold standard treatment for MIBC. Howéveecent years
there has been an increased interest in the roleadiotherapy RT). Both RC and RT
show comparable rates adESYKotwalet al, 2008; Boothet al, 2014) However, this
comparison of treatmenefficacy has not yet been verified within a randomised phase

[l trial.

In 2010 a multicentre feasibility pilot study (SPARE: Selective bladder Preservation
Against Radical Excision (cystectomy)) was set up. The study was designed to determine

if a phasdll randomised clinical trial into the standard of care of patients wmitkscle
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invasive T2/T3 transitional cell carcinoma of the bladder was fmssiThree potential
treatments, namelyneoadjuvant chemotherapy, CRT and R€re to be investigated
in this study. Although the studyad wide support within the unecology community
it was unfortunately forced to close after 30 months due to insufficient patient
recruitment (Huddartet al, 2010) The failure othe SPARE trial is a setback in directly
comparing the effectiveness of RC to radiotherdyayged treadments and it may be that

it will never be possibleo compare these two treatmennodalities in this manner.

1.2.3Radical cystectomy

RC is the surgical removal of the bladder. In men, RC for MIBC includes removal of the
prostate,seminal vesiclesand distal uretersin women RC for MIBC involvesterior

pelvic exenteration including the bladderterus, entire urethra, adjacent vagina and
distal ureters(Gakiset al, 2013) The inclusion dbilateral pelvic lymphadenectomy is

an important element in RC for MIBC and impmeVocal tumour control. e extent of

lymph node dissection is debatéBruinset al, 2014) buta growing body of evidence
suggests that extended lymph node dissection is associated with improved staging and

outcome(Dharet al, 2008; Tilket al, 2013; Bet al, 2014; Kisst a, 2016)

Chemotherapy is offered in conjunction with RC. Neoadjuvant chemotherapy with
cisplatincombination therapy isecommended for patients where possible, due to
proven improvements in diseaggogression and O¥ale, 2005b; Yiet al, 2016) The

use of adjuvant chemotherapy with RC has also been found to be associated with
improved survival in MIBQ.eowet al, 2014) Indeed, studies comparing outcomes
following neoadjuvant or adjuvant platinwmased chemotherapy find no difference in

OS or CS@Millikan et al, 2001; Wosnitzert al, 2012) Despite this neoadjuvant
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chemotherapy remains thereferred method of treatment basedn evidence from
phase llI clinical trials, comprehensive mataalysis and the general ability of patients
to tolerate the effects of the treatment prsurgery. Adjuvant chemothepy is offered
to patients who did not receive neoadjuvant chemotherapy,were identified with

invasive diseasat the time of surgeryNICE guideline [NG2], 2015)

Although RC has been viewed as the definitive treatment for MIBC in the past, it has a
number of disadvantages.ld&lder cancer i®ften a disease of older patiest with
nearly three quarters of patients aged >65 years at presentafddanoharanet al,

2009) As a result, patients often carry a heavy burdercamorbidities which may
preclude the use of cystectomy as a viable treatment op{ieath & Thalmann, 2015)
Additionally, éspitea significant reduction in the mortality resulting from RC over the
years, the 90 day rates of mortality are still reportedly as high-2%%(Chahalet al,

2003; Liedberg, 2010; Azt al, 2014; Schiffmanet al, 2014; Larcheet al, 2015)and

this rate is increased in elderly patientBergeret al, 2014; Schiffmanet al, 2014)
Another disadvantage of RC is the resultisignificant ped and posbperative
complicationgLiedberg, 2010; Lavallét al, 2014; Djaladagt al, 2016; Krajewslat al,

2016; Soockt al, 2017) The most common complications of RC include: blood loss and
the need for blood transfusions during surgery, gastrointestinal problems such as
diarrhoea, constipation and ileus, deep venous thrombosis, pulmonary embolism and
infection. A notable reductiomi quality of life(QOL)is also reported by patients
following RC mainly due to the presence of incontinence, sexual dysfunction and the
need for a stomatherebyaltering body imagéCaffoet al, 1996; Zahraret al, 2014;

Kretschmetret al, 2016a, 2016b; Yarg al, 2016)
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1.2.4Radical Radiotherapy

The current standard regime of bladder preservation for MIBC comprises trimodality
treatment (TMT) consisting of maximal TURBT followed by concurrent chemoradiation
with 3D conformal or interisy modulated radiotherapy (IMRT) external beam radiation.
Radiation regimes of 64 Gy in 32 fractions or 55 Gy in 20 fractions, administered in a 2
Gy per day fractionation and a hypofractionated moderately accelerated schedule,

respectively, are considedestandard in the UK.

The use of concomitantly administered chemothageutic agents iRT has been shown
to improve local regiowontrol and OS following RTwo of thelargest and most recent
randomised controlled phase Il clinical trials into the inmpaf concomitant
administration of chemotherapeutics on the efficacy of RTBEZ®NHoskiret al, 2010)
and BC200XJameset al, 2012) The key features and findings dieseand other

selectedtrials aresummarisedn Table 1.4
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Table 1.4Clinical phase Il trials to the inclusion of chemotherapy in Rbased
treatment of MIBC The number of participants, TNBtagingof patients eligible for
inclusion, aim and kefindings of the trials are summarised

CMV in patients
receiving CRT (RT with
concurrent cisplatin)

Trial Number of | Patient | Aim Keyfindings
participants | eligibility
BCON 333 T2T4a, Compared the efficacy | OS &3 years
(Hoskiret al, T1G3, of RT plus concurrent | RT+CON: 59%
2010) NOMO carbogen and RT alone: 46%
nicotinamide (RT+CON| p=0.04
to RT alone CR
RT+CON: 81%
RT alone: 76%
p=0.3
BC2001 360 T2T4a, Compared the efficacy | LRC at 2 years
(Jamest al, NOMO of RT plus mitomycin C| RT+MF: 67%
2012) and 5fluorouracil RT alone: 54%
(RT+MF) to RT alone | p=0.03
OS at 5 years
RT+MF: 48%
RT alone: 35%
p=0.16
BAO6 30894 | 976 T2G3, T3,| Investigated the use of | OS at 10 years
(International T4a, neoadjuvant cisplatin, | With CMV: 49%
Collaboration NO-NX, or | methotrexate, and No CMV: 30%
of Trialistset MO vinblagine (CMV) p=0.037
al, 2011) chemotherapy in Risk of death: 16%
patients treated with reduction with CMV
either cystectomy
and/or RT
RTQG 893 123 T2 to T4a, Inve_s_tigated the . 0S at 5 years
(Shipleyet al, NXMO addition of neoadluvant CRT+ neoadjuvant
1999) chemotherapy with MCV: 48%

CRT alone: 49%
p>0.05

Percentage of patigs
with evidence of
distant metastasis
CRT+ neoadjuvant
CMV: 33%

CRT alone: 39%
p>0.05

Closed early due to
high levels of severe
complications

LRC local regional control, OS: overall survival, RT: radiotherapy, CON: carbogen and
nicotinamide, MF: mitmycin C and Hluorouracil, CMV: cisplatin, methotrexate, and
vinblastine, CRT: chemoradiotherapy, CR: complete response rate
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In contrastto concomitant chemotherapy he benefit of the addition of neoadjuvant
or adjuvant chemotherapy in TMT treatment ol BCis debated Although esults from
meta-analyses(Advanced Bladder Cancer Meaalysis Collaboration, 2003; Vale,
2005b; Yiret al, 2016)and the BA06 30894i#l (International Collaboration of Trialists
et al, 2011) (Table 1.4)have demonstrated a clear benefit fothe addition of
neoadjuvant chemotherapy in thegatment of MIBGreated with RTalone. There is
currentlyno congnsus whetheneoadjuvam chemotherapyhas anybenefitin patients
receivingconcomitant CRT as opposed to RT alongnfortunately the RTOG
phase Il triglwhich was aimed at investigating thvgasclosed early due to high levels
of severe complicationgShipleyet al, 1999) However, initial results found no
significant benefit in survival when neoadjuvant chemotp®y was added to CRT
treatment(Table 1.4. Furthermore anthe analysi®f long term outcomes of TMWIBC
patients,treated at the Massachusetts General Hospitalentified no benefit to the
addition ofneoadpvant chemotherapyto concomitant CRTreatment (Efstathiouet

al, 2012)

The benefit of adjuvant chemotherapy aft€@RTof MIBC is less well defined théhe

use ofneoadjuvant chemotherapy. Indeed a metaalysis conducted into the benefit

of adjuvant chemtherapy following CRdoncluded that there was insufficient evidence

on which to reliably base treatment decisio(\ale, 2005a)Consequently, the 2016
European asociation of urologyEAU guidelines for the treatment of MIB@ith TMT

state that neither neoadjuvantr adjuvant chemotherapy seem to improve outcome
(Alfred Witjeset al, 2017) Neverthelessthe UK National Institute for Health and Care
Excellence (NICE) guidelines recommend offering neoadjuvant chemotherapy to all

newly diagnosed MIBC patients for whom it is suitgble&CE2015)
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The main benefit of using TMT in the treatment of MIBC is the improvemeudtient
QOLcompared to RCHenningsohret al, 2002; Zetman et al, 2003; Maket al, 2015,
2016) Patient QOlshould not be forgotten in treatment choice. Indeed one QOL
assessment of MIBC treatme#t6% of patients reportethat they would be willing to
accept some reduction in survival to become symptioee (Henningsohret al, 2002)
Using TMTthe majority of patients retain their bladder, and normal bladder function is
maintained in approximaly 75% of patient§Henningsohret al, 2002; Ztman et al,
2003) In addition to this, bowel function has either been found to be improiidk et

al, 2016)or comparable following TMT compared to R€nningsohret al, 2002)
Sexual functionsi also significantly improved with TMAenningsohret al, 2002; Mak

et al, 2016)

1.3Biomarkers in cancer

Cancer is heterogeneoudlisease characterised by high levels of genomic instability,
driving mutation and malignancy. It can safely be stated that each cancer patient will
present with a primary tumour with its own unique array of mutations that have
facilitatedits progression. The mutations within the cells of a tumour will determine its
response to treatment. Yet despite our understandofgthis, the majority of cancer

patients are often treated with a onsizefits-all therapy.

The radiosensitivity of tumas is particularly determined by the genetic and molecular
makeup of the neoplasrifHennequinet al, 2008; Williamst al, 2010b; Skvortsost al,
2014; Morgan & Lawrence, 2019)ith 60% of all cancgratients receiving Ras part
of their treatment (Orth et al, 2014) it is clear that establishing markers to predict

patientresponse would be advantageous.
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Proghostic biomarkers are able to determine the likely outcoofea patient, such as
the probability oflongterm survival or cancer recurrenceggardlessof the type of
treatment received.Conversely, predictive biomarkers are able to stratify patient
populdions into groupghat are more likely to respond to a particular theragiehta

et al, 2010)

Predictive biomarkers have a clearly defined use in treatment decision making.
However, & prognostic biomarkersffer information on outcomeindependent of
treatment, their clinicaluse n treatment decisias is not as clearcut. Prognostic
biomarkers have been used to guide the development of targeted therapies. In breast
cancer the HER2 biomarker was, historically, associated with higher mortality in early
stage disease, reduced time to relapse, and amemsed incidence of metastases
(Slamonet al, 1987; GonzaleAnguloet al, 2009) The advent of targeted therapies
against the HER2 tyrosine kinase receptor, such as trastuzumab, imptheed
prognosis of HER2 positive patients and consequently HER2 status is now a predictive
biomarker for the efficacy of HER2 targeted thergperezet al, 2014) Rognostic
biomarkescouldalsobe used to direct patients with a good prognosis away from toxic,

aggressive treatmenthich would not be of benefib these patient{Yueet al, 2016)

Synthetic lethality is an important concept in the development of nidcancer
therapeutics andts optimal application is reliant on biomarkerSynthetic lethality
occurs between tw genes when anutation in eithergene alone is nosufficient to
cause lehality, but simultaneousmutation in both geneglioes(Kaelin, 2005)In the
context of cancer therapeutics, this means tlifsn oncogenic mutation occurs within

a gene with a gntheticallylethal interaction then cytotoxicitywithin the neoplasntan
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be achieved by using targeted treatment against thénteracting gene product
Chemical agents can be developsghinst interacting gendsut for synthetically lethal
drugs to be use optimally there is a neefibr markers which can identify patients with

the prerequisite mutations within their neoplasm.

Biomarkers can be DNA, RNA or proteased and can be analysed within a variety of
clinically relevant substrates du@s blood, urine or tissue samples. Examples of-DNA
based biomarkers are single nucleotide polymorphisms (SNP), chromosomal
aberrations and methylation profiles. RM¥sed biomarkers often involve evaluation

of RNA transcript expression or the presence/ablance of regulatory RNAs. Protein
based biomarkers are represented by the presenbefedance of particular proteins

and protein modifications such as phosphorylation or isoform expression.

A number of techniques can be used to quantify biomarlersiu methodologies, such

as fluorescentin situ hybridisation (FISH) for DNA and IHC for proteins, are highly
advantageous as they retain the morphological information contained in tissue
samples. Furthermore, as situtechnigues are already in clinical usew findings
using these methodsre often more eaiy transferable to the cliniAside fromin situ
approaches, a variety of assays exist for assessing biomarkers. Such technigdes inc
arraybased hybridisation technologies, whole genome sequencRi§Aseq, mass

spedrometry and quantitative PCRPCR

A concern with biomarkers is the rate of falpesitive orfalsenegative identifications
they produce False identifications occur due technical issues with the assays employed
to evaluate themarker and produce results thato not accuately describe the biology

of the patient. High rates of false classificationan lead to the over or unddreatment
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of patients, whichcan negatively impact theioutcome and increase exposur¢o
unnecessary toxites (Zhang & Chan, 2010; Garriseth al, 2015) Indeed, &lse
classifications 1@ a particular area of concern fdhe current clinical IHGbased

biomarkers(Seferinaet al, 2013; Kaufmaset al, 2014)

The false classificatiorisom IHC can arise frondelays in tissue fixation after sample
acquisition extended fixaton times, the use of an inappropriatdixative, sample
quality/size, batch effects in ragents the use of different kits to conduct the assay and
the reliance onthe subjective and biased humaaye for analysigGown, 2008; True,

2008; Nuovo, 2016)

In the clinc, steps are &ken to reducehe rate offalse classificationarisingfrom IHC

For examplein the assessment of the HER2 IHC biomarker in breast camaer
recommended that amples are placed in fixative less than one haftier acquisition

In addition fixativescontaining alcohol or Boudd T A E hotiused,8s tHeyNdan
result in staining of normal tissue and preclude fluorescence testing, respe¢tRaia

et al, 2015). It is alsadvisedthat if a negative reduis found in a biopsfrom a primary
tumour, that the assay be conducted again on a corresponding surgical sample, to avoid
false negatives resulting from small sample §ixaffyet al, 2017) In an effort to reduce

the subectivity and bias in the humabased analysis of IHC, HERE Isamples are
assessed according tdear guidelines, witexample control imaget® refer to (Duffy

et al, 2017) Inthe UK laboratories performing clinical HER2 assessarentequired to
participate in the UK National External Quality Assessment Scheme for
Immunocytochemistry and In Situ Hybridisation (UK NEQAS ICC & ISHIEBR2 ISH

modules(Rakheet al, 2015)
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Although a concerted effort is being placed into the research of biomarkers for use in
cancer, the vast proportion ofmarke's identified in the research setting never make it
to clinic.In the initial phases of biomarker developmetiie factors that contribute to

this lack of translation arethe limited progression of retrospective studies to
prospective analysishe use ofsmall sample numbers in studies and a lack of robust

assay validation.

Studies into candidate biomarkers for clinical use can either be prospective or
retrospective. Prospective randomized clinical trials are the gold standard for evaluating
the utility of a biomarker However, such studies are costly and take a considerable
amount of time to achieve a sufficient length of patient follow up. Due to, this
retrospective sampleddlections are often used to evaluatendidate biomarkers. The
limitations of rdrospective sample collections are that there is no control over the
patient population being assessed method of sample collection. Additionalsample

size is predetermined and reported patient data can be incomplete or inconsistent
(Euseret al, 2009) What is moredifferences in treatment procedures, such as the use
of chemotherapeutics, can vargetween retrospective cabrts, which may affect

results.

Small sample numbers are a large source of stagnation in biomarker stuties. T
majority of the literature intgootential biomarkers are from statistically underpowered
studies on small sampleumbers. Thiscan leadto an inability to identify statistically
significant results or, conversely, an oweterpretation of significant results occurring

through chanc€Hernandezt al, 2014)
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A lack of assay validation and standardisation also impedes the progression of potential
biomarkers to clinicThis is becausdinically relevant assays need to be proven to have
specificity and to generate reproducible resulBrucker & Krapfenbauer, 2013)he
failure to validatecandidate biomarkers in validation studies is considered to be one of

the main points of failure for many potential biomarkdksernandezt al, 2014)

After a putative biomarker has been validated as reliable and technically roisist
adoption into clinical use is not ensurethelow uptake of a validated biomarker in the
clinic may arisgif it is found to provide no additional informatn to a clinician over
standard diagnostics or provideformation which does not aid in treatment decisions
(Alymaniet al, 2010; Diamandi€012) Furthermore, the practicality of performing the
assay to measure the biomarker may also affect its clinical utility. Proceduaés
demand a high level of resources in terms of labour, expensive reagents or specialised
expertise not found withirthe health care system, may not be feasible for routine use
(Sturgeonet al, 2010; Tharianéet al, 2012) As medical costs continue to rise a
landscape of decreasing resourgcasbiomarker needs to be cost effective or offer a
distinct benefit to a patientwhichwould be wethical to ignore, for it to be accepted

(Tharianiet al, 2012)

1.3.1DNAbased biomarkers

Detection of germline or somatic mutations can be used as-D&s&d biomarkers.
Mutations frequently occur within cells with little or no effect. Howeviéra mutation
confers a selective advantage to the cell, in terms of survival or proliferation, this is can

lead to tumorigenesigStratton et al, 2009) Oncogenianutations are ofen used as
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biomarkers as they an be associated with the risk of developing cancer, the prognosis

of the disease and the sponse ofpatientsto therapies.

a) Germline mutations
Germline mutations occur in germ ceNghich produce the gametes required fexual
reproduction Therefore a feature of a germline mutation is that it is heritable to the
offspring of an individua{Strattonet al, 2009) As with all mutationsthe effect of a
germline mutation may be innocuous. However, some mutations, such as those seen
within the breast cancer susceptibility gen&RCARnd2), can predispose individuals

to cancer.

Germline mutations within BRCAland 2 are recognisedbiomarkers forthe risk of
developing breast and ovariaramcer (Berlineret al, 2007; Domchelet al, 2010)
Mutations ineither BRCADbr BRC2 are associated witla 70% increase ioumulative
riskfor the development ofbreast cance(Giannakeas & Narod, 201 Tovarian cancer
carriage of inheritabldBRCADr BRCAZ2nutations are associated with a 463% and
30% increasedumulativeriskfor developing the theaserespectively(Dreyer, 2012)
Due to these increased risksvomen with germline BRCAmutations are offered
preventative surgerywhichreduces the risk associated with developing these cancers
(Domcheket al, 2010) Additionally, the heritability of germlie mutationsenables this
biomarker to be used tscreen family mmbers thatmay also carngreater risk of

developing the diseasié positive for the mutation.

For women where BRCAmutation is identifiedafter the development of a primary
breast cancer, many cancer centres offer immediate or fpbgimotherapy bilateral

mastectomy. This recommendation is made to reduce the risk of developing a
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secondary primary breast cancer and is given regardless dofitleeor focality of the
primary tumour the patient presented withHowever, a recent publication Byopson

et al (2018)into the outcome of 2733 youngnset breast patientsfound that there
was no significant difference in overall survival betwd@RCApositive and BRCA
negative patientsat 2, 5 or D year follow up This resulhighlights the importance of
using a biomarker optimallgs it implies thapatients with a good prognosis for their
treated breast cancercould delaypreventative surgery until they are psychologically

and physically recovered from their cancer treatment.

In recent years there has been particular interest in theaf ADP ribosegymerase
(PARPinhibitors in thetreatment of BRCAassociated cancer3he rational for thigs
based on the gncipal of synthetic lethalityCdls which are defective in BRCAnd/or

2 are more sensitivéo PARP inhibitorcompared to cells proficierfor these proteins
(Bryantet al, 2005; Farmeet al, 2005) PARRnhibitors are therapeutic agents thatap
PARPon damaged DN£Stromet al, 2011) The precise mechanism of synthetic lethality
between PARP armBRCAnutationis still cebated However, one modelproposes that
the trapping of PARP on DNA causes theysbation of replication forksTo avoid the
toxicity of these lesionshe activities of BRCA1 aBRCA are then rguired for the

resolutionof obstructed replication forkéHelleday, 2011; Stromt al, 2011)

The results opreclinical and clinical studies have demonstrated éfigcacyof PAR
inhibitors as monoherapeutic agents in hereditaiyRCAnutated ovarian and breast
cancers Phase | and Itials haveidentified improvements irprogression free survival
in these patients treated with ARP inhibitorscompared tothe placebq and phase Il

studiesare ongang (Evans & Matulonis, 2017; Ponetcal, 2017) For breast cancethe
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findings of theOlympiAD phase llI triaéere recentlyreported and foundsignificantly
improved progression free survival BRCAnutated, HER2 negative metastatic breast
cancer patients treated with Olaparib compared to standard single agent chemotherapy

(Robsoret al, 2017)

b) Somatic mutations
Somatic mutations occur in somatic cells, which are not involved in sexual reproduction.
As such somatic mutations are not inherited by the offspring of the individual. However,
through mitosis somaic mutationscan beperpetuated within the individualinto a
population of cellsvhich carrythe mutaion. Through the process of tumourogenesis
tumoursaccumulatea range of somatic mutationéStrattonet al, 2009) whichcanbe

exploited as biomarkers

Metastatic olorectal cance(mCRC) providesn example of how somatic mutations
within a cancer can have predictive value for targeted molecular theraljiesoclonal
antibody based arHEGFR therapies, such as cetuximab and panitummab, prevent the
activation of EFGRhhibiting the stimulation of the downstreamRAS/RAF/MAPK and
PISK/PTEN/AKT signalling pathwdgsnCRGctivating mutationsn codons 12 or 13
within exon 2 of theKirstenrat sarcoma(KRASyene occur in 3348% ofpatients
(Waringet al, 2016) KRASs a pivotal downstream &fctor of EGFR and hence the
constitutive ativation of this proteinnegatesthe need forEGFR stimulation for signal
transduction to occurConsequently, in these tumours there is a reducegponse to
EGFR targetetherapies Indeed, evidence fromslinical trials havedemonstratedthat
mutated KRASs apredictor of nonresponse to antEGFR based therapies mCRC

(Amadoet al, 2008; Karapetist al, 2008; Douillareet al, 2010)
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Recentlyretrospectiveanalysesof a number of randonsied control trials have provided
evidence supporting an extension of the KRAS te includea larger number of codons

and analysis ofthe neuroblastoma rat sarcoma (NRAf@ne The Assaiation of Clinical
Pathologists Molecular Pathology and Diagnostics Group #tateRAS analysis should
include at leasKkRASodons 12, 13, 59, 61, 117 and 146 &fRASodons 12, 13, 59

and 61(Wonget al, 2014) However, despite these updated recommendatipamsecent
assessmenof four UK Nabnal External Quality Assessment Service (NEQAS) schemes
for genetic analysis of colorectal cancer, found delayed implementation of extended

RASesting in clinical applicatiofRichmaret al, 2017)

Somatic mutations ilKRA$redict resistance to artMEGFR antibodies in mCRC, and is
one of the most successful examples of a biomarker that had been adopted into routine
clinical usgWaringet al, 2016) That being saidthere remainsa large proportion of

wild type RASpatientsthat do notbenefit from anttEGFR based therapi@dutations

in BRAFwhich encodea major effector oRASroteins have been investigated for their
potential to predict patient response to targeted EGFR therapiesvever, whileBRAF

has keenidentified a having arognostic rolein mCRCits use as a predictivaarker

for antrEGFR is lestear(Friedrichet al, 2016; Van Cutsest al, 2016; Loree & Kopetz,
2017) The factors in mCRC that provide resistance to-B@&FR therapy are currently

under irvestigaton.

c) Eppenetics
In addition to geomic alterations cancer cellseexhibit aberrant epigenetigrofiles.
Global changes iDNA methylation and alted patterns ofhistone modificationsare

presentin the cancer epigenome, resultingtime abnormalrepression or expression of
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genes(Estelleret al, 1998; Corret al, 2000; Paet al, 2003 Frageet al, 2005; Seligson

et al, 2005; Braitt al, 2008; Horet al, 2012; Zeliet al, 2015; KarsiCeppiogluet al,
2017) As such epigenetics offers an exciting area for the discovery of cancer
biomarkers DNA methylabn, particularly promotefassociated hypermethylation, has
been the most extensively researched foafrepipgenetic alterationin cancerto date.
Aberrant methylation of DNA occurs in two formshypomehylated or
hypermethylated. Cancer cells exhibglabal hypomethylation of Bnethyl-cytosine as
well as hypermethylation ispecific promoter regions of DN@RodrigueParedes &
Esteller, 2011)

The abnormal hypermethylatioof DNA in the promoter regions of genes involves CpG
islands which areshort (typically 1000bpinterspersed DNA sequencesG5-rich DNA.

In vetebrates 70% of genes are associated with CpG islanttieir promotor regions,
and n an unmethylated state C@ idands are linked to a transcriptionally permissive
chromatin state(Deaton & Bird, 2011)n cancer the hypermethylatioof CpG islands

is associated with transcriptional repression, frequently occurring in tursappressor

genes(Sandoval & Esteller, 2012)

Investigations have identified DNA methylation as having prognostic or predictive value
in a range of cancers including, but not limited to, prost@&andet al, 2014; Geybels
et al, 2015) pancreagJiaoet al, 2007; Kisieet al, 2015) bladder(Kandimallaet al,

2013; Xylinast al, 2016)and ovary(Chaudhryet al, 2009; Giannopouloat al, 2017)

In glioblastomamethylationof the O6-methylguanine DNA methyltransferase (MGMT)

promoter is of clinical importance. MGMi§ a DNA repair enzyme thegmoves alkyl
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adducts from the ©position of guaninesand its expression is heavily regulated by
methylation-dependent epigentic silencin@verhardet al, 2009)

Clinical studie®awe reportedMGMTpromotor methylation to bea strong prognostic
marker in glioblastomaassociated with prolonged surviyalind also to be a predictive
biomarkerfor patient response t®NA alkylatig agentgHegiet al, 2005; Stuppet al,

2009; Wiclet al, 2012; Zhanet al, 2013; Barbagallet al, 2014; Binabagt al, 2018)

1.3.2RNAbased biomarkers

RNA has great potential as a source matefta biomarker identification as it sits
betweenthe genetic information encoded at the DNA é&\and functional information
retained on the protein level. Therefor&NA holds information about transcriptional
regulation andthrough microRNAr isoform analysiscanalso holdclues as to post
transcriptional regulation and protein expression. Thanks to techniques such as PCR,
RNA analysis can be conducted on a very small quantity of starting material.
Futhermore, next generation sequencing technology has enabled researchers to more
accuratelydetect subtle variations in RNA transcripts, for both protein coding and non
coding RNAsuch as small nuclear RNA, miRNA and long noncoding RNA. Consequently,
over recent years there has been an increase in the number of studies investigating RNA
biomarlers in cancer.However, a major limitation of using RNA as a biomarker is its

instability.

Oncolype DXis an approvedRNAbased biomarkerto help guide decisions about
chemotherapy after surgery in some patients with oestrogen receptor positive (ER+),
WLK y2RS yS3lIiAdS 6[bbo YR KdzYly eSLIA RSN.
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The testuses DNAmicroarraybased technology thahybridises RNAextracted from
FFPE tissue to assess the expressi@igenes. Using this data Oncotype DX is able to
assign a recurrence sato the patients which relates to the likelihood of distant
recurrence at 10years(Paiket al, 2004) In retrospectiveand prospective analysis
information provided by Oncotyp®Xhas been found to successfully asspasient
prognosis and identify patientsho arelikely to benefit from adjuvant chemotherapy
(Paiket al, 2006; Abainet al, 2010; Sparanet al, 2015; Gluet al, 2016; Petkoet al,
2016) When used in combination with traditional histopathology and established
protein biomarkersOncotype DX provideadditionalinformation for the treatment of
breast cancer whiclean aid in treatment decisions and prevent the overtreatment of

patients.

Until recently, it was not possible to analyse RNAituand hence RNA would have to

be extracted from tissue for analysis. Extraction removes valuable morphological
information and, if not controlled for by microdissection, can be contaminated by
unwanted tissue artefacts such as fibrosis, necrosis or infiltrative immune cells. The
development of RNAscope has enabled RNA to be assessed within the context of a
tissue sectionNfWanget al, 2012) Although currently prices are prohibitive for wide

spreaduse of this technologn biomarker screening

1.3.3Proteinbased biomarkers
Proteins are highly useftdr biomarker development. They are diverse, have a dynamic

turnover andsomecan be secreted into blood and bodily flui@rabovichet al, 2015)

The most basic analysis of a protein as a biomarker is ttaduation of protein

abundance. Although simplistic, this type of biomarker determination has provided a
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number of validated biomarkers currently used in the diagnosis and treatment of cancer
patients. In addition to protein abundance, po#tanslational potein modifications,
usually evaluated by mass spectrometry, can also be used in the identification of
biomarkers and dramatically increases the number of potential targets fortigatien.

It is estimated thd there are up to 1.8 milliowlifferent proteoformswhen accouating

for modifications(Ngrregaard Jensen, 2008uch a large pool of potential candidate
molecules inmeases the chances dinding relevant biomarkers. However, sueh

volume may also provide analytical challenges.

The treatment of breast cancer is one of the best examples of the utility of protein
biomarkers in the management and diagnosis of cancer. Expressiomestfogen
receptor (ER), progesterone receptor (PRuman epidermal growth factor HHER2

and the proliferation marker Ki67are routinely used in breast canceiThe
determination of the protein abundance of these biomiers is performed using
automated IHC A request to theUK NEQAS ICC & I&bhfirmed that within their
external quality assessment schemall UK clinically testing laboratoriessed

automatedIHC platformdgor the determination ofbreastcancer biomarkers

In the clinigthe determination of ERnd PRstatusby IHGsused to predict theesponse
of breast cancer patients to hormoné#ierapiessuch as tamoxifeDuffy et al, 2017)
HER2 IHC is used to predict patigasponse to HERtArgeted therapiessuch as
trastuzumab It is noteworthy that although HER2an beassessed through protein
abundance ogene amplificationn the UK, HER?2 testing is usually performasithg IHC
to detect protein abundance with assessment ofjene amplificatio reserved for

equivocal casefRakheet al, 2015)
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ER, PR and HER2 status are all ptigdidiomarkersfor targeted therapy options.
However,the absence of all of these markers in a tumaan also be used as a
prognostic biomarker. The lack of all three of these receptor molealgéigestriple
negative breast cancefTNBC) Approximatelyl0-20% of breast cancers are triple
negative and are associated with poor progngisigh risk of relapseshort progression
free survival (PFS) and overall survival (@8%ta & Gradishar, 201 Due to the lack

of target receptors TNBC does not respondheemonal or HER targeted therapies.

Ki67 is a marker of cellular giferation present in all phases of the cell cycle except G
(Scholzen & Gerdes, 2000Q)isa prognostic biomarker in breast canaeith high levels

of Ki67 associated with poor outcome in breast cancer patiétésAzambujaet al,
2007; StuarHarris et al, 2008; Peatlli et al, 2015) The optimal method and
interpretation of Ki67 in clinical practice is still the subject of debate with a high level of
inter-laboratory variability.Despite these isses a consstent relationship between
higherKi67 values and poor pgaht outcome have been identified in studi@etrelliet

al, 2015) Due to this andhe low cost and availably of tHelCassayfor testingKi67, in

breast canceKi67 IHGs frequently conducte@Duffyet al, 2017)

Genetic tests and profiling assayfer breast cancemre currently being researched.
However to datethe IHC of ER, PR, HER2 and Ki67 protein biomarkesigm bi®psies

remains the gold standard to guide treatment pldosthis diseas€¢Wuet al, 2015)

DNA and RNA biomarkers are clearly useful in aiding cancer diagnostics and guiding
treatment decisionsHowever, it can be argued th#lhe effects of alterations at the

DNA or RNA levetften lead to changes in protein expressidarm or modification
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Additionally, DNA and RN#ased biomarkers cannot detect peasanslationalprotein

modificationswhich are important factors iprotein turnover and function.

1.41HC in biomarker identification

IHC is a widely used technique Bdomarker identification. The method uses antibodies

to specifically recognise proteins within sections of either FFPE or frozen tissue. It results
in stained tissue sections where the quantity of staining directly relates to the amount
of protein in the tssue. IHC can either be chromogenic or fluorescent. This thesis will

focus on chromogenic IHC.

There are five main steps in chromogenic IHC staining: epitope retrieval, blocking of
nonspecific endogenous reactivity within the tissue, primary antibodykaton,
amplification of the primary antibody signal and immunodetecti@igure 1.3). The
three principal methodsised to amplify the primar antibody signal arethe avidin-

biotin complex (ABC)abelled streptavidinbiotin (LSAB) and polymer method$eT

ABC method uses secondary antibodies that are conjugated to biotin molecules.
Biotinylated antibodies link the primary antibody with tetrameric awiliatin-
complexes that contain a reporter enzyme. The reporter enzyme within the avidin
biotin complexis then able to catalyse the conversion of a chromogenic substrate to a
coloured precipitate. The LSAB method used the same principle as the ABC method with
streptavidin in place of avidin. The polymer method uses a polymer backbone that is
conjugated to econdary antibodies and reporter enzymes to enhance the primary
antibody signal. The most common reporter enzymes used in chromogenic IHC are
horseradish peroxidase (HRP) and alkaline phosphatase @B. catalyses the

oxidation reaction of3,3-diaminobenzidine tetrahydrochloridg(DAB) into a brown
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insoluble precipitate whereaé&\P catalyses the hydrolysisafino-9-ethylcarbazole

(AEC) into a red insoluble precipitate

- o A A Exposed antigens
A ﬂ N\ . Blocking of non-specificbinding
A Primary antibody
D e
+:+ e ok Bioti_nylate-.d s.econdary antibody in
. gf ”k Hook avidin-biotin-reporter enzyme
d ° oo A |
® A A ® A G complex
N\ N\ N Biotinylated secondary antibody in
¥ streptavidin-biotin-reporter enzyme
ABC LSAB Polymer A complex
E Polymer conjugated to secondary
DAB AEC 4‘5‘1- antibody and reporter enzyme
+HRP +AP
Brown Red
precipitate precipitate

Figure 1.3A schematic description athromogenic IHQA) Epitope retrieval ep. Heat

or enzymatic action is used to removeethylene bridges formed during fixation,
exposing antigenic sites; (B) Blocking step of antigenic sites to preverspaaific
binding or peroxidase activity; (C) Incubation with primary antibody; (D) Aogidn

of the primary antibog signal. ABC, LSAB and polymsignal amplification are
schematically representedE) Immunodetection. HRP or AP amplied to samples
where theycatalyse the oxidation of 3 8liaminobenzidine tetrahydrochloride (DAB)
into a brown insoluble precipitate or the hydrolysimfino-9-ethylcarbazole (AEC) into

a red insoluble precipitate, repectively.

IHC can be conducted manually or using automated platforms. Manual IHC protocols
are still widely used in the research contektowever, they are time consuming,
laborious and the number of samples stained at any one time is limiting. In recent years
the use of automated IHC has grown in popularity. The automation of IHC has
dramatically increased the efficiency of the techniqualelimg many more samples to

be easily stained simultaneously. In addition to increased efficiency, automated IHC can

also increase the reproducibility of results and reduce staining variation due to batch

effects(Warfordet al, 2004) As a consequence, in the clinical settingamated IHGs
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primarily used for performing such analydimprovements in the reliability of IHC are
highly important for the use of this technique in a clinical settagyerroneous staining

in this context could lead to suboptimal treatment of a patien

Another advancement in IHC efficiency has come in the form of tissue microarrays
(TMA). In classical IHC, a section of embedded tissue is cut, placed on a glass slide and
stained. However, with TMAs small cylindrical cores of tissue are removed frdmleul
embedded tissue samples andeenbedded in an array within a blank paraffin cassette.
Sections of the array can be cut and, as for whole tissue sections, placed on a glass slide
for staining (Figure 1.4). However, instead of one sample being codtaim¢he slide,

it is possible for hundreds of samples to be represented. As IHC is a multistep process
that is sensitive to changes in ifmation times, temperature and HP, unlessit is
rigorously performed there is a risk of staining variability betwsample batches

0 h QI atNif 2DB) The simultaneous staining of multiple cores on the same slide
ensures that onditions between tissue samples are standardised and reduces the need
G2 O2yRdzO0 LI/ Ay o0F0OKS&ad | SyOS ¢a! Qa Ay
increasinghe feasibility of large scale studies, but also the reliability of reg@&np

et al, 2008; Voduet al, 2008)

The size of tissue cores used in TMAs range between 0.6 mm to 2 (& ampfet al,

2012) Due to these small sizes, when TMidst came into use concerns were raised

over how representative the results would be compared to those obtained from whole

tissue sections. Since then numerous studiagehdemonstrated that results from IHC

2y (62 ¢a! O02NBa ail SR xndc YY FNBE O2 YL} NJ

sections(Campet al, 2008; Voduet al, 2008) Although,it has be@ identified that
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tissues ananarkers vith heterogeneous olocation-dependent expression may require
an increased number of tissue cores pettipnt to berepresentative(lakovlevet al,

2007; Linderottet al, 2007; PermuthiNeyet al, 2009; Allottet al, 2016)

A potential problem with TMAs is loss of usable tissue cores. The physical loss of cores
can occur during sectioninghe transfer of sections to glass slides and staining
procedures. It is estimated that £§80% ofcores are lost from TMAS is due to these

technical reasonévoducet al, 2008)

The presence of artefacts, resultant from tissue exti@cthandling or processing, or
the presence of only a small amount of tumoutipalogy within aneoplasm canalso
reduce the number of usable cores within a TNMiAa study comparing breast cancer
whole tissue sections and TMA®nNtaining 157 coresillettet al (2000)observed that
12% and 13% otores floated off during IHC staining for PR and ER receptors,
respectively. Additionallyi0% and 12% of theoresdid not contain invasive tumouA
study byHageret al (2007)specifically investigated the rate of core loss in rerell
tumour TMAs and the factors responsible for core exclusidmey identified that core
exclusion wagredominantlydue to physical core loss, <25% tumorous tissue per core,
core folding and the presence of necrosistle core. Moreover, it was foundhat
percentage of core loss and reductiaf unusable cores tripledrom the first slice to

the last slice of the TMA block.

The loss of tissue coré®m a TMAreduces the number of tissue cores per patientis
can reduce theepresentativeness of the TMand its ability to be used to acately

determine associations withutcome in biomarker researdfEckelPassowet al, 2010;
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Khoujaet al, 2010) Thoughthere is a need to be aware of the limitations when using

TMAs their useis nowwell accepted for research purposes.

The ability of TMAs tde representative isa consideration when studying IHC
biomarkersin bladder cance Badder cancer displays inttamour, genetic, histologic
and functional heterogeneityAmin, 2009; Morrisoet al, 2014; Nordentofet al, 2014;
Gerlingeret al, 2015) Currently, there isa limited amount of research into the
heterogeneity of protein expression within bladder cancer neoplasiewever,
proteins have been reported to show heterogeneity withimours of the bladderby
either IHQr through analysis of MRNA transcripAgierbaelet al, 2006; Laét al, 2010;

Tayloret al, 2014; Zhanegt al, 2016; Thomseet al, 2017)
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Figure 1.4The manufactureof a TMA (A) Cylindric tissue cores €6 mm in diameter

are removed from a conventional FFPE tissue block; (B) Tissue cores are placed into pre
made holes of a blank paraffin block in a predesigned arraySddipns of the TMA

block are cut and placed on glass slides for staining proced(fresn Sauteret al,

2003)
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There are many advantages of using IHC for biomarker identification. Firstly, IHC is
already employed in clinical histopatholpglepartments. Therefore, the equipment,
expertise and quality control regulations requirear iIHC analysis dfiomarkers are
already establishedand newly characterised IHC biomarkers are abfjuanore easily
translatable tha biomarkers identified usm other methodso h Q| daNal, S0&4)
Another factor in favour of IHC in the clinical environment is that iteigtively
inexpensive to conduct, making it more feasible for regular(tavatet al, 2014. IHC
biomarkers use tissue as their substrate. While the resection of cancerous lesions is
invasive, it is routinely carried out for the purposes of diagnosis. Hencajrexgthe
starting material for IHC is not a major issue. For the purposes of biomarker discovery

large archives of FFPE tissue are avail@idelucet al, 2008)

One criticism of traditional manual IHC procedures is that they are laborious, time
consuming and not suited to rge sample volumes. Howeveadvances in the
automation of IHC staining protocols have dramatically increased the efficiency and
reproducibility of the procedure. The diversity of antibodies available for specific
protein eptopes and protein modificationkas alsoinfluenced the use of IHC for
biomarker discovery. The diest advantage of using an Hd&sed modality fo
biomarker discoverys the capacity for IHC to retain the morphological context of a
sample(de Matoset al, 2010) Using IHCprotein expression can be determined and
observed in relation to pathological features of the tissue, which adds valuable

information about the cancer.

As with all techniques, IH@éts disadvantages.udomation of IHC staining has vastly

improved the efficiency and consgsicy of the staining procedure. Howevérne gold
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standard of HC analysis is still conducted leye (manual scoring)by trained
researchers or clinicians. The mahscoring of IHC data is time consuming and is a
significant bottleneck in the efficiency of IHC analysis. alsdiable to bias due to the
innate limitations of human judgement and can never be absolutely quantité@keye

& Nnatuanya, 2015)

The use of automated digitahage analysis in histopathology is an anéaonsiderable
interest for cancer therapeutics and IHC biomarkers. Computer assisted image analysis
has the potenial to address many of the lorgjanding limitations asociated with the
current humanbasedanalysis of histopathology. Digital image aséd is by its nature
objective and not subject to ocular phenomena that can trick the human(&géner

et al, 2017) It can also be standardiseahd contain algorithms to correct for variances
that may occur in tissue staining between batches, or reagents and improve contrast
(Hoffmanet al, 2014; Kotharet al, 2014; Kumaet al, 2015) Furthermore due to the

use ofcolour deconvolutiorin automated image analysig) quantify thecontribution

of colours tostainingintensity or saturationit can be trulyquantifiable as opposed to
semtiquantitative (Phamet al, 2007; Gurcart al, 2009) Importantly, considering the
increased demand for trained histopathologisigyital image analysis has the potential

to improve the efficiency of pathology diagnostics.

Basc computer algorithms aravailable to analyse digitally scanned tissue specimens.
However, these are often instrumerdpecific, whicHimits their universal utility Basic
algorithms forthe automated analgis of histopathologyequire human input, to
configure the algorithm for a specific tissue type andrbarker under investigation.

Thishuman inpu can reintroduce the biases associated with manual analysis and can
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be time consuming. As of yet there is no basic algorithm that does not require human
intervention, of a comparable standard to human scoriiij Cataldoet al, 2012;

Levensoret al, 2015)

In recent years deep learning and &dial neural networks have been used in the
development of digital imagenalysis programme®eep learning and artificial neural
networks in computer programmingefer to a machine learning technique whereby a
computer model learns and adapts to newtalaDue to the complexity ahicroscopic
morphology and need for objectivity in image analysis, deep learning is ideally suited to
digital pathologyas it can use complex computer model architectures to learn complex
features from data in an unsupervisatinner(Madabhushi & Lee2016) The results

of deep learning methods in digitphthology have beerncouraging generatingissue
classificationgoncordant withthose produced by pathologists. However, the need for
large datasets on which to train deep learning algorithmarently limit the
development of this technolog§Robertsoret al, 2017) Additionallythe knowledge gap
between the fields of deep machine learniagd digital histologwlso creates a burden

of entry (Janowczyk & Madabhushi, 2016

The work conducted bievensoret al (2015) using pigeonsto assess pathology and
radiology imagescould be a solution to the large datasets required to train machine
learning programmes. Pigeons share many visual system properties with humans and it
was found that, when trained, the birds rapidly learneddiscriminate the appearance

of benign from malignant breast tissue histology to a high level of accuracy. This led the
proposition that pigeons could be used as surrogates for human observers in certain

medical image perception studies. The use of pigaeould avoid the need to recruit,
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pay and retain already heavily burdened cliaig Pigeonswould also be able to
examine many more casesfa study than humansvhich would increasthe staistical

power.

Crowdsourcing is another possible solutionthe training data required for machine
learning programmes in digital pathology. A number of projects have reported success
in using members of the public to perform simple scientific tasks, such as morphological
classifications. These studies have beenduicted in a range of scientific disciplines,
including biochemistry and biomedical research (Linedtal, 2008; Coopeet al, 2010;
Kawrykowet al, 2012; Leet al, 2014; Candido Dos Reisal, 2015; Rallapalét al, 2015;
Lawsoret al, 2017) and has led to bothbona fidescientific discoveries and generated
improvements in computational algorithms (Curtis, 2014). Two crowdsourcing studies,
Cell Slider and Trailblazer, have been conducted to determine the ability of members of
the public to analyse HC data. Both studies reported encouraging results
demonstrating an ability for members of the public to accurately score IHC samples
(Candido Dos Redt al, 2015; Lawsoet al, 2017) Tre use of crowdsourcing for IHC
scoring is still in need of further research and validation but has potential to produce

the large sets of data required for advancement of digital image analysis programmes.

The development of deep learning image analypgrammes for pathology
diagnostics is still in its infancy and to datke standard of care in the clinic is to
continue humarbased specimen analysis. For computer assisted image analysis to be
adopted within the clinical environmenthe technique regires validation on clinically

relevant samples in collaborian with clinical pathologists.
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An important consideration for IHGn biomarker discovery is the requirement for
standardisation and robust validation. Each of the major steps in IHC cancaighyfi
alter staining if modified While this allows for effective optimisatiprf staining
protocols have previously been insufficiently optimised, validated or standardised
erroneous results thaare not repesentative of protein abundancean be obtaied.
Therefore, althoug IHC is a powerfubol for biomarker discovery, to be clinically
relevant, antibodies and protocols should be robustly validated. Additionally, if using
FFPE tissue it is important to understand that for some epitopes the durattiaxation

in formaldehyde can be criticéde Matoset al, 2010; Dunstaet al, 2011; Howaet al,

2014T  h Q ledaNA0RIR

New targets for cancer ibmarker screening are based on the molecular
characterisation of tumours and cell lines. The DNA damage response (DDR) pathway is
a large source of cancer biomarkers candidates. This is due to the dysregulation of DNA
damage signalling pathways that igjtered by cells for tumourigenesis to ocdlu et

al, 2013) The mutations that lead to this dysnmggtion can directly affect tumour
aggression and hence prognosis. Additionally, as the majority ofsnggical cancer
therapies are based on the induction of DNA damage, changes within the DDR pathway
can also determine the efficacy of a treatment. THere, understanding the complex

interactions of the DDR pathway is highly important in biomarker discovery.
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1.5 Cellular repair of duble-stranded DNA damage

DNA double strand breaks (DSB) are harmful to genomic integrity and can lead to
genomic rearangements, mutation and cell death. Indeed, for radiation induced DNA
damage, while the majority of breaks produced are single stranded, it is the DSB that
are responsible for cell deat@dackson & Bartek, 2009¢ells have evolved complex
interconnected pathways to spond to and repair DSB. The firssponders tdSB are
ataxia telangiectasia mutate@rTM) and the MRN protein compléixavin, 2007)The

MRN complex is a multifunctional protein complex composed of meiotic recombination
11 (MRE11)Nijmegen breakage syndrome 1 (NBS1) and RADB® MRN complex
detects DSB and is responsible émhancing the rate of ATM activatiofCarsoret al,

2003; Lee & Paull, 2004, 2005; Duptéal, 2006) Upon activation, ATM induces the
signalling cascade that mobilises DNA repair pathways, ce#t cpeckpoints and

apoptosis(Matsuokaet al, 1998; Weber & Ryan, 201&jigure 1.5).
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Figurel.5: A schematic represatation of the recognition of aDSB ATM andMRE11

are recruited to DSB where upon MRE11 binds DNA ends and enhances the rate of ATM
activation. Activation of ATM induces signalling cascades resulting in thetiactio

DNA damage repair pathways, cell cycle checkpoints and apoptotic pathways.

A key target of activated ATM tise tumour suppressor proteip53.p53 responds to
cellular stress such asnauthorized cell proliferation, growth factor or nutrient
deprivation and DNA damag&P53(the gene that encodes p53) is the most commonly
mutated gene in human cancer and mutations have been identified in all regions of the
gene. he most common formof mutation inTP53are missense substitutions which
lead to a gably expressed protein, albeit with a loss of wiijghe activity. Indeed,
tumours with mutated p53 often display an abnormally high level of cellular p53. In
addition to the lossof the p53 tumour suppressor functiortancer associated p53
mutationshavebeen found to have a gain of function that aid tumour progresghure

et al, 2017)
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p53 functions as a transcription factor that binds as a tetramer to response elements in
the promotor region of multiple geneactiving or repressing their transcriptigivang

et al, 2010) Through this function p53gulates a diverse group of biological activities
including cell cycle progressiormpoptosis, senescence, DNA metabolism, energy
metabolism, angiogenesis, immune response, cell differentiation, motility, migration
and celtcell communicatior{Naget al, 2013) Although the primary targets of p53s

a tumour suppressgrare those involved with the regulation of the cell cycle,
senescence and apoptosis such @BKN1A(p21, CIP1WAF1), p53 upregulated
modulator of apoptosis (PUMAGnd Promyelocytic leukemia protein (PME)Deiryet

al, 1993; Nakano & Vousden, 2001;etwal, 2001; de Stanchinet al, 2004; Menendez

et al, 2009; Campis2013; RodrigueBreneset al, 2016)

Under basal condition®53 levels are maintained at low levels in cells by a humber of
proteins. However, the most important negative regulator of p53 is the E3 ubiquitin
ligase MDM2, which exists in a negative feack loop with p53. MDM2 binds the N
terminal transactivation domain of p53, preventing its activity as a transcripticiofa

It is also responsible for ubiquitinating the protein, leading to its proteasomal
degradation(Momandet al, 1992; Rodrigueet al, 2000) Upon the induction of cellular
stress p53 is stabilised and activated by a series of-fpasslational modifications
including phosphorylation, acetylation, methylation, ubiquitination and sumoylation at

multiple sites by a variety of proteirgslarris & Levine, 2005)

The activation of AMin response to double strand breaks and ionising radiatiesults
in the stabilisation of p53. ATM causes theett and indirect phosphorylation of p53

at multiple sites, including Ser 6, 9, 15, 20, 46 and T{KH&hnaet al, 1998; Hiracet
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al, 2000; Saiteet al, 2002; Kodamat al, 2010) The fosphorylation of p53 Serl5 in
response to DNA damagéas been found to primehe protein for subsequent
modifications(Lavin & Gueven, 20064TM also phosphorylates MDMERhosravet al,
1999; Mayeet al, 200L; Cheret al, 2005; Gannowet al, 2012) Phosphorylation of p53
and MDM2 by ATM act to destabilise the interaction between p53 and MDM2 and

consequently results in the stabilisation of p53.

One of the mosinvestigated p53 targets is the cyclin dependkimase (CDK) inhibitor
p21. p53 binds the promoter of theDKN1Ap21, CIP1, WAF@Ene that encodes p21
and activates its transcriptiofel-Deiryet al, 1993; Macleoet al, 1995; Elbendargt al,
1996) The upregulated p21 then inhibits the activity of cy«llBDK2, cycll€DK1, and
cyclinCDK4 complexesvhich prevents the phosphorylation of proteins rgged for
the activation ofE2F transcription factors théacilitate cell cycle progressidhieet al,
2005; Satyanarayanet al, 2008) p21 also mds to proliferating cell nuclear antigen
(PCNA) inhibiting PCN¥&pendent DNA replication and modulating PGidfpendent
DNA repair processdiuoet al, 1995; Abas & Dutta, 2009)As suchp53 mediated
upregulation of p21 is a critical activator of cell cycle arrest in response to stress.
However, p53andependent mechanisms of regulation also exiacleodet al, 1995;

Loignonet al, 1997; Let al, 2002; Tanakat al, 2007; Jeongt al, 2010; Xet al, 2014)

The two major pathways involved in DSB repair are homologous recombination (HR
and nonhomologus end joining (NHEJ). There is alees preferentially used

microhomologymediated end joining (MMEpgathway.
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1.5.1Homologous recombination

HR requirep - f@section of doublestranded DNAdsDNAMRt the site of the breako
formsingled 4 NI Y RS R o0 Qs Ebihitial 3% rddgé rgsaction of DNA, of up
to a few hundred bases, is facilitated by MRE11 @terminal bindingprotein 1 (CtIB
(Limboet al, 2007; Sartoret al, 2007) Afterinitial resection BRCAL and CtlIP promote
longer range resection of DNA witxonuclease 1Hxo0l, Bloom syndrome protein
(BLM andDNA replication helicase/nuclease@NAJ (Garciaet al, 2011; Nimonkaet

al, 2011; Hoaet al, 2015) Replication protein A (RPA) rapidbats and stabiliss the
newly formed length of singietranded DNA (ssDNA)preventing the formation of
secondary structures. The RPA coating is subsequently replacedDf1Rwhich is
promoted by RAD52 anBRCA2long with thepartner and localizer of BR@ PALB?
(Sugiyama & Kowalczykowski, 2002; San Fippb 2006; Xiat al, 2006) This loading
of RADB1 onto ssDNA generatespaesynapticfilament and is a crucial step in HR as it
allows for homology search, enables strand invasiondgplex DNAand Dloop
formation (Shortet al, 2016) DNA synthesis occurs usiting invaded duplex DNA as a
template. This forms &NA intermediatevhichis resolved through th resolution of a
double Holliday junctiofFigure 1.6). The double Holliday junction structgresisolved
by structureselective endonucleases sucht@smus8temel endonuclease and GEN1
(Cicciaet al, 2003; Ras®t al, 2010) Resaltion of the double Holliday junction
generates crossover and namossover poducts. Alternatively, in the synthesis
dependent strand annealing (SDSA) pathway of resolution, the formation of a double
Holliday junction is suppressed and the invading striardisplaced after DNA synthesis
where it can then anneal with the broken DNA ends (Renkaawii, 2014) (Figure 1.6).

HR is a higifidelity form of DNA damage repair and often termed error free, although
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due to the use of a sister chromatid as the tdatp for repair, HR can lead to loss of

heterozygosity (Liu & Huang, 2014).
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Figurel.6: A schematic representationf DSB repaivia homologous recombination
Repair is initiated bIMRE11 and CtJ®hich perform aninitial short range resection of
the DSB This short range processing facilitates the extendeskctionof the DNA by
Exol BLM, DNA2yhich ispromoted by BRCA1 and CtIResection of the break site
producesssDNA overhangbat are rapidly stabilised and protected from degradation
by RPARADS2, BRCA2 and PALHsh promote the displacement of RFAr RAD51.
The loading of RAD5tw the ssDNA overhangatalyses homologgearch andtrand
invasion othe homologoussister chromatidTheinvadedhomologous sister chromatid
isthen usedas atemplate forDNA synthesisThisforms a DNA intermediate which is
resolved va the processes o$ynthesisdependent strand annealing (SD®&)double
Holliday junctiorresolution In the resolution of the double Holliday junction, structure
selective endonucleases cleave the junctions to produce crossover ofcrassover
products. Whereas in SD8#e formation of the double Holliday junctiaas suppressed
and the invading strand is displaced af®mthesis Thisdisplaced strand can then
anneal wih the broken DNA end® complete repair(reprinted from Dweva & lliakis,
2013).
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1.5.2Non-homologous end joining

Canonical NHEJ is composed of three steps: bridging and stabilising of DNA ends, end
processing and ligation. DNA end bridging and stabitisasi carried out by the Ku70/80
heterodimer and theDNAdependent protein kinase catalytic subunit (DIRKcs)The
Ku70/80 heterodimer encircles and protects DNA eadd then acts as a scaffold

recruit the additional factors required for NHBYalker et al, 2001; Fell & Schid
Poulter, 2015)DNAPKGcs is recruited to the DNA breakthg Ku70/80 heterodimer

where it is activated. This actitwan induces a translocation of the Ku70/80 heterodimer
from the ends of DNA inward along the DYoo & Dynan, 1999nd additionally
activates other moleculasvolved in NHELIiu & Huang, 2014As well as having a role

in activation, the binding of DNRKcs also acts to tether DNA er{@pagnolcet al,

2006)

5 YI3ISR 5b! SyRa KIS RAFTFSNBYy (G &dNHzOG dzN.
LIK 2 & LIK | {-§drokyl/ tBrmird for repair to continugPovirk 2012) DNA end
processing is carried out by a variety of different molecules containing nuclease activity,
with the structure of the DNA ersddetermining which end processis used Changget

al, 2016) Artemis, Werner (WRN), polynucleotide kinasepl®sphatase (PNKP),
aprataxin (APTX) , the MRN complex, and even Ku are some of thénprated to
process DNA end$Strandeet al, 2012)

hyOS LINPOS&aaSRX 5b! LRfe&YSNIasSa (Pryorey R < |
al, 2015) Repair is completed by the ligation of DNA with DNA Ligase IV. The dction o
Ligase IV is stimulated byray cross complementing protein(XRCC4) andRCCike

factor (XLF), which promote a mobldedging between DNA moleculéshnesorget al,

2006; Brouweret al, 2016)(Figure 1.7)Interestingly the requirement for XLF in DNA
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repair has been found to be variable and not absolutely required for Ligase IV
stimulation (Royet al, 2012, 2015)As NHEJ does not use a sister chromatid to fill in
nucleotides it imninherently more error prone method of DSB repair compared to HR
Despite this, in recentgars, NHEJds undergone an image change. Studiage found
repair by NHE to be surprisingly precise withe structure of the DNA ends being the
limiting factor inrepair accuracy rather thathe NHEJ machinery(Bétermieret al,

2014)
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Figurel.7: A schenatic representation of DSB repair vieon-homologous end joining.

The Ku70/80 complexencircles DNA engsprotecting them from nucleolytic
degradationandrecruits DNAPKcs to the DSB. Upon recruitment to the DSKithase
activity of DNAPKcss activaed. The interaction between DNRKcs and the Ki0/80-

DNA complex causes the translocation of the Ku heterodimer along the DNA, away from
the break site The damaged DNA ends can thenprecessed bystructure specific
nucleases. End processing is folloviegdhe filling of the residual nucleotide gaphich

is performed bys b ! LJ2 f & Y S NIXRCE4 ang XkmUlIRte BNA ligase IV to
conmplete repair(reprinted from Dueva & lliaki2013)
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1.5.3Microhomologymediated end joining

In addition to caonical NHEJ there is also alternative NHEJ or microhomoiegjated

end joining (MMEJ). MMEJ is aikdependent alternative form of NHEJ. It is an error

prone form of DSB repair and has been linked to oncogenic rearrangements of DNA such

as chromosomatranslocations and telomere fusior{Raiet al, 2010; Villarreakt al,

2012y aa9W A& | GOdzi F'YyR LI adtasSé¢ YSGK2R 2F 5
NEIA2ya 2F YAONRK2Y2ft23& (G2 &a3ftdzS¢ 5b! ol
fundamental steps: resection of DNA endsnealing of areas of microhomology,

removal of heterologous flaps, fill in synthesis and ligation. As opposed o NRJEJ

the resection of the DNA ends is limitedd no strand invasion occurs.

wSaSOoliAz2y 2F (GKS 0 NFolQ ediibbipdsing a shabt2eygihd#O (i S R
ssDNA with an area of microhomology. Similar to HR, initial end resection in MMEJ is
conducted by MRE11 and C{lIRuonget al, 2013) Areas of microhomology anneal with
K2Y2t232dza | NB Fap of Giripairgd|DSARandgap. Heterolégous DNA

flaps need to be remwved for repair to continue, which is performday structure

specific endonucleases such as the ERKRF endonuclease. Once flaps are removed

gaps in the DNA are @ LJSNI G A @St & FAf{f SR 0oMeyebebadl, LJ2&YS

2015) DNA is finally ligated by DNA ligas# tb complete the repaifFigure 1.8)
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Figure1.8: A schematic representation foDSB repair vianicrohomologymediated

end joining Repair is initiated bIRE11 and CtIP, whickefiorm A YA (-6 ® NRa SOG A 2
of the break This nucleolytic processing of the DNA ends expassisort length of

ssDNA with an area of microhomologyreasof microhomologycan thenannealbut
ae¥FfFy1{SR o6& | o0Q ¥l L) 2 FaradmfrialledyNsBURturé b ! | y F
specific endonucleases before tigaps in the DNA are filleth cooperatively by DNA
LI28YSNIasSa + FYyR <& 5b! f A3l &Seprintedfron. £ A I |
Dueva & lliakis2013).

1.6 MRE11: a significant DNA damage response protein

MREL11s a critical gene antghurine models have founthat the knock out ofthe MRE11
geneor mutations inactivatigy MRE11 nuclease activity aeenbryonic lethal(X{ao &
Weaver, 1997; Buist al, 2008) In humansindividuals with inherited hypomorphic
mutations inMRE11which result ilMRE11 deficiency, haaaxiatelangiectasidike

disease (ATLD)

Patients withATLD displayrogressivecerebellar atada, hypesensitivity to ionising
radiation, genomic instability,defective S phase checkpoint ardkfective ATM
activation in cellTayloret al, 2004) Due to the rarity of ATLD there is too little

evidence to firmly state whether the disease predisposes patients to cahlmvever,
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there is evidence thasome ALTD associated MRE11 mutations are associated with
cancer(Regalet al, 2013) Specifically, thdRE11A™Pmutation has been found to
associate witha familial cancesyndrome(Bartkovaet al, 2008) In 2009 a report was
published ontwo brothers with ALTD caused by noveMIRE1lAnutations that

developedling carcinoma at thgoungages oP and 16Uchisakaet al, 2009)

Thebiologicaimportance of MRE11in normal cell functioninghasbeen demonstrated
through the identification of mutationsr aberrant protein expressiorin a range of
cancers.For exampleMRE11has been found to bérequently mutated in mismatch
repair deficient cancersresultingin a loss of protein expressigmutated in lymphoid
tumoursand aberrantlyexpressedand mutated inovarian and breast cancefGukuda
et al, 2001; Gianningt al, 2002; Heikkinemt al, 2003; Miquekt al, 2007; Bartkovat

al, 2008; Weret al, 2008; Brandit al, 2017) Thereis also evidence thatgermline
mutations in MRE1lassociate with heredity susceptibility to breast andvarian

cancer(Heikkineret al, 2003; Bartkovat al, 2008)

In bladder cancerclinically relevantMRE11 variants have been describethe
rs2155209 SNih the MRE11lo Q| Iltasv been dund to associatewith a marginal
increase in bladder cancer ki$gChoudhuryet al, 2008) Additionally, thers1805363
SNP in théVRE11lp Q | hlaswbeen associated withoor outcome following Rin MIBC
patients and an alteration INRE1lisoform expressiofiTeoet al, 2014. On the protein
level a n@el Gterminally truncated form of MRE11 has also been detected which is less

stable then WT MREXNicholsoret al, 2017)

MRE11 is a key player in the cellular response to DNA damagis &mlagical function

is dependent on itsability to form the MRN complex witRAD50and NBS1The MRN
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complex is ae of the firstresponders to beecruited to sites of DNA damagehere it
binds to and tethers DNA endkavin, 2007)This binding of DNA facilitated through
the DNA binding domains of MREArd the coiledcoil domains of RADHde Jageet
al, 2001b; Leeet al, 2013) Once bound to DNAATP hydrolysistimulatesthe partial
unwinding of the DNA duplexvhich ispromoted by MRN and alsotriggersa large

conformational change ithe MRNcomplex itsel{Paull & Gellert, 1999; Let al, 2016)

MRN recruits ATM to sites of damaged promotes the transitiomf inactive dimeric
ATM into anactive monomeric form{Lavin, 2007)The presence of NBSf& the MRN
complexandthe binding of ATP are bottritical for the activation of ATM.dwever, it
has been found that ATP hydrolyarsd MRE11 nuclease function is floteet al, 2013)
Although MRE11 has no direct role in activating ATitations in the N-terminal
domainof MRE11 have been found bmpact ATM signdhg (Regakt al, 2013) The
activation of ATM initiees the downstream signalling initiating cell cycle checkpoints

and DNA damage repair.

In the repair of DSBirough HR and MMEthe endonuclease anexonuclease activity

of MREL11 is required to initiatde resection of the break site. Firstiphosphorylated

CtIP promoteshe endonuclease activity of MREfidlmakean initial single strand nick

in the DNA upstream of the damage site. DNA resection fireneeds bidirectionally

4 GKS SE2ydzOft S &S | Ol A JAHidreciénf tovard therm R A 3
exposed DNA end anttS -p @ S E 2 y dzOt SEX®Band ELK kegektédDNAR T
away from the endShibateaet al, 2014; Ananet al, 2016) The resection of the DSB by

MRE11 is a key step in repair pathwaoice as it directs repair away from NHEJ

(Shibateet al, 2014)
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Anotherrole for MRE11 iDNA damage repiais the processing d)NA end, such as

the hairpin-capped DSBandthe removal of bulky adducts from DNARobache\et al,
2002; @acho & Maizels, 2011; Deshpandeal, 2016) Bulky DNA adducts can arise
endogenouly from DNA protein crosslink@DPCs)or can arise from exposure to
chemical agents or ionising radiatigfiretyakovaet al, 2015) o ODdNA ddaucts
require the endonuclease activity of MRE11 for their removal. Whereas for the removal
ofp Q dDiAatideids, there is a requirement for the endonuclease and exonuclease
activity ofMRE1](Liaoet al, 2016) In the processing of DPCs MRE11 generates a clean
DSB that can be repaired biassical repair pathways. las been found that this role

of MRE11s of particularimportancefor the repair ofthe potentially lethal sites where

topoisomerase | or Il are covalently bound to D(MArtsuikeret al, 2009)

MRE11 also plays a role in the repair and restart of stalled or collapsed replication forks.
Under conditions of replicative stress or DNA damagplication forks can stall or
collapse. talled replication fork can continue replicationonce the inhibition tofork
progression is removed. However, through the dissociation of replication machinery or
the formation of a DSBa collapsed fork cannot perform DNA synthesis upon the

removal of inhibition(Petermannret al, 2010; Cortez, 2015)

Upon stallingreplication forks can beemodelledinto a regressed chickeioot (four-
way junction) structure by annealing of newly synthesifadscent) DNAand re
annealing of parental strandSogcet al, 2002; Ray Chaudhut al, 2012) Fork reversal
stabilises the stalled fork allowirtgne for the removal of the replicative inhibitiorn
recent yearsit has been found thaif the nascent DNA of a reversed fask not

protected, it undergoesdegradationby MRE11 This canlead to cell lethality and
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genomic instabilitfHashimotcet al, 2010; Schlachest al, 2011; Yingt al, 2012; Yang

et al, 2015; Kolijivadiet al, 2017) Indeed, MREXtlependent fork resection underlies

the increased chromosome breakage exhibited by BRCA2 null($elitacheret al,
2011) A number of proteins, inatling RAD51, BRCA2, PARRA REV1 have been
identified as factors that protect the DNA at damaged forks and prevent excessive
degradation by MRE1(Hashimotoet al, 2010; Schlachest al, 2011; Yinget al, 2012;

Yanget al, 2015)

MREL11 is also required abllapsed replication forks. At collapsed replication forks
subunits of the GINScomplex and DNA polymerase epsilon dissociate from the
replisome, preventing the restart of replication even upon the removal of replication
inhibition. It has been found thaMMRE11 and RADS51 facilitate the reloading of these
componentsback onto the collapsed fork, promotirigrk restart and preventing the
formation of DSBgTrenzet al, 2006; Hashimotaet al, 2011) However, fia DSB is
induced by replication fork collapsthe major pathway of repair has been identified as
homologous recombinationwhich requires MRE1{Arnaudeauet al, 2001; Saleh

Gohariet al, 2005 Petermanret al, 2010; Grottet al, 2012)

As described abovehe function of MRE11 relies oibs ability to bind DNA and its
nuclease function. The MRE11 DNA binding motifs are contained within two distinct
sites in the @erminal of the protein. MREL has the capacity to bind sSSDNA and dsDNA.
However, the affinity for MRE11 to bind ssDNA is greater than that for d§®MN~AamMs

et al, 2008) Exonuclease function is defined by four highly conserved phosphoesterase

motifs in the N terminal of the protei(Kroghet al, 2005) However, nuclease activity is
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regulated by a number of factors. A schematic representation of MRt the

relative positions of important features can be saeirigure 1.9

Phosphoesterase motifs (13-396) DNA binding #1 (294-461) GAR domain (568-600)

-ﬂ_ l— e B
a~

RADS0 (429-482) DNA binding #2 (654-708)

NBS1 binding

Exon 16 (595-622)

Figurel.9: The relative positions of the functional motifs and domains withMRE1L.

The location of the C terminal phoshoeterase motifs (required for MRE11 nuclease
function), the two DNA binding motifs, regulatoi@ARdomainand sites oRAD50 and
NBS1 interactiorare depicted along with theposition of MRE1lexon 16 (reprinted

from Damiolaet al (2014).

1.6.1 MRE11 GAR domain

MRE11 contains a glychaggininerich (GAR) domain which is subject post-
translationalmethylation on arginine residues by protein arginine methyltrarefe 1
(PRMT1)(Boisvertet al, 2005a) Methylation of arginine residues occurs on the
guanidino group (C4s) of the arginine side chain. Multiple methyl groups can be
added to an arginine residue changing its conformaticimargeand also its ability to
interact with hydrogen bond donors. Hence, the methylation of arginine within a
protein can disupt molecula interactions withbinding partners or protein activity.
Arginine methylation can occur in three forms. Monomethylated arginine (MMA)
contains a single methyl group attached to the N terminal atom of the guanidino group.
Two forms of dimethylated argingnare possible asymmetric dimethylated arginine
(ADMA) and symmetricglldimethylated arginine (SDMAADMA holds two methyl
groups on one of the terminal nitrogen atoms of the guanidino group whereas SDMA
contains two methyl groups placed either sidetafo of the N teminal guanidino
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nitrogens (Figure 1.10XBedford & Clarke, 2009Methylation of the MRE11 GAR
domain has been found to have large impacts on protein function including DNA
binding nuclease activitfBoisvertet al, 2005a; Dénet al, 2008)and relocalisation
from PML bodies to sites of DNA damagoisvertet al, 2005b) Loss of MRE11
methylation results in cell cycleheckpoint defects, hypersensitivity to gamma

irradiation and chromosomal instabilif)fuet al, 2012)

CH CH CH

H;N.@ /N Ny.@./N
2 \(13/ N\H e \cl;/ \H
NH I’I\JH
—_—
((]:Hz):p (?H2)J
Protein Protein
MMA () SDMA(w)

N

HzN\c? 7NH,
N Guanidino group
(Clle)J
Protein
Arginine
CH
HNSEN HaN\ g7 NH;
|
NH .
|
(?Hz):a (?Hz)a
Protein Protein
ADMA (o) MMA(5)

Figure 1.10. The formsarginine methylation. Protein arginine methyltransferases
(PRMTs) transfea single methyl group ontone of the terminal guanidino group
(CHNg) nitrogen atoms of arginine to form emomethylatedarginine (MMA). The
addition of a second methyl group can then resultsgyrametric dimethylated arginine
or symmetric dimethylated arginine (SDMA) ADMAtwo methyl groups are attached
to one of the terminal nitrogn atoms of the guanidino group, whereas in SDiWA
methyl groups are attached to two of the N terminal guanalnitrogens (reprinted
from Bedford & Clarke2009)
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1.6.2Alternative splicing of MRE11

The alternative splicing ®RE1Xesults in two transcript variants encoding two distinct
isoforms,MRE11lisoform 1 andVRE1lisoform 2. The twdMRE1lisoforms are highly
similar(Figure 1.11)with the only diffeence between the two isoforms dhe protein

level being the absence of a sh@i amineacidlong exon, exon 16, iIMRE1lisoform

2. Atthe transcript leveMRE1IA a2 F2NXY H Kl a F pQ! ¢w gKAOK
than MRE11lisoform 1but there is curretly an absence of knowledge as to any

difference in the function oMRE1lisoform 1 and isoform 2.

A Exons 1-15 Exons 17-20
e soorn 1 T I <1+
A
mRNA Exon 16
Exons 1-15 Exons 17-20
e
B ?
isoform1 oHEEN ool 111 qg l Igggll'l' ................
isoform2 oNEEEEEcok XX goottlE loloclllcl LU LEL L PR

GAATTCAGGT TTACGGCCCT GCGGGTTCTC AGAGGCA-\GT TCAGACCGTG

iSOfOrM 1 - ccceccece ceccccecce comcccacae cccecccccae soceceocns
isoform2 HEoNEENEEE TEEEHooHEE Yo NEEILEN TCEENHEEE oEEoHNE NN
TTGTTTTCTT TTCACGGATC CTGCCCTTTC TTCCCGAAAA GAAGACAGCC

18 20

|

[ T T L — -EETTENtEg
isoform2 Wlgoolollo HENoNooool WENoNEoHoN NEEoNEoNoo oNETIRININ.
TTGGGTCGCG ATTGTGGGGC TTCGAAGAGT CCAGCAGTGG GAATTTCTAG

MRE11 isoform 1 s 708 aa

E A 6
MRE11 isoform 2 xnd 680 aa

Protein

N terminal C terminal
D 2080

2900
N | 1
isoform1 | Iololool walll § oNoolEoNoN HoNNENToof N¥ooNoHNER
isoform2 EiMoMolool oooXNINEEE oNooMMoHoN ---------- ----------

ATCGAGAGGA GGGTCTCAAA GAGGAAGAGC AGACACTGGT CTGGAGACTT

isoform 1 REEENcEE. -oolﬂlll LI LR T lol-o-ll HEoHEETEN o

ISOfOIM 2 [mcmrnn e Secanaennms Saasmename Saane e aes e
CTACCCGTAG CAGGAACTCA AAGACTGCTG TGTCAGCATC TAGAAATATG

isoform 1 llllllllla Hig lllll llﬂlol =o=o 1 -ullllol
isoform 2 [SE=rr et SN HEEE BeEr LI oNENEcH
TCTATTATAG ATGCCTTTAA ATCTACAAGA CAGCAGCCTT CCCGAAATGT

Figurel.11l: MRE1lisoforms1 and 2 (A)Schematic representations dfIRE1lisoforms

1 and 2mRNAMRELIA 82 F2NY ™M Kl & |  &K2NISRang Q! ¢ w
containsallexons 320, MRE11 isoform 2 has an addition of 107 nucleotidesmn@®s ¢ w
andismissingexon16 . 0 ¢ KS SEGSYRSR p Q NREWsofpdnOt S2 i A
2; (C) Shematic representation dviIRE1lisoforms as proteindMRE1lisoform 1 is a

full length 708aa log version of the protein containirg/l MRE1lexons and functioal
domains.MRE11lisoform 2 is a 680aa long version of the protein without exon 16,
however all reported functional domains are presgfi2) The nucleotide sequea of
MRE1lexon 16, absent iMRE1lisoform 2
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1.6.3Regulation of MRE11 activity by RAD50 and NBS1

MRE11 functions within the MRN complex and many of its functions are reliant on its
ability to interact withits complex partners, RAD50 and NBMRE1l is the core of the
MRN complex and exists as a homodippeoviding a frame on which RAD50 and NBS1
can bind(Williamset al, 2008)Figure 1.12 Recently the flexibility of the MRN complex
has been highlighted. Large conformational changes in the complex have been
identified and found to be important for the funicining of the complexXLafrance

Vanasset al, 2015)

Figurel.12: The MRN complexThe MRN complex is a heterohexamer composed of 3
protein dimers. The MREHXImerisdepicted in blue and dark blue (for each monomer)
MRE11is the core of the complegroviding a frame o which RAD50 and NBS1 can
bind. TheRAD5Oimer is represented in orange and yellow (for each monomeith
the positions of the coiledoil region and Zindook highlighted The coileecoil region
folds back on itselbringingtogetherthe two nucleotide(NTP)binding motifs to create

a functionalATRbinding cassett& TRasedomain The Zindook facilitates dimerisation
of RAD50NBSL1 is showm green with different shades represeng the different
domains (FHA, BRCT1 and BR{@T pyotein interaction The regiorof ATM interaction
with NBS1lis shown by a black arrow. The dottgdeenlines represent disordered
protein linkers The binding bCtIP to the MRN complex is also shaingprinted from
LafranceVanasset al, 2015)
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The RAD5MRE11 inteaction is critical for proper functioningf MRE11The MREL1
RAD50 complex ia heterotetrameric assembly consisting of head, coil and hinge

domains(de Jageet al, 2004)

A coiled-coil domain is a secondary structure motif codp6 R 2 F h KSf A0S 3
together in a superhelical bundl&his structure isnaintained through the interaction
between the hydrophobic residues within the core of the bur{gHartmannet al, 2016)

The RAD50 coilecbil folds back upon itself to bring together the Walker A and Walker
B nucleotide(NTP}binding motifs which createsa functional ATHinding cassette
(ABC) ATPase domamthe protein(de Jageet al, 2001b; Parlt al, 2017) It has been
found that this domain in RADSan facilitatein the binding of the MRN complex to
DNA, through the binding dhternal sites on DNALeeet al, 2013; Rojowskat al,
2014) Furthermore,the coiledcoil imparts flexility to RAD50 dimers and has been
observed to adopt multiple conformatior(sle Jageet al, 2001b) Interestindy, it has
also been proposed that the RAD50 coitaal maycommunicate allosteric changes in
the head domain of the protein to the Zn hqdkrough the sliding of the two coiled

O2Af h(LaKaSckEVar@ssét al, 2015)

At the apex of the RAD50 coiledil is a conserved GyeX-Cys motif (Zn hook motif).
This motif creates ondalf of a composite Ztbinding site. Two Zn hooks from
oppositely protruding RAD50atecules interlock to bind one Zrion, which facilitates

the dimerisation of the proteifHopheretaX HnnH T &al,QK6)Z O &1

MRE11 binds RAD50 through @germinal helixloop-helix domain, through a flexible
linker, allowing for large conformational anges in the protein complex (Figure 1.13)

(Lammenst al, 2011) The RAD50 subunits of the heterotetramer are bound to ATP. In
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its unhydrolysed form ATiegatively regulates MRE11 nuclease activity by blocking its
active site and promoting binding and tethering of DNA giidaull & Gellert, 1999.im

et al, 2011) However, MRE11 stabilis®AD50 dimerisation, locking residues around
the RAD50 ATFBinding site, promoting ATP hydrolysis.timn, the hydrolysis of ATP
causes large conformational changes in the MREADS0 complex exposing the
nuclease active sites of MRE11 and increasingam@hspecific DNA bindin@Paull &

Gellert, 1999; Lammeret al, 2011; Liret al, 2011; Seiferet al, 2016)
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Figurel.13: The ATP dependent conformations of MRE11 in complex with RADB8

MREL1 dimer is depicted in blue and dark blue (for each mononTeg.RAD50 dimer

is represented in orange and dark orange (for each monomer). MRE11 binds RAD50
through a flexiblehelixloop-helix to allow for large conformational changes in the
complex.Thezinc hooks of RADS50 facilitsRADS@imerisation. TheRADS50 coileaoils

add flexibility to the MRE11RAD50complex and bring together thevo nudeotide
(NTP3binding motifs. Thigreates a functional ATH®Inding cassette ATPase domain.

When ATP is bountb the RAB0the MRE11RAD5002 YLJ SE | R2LJia | aO
clampconformation promoting binding anthe tethering of DNA eds. The hydrolysis

of ATP results in a changeltoy’ & Zbadpigx€onformatiord Ly GKS a2 LISy €
MRE11 nuclease sitese expaed and there is anincreasing norend specific DNA
binding(reprintedfrom Lammenset al, 2011)

NBS1 acts to regulate the activities of MRE11l RADS50 and also ininces the
subcellular localization of the MRN complex (Dédahta et al, 2001) Structural
studies have identified that MRE11 in complex with NBS1 has large amounts of
asymmetryand that molecules of NBSdtretch around the outside of the MRE11
nucleasedomains in a highly extended conformation. One of the NBS1 subunits is also
involved inbinding across th&#RE11dimer interface bridging and locking th®IRE11

dimer (Figure 1.12(Parket al, 2011; Schilleet al, 2012) NBS1 stabilises the ATP bdu
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form of the MRE1-RAD50 complex and is necessary for the ATP dependent actions of
MRN, such as partial unwinding of duplex DRAull & Gellert, 199 Leeet al, 2013)
Interestingly NBS1 is also responsible for the substrate specificity of MRE11 nuclease
activity. NBS1 promotes MRE11 exonuclease at DNA ends containing adducts but

AYKAOAGA AdGa I+ OfDahpdndet a,2018)0t Sy Q 5b! SyR&

In addition to directly affecting the function of MRE11 and RAD50, NB&temruits a
number of proteins to sites of DNA damage and hence facilitates the msigreof the
DDR NBS1 recruits ATM to sites of DNA damage and causes its actiébioet al,
2005; Lee & Lim, 2006)t is also responsible for theecruitment of CtIP through a
forkhead associated=HA domain and BRCA1 and BRG#W®ugh BRCAL @&rminal
(BRCTlLand BRCA2 @@rminal BRCTRdomains located at th N terminus of the
protein The biding of CtIP causes large conformational changes in NB&altering
its ability to interat with BRCA1 and BRCA2 and hence affieair pathway choice

(Yun & Hiom, 2009; Lafrandanasseet al, 2015)
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1.7MRE11: a potential ismarkerin MIBC

There are currently no clinically approved biomarkers @ige in bladder cancer
although a large body of potential biomarkers have been identified. While numerous
studies into bladder cancer biomarkers exmtly arelatively small numbefocus on
MIBC. Furthermore, due to the historical bias toward RC agdteestandard treatment

of MIBC there is a significant lack of evidence into predictive MIBC biomarkers for

outcome followingRT

1.7. 1 Hidp levels of MRE11 protein are predictive of improved survival following RT
in MIBC

The DNA repair protein MRE11shlaeen identified as a potential predictive biomarker
for outcome following RTn MIBC but not RGChoudhuryet al (2010) determined
MRE1Jprotein abundance in retrospective FFPE biopsies of MIBC, usingnitifound
that high levels of MRE11 (32Ppercentile)significantly associatewith improved CSS
in patients who underwent RBbut had no association witbutcome inpatients who

received RC

This result was independently validated lbgurberget al (2012) However, & opposed

to Choudhuryet al (2010)where the majority of patients received RT alone, 838%e
patients inthe Laurberget al(2012)patient cohortsreceived CRSimilar toChoudhury

et al (2010) this study used IHC to determine MRE11l protein abundance in
retrospective FFPE MIBC samples and identHigtl levels of MRE11 (32percentile)
were significantly associated with improved outcome in the radiotherbpgedcohort

but had no ascociation withoutcomein RCcohorts
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The finding that high levels of MRE11 associate with improved RT response in MIBC
patients is counterintuitiveas @lls withmore MRE11 would be predicted as having the
capability toefficiently repair the DNA damageduced by radiation. However, within

the AnneKiltie lab anovel Gterminally truncated variant of MRE11 has been identified

in MIBC cell lines and patient samples, which may explain the r@$clolsonet al,

2017) This truncated MRE11 variant is formed through gomtslational cleavage of

WT MRE11 and its formation can beuced by treating cells with HATinhibitors. It is
hypothesised that thiss the overexpressed form of MRE11 detected in IHC studies and
that it is either functionally impaired or as suggestedNigholsonet al (2017)is a

degradation intermediate which is processed by the proteasome.

As discussed in section 1.3 of this thesis, the large number of cancer biomarkers
identified by researchers never end uptire clinic. One of the main reasons for this is
lack of validation.For a cancer biomarker to progress towards the clinical setting,
prospective validation in a randomised clinical trial is the gold standard. However,
before this, the assay used to evaluate the biomarker nimefound to be robust and
reproducible, givingoncordant results when performed by different laboratori@ésis

step of establishing the technical validity of a biomarker is often unaddressed, which

prevents its further development.

The results from investigations into the reliability biomarker assag important and
required for the progression of a biomarker into a prospective sett@mnsequently
the primary aim of @apter 3 of this thesis was to evaluate the concordance in staining
and scoring of the MRE11l IHC assay between different reseatubratories.

Furthermore, this work transferred the previously manual MRE11 IHC protocol onto
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automated staining platforms, as automated IHC is the primary method of performing

IHC in the clinic.
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1.7.2 A germlineMRE11SNP (rs1805363$ predictive of poor survivaldllowing RT

in MIBC

Using next generation sequencing, a SNP in MRE11 has also been found to be predictive
of RT outcome in MIBC (Teb al, 2014). The rs1805363 SNP is a germline transition
mutation inMRE11of the G major d&le to an A minor allele. It is located intronically in
MRE1IA 82 F2NY wmZ FTAODS o6l asSa o i MRELEFoS E2Y ™
2 is locatedg A U KAY (GKS p |titawMiBCLpatients lwho ca@redzih®
rs1805363A minor allele had a reducéglyearCSS following RT (p=0.001) compared to
patients who were homozygous carriers for the G major all€atients who were
homozygous for the A minor allele were identified as having the worst CSS with none of
the patients surviving at 5 years (n=6), whereas patients who were heterozygous for the
A minor akle (AG) had a 5 year CSS of 42% (n=28). Patients homozygous for the G major
allele (GG) displayed the highest CSS (58%, n{Fif)re 1.16A). hlere was no

association between carriage of the A minor allele and CSS followifurR@8)

In addition toassociating with CSte presence of thes1805363A minor allelewas

also found tacorrelatewith changes ithe relative expression #lRE1lisoforms 1 and

2 (Teo et al, 2014)The expression dflIRE1lisoforms 1 and 2 were assessed in nine
samples, coristing of bladder cancer cell lines and primary bladdenoursidentified

as positive or negative for the rs1805363 A minor allele. Samples which were
genotyped as containing the rs1805363 A minor allelere found to have higheatio

of MRE11lisoform 2 expressioto MRE1lisoform lexpressioncompared to samples
which were homozygous for the G major allele (Figure 1. H&@yeverdue to the small
sample sizand use of only 3 tumour samples in this analytbisre is a need to confirm

this result ina larger number of patient samples.
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The finding thatMRE11lisoform 2 expression could be higher in a group of MIBC
patients that respond poorly to RT is interesgtiand leads one to question whether the
increasein MRE11lisoform 2 expressignrelative to soform 1,in these patientsis
responsible for the poor swuival of patients following RT. Although thigpothesis
would imply that the function oMRE1lsoform 2 was not equivalent tdRE1lisoform

1, as currently assumedhis theory is tested in Chagt5 of this thesis.

It is noteworthy that the association betwe®RE11rs1805363 A minor allele carriage

and CSS is contrary to what is seen in MIBC patiemtsn MRE11 proteitevels are
assessethdiscriminately using IHC. Therefore, it is possibét ih MRE11 IHC studies

the presence of patients with the rs18053@3minor allele may confound result&
confounding factor such as this would reduce the predictive capacity of a MRE11 IHC
biomarker. Hence, it may be that the using both of these biomarko stratify patients
toward RT or RC may be more powerful than using either biomarker in isolation.
Furthermore, ifMRE11lisoforms are found tdhave a differentefficacyor functionin

DNA damageepair, patients with differential MRE11lisoform expresgn may also

confound the results of MRE11 IHC in MIBC.
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Figure 1.4: The grmline MRE11rs1805363G>ASNPas apredictive biomarker in
MIBC (A) Kplan-Meier CSSsurvival for patientavho received RTstratified by their
rs1805363 genotypeCarriagef the A minor allele is associated wittorse5 yearCSS
following RTp=0.001. GG hr=1AGpatients hr= 1.49, 95% CI. 0-20/8, AA patients
hr=8.00, 95% CI: 2.821.90);(B) A OKSY Il 6§ A O NBLINB & Sy MRELRA 2 vy
isoforms 1 and 2. fie relative position ofrs1805363SNP is showrnThe position of the
forward and reverse primerthat were used in thePCR amplificationf the MRE11

p Q; ¢ w cDNAaBeYalso shown(C) (i)Gel electrophoresis band®f PCR amplified
fragments from six bladder canaecell lines (RT112, HT1376, VMCUBL1, 5637, 253J,
CAL29) and three primary bladder tumouranes containinylRE1lisoform products
contain 2 bandsorresponding ttMRE1lisoform 1 and 2and are loaded next to a lane
containing anamplified GAPDH produdbr the sample, whiclhvas used as a padsie
control. In the lanes containing amplified fragments dRE11cDNA the lower band
contains amplified cDNAfromthdRE11A 32 F2NY ™M pQ! ¢w FyR (GKS
amplified cDNA from the longeMRE1llisoform 2 p Q| GSamples aregrouped
according tors1805363 genotype (ii) Quantification of the prcentageof MRE11
isoform 1 and 2expression relative to totaMRE1lexpressionin the lane, for each
sample The percentage oMRE1lisoform 1 decreased in samples pgo® for the
rs1805363 A minor allele5G: 61.7%, GA: 49.6% and AA: 308&gn from Teoet al,
2014).
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1.8 Anal cancer

Biomarkers argin the majority of casesinitially identified in one type of cancer.
However, there is often the question as to whether a biomarker is specific to one cancer
type orwhether it can be of used in other caseThere is evidence that some cancer
biomarkers have utility in more than one cancer typer exampleBRCAnutational
status is used to assess the risk of developing both breast and ovarian @nocechek

et al, 2010) AdditionallyHERZ2 expression and/or gene amplification has been assessed
in a range of disparate cancers, including MIBC, to determine its prognostic or predictive
utility, beyond breast cancgiHirschet al, 2009; Seet al, 2014; Abraha-Machado &
ScapulatempéNeto, 2016; Kisst al, 2017) MRE11 protein levels have been identified
as a potential biomarker for RT outcome in MIBC patients. Howéwerguestion of
whether MRE11 pragin levels could predict patient response followiRg m other

cancergemains unanswered.
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Table 1.5A mmparison between aal cancer andbladder cancer The factors
associated with increased risk of developing bladder canceaaaticanceare listed.
The male:female ratio, predominant histologit¢ype and incidence for each disease is

also compared.

Bladder cancer

Anal Cancer

Predominant risk factor

Smoking

0 accounts for
approximately 50% of
cases

[1][2]

Infection with high risk HPV

subtypes (predominately

HPV16)

0 accounts for 8890% of
cases

[3]

Other risk factors

9 Occupational exposure to
carcinogens such as
aromatic amines and
polycyclic hydrocarbons

1 Inherited genetic factors
polymorphisms in N
acetyltransferase 2 (NATZ

9 Glutathione Sransferase
mu 1 (GSTM1) null

genotype

1 Schisteomiasis (chronic
endemic cystitis) from

1 HIV infection

1 Sexual activity,
-Increased number of
sexual
partners
-Anal intercourse

1 Immune suppressen

1 Long term use of
immunosuppressants

9 Autoimmune disorders

recurrent infection with a | § Smoking
parasitic trematode
[4.5]
9 Exposure to arsenic in
drinking water
[1][2]
Male:female ratio 3:1 [2] 1:5[6]

Predominant
histological type

Urothelial cell carcinoma

[7]

Squamous cell carcinoma

[8]

Incidence

Tenth most common cancer
in the UK. Nirtt most
commonly diagnosed

cancer worldwide [9,10)

<1% total cancer cases in the
UK

[11]

Information obtained from[1] (Burgeret al, 2013) [2] (Knowles & Hurst, 2014]3]
(Baricevieet al, 2015) [4](GlynneJoneset al, 2014) [5] (Shridharet al, 2015) [6] (Salati & Al
Kadi, 2012)[7] (Kamatet al, 2016) [8] (Nelsonet al, 2013) [9] Cancer Research UK, [A0]
(Antoniet al, 2017) [11](Cancer Research UK, b
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Bladder cancer and anal cancer are both diseases that occur more frequently iin olde
patients. In bladder cancer, over half of all cases are agedCaticer ReseardK, a)
Whereas in anal cancer, over half of all cases are ageg¢Cd&tcer Research UK, b)
However, in terms of aetiology, histological characterisation and male to female
presengation, these two diseases are dissimilar. Table 1.5 compares and contrasts the

features of bladder and anal cancer.

The major difference between the aetiologies of these two cancers is the link between
infection with the human papilloma virus (HPV) andaa development. HPV infection

is not a factor in the development of bladder cancer, but infection with -nigk
subtypes of HPV, particularly HPV16, has been found to be the main driver of anal
cancer tumorigenesis. Eighty five to ninety percent oaadll cancers are positive for
HPV infection(Baricevicet al, 2015) In contrast, for western cultures, the main
aetiological factor for bladder cancer is tobacco smoking and it has been calculated that
approximately 50% of all bladdeancers are attributable to smokin@urgeret al,

2013)
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Unlike bladder cancer, which is common, anal cancer is relatively rare accounting for
less than 1% of the total cancer cases in the UK in Z8&fcer Research UK, b)
Although, its incidence is increasirf§hielset al, 2015) Additionally, the primary
histological type of anal cancer (approximately 85%) is squamous cell carcinoma, with
adenocaranoma (10%) or other types comprising the remaining 15% of ¢assson

et al, 2013) This is opposed to UC that is the most prevalent form of bladder cancer.

The treatment of anal cancer may consist of either surgical excision alone for small
tumoursmeasuring®cm acros¢staged as T)Lbut formajority of patients the standard

of care is combination CR{IGlynneJoneset al, 2009) CRT folanal cancer achieves
good responses with complete tumour regression in980 of casegVinayan &
GlynneJones, 2016)However, despite this good responsagute toxicities resulting
from currentCRTireatment regimens for anal cancer are commoatiéhts can suffer

long term effects includingpwer limb venoughrombosis,bowel, bladder and sexual
dysfunction(Ghosnret al, 2015) Moreover, recent findings have identified a subgroup

of anal cancer patients who do not respond to current treatm@ailbertet al, 2013

Doll et al, 2014; Koerbert al, 2014; Serugdansenet al, 2014 Mai et al, 2015;

Meulendijkset al, 2015)

Although Badder and anal cancer, shadissimilarity to one another, there are reasons

for investigating MRE11 IHC as a predictive biomarker in anal cancer. Firstly, there is a
need for biomarkers in anal cagric Although CRT is the standard of care for the majority

of anal cancersot all patients respond and toxicities are high. MRE11 IHC may identify
groups of patients where an alternative treatment may be more beneficial. Secondly, in

HPV infected cells &@DDR is exploited to enable amplification and integration of the
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viral genome(Anacker & Moody, 2016)The MRN complex has been found to be
important for productive viral replication, and aberrant expression of the components
of the MRN cmplex have been identified in HPV infected célaackeret al, 2014)

The altered expression or utilisation of MRE11 in viral replicatiog of@ngethe

efficacy of the repair of radiation induced DNA dage affecting tumour response.

PageQ9 of 304



1.9 Aimsand objectives

The aim of this thesis was to investigate biomarkers relevant to NIIBETo achieve
this goal two previously reported MRE11 biomarkers for patient response following RT
were further investigatedand the use of crowdsourcing as a method of reliably and
efficiently scoring IHC was studied

Aim 1: To reoptimise an automated MRE11 IHC protocol so that it could be used to

determine the reliability of MRE11 scoring and validate MRE11l asedicative

biomarker for RT outcomia MIBC
To achieve this airthe following objectives were set:

1) Analyse the distribution of scoré®m the MRE11 staining ofMIBC tissueohort,
stained using an insufficiently optimised automated MRE11 IH@@ubt

2) Conduct a thorough reptimisation of the automated MRE11 IHC protocol and

compare the variation between scoring distributions before and aftespgmisation

3) Use statistical analysie determine the reliability between the MRE11 IH¢bres

produced in either the same or two differemtstitutions.

4) Conduct a survival analysis to determine the associst@ween MRE11 IHC and CSS

in thiscohort

Aim 2: To investigate thepecificity olMRE11 IH@s abiomarker for MIBC by assessing

MREZL IHC in a cohort of anal cancer tissue samples
To achieve this aim the following objectives were set:

1) Peform IHC ofMRE11IHC m a cohort of anal cancer tisswnd determine the

association between MRE11 IHC and reldpse survival in this cohort

2) Use the existing data for this cohort on pl6 and tumour infiltrating lymphocyte
status to determine if MRE11 IHC can increase the prognostic value of either of these

biomarkersin anal cancer
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Aim 3: To validate the correlation between the increasgpression oMRE1lisoform
2 in MIBC patients who carry the rs1805363 A minor allele (reported by Teo et al (2014)

andto characterise theadiationresponse of cells expressiMRE1lisoform 2
To achieve tts aimthe following objectives were set:

1) Gemtype germline DNA samples, extracted from MIBC patients, for the rs1805363
SNP before quantifying the ratio MRE1lisoform 1 to 2 irthe correspondingpatient

tumour biopsies

2) Generate stable MIBEItlines which reexpressa constructcontaining he full length
coding sequence d¥RE1lisoform 1 or theMRE11lcoding sequence with exon 16

removed (epresentative oMRE1lisoform 2)

3) Usethe stablecell lines in clonogenic and comet and assays to determine the effect

of MRE1lisoform 2 expressionrocellularradiosensitivity and DSB repair.

4) Use immunoprecipitation assays to determinéhé variations in responsieetween
the cell lines is due to the methylation of the MRE11 GAR domain or an impairment in

the formation of the MRN complex

Aim 4: D determine if crowdsourcing could be used as a reliable and efficient method

of scoring IHC biomarkers
The following objectives were set to achieve this aim:
1) Optimise IHC staining for 14 antibodies to stain 7 MIBC TMAs

2) Input digitally scanned imag ofthe stained tissue into a smartphorgaming app

that allowed members of the public to score the data

3) Assess the accuracy of crowdsourced scoring by conducting statisticafde e

correlation between crowdsourced scores and scores prodbgeained researchers

4) Perform survival analyses to determine the association between each of IHC stains

and CSS, using the crowdsourced scores
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Chapter 2Materials and Methods
2.1 Solutions and Buffers
1% Acid Alcohol
990 ml 70%ethanol
10 ml concentated hydrochloricacid (Millipore)
{O206GQa ¢l LI 21 Gd8NJ
42 mM NaHCg(Sigma)
166 mM MgS®(Scientific Laboratory Supplies)
dHO up to 1 litre
0.5% lithium @arbonate
1 glithium carbonate (Sigma)
200 ml dHO
Citrate buffer
10 mMcitric acid (Fisher Scientd)
0.05% v/v Tween 20 (Promega)
dHO up to 1 litre

adjusted to pH 6.0
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TrisEDTA buffer

10 mM Trizma (Sigma)

1 mM EDTA (Fisher Scientific)

0.05% v/v Tween 20 (Promega)

dHO up to 1 litre

adjusted to pH 9.0

1x Tris buffered aline (TBS)

20 mM TrisHCL (Sma)

150 mM NacCl (Sigma)

pH 7.4

Manual IHC potein block

3% bovine serumlbumin (BSAJVWR International

10% v/vnormal goat serum (Dako)

PBS up to final volume (TmeoFisher Scientific)

Antibody diluent

1 g BSAVWR International)

100 ml PBEThermoFishr Scientific)

Tris/Boric Acid/EDTA (TBE)
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Readymade 10x Tris/Boric Acid/EDTA @{Bad) was diluted to 1x concentration with

dH:0.

Cell freezing slution

10% DMSO (Sigma)

40% foetal bovineesum (FBSJGIBCO)

50% growth redium

1x Phosphate bufferedaine (PBS)

PBS tablet (GIBCO) was dissolved in required volume6ftdidbtain 137mM NaCl,

2.7mM KCI and 1&nM phosphate buffer solution.

pH7.4

Protein lysis buffer

50 mM Hepes (Sigma Aldrich)

100 mM NacCl (Sigma Aldrich)

10 mM EDTA (Fisher Scientific)

1%v/v Triton x100 (Sigma Aldrich)

4 mM sodium pyrophosphate (Sigma Aldrich)

2 mM dium orthovanadate (Sigma Aldrich)

10 mM @dium fluoride (Sigma Aldrich)

p n Y-glycerophosphate (Sigma Aldrich)
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pH7.5

10 ml of solution made to completion with 1 cOmpleiéini, EDTAree Protease

Inhibitor Cocktail tablet (Roche

8% SDS PAGE resolvirgy g

46% v/v dHO

27% v/v ProtoGel 30%ylamide (National Diagnostics)

25% v/v 1.9M TrisHCI pH 8.8

10% SDS (Fisher Scientific)

10% ammonium @rsulfate (Sigma)

0.06% v/v TEMD (Sigma)

SDS PAGE stackingl g

68% v/v dHO

17% viv ProtoGel 30%krylamide (National Diagnostics)

13% v/v 1.M TrisHCI pH 6.8

10% SDS (Fisher Scientific)

10% ammonium @rsulfate (Sigma)

0.1% v/v TEMED (Sigma)

1x Tris/HEPES/SDS electrophoresigfer

100 mM Trizma (Sigma Aldrich)
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100 mM HEPES (Sigma)

3 mM SDS (Fisher Scientific)

dH0 up to 1 litre

Transfer iffer

25 mM Trizma (Sigma Aldrich)

192 mM dycine (Fisher Scientific)

made to 1 litre with dBO and 20% v/v ethanol (Fisher Scientific)

PBST

0.0%% vivTween 20 (Promega) into 1x PBS

Western blot blocking buffer

50% Odyssey Blocking bufferQMR Biosciences)

50% PBST

Comet lysis bffer

2.5 M NaCl (Sigma Aldrich)

100 mM EDTA (Fisher Scientific)

10 mM Trizma (Sigma Aldrich)

1% Nlauroylsarcosinealium salt solution (Sigma Aldrich)

0.5% Triton x100 (Sigma Aldrich)

10% DMSO (MP Biomedicals)

Pagel06 of 304



2.2 Acquisition of patient samples

BCON TMAs used in Chapter 3 of this thesis were constructed in Manchester University
in 2011. TMAs contained 1mm tissue coeedracted from musclénvasive aras of

BCON FFPE tumour biopsi8pecimens were collected between November 2000 and
April 2006. Ethics approval was obtained from Tameside and Glossop Local Research

Ethics Committee (project 09/H1013/24).

Anal cancer tiage was obtained from Duncan GilbefeFPE umour biopsies were
retrieved from patients treatd with CRTor non-metastaticSCCArom 2004 to 2009

Ethical approval was obtained (projekt/LO/1032)

Germline DNA, extracted tumour DNA and FFPE bladder chiogesies for the work
contained in Chapter 5 of this thesis were obtained from the Bladder Cancer Prognosis
Programme (University of Birminghamith the help of Richard Bryan. Ethical approval

was obtainedproject06/MRE04/65)

MIBC TMAs included in Chap6 of this thesis contained 0.6mm tissue cores exgect

from muscleinvasive areas of FFPE TURBT clripated with RTat Leeds Teaching
Hospitals NHS Trust from January 2006 to February 2009. Ethics approval was obtained
from Leeds (East) ResearchhiEs Committee (project 04/Q1206/62) and NRES

Committee Londn-Bromley (project 13/L0O/0540).
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2.3 Histology and IHC

2.3.1 Sectioning FFPE tissue

FFPE tissue blocks were incubated in an ice water slush #60 3finutes before
cutting. Sections of approptia thickness were cut using a Leica RM2125 RTS
Microtome and placed in a 42 Leica HI1210 histology wateath. Sectionswvere
removed fromthe water bath by picking them up on SuperFrost Pliugoscope slides.
Slides were placed in racks on &G4 eicad11220 Flattening Table until excess water
had disappeared. Sections for IHC or Haematoxylin & Eosin staining were baked in a
50°C incubator overnight. Cut tissue sections were stored®@t #r a maximum of 1

month.

2.32 Manual deparaffinisation, rehydation and cehydration of FFPE tissusections

Sections were warmed in a 8D incubator for 1%ninutes. Deparaffinisation inylene
(Fisher Scientific) was performed for 5 minutes twice before rehydration in 100%, 100%,
70% and 50% ethanol for 3 minutes BacComplete rehydration was achieved by
placing in dEHO for 3 minutes twice. Dehydration of stained tissue was conducted by
incubating slidesequentially in 50%, 70%, 100%, 100% ethanol for 3 minutes each.
Slides were then immersed ixylene for 3 minutestwice. Dehydrated tissue was
covered usinglibutylphthalate polystyreneytene(DPX mountant (Sigma Aldrich) and

glass coverslips.
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2.3.3 Haemabxylin and esin (H&E) staining

Deparaffinised and rehydrated 4 pm thick tissue sectiwege placed in filteed Harris
haematoxylin (VWR International) for 4 minutes. Slides were washed in circulating
water for 1 minute, followed by 1% acidicahol for 10 seconds. Samples were
ddzoaSljdzSyate LI OSR Ay { Oalorae@ for 10 setdnds, I G S NJ
each. Tissue was washed for 1 minute in circulating water. Slides were briefly
dehydrated in 50% ethanol and 70% ethanol before placirggcdoholic ®sin Y I(eica)

for 2 minutes. Residualosin wasremoved by three 20 second 90%hanol washes.

Slides werdgaken to complete dehydration in absolutéhanol for 3 minutes twice and

xylene for 3 minutes twice. Tissue was covered with glass coverslips B

mountant.

2.34 Automated IHC of FFPE tissue

Four micron thick tissue sections were used ioanated staining. A Leica Bonthx
system was used with Bordolymer Refine Detectionitk(Leica) and assagpecific
reagents: Bond dewax solutioAR9222) (LeicaBond wash solution x10 concentrated
(AR9590) diluted 1:10 with @B, Bond epitope retrieval solutiol (AR9961), Bond
epitope retrieval slution 2 (AR9640). Specific conditions for each amlybstain can be
found in appendix AFo an extended generalised protocol see appendix &ained

tissue was dehydrated and coeer usinghe procedure outlinedn 2.32.
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2.35 Manual IHC of FFPE tissue witiako REAL Detection System,

Peroxidase/DAB+, Rabbit/Mouse kit

Deparaffinised and rehydrated 4 um thick tissue sectianderwent heat induced
epitope retrieval at 119C for 45 seconds using aadoaking chamhbeDC202 (BioCare
Medical) in either itrate or TrisEDTA buffer. Samples were allowed to cool to room
temperature then washed briefly in dB. Samples then underwent a standard wash
consistirg of two 3 minute washes in IKBS. Tissue was peroxidase blacker 20
minutes,at room temperature, in 3% 4, (Fisher Scientific). Sectiongre blocked at
room temperature forl5 minutesin avidin blok (Vector labs), 15 minutes indbin
block {ector Labs) and 20 minutes in manual IHGtgn block Eachblock was
followed by standard wash. Primary antibodies were diluted in antibody diluent and
incubated on tissue under optimised conditions. Fpedficantibody conditions see
appendix CPrimary antibody was removed and the samples washed in 1x aABSleS
were incubated at room temperature with biotinylated secondary antibody solution for
15 minutes, washed, and then incubated at room temperature with streptavidin
peroxidase (HRP) solution for 15 minutes. Tissue was washed before development of
staining withDAB solution for up to 10 minutes. DAB solution was immediately removed

from the tissue at the end of development by washing in circulating water for 3 minutes.

Pagel10of 304



2.36 Manual IKC of FFPE tissue with Novolink polymer detectigstem

(Novocastra Laboratoes)

Deparaffinised and rehydrated 4 um thick tissue sectianderwent heat induced
epitope retrievalas outlinedfor Dako REAL Detection Systefissue was bkked at

room temperature with groxidase blockNovocastra laboratories) andqiein block
(Nowocastra laboratories) for 20 minutes and 10 minutes respectively with TBS washes
after each block. Primary antibodies were diluted in antibody diluent and incubated on
tissue under optimised conditions. Fgpexific antibody conditions see appendix C.
Primary antibody was removed and the tissue washed with TB#olink mlymer
(Novocastra laboratoriesyas applied to sections for 50 minutes at room temperature,
and the slides washed in TBS. DAB solution was added to the tissue for up to 10 minutes

before mmediate removal by washing iirculating water for 3 minutes.

2.3.7 Manual ounterstaining DAB stained tissue sections foralematoxylin

ManuallyDAB stained tissue sections were counterstained with filtered haematoxylin

for 15 seconds. Excess haemataxyias removed fronthe slide by rinsing in circulating

water for 1 minute followed by a 10 second wash in 1% acid alcohol. Haematoxylin was

0f dzZSR o0& LJ I OAy3a &t ARSa A thiym@ahoie@&or10 | L) & |
secondseach. Tissue was waad in circulating water for 1 minute. Stained tissue was

dehydraked and covered as outlined in 2.3.2
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2.3.8 Microdissection of FFPE tissue

Ten micron thick tissue sections plus an additional 4 um thick tissue section were cut
using a Leica RM21ZTS microtome and placed on SuperFrost Plus microscope slides
(Thermo Scientific). Four micron sections were H&E stained wasistgandard H&E
protocol outlined in2.33 and sent to a Consultant Uropathologist to demarcate muscle
invasive areas of tissueel micron sections were placed &0°C and stored until
microdissection. Storage at20°C was limited to a maximum of 3 weeks.
Microdissection of musclevasive tissue sections was performed using a 15C carbon
steel sterile scalpel blade (Swann Mortadsing the marked up H&E section as a guide,
muscleinvasive tissue was scraped from 10 um tissue sections and placed in a sterile
Eppendorf tube. Tissue from all 10 sections was pooled to collect enough material from

which to extract RNA.

2.39 Scoring 6IHC

The Aperio ScanScopeCS2 digital slide scanner was used to image staisede at

400x magnification. Scanned tissue waswed with Aperio Image Scope viewing
software. For whole tissue sections, invasive cancerous areas of stained tissue were
marked on H&E sections of corresponding tissue by a trained pathologist. Up to 10 high

magnification images of these areas were captured for scoring.

The standard method of IHC scoring was conducted by at least two independent trained
scorers. The intengitof staining was assessed according to a range of 0+ (negative), 1+
(weak staining), 2+ (moderate staining), 3+ (strong staining). To aid intensity seoring
tutorial package,of images was collated which encompassed the range of staining
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present withinthe tissue cohort. The percentage of cancer cell;sthwas estimated
Independent scores were collated and a consensus score was reached for each tissue
section.For whole tissue sections, a consensus score for the 10 images was achieved by
taking themodal intensity value and mearalue for percentage of cancer cells stained

In TMA scoringwhere multiple cores were present for the same patiesmtconsensus

score for the patient was achieved by taking thedal intensity value and mearalue

for percertage of cancer cells stained. Seguiantative score¢SQS)vere generated by
combining scores for intensity and percengagf cancer cells stained [SQ8ensity x

percentage].

For the public scoring &teverse the Odd®RTQ TMAs, each TMA core was dieftinto
segments, and across all segments was scored between 81 and 3676 times (mean: 405,
median: 124). Public scores were aggregated by taking the mean scores for the
percentage of cancer cells stained and intensity for a complete core across all segment
ignoring any responses where the participant indicated there was no cancer. As the
dataset contained a number of cores obtained from the same patient, core scores were
combined by taking the mean for percentage of cancer cells stained and intensity.
Percentage and intensity scores were combined to produce either a SQS score or H
score. The kcore was generated by adding the percentage of strongly stained nuclei
multiplied by 3, the percentage of moderately stained nuclei multiplied by 2, and the
perceniage of weakly stained nuclei multiplied byH score%[1(% cells 1+ 2(% cells

2+) + 3(% cellst3] giving a possible range of£800.

To remove biases from taking th@ean across multiple users argbgments, a

correction with clipping was applied to tlokata. For the cores that had no expert scores,
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the correction was based on the intercept and slope between cores scored by both
citizen scientists and experts. To correct cores scored by both citizen scientists and
experts the machine learning librargklearn.cross_validation.cross_val_predict with a
linear regression estimator was used to conductf@d crossvalidation. Any scores

that were outof-bounds of the original scoring range-300) were set to the bound

(e.g. a corrected proportion 66% wasset to 0%).

Public scores were aggregated and corredbydr PeterSmittenaar from theCRUK

Citizen Sience statistical teapusing Python primarily using thiscikitlearre library.

2.4 Genotyping of rs1805363 SNP aMRE1lisoform analysis

2.4.1 TagMan genotyping ofrs1805363 SNP on patient samples

A TagMan SNP Genotyping assay (C_ 11474841 10) was used on patient DNA. Each
sample contained 12.5 pl 2x TagMan Universal PCR master mix, 1.25 pl 20x SNP
Genotyping Assagnd 10 ng DNA diluted to 11.25 in DNasdree water. PCR was
performed with a 7500 Fast Real Time PCR system with genotyping parameters.
Running conditions consisted of: pre PCR read &€ 60r 1 minute, hold stage at 95

for 10 minutes then 40 cycles of @& for 15 seconds, 60 forl minute followed by post

PCR read at 8C for 1 minute. Analysis was conducted using 7500 software using

default settings and described using an allelic discrimination plot.
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2.42 Sanger squencing ofMRE11rs1805363SNP

PCR was conducted using OneTagkload master mix with standard buffer (New
9y 3flLyR .A2[F06&a0v F2fft2gAy3 GKS YI ydzFI O dzN.
complementary to a 160bp region of DNA flankM&E11rs1805363 G>A SNP (for
sequence see appendix D MRE11rs1805363) weraised. Thermocycling conditions
were as follows: initial denature at 9@ for 30 seconds then 35 cycles of®@4or 20
seconds, 5% for 30 seconds, 68 for 10 seconds followed by a final elongation step
for 5 minutes at 68C. Products were separated bigetrophoresis on a 0.75% agarose
(Sigma Aldrich) gel in 1x TBE av80r 1 hour. The gel was visualised using an ultraviolet
light box and the 16@p fragment was cut from the gel. DNA was extracted from the
gel using a QIAquick gel extraction kit (@mgfollowing the manufacturers protocol.
Extracted samples were then sequenced with the rs1805363 forward primer using the

Sanger sequencing service provided by Source Bioscience.

2.4 3 RNA extraction of FFPE tissue

Microdissected tissue was immediatedybjected to RNA extraction using RiNeasy

FFPE kit (Qiagen) witheparaffinizatiom solution (Qiagen). RNA extraction was
LISNF2NYSR F2ff2Ay3a YIydzZl OddzZNBENRa 3IdzARS
confirmed by running 5 pl of RNA on a 1% agarose (Siddnizh) gel in 1x TBE at 80V

for 1 hour. RNA was converted into cDNA using a -Bagbacity cDNA reverse

OGN YyAONRLIGAZ2Y (AG 6AGK wblaS AYKAOAUGZ2NI o!

recommendations.

Pagell50f 304



2.44 Detection ofMRE1lisoforms in FFPE extraai cDNA using PCR

Primers were designed using the PrimerQuest Tool from Integrated DNA Technologies
(available online ahttps://www.idtdna.com/Primerquest/Home/Inde¥. Primers were
designed to flank the MRE11 rs1805363 G>A SNP, producing PCR fraga®enf siz
144bp for MRE11 isoform 1 and 251bp for MRE11 isof@i(for primer sequences see
appendix D- MRE11 isoform). Predesigned primdmss GAPDH (for sequence see
appendix D- GAPDH) were used in a concurrent PCR as a control for cDNA input and
guality. PCR of extracted cDNA was carried out using OneTa¢d@diknaster mix with
a0FyRINR o0dzZFFSNJ 60bS¢ 9y3IfryR . A2[loao ¥
Thermocychg conditions were as followsiitial denature at 94C for 30 seconds then

40 cycles of R for 20 seconds, 38 for 20 seconds, 68 for 15 seconds followed by

a final elongation step for Sminutes at 68C. Products were separated by
electrophoresis on a 1% agarose (Sigma Aldrich) gel in 1x TBE at 80 V for 1.2 hours. The
gel was visualised gy a MolecularrhagerGel Doc XRystem (BioRad) and analysed

with Image Labaftware (BioRad).

2.5 Cloning

2.5.1 MRE11 exon 16 site directedutagenesis

A plasmid containing full length MRE11 cDNA sequéN¢&BI Reference Sequence:
NM_005591.3cDShadpreviously been created by Dr Sarah Jevons in the lab using the
pcDNAM3.3 TOP@cloning kit (ThermoFisher Scientific). The QuikChange Il XL site
directed mutagenesis kit ¢lNent) was used to specifically excise MRE11 exon 16 from

the plasmid containingull length MRE11. Primers were designed using the QuikChange

Primer Design tool available from
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(http://www.genomics.agilent.com/primerDesignProgram.jspor primer sequence
see appendix DBSDMexonl16Reactios, thermal cycling, Dpnl digestion and
transformation wth XL10 ultracompetent cells we@2 Y RdzOG SR a4 LISNJ YI y

guidelines.

Plasmids were extracted from bacterial cultures using a Minigref@iagen) using the
standard protocol. Deletiorof exon 16in the plasmid was confirmed by Samge
sequencing carried out by Source Bioscience using the TK polyA reverse sequencing

primer.

2.5.2 Amplification of MRE11 exon16 gdmid

Once deletionof exon 16in the plasmid colonies was confirmed, one plasmid was
chosen to be carried forward as the MREexonl16negative plasmid. One micrakt of

LX I AYAR 61 & AyOdzomlGSR gAGK pn xf 51 ph OSf
at 42°C for 45 seconds. One millilitre of LB/SOC media (Sigma Aldrich) was added to the
cells and incubated whilst shaking farhour at 3PC in a New Brunswick Innova
incubator shaker at 200 rpm. Then 2000f mixture was plated under flame on LB agar

plates containing 100 pg/ml ampicillin. Plates were incubated overnight®.37

Colonies resulting from transformations werecked using a sterile pipette tip and
placed in a starting culture of 5 ml of LB containing 100 pg/ml ampicillin for 6 hours. The
starting culture was transferred to 200 ml of LB containing 100 pg/ml ampicillin and
incubated overnight, whilst shaking, at €7 in a New Brunswick Innowacubator
shaker at 200 rpm. Plasmid was extracted from overnight cultures using a Makiprep

OVALF3ASyuy F2fft26Ay3 GKS YIydzZFIl OGdzNBNDa I dzA |
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2.6 Cell lines and culture

2.6.1 Culture conditions

All cell lines were maintaed in 3PC, 5% Cghumidified incubator. Unless otherwise
stated, growth medium was RPMI 1640 growth medium, 1 miglutamine (Sigma
Aldrich) supplemented with 10% FBS (GIBCO). Growth medium for MRE11 knock down
cells and MRE11 scrambled control cells wagplemented with 1 pg/ml puromycin
(Cayman Chemical). Growth medium for stable MRE11 clones (MRE11 full length,
MRE11l exonl@egative) weresupplemented withl pg/ml puromycin and G418
solution (Roche) at 20 ul/ml. All reagents were stored %@ éxceppuromycin which

was frozerat -20°C and thawed just before use.

2.6.2 Cell alture

Fresh media were prevarmed to 3PC. Trypsin (Sigma Aldrich) and PBS were warmed

to room temperature. Medium was removed from flasks and cells were washedhin

of PBSAnN appropriate volume of trypsin was applied to cover cells before replacing the
flasks in the incubator until cells detadRed ¢ NB LJAA Y & | Avolumezdfy OK S R
medium and the mixture transferred to a centrifuge tube before spinning in a Heraeus
Labduge 400 centrifuge (Fisher Scientific) at 1,300 rpm for 3 minutes. Supernatant was
removed from the cell pellet by aspiration. Cells were resuspendeah appropriate

volume of medium and plated at appropriate seeding densities.
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2.6.3 Cell cryopreservabn

Pelleted cells were resuspended in 1 ml freezing solution, using dropwise addition of
the first 200 pl of solution and gentle pipetting with the remaining solution.
Resuspended cells were transferred to 2 ml cryovials (Corning) and placed directly into
a Mr Frosty freezing container (ThermoFisher Scientific). Cells were |e804E

overnight before transferring to liquid nitrogen storage.

2.6.4 MRE11 scrambled control transfection

A stable MRE11 knock down cell line from the T24 parental cell linbdwa created

and validated by Dr Sarah Jevomke stable MRE1Inkckdown was performed using

aL{ Af SYOSNJ nodmm! ¢ LJzZNE GSOG2NI 6 AFS¢SOKy 2f
G2 YIydzFlI OGdzZNBENR&a AyailiNdHzOiAzyad aKwb! aSs|
GATCCGAACCTGGTCCCAGAGGAGGAGACTCCTCTGGGACCAGGTTGEAAA

-0Q I VR aw9 MM a K w AGCTTTTEGAAAABAGAASCCTGGPCTCA
GAGGAGTCTCTTGAACTCCTCTGGGACCAGGIMZGCell line was puromycin
resistant. A mmplementary norsilencing scrambled control plasmid in pSilencer 2.1

U6 puro vectors (Life Technologies) for the MRE11 knockdown cell lineldmbteen

generated by Sarah Jens but had not been used witthe T24 cell lineScrambled

control shRNA was designed using the same bases as MRE11 shRNA, but in a random
orderwhich had no homology with the human genome according to BLAST (NCBI). The
sadambled control sequences were: MRE11 ScraRble 3 Kwb ! aSyasy
GATCCACGAAGIGAGTCGCAGCTTCAAGAGAGCTGCGACTCGCACTTCGTTTTTTTGGAA
0Q YR aw9mm { ONJI Yo f-BGCTTETKGAAAAAAAGGAAGTSY & S

GAGTCGCAGCTCTCTTGAAGCTGDGACTCE ¢ / D ¢cahgowouflebtids  were
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synthesized by QiageScrambled contrdl}{ A f Sy OS NJ H dwastransfeti@drNE @S (
into T24 cellsT24 cells were grown in two 15 cm cell culture dishes to 60% confluency.
Cells were then either transfected with 10 ug scrambled control plasmidy iRIGENE

HD transfection reagent (Promega) or were left untrantfdcin the transfected plate,
plasmid DNA was added to 500 pl of Optimem (ThermoFisher Scientific) and allowed to
disperse at room tempature for 5 minutes. FUGENE HD transfecti@agent
(Promega) was added to the DNA mix in a 3:1 ratio of FUGENE (pl): DNA (ug). The
mixture was incubated at room temperature for 15 minutes before adding dropwise to
cells. Both transfected and untransfected cells were then incubated irf@ 3% C©
humidified incubator overnight. Theext day themedium was replaced with standard
growth medium and reirned to the incubator for a further 12 hoursh&@ medium was

then removed and replaced with selection medium (standard growth medium
supplemented with 2 pg/pgburomycin). Cells were allowed to grow in selection medium
until all cells orthe untransfected control plate were dead. Durittte growth period

fresh selection medium was added every two days.

2.6.5 Selecting for table Clones

Clones of transfected csllwere established by marking the location of clonal
populations on culture dishes. Trypsin was gently added to each dish, which was kept
still for 5 minutes. Temicrolitres of trypsin from each of the marked colony areas was
carefully extractedby pipeting, making sure not to disturb the dishnd transferred

to individual wells of a 9@vell plate containing 150 ul of selection medium. Cells were
allowed to grow to 80% confluency before transfieg to 6well plates Cellswere

transferredto a T75 flak andgrown to 80% confluency. Medium was removed from
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the flask andthe cells washed in PBS. Two millilitres of trypsin was addedetflask
before replacingt in the incubator to allow cells to detach. Trypsin was quenched in 8
ml of medium and cellwere washed fronthe bottom of the flask by pipettingp and
down. Five millilitres of cell mixture wésen plated onto a 10 cm cell culture dish, from
which cells could be later harvested for confirmation of stable transfection. The

remaining 5 ml of dés were frozen using procedure described in section 2.5.3.

2.6.6 MRE11 reexpression clones

To create stable MRE11-expression clones, the T24 background MRE11 knockdown
cell line was transfectedvith either MRE11 full lengthl@asmid or MRE11 exonl6
negative plasmid using FUGENE as per the method described above. Selection medium
for MRE11 reexpression clones was standard growth medium supplemented with 1

Mg/l puromycin and 30 pl/ml G418 solution (Roche).

2.7Molecular characterisation ssays

2.7.1 Harvesting cell pllets

Cells were grown to 800% confluency on cell culture dishes and harvested. For
harvest, cells were washed in ice cold PBS before scraping using a cell scraper. Cells
were transferred to a 1.5ml Eppendorf tube and centrifuged @ 4or 8 minutes at

14,000 pm in an Eppendorf 5430Rienocentrifuge (Fisher Scientific). Supernatant was
carefully removed from the cell pellet before subsequent washing in 1 ml of ice cold PBS
and spinning at %4 for 8 minutes at 1,800 rpm. The PBS waslas removed from the

cell pellet. Cell pellets were either snap frozen and stored short terfBC or used

immediately.
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2.7.2 Cell lysates and determination of protein concentration

Cell pellets were rsuspendedn approximately two volumes of proteilysis iffer
before incubating on ice for 5 minutes. Samples were briefly sonicated using an
Ultrasonic Homogeniser 300 VT (Biologic Inc) followed by incubation on ice for 5
minutes. Lysates were centrifuged &iCifor 8 minutes at 14000 rpm in an Epperfd

5430R microcentrifuge.

2.7.3 Determination of protein concentration

Protein concentration of lysates was determined using PI#&CA Protein Assat
(Thermofisher Scientific). Ten microlitres of protein standard containk&ng@ of

protein were loaed in duplicate int@4 wells ofa 96 well plate. Then 1 pl of lysate was
loaded onto the same plate in duplicate, and 200 ul of combined BCA reagents were
then added to samples (BCA reagent A and BCA reagent B in a 50:1 ratio). Samples were
incubated at37°C for 30 minutes before measuring their absorption. Absorption was
measured at 562nm using a POLARstar Omega plate reader. The average absorption of
duplicate protein standards was used to generate a standard curve from which the
average lysate absorpi could be used to determine protein concentration. Cell

lysates were either used immediately or snap frozen and store88C.

2.7.4 Western totting

Ten to 40 pg of protein lysate were mixed with an equal volume of Laemmli 2x
concentrate sample buffeg(Sigma Aldrich) and made up to a standard volume between
10 and 20 pl with Protein Lysis buffer. Samples were boiled % & 5 minutes and
loaded into SDPAGE gels. All samples except those to be assessed b PPIAPH Cell

Signalling Technologygnti-keratin 20 E16444 (Amsbio) and ASYM2B08 (Millipore)
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were loaded onto homemade 8% SPAGE gels using MIBROTEAN Tetra handcast
systems (Bigad). Samples which were to be assessed with @& #947P (Cell
Signalling Technologyantikeratin 20 E16444 (Amsbiar ASYM25 antibody 6814
(Millipore) were loaded onto 20% MIiiPROTEAN®D - u LINB Ol a4 -LINR ( SA
Rad). Gels were run in MiFROTEAN Tetra vertical electrophoresis cells at 80 V for 1
1.3 hours in 1x Tris/HEPES/SDS electropiobegfer. Proteins were transferred from

gels onto nitrocellulose membrane using a Mini Tr8hst Cell (BidRad) in ice cold
transfer buffer at 40 V for 2 hours on ice. A nitrocellulose membrane containing the
transferred protein was washed briefly in ¥Band blocked with western blot blocking
buffer for 30 minutes at room temperature on a rocking stage. Primary antibodies were
diluted to the appropiate concentration (see appendi in western blot blocking
buffer and incubated overnight at°@ on a roking stage. Primary antibody was
removed and the membrane washed three times for 10 minutes in PBST. Appropriate
species of IRDye secondamtibody (see appendix EH)FCOR Biosciences) wadded

to the membrane at a 1:5000 dilution in western blot blogkbuffer and incubated at
room temperature for 1 hour. Secondary antibody was removed and membrane was
washed three times for 10 minutes with PBST. Protein binding was visualised using the
Odyssey CLx imaging system and analysed with Image Studio fitarSdqLICOR

Biosciences).
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2.7.5 Generation of cDNA from cell pellets

RNA was extracted from cell pellets using an RNeasy Plus Mini kit (Qiagen) following
YIydzZFl OGdzZNBNDR& 3JdzA RSt AySaod / St f dzf | NJ RA & Nzl
a QlAshrdder homogenizer (Qiagen). RNA was converted to cDNA using a High
Capacity cDNA reverse transcription kit with RNase inhibitor (Applied Biosystems) using
GKS YIydzFl OGdzZNBENDR&a NBO2YYSYyRIGA2yad O5b!

spectrophotometer (Therm Scientific).

2.7.6 qPCR oMRE11lisoforms

Primers were designetbr qPCR using the PrimerQuesiot from Integrated DNA
Technologies (available online lattps://www.idtdna.com/Primerquest/Home/Index
Primers were designed to either bind a central cegof MRE1 (for sequence see
appendix D- Central MRE11) or bind the exon#&%onl16 junction (for sequence see
appendix D- Exonl1516). A previously designed ATP5B primer pair was used as
endogenow control (br sequence see appendix DATP5B). Reactiorfer ATP5B,
central MRE11 and exadlb-16 were set up, in duplicate, using SYBR green reagents
(ThermoFisher Scientific). Each 10 ul reaction consisted of 1 ug cDNA, 4 uM Forward
Primer, 4 uM Reverse Primer, 50% v/v SYBR gnesitermix made up ttotal volume

with dH0. gPCR was performed on a 7500 Fast Real Time PCR system, using the
comparative CT parameters. Running conditions were: hot@ 5%06r 20 seconds, hold

95°C for 10 minutes then 40 cycles of*@5for1l5 seconds, 6 for 1 minute followed

by a médt curve analysis of 9& for 15 seconds, 60 for 1minute, 95°C for 30 seconds,

60°C for 15 seconds. gPCR was analysed usingstbdgare using default settings and

gPCR was run in triplicate using cDNA obtained from three independent cell harvests.
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2.7.7 Clonogenicell survival assay

Harvested cells were counted and diluted to 700 cells per 10 ml in appropriate growth
medium. Ten millilitres of cell dilution was added to 10 cm cell culture dishes and placed
in a 3?C 5% Céhumidified atmosphere for hour to settle. Plates were treated with
either 0, 2, 4, 6 or 8 Gy of irradiation from a caesium so(@eEnma Medical Services,
Cs137)Cells were left tgrow in a 37C 5% Cgéhumidifiedincubator. A period of 8 days

was selected as the optimal duratioh growth as it enabled the identification of viable
colonies withoutthe coloniesmerging The dution of 700 cells per 10 ndf growth
medium was use to enable single cell colomgrmation after the growth period rather

than colonies comprised of mytie cells. At the end of the growth periodegium was
removed and plates were washed twice in cold PBS. Cells were fixed in methanol (Fisher
Scientific) and acetic acid (Fisher Scientific) in a 3:1 ratio methanol: acetic acid for 10
minutes at room tempertaure. Fixative was removed completely and cellular colonies
stained for 30 minutes with Brilliant Blue R concentrate (Sigma Aldrich). The stain was
removed and the plates washed in water. Plates were left to dry overnight. Colonies
were counted using a G@bunt machine (Oxford Optronix). Each experiment was
performed inbiologicaltriplicate. Raw colony counts were normalised to the 0 Gy
treatment for each cell line antthe median of triplicate experiments taken. Normalised
data wereplotted using a lineaquadratic model using GraphPad Prism 6.0 Software
Oneway ANOVAnalysis for the significance of differences between all cell lines at each
NI} RAFGA2Y R2 a-tst forysignifi¢aticdareteycinduttediusing GraphPad

Prism 6.0 Software.
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2.7.8 Neutral comet &say

The comet assay or single cell gel electrophoresis assay is a technique used to detect
DNA damage on the individual cell level. Cells are embedded in agarose, lysed,
subjected briefly to an electric field, stained with a fluorescent BuNAing stain, and

viewed using a fluorescence microscope.

The theory of the technique is as folloWBNA damage causes relaxation of the DNA
structure and expaoss the charge on DNA ends, which wieerbjected to an electric
field, migrate toward the positiveanode. This producea structure that resembles a
comet with a brightly fluorescent head region, containing kigblecularweight intact

DNA, and a tail region, containing migrated DNA. To quantify the level of DNA damage
the DNA content andlistribution of DNA in the migrated tail is calculated in a ratio to
the DNA content and distribution &NA in the head region. A loBdNA tail with a high

DNA content, relative to the head region, corresponds to a high level of DNA damage.
The lysis and electrophorisssteps of the comet assay can be conddaising neutral

or alkaline (>pl13) buffers. Neutral conditions are used to detect D&flle alkaline
conditions detect the combination of SSB, DSB and #élale sites(Olive & Banath,
2006) Due to theprimaryrole of MRE11 in the resolution of DSBe neutral comet

assay was used in this work.

Cells were plated into-@ell cell culture plates. In each case, 120,000 cells per well were
plated for MRE11 knockdown cells, MRE11 full length and MRE11 exonl6 clones and
100,000 cells were plated per well for MRE11 scrambled control cells. Cells were
incubated overnight in a 3C 5% Cghumidified incubator. SuperFrost Plusaroscope

slides (Thermo Scientific) were peceated with 800ul of 1% normal melting point
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agarose (Sigma Aldrich) in fH Agarose was spread across the slide using a 22x50mm
coverslip (VWR Internationallhe coverslip was removed after approximately 1 minute
and the agarose was allowed to air dry onto the slide overnight. Plated cells were
irradiated o ice with 10 Gyrom a caesium source and left to repair in 2875% CO
humidified atmosphere for diter 0, 30, 120 minutes. One set of cells was left untreated

to control for basal levels of DNA damage. Once the allocated repair time was over, cells
were placed on ice for harvesting. The medium was removed and cells were washed
twice in ice cold PBS. TRBS was removed before the addition of 200 pl trypsin. Cells
were trypsinised under microscopic control. Trypsin was quenched with 450 ul cold
standard growth medium and cells were washed to obtain an even suspension and
complete detachment from the welllhen 800 pl low melting point agarose (#tad)

in 1x PBS, warmed to 32, was gently anthoroughly mixed with 200 pl of the cell
suspension. The cell suspension was immediately placed ecgatted SuperFrost Plus
microscope slides (Thermo Scientifk@pt on ice, and spread across each slide using a
22x50mm coverslip (VWR International). The coverslip was removed when the agarose
had just set. Agarose slides were plagedold comet lysis luffer and incubated at%C

in the dark for 2 hours. Agarosadds were washed three times in cold 1x TBE before
submerging in 1x TBE atGlin the dark for 1 hour. Slides were placed in a C.B.S.
Sientific SGB40-02 dectrophoresis tank filled with fresh, 224°C 1x TBE and run at
1.3V/cm for 32 minutes at room taeperature. Slides were allowed to air dry in the dark
overnight bebre staining with 1x SYBR Gold nucleic acid @ah fom a 10,000x
concentratestock(ThermoFisher) in di® for 17 minutes. Slides were washed irnp@H

for 5 minutes and allowed to air dig the dark overnight.
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Comet Olivaail momentswere measuredising Komet 5.5aftware (Kinetic Imaging).

Comet assays were dermed in duplicate for each condition mentioned. For each
condition 50 comet tails were measured in each of the two duplistitees, so a total

of 100 comet tails were measuréadr each condition. The mednil moment was taken

for each of the conditions. Comet assays were repeated three times and the average of

all three experiments taken. The meaal moment for the scrambledontrol cell line

at 10 Gy (hr was taken as representing 100% of damage and all other conditions were
normalised and compared to this. Data for comet assays was plottigdR  { (1 dzZRSyYy (1 Q &
tests were used to assess the significance of differences betweeditioors using

GraphPad Prism 6.0 Software

2.7.9 Immunoprecipitation with Protein G and A beads

Ten microlitres of Dynabeads Protein G (ThermoFisher Scientific) or Pierce Protein A
magnetic beads (ThermoFisher Scientific) slurry were washed 3x in 1@0ateih lysis
buffer. A DynaMag spin agnet (ThermoFisher Scientific) was used to remove the
washes. Dynabeads Protein G were used for immunoprecipitation of HBSther
immunoprecipitations used Pierce Protein A magnetgads Washed beads were
resugpended in 1Qul protein lysis buffer and added to the protein lysate for preclearing.
Preclearing was conducted for 1 hour & 4on a Stuart SB3 tube rotator. Lysate was
removedfrom the beads with a DynaMag spinagnet (ThermoFisher Scientific) and
placed on ice in a clean 1.5mpgendorf tube. Five percent of the lysate volume was
removed and placed in a separatpdendorftube with an equal volume of Laemmli 2x
concentrate sample differ to act as a 5% loading fraction. Load fraction samples were

boiled at 95°C before placing aR0°C until completion of the protocol. Ormeicrolitre
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of target protein antibody or 1ul of IgG control antibody was addedttee lysates and
incubated overnight at #C ona Stuart SB3 tubeotator. The target antibodies used
were: MRE11l ab214 (AbcamRAD50ab89 (Abcam), NBSNB110143 (Novus
Biologicals), antilimethylarginine antibody, asymmetric (ASYM25)}&B4 (Millipore).
Anti-FIAGM2 F1804 (Sigma Aldrich) or normalbbit 1IgG #2729S (Cell Signalling
Technology) antibodiesere used as an IgG control antibodies to complement target
antibodies derived in mouse or rabbit, respectively. Ti@arolitres of freshly washed
Dynabead<Protein G or Pierce Protein A magnetieads were added to the lysate
antibody mix and lefto rotate at 4°C for 1 hour. Lysateas removed from the beads
using themagnet. Beads were washed 6x in 100 pl cold PBST. PBS&maved and
10 yl Laemmli 2x concentrate samplefter was added tdhe beads before boiling at
95°C for 5 minutes. The load fragti and immunoprecipitated samples were loaded

onto SDS page geadsd run under standard westerriditing procedures.

2.7.10 Immunoprecipitation with ati-HA beads

Anti-HA  bead immunoprecipitations followed a similar protocol to
immunoprecipitations with Raitein G and A beads. Tenicrolitres of washed Pierce
Protein A magnetic beads were used to jotear cellular lysates for 1 hour atGlona
Stuart SB3 tube rotatotysate was transferred from beads to a clearmil. Bppendorf
tube, using a magnet. Fiyeercent of the lysate volume wasm®ved and placed in a
separate Bpendorftube with an equal volume of Laemmli 2x concentrate sample
buffer to act as a 5% loading fraction. Load fraction samples were boiled@t@5ore
placing at20°C until completio of the protocol. Temicrolitres ofwashed Pierce Anti

HA magnetic bads (ThermoFisher Scientific) were added to each of the samples and
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incubated overnight at %C rotating Lysate was removed from the beads with the aid
of a magnet. Beads were washed simes in 100 pl cold PBSTenmicrolitres of
Laemmli 2x concentrate sampleffer was added to the beads before boiling aPG5

for 5 minutes. The load fraction and immunoprecipitated samples were loaded onto

SDS page gels and run under standard wedtéotiing procedures.

2.7.11 Quantification ofimunoprecipitation blots

Bands of interest within immunoprecipitation blots were quifird using Image Studio
Lite oftware (LICOR Biosciences). The amount of immunoprecipitated protein was
guantified as gpercentage of the load fractiofCoimmunoprecipitatel proteins or
methylation status were quantified as a percentage of the load fraction and then
normalised to the amount of immunoprecipitated protein. To assess the variation in co
precipitation or methyation in MRE11 full length and MRE11 exong&lones, MRE11
exonl6 normalised cprecipitation values were further normalised against the MRE11

full length values.

2.8lIrradiation of cells
All irradiation was delivered via a Caestuno Fray‘sourceusing a doseate of 1.7 Gy

per minute.

2.9 Statistical analysis

For apter 3 of this thesisstatistical analysifor Wilcoxon signed rank tesptraclass
correlation coefficients and distributions of MRE4&thining were conducted in SPSS
statistics24 (IBM)by Alexandra K WalkeKappa analysis, Kaptdeier plots with log

rank statstics and Cox proportional hazardsalyse were conductedn Stata version
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14-1 (StataCorp, College Station, @ydr VictoriaStrauss from the Centre for Statistics

in Medicine University of Oxforyl

For apter 4 of this thesisKaplarMeier plots, ©x proportional hazardanalysis and
the correlation matrixwere conducted in RR Core Team, 26) by Dr Chrisiana

Kartsonaki from the Department of Populati Health (University of Oxford).

For apter 6 of thisthesi LIS NI yQa NI y {1 O2welyied kagpa 2y | v
F2N) GKS O2NNBft A2y 0SG¢S Soyiducteddby DriPéter I Yy R W
Smittenaar from the CRUK CitizerieBce statisticateam. The{ LIS NX I y Qa NI y |
KappastatisticsF 2 NJ G KS O2NNBt A2y o06SG6SSy WSELS
Alexandra K WalkeKaplanMeier plots, Cox proportional hazardanalsis and the
correlation matrixwere conducted in R Core Team, 2016y Dr Christian&artsonaki

from the Department of PopulatioHealth (University of Oxford)

Interpretation of statisticahnalysis was conducted by Alexiia K Walker. This included
the identification of significantassociations and the strength arrelations The
strength of a correlatioror level of accuracyas determined asvery high if the
correlation coefficient wadetween 1.00.9, high (correlation coefficient: 8-0.7),
moderate (corréation coefficient: 0.69.5),low (correlation coefficient : @9-0.3) or
negligible (0.29-0). Thesecut-off points are commonly used fomedical research

(McHugh, 2012Mukaka, 2012)

In the interpretation of survival statisticssignificant p values were identifieé¥isual
assessment of Kaplavleier plots and 95%onfidence intervalsvere then used to
determine if the significance identified wad.aNR R dzO (i ags®ciation o¥ Ke&ilking Q
from chance angmall sample sizédf a consistent separation betwedhe curves of a
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KaplanMeier plotwas presentovertimg i KA & g2 dzf R 0rBalOA Yy RAGIOAA @ 3
in the data. Whereas ovkpping curvesvould not imply association Additionally,

curves which contain larg¢’a G SLJA Q> & dzO-kerminal plais KnBppendw® M M  /
often containa limited number of subjects and are unlikely to be religBladleyet al,

2016)

KaplanMeier curves were also used to guide the identificatddmore appropriatecut-
off points for Cox proportional hazards modelling, such as the ffieation of the >75
percentile for initial MRE11 staining and use of the median value for CK20 staining

performed in chapter 6.2.4.

Unless otherwise statedllaother statistical analysis was conducted using GraphPad

Prism 6.050ftwareby Alexandra K Wier.
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Chapter 3validating MRE11 as a predictive biomarker in MIBC using

automated IHC

3.1lIntroduction

MIBC idreated with eitherRCor RT, with both treatments achieving coparableCSS
rates (Kotwalet al, 203; Boothet al, 2014) Due to poor accrual,itere iscurrentlyno
randomisedtrial data comparing patient outcoméetween R@nd RT(Huddartet al,
2010)but current UKguidelines recommend that patients with MIBC suitable for radical
treatment should beoffered a choice betweeRCand RTwith a radisensitiser(NICE
2015) For those patientsleemed suitabldor either RCor RT the chace of treatment
is madeby the mtient after discussiorwith a urologist andclinicaloncologist.Despite
the comparable rate of efficacy between treatment optipas with all therapiessome
patients will respond better t&RTthen others.Furthermore,RCcan lead to significant
peri- and postoperative complication¥isset al, 2016)and reduction in QO[Caffoet
al, 1996) Theefore, there is aneed forpredictivebiomarkesin MIBCNot only would
a predictivebiomarkeraid in patient decision niangbut, by directingpatients toward

0 K SptimdiQHerapy, a predictive bbmarker couldhelp increase survival rates

There are curretly no validated biomarkers for MIBC to predict patigesponse to
either R@r RT(Forkeret al, 2015) However, the results from two independent groups
haveidentified the DDRorotein, MRE11, as a potential predictive biomarkésingIHC
on retrospectiveMIBC tissueollections high levels of MRE11 were falito associate
with improved outcomen patients who receivedadiotherapybased therapyut had
no associatiorwith outcome in patients who underwerRC(Choudhuryet al, 2010;
Laurberget al, 2012) Toprogress this findingnto one of real clinical relevancirther
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work is needed to conirm the relationship of MRE11 with clinical outconmeai lage

cohort of tissuesamplesto standardise the MRE11 IHC assay and validate its reliability.

A multicentre study betweerthe Anne Kiltie lab(Oxford), Catherine West lab
(Manchestej andNicholas James lgBirmingham was embarked upon to develop the
MRE11 IHC assay the appropriate clinical standardsand to further define the
relationship of MRE11 to clinical outcome an analysis of retrospective tissue
collections.In this studytissue sections frofkFPEMIBC tumourdrom three cohorts
(two RTand oneRQ of patients were usedTheRTcohorts contained samples from the
BCON tria(Hoskinet al, 2010)andthe BC2001 tria{lJameset al, 2012) TheRCcohort
contained samplegrom a surgical series frorthe Christie NHS Foundation Trust
Details ofRTtreatmentsfor the two RTcohorts (BCON and BC20@t¢ described in
detail Hoskinet al (2010)and Jameset al (2012) Details of theRCtechnique lave been

described previouslin Ramaniet al (2010)

Thiscurrentstudy of MRE11 IHC in MIBOwd amount tothe third analysis of MRE11
staining in retrospective MIB@ssue.However, as opposed to previous/estigations
this study alscexaminedthe reliability and reproducibility of the MRE11 IHC assay
which is required to progress the biomarketoward prospective validation in a
randomised clinical trial. Additionajlyn this investigation MRE11 IHC staining was
performed on automated platforms. The reasons for this amnefold. Firstly, as
discussed in section 1.3 of this thesistomated IKC staining platforms are the primary
method of performing IHC in the clini8econdly, it is well established that automated
staining platformsincreasenot only the reliability but also thethroughput of the

techniqgue(Warfordet al, 2004) Both ofthese featuresvould be highlyadvantageous
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in the clinical settingnd so establishment of their use in the MRE11 IHC assay would

be beneficial

Tissue stainingvith automated staining platforms was conducteath a standardised
protocolin the differentcentres TheBCONissue cohorwas stainednd scored in both
Oxford and Manchester The BC2001tissue cohort was stained in Oxford and

Birminghanbut scored in OxfordTheRCcohort wasstainedandscored inManchester

only.

Levels of MRE11 in musétesasive sedbns of tissue werassessed bindependent
scoring of thepercentageof cancer cells staine(Po positivity)and the intensity of
staining(intensity) by a least two scorers inoth Oxford and ManchesteConsensus
between irdependent scores was achieved @éach centreand then scoreswere

combinedto producea semiquantitative scorgSQSjor that centre

In the scoring obtainedtissue a pathologist was utilised to demark areas of muscle
invasive pathologyvithin tissue sections andas involved inhe devdopment ofa set

of 40 images uskto train scorers. fie pathologist waslso available to provide an
additional opinion for cases where there was uncertainty in scoring, such as where
tissue morphology appeared to distort intensity, and to provide a quality contetich

on scoring Unfortunately due to thehigh demand and time pressures currently placed
upon clinical pathologisisve could not find a pathologist who had the availabjlity

score all of stainetissue sections in this study.

S were assessddr as®ciation with clinical outcomeThe relationship between
MRE11 andCSS waanalysed as in Choudhuet al (2010. Choudhuryet al (2010)
identified that the relationship between MRE11 and CSS was not Jiardtherefore,
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categorising MRE11 scores intoagtiles was more appropriate then analysing the data
as a continuous variable. They plotted a Kagleier curve to visually assist with the
choice of the optimal cubff pointand kased on thislog rankstatisticswere conducted
bimodally Survival wasomparedbetween the patients with MRE11 scores below the
25" percentile to those above the #5percentile.In this current analysis of MRE11
there was no visual grouping difference betweerthe KaplanMeier curvesfor each

of the quartiles and therefre logrank statistics were guductedbetween all quartiles

The categorisation of biomarker levels into grougsused in situations where there is

a nonlinear relationship between the variable andt@ome and also to aid analysis
However the act ofgrouping variables can mask associations which may be present in
the data, especially if only two groups are created. Consequently, when dgacdia
cut-point for astudy the use of several categories,laast for the initial analysjss
preferablefrom the statistical perspectiveThis is because less information is lost and
variance in risk can be assessed across the range of values for the rf&irken &

Altman, 1993.

The median value is often used as a-paint in biomarker studies. However, if this
point is chosen arbitrarily it can mask results. Similarly using the significance of p values
to determine the cutpoint creates biased results and false positig8snon & Altman,
1994) Therefore, the use of a Kapkhfeier curve to visually assist in the choice of a
cut-off point is commonly conducted in biomarker analydike benét of this, is that

the results are generated frotie data andtherefore arenot as arbitrary as choosing

the median value outrightit is alsdess biased than basing a eff on p values.
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An alternative method of determining a epbint, is to base i on the distributionthe

biomarker levelor SQ¥within the patient cohort This does not use clinical outcome

data, but instead depends othe marker leveli KS YIF 22NAGe& 2F LI GAS
example, if most patients have a marker level closedm with remaining population

havng a mean level of 10 with a standard deviation of 2, then aattipoint of 5 for

positivity orhigh versus low expression woubeé appropriate regardless of what the

medianvalue of the marker in the patient populatiog(Simon & Altman, 1994)

The results of the analysis between MRE11 quartiles and CSS in the current MRE11
study, found no significant association betwe®RE11 anadutcome following RTin

the BCON cohort (Oxford Loank p=0.81, & NJ / {" perctilgn 62%, 260" 54%,

51-75": 65% and >75th percentiles: 42%:; ManchesterMdgy { LJ' n dc ™2 o & N.
percentile: 66%, 260M: 52%, 5175": 59% and >75th percentiles: 49%) or the BC2001

cohort (Oxford Logank p=0.93, 3 yr CS&H"percentile: 60%, 260": 58%, 5175M:

59% and >75th percentiles: 50%#igure 3.1 However, concern was sd dout the

quality of MRE1Istaining onthe samples. The majority of samples were intensely
stainedand in all sample©0-100% of cellsvere positively stained. Unlike previous

studies, tssue sections negative for staining were conspicuous by their absence and

high levels of background staining were observed.
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Figure 3.1 The association between MRE11 SQS andf6:SEe BCON whole section
tissue cohort (A)KaplargMeier survival curves fahe BCONRTtissue cohort(n=112
stratified according to the<23", 2650", 51-75" and 73" percentilesof MRE11SQS
The curve forOxford scoring is displayed on the left of thegdire. The curve for
Manchester scorings displayed on the right of the figurdo significarh association was
identified between MRE11 SQ@®d 3 yealCSS foeither Oxfordor Manchester scoring
(Oxford bgrank p= 0.81, Manchestéwg rankp=0.67) (B)Kaplan-Meier survival curves
for the BC2001RTtissue cohort (n=2213tratified according to the<25", 2650", 51-
75" and 73" percentilesof MRE11 SQS. This cohort was scane@®xfordonly. No
significantassociation between MREEQSand 3 yealCSS waidentified Logrank p=
0.93).Statistics performed bipr VictoriaStrauss
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The IHC staining for this study was conducted usinguhonaated systemwhereas
previously reported studies hadilisedamanuallHC protocol. It was hypothesisttht
the automated protocol foMRE11 IHC was not optimal atie s®ring of thisstaining
was likely to be an srccurate representation oMREL1 levels ithe tissue. Further
optimisation ofautomatedMRE11 IHCould therefore alter the scoring of tissue and

offer a more accurate assessment of the associations with clinical outcome.

It was clear that the MRE11 staining in this study was not up to the standard required
to achievehe studyobjectives.Therefore, | set about optimisirtge automated MRE11
IHCprotocol with three clear aims. These aims wered&termine if a difference in
staining and scoring was evident af@utomated MRE11 IHC had been-optimised

to assess the reliability of raptimised IHC scoring between the Manchester and Oxford
centres ad to define the relationship between MRE11 and clinical outcome following

RT after IHC reptimisation.
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3.2Results

3.2.1 Assessing thRIRE11 stainingnd scoring oBCONissue

Toassesshe concordancdetween Oxford and Manchestscoring othe BCONissue
cohort, a WiIcoxon signed rank test (WSRas performedor the SQS produced in each
centre. This anbysis identified that there was significant variation between the
distributions of scores produced in Oxfdrand Manchestero LI)>Kn dlo mvestigate
this further, histograms andboxplots were generated for the S@®duced in each
centre anda table summarising thenedian values and range stores was created

(Figure 3.2Table 3.1)
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Figure3.2: The dstribution of SQS foMRE11 IHC othe BCONwvhole sectiontissue
cohort. (A) Histograms for MRE11 S@®duced in Oxford and ManchestgB) Box

plots for MRE11 SQS produced in Oxford and Manchedtke median score is
represented in bold. The whiskers of the plot define thexitmumminimum range of
scores. The box displays the interquartile range of scores and the bold line shows the
median value of the scores. The interquartile range for Oxford scores is skewed toward
high values. By comparison Manchester scores have a tinmterquartile range.
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Talde 3.1 Descriptive statistics foithe scoring of MRE11 IHC on tlBCONwhole
sectiontissue cohort The medan, minimummaximum range andhterquartile ranges
for semiquantitative scoring distributionsand % positivityare given for the scoring
performedin Oxford and Manchester

Oxford Scores Manchester Scoreg
SQS
-Median -197 -195
-Min-max range -78-300 -16-300
-Interquartile range -193-292 -173-199
% positivity
-Median -98 -98
-Min-max range -68-100 -55-100
-Interquartile range -95-99 -92-99

The median SQS for Oxford and Manchester wi¥éand 195, respectively. However,
compared to ManchesteiOxford scores were skewdoward highvaluesd x H (frigube
3.2, Table 3.1 In the hstogramsof MRE11SQS three discret@ccumulations of scores
are present inin both the Oxford and Manchestelatasets, whichare located at75

100, 775-200 and Z5-300(Figure 3.2A).

The clustering of scoresround the 100, 200 and 300 points could be the result of a
limited range inthe percentage of cells positivelgtained for MRE11(% positivity)
Indeed, the interquartile ranges for Oxford and Manchester scoring of % positivity
demonstratethat the majority of the scores (ie those that lie between flist and third
guartiles of the dta) were between 989% and 9299%%, respectivelyTable 3.1)
Additionally, the minimurmaximum rangeof the % positivity scores shatlvat none

of the samples wre negative for MRE11 and thewvest scores for % positivity in Oxford

and Manchester were higat 68% and 55%, respectively (Table 3.1)
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A comparisorwas madéetweenthe SQS$or thisstudyinto MRE1Jand the SQS values
reported inthe first study ofMRE11 as a predictive biomarker in M|BGoudhuryet al
(2010) In Choudhuryet al (2010 the values for themedianand minimummaximum
range of SQ®ere reported for one of the cohortgmedian=182, minimuamaximum
range=28296) Both Oxfordand Manchestethad a higher mediarsQS foMRE11
staining than that reported by Choudhust al (2010) (Oxford median SQS = 197,
Manchester median @S = 195)Additionally, Oxford scores also had a higher valued
minimummaximum range of 7300 compared to Choudhuret al (2010). The
differences between the scoring distributions presente€imoudhuryet al (2010) and
this present study of MRE11 may Hee result of real differences between the cohorts
used However,it is also possible that thdifferences in scoring nyabe a result of

insufficientoptimisation of the automated MRE11 IHC assay

3.2.2 Reoptimisation of automated MRE11 IHC

The analysisof MRE11 scoring distributionsonfirmed the likelihood thatthe
automatedMRE11 IHC protocol was ngptamal. A thorough process girotocol re
optimisation was therefore undertaken to investigate whethdHC staining could be
improved(Table 3.2 During protocolre-optimisation a pathologist was consulteahd
gave inputon which conditions amounted to an improvement in stainiBgery step of
the IHCprocedure was testedluring reoptimisation. Hbwever, only three conditions

were fourd to improve thequality ofstaining.

Animprovement inthe number of negatively stained cells, background stainingtlaad
intensity of stainingvas seen when 40% BSA prprimary antibodyprotein blocking

stepof 30 minuteswvas added to thautomatedMRE11 IHC protocdlVhile this step is
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routinely carried out using manual methods it is frequentiyitted in automated
proceduresusing the Bondnax autostainer. This is becaube mandactureNgdample
washing buffer isin most casessufficient to prevent norspecific potein bindng. As
such the addition of a protein blocks frequently omitted from automated IHC

procedures

In additionto the implementation of a protein blocking stefurther improvement in
the range of stainingitensitywas achieved by increasiniget primary antibody dilution
from 1:3000in 1% BSA to 1,800 in 10% BSA anéducingthe primary antibody

incubation timefrom 15 minutes to 8 mmutes
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Table3.2: The e-optimisation of theautomated MRE11 IHC protocoConditions
highlighted in gree indicate the alterations which were chosen for theagtimised
MRE11 IHC protocol

incubation period

* 2 minutes

No notable difference

IHC step Original Alteration Impact Decision
condition
Epitope retrieval | 20 minutes |+ 10 minutes Very light/ no staining Keep original
time * 5 minutes Very light/ no staining condition
* No retrieval Very light/ no staining
Epitope retrieval | 100°C « 97°C Very light/ no staining Keep original
temperature * 95°C Very light/ no staining condition
* 90°C Very light/ no staining
Pre-primary No protein |+ 10% BSA Very good improvement | Keep this
protein block step | block step incubation for 30 on original staining condition
minutes Improvement on
* 3% BSA +20% goat original staining, not as | Reject condition
serum incubation good as 10% BSA for 30
for 30 minutes minutes
Pre-primary N/A * 10% BSA No improvement on 30 | Reject condition
protein block step incubation for 60 minute pre-primary
—-time minutes incubation
Primary antibody | 15 minutes |* 8 minutes Improvement Keep this
incubation time * 5 minutes Improvement on condition
original conditionbut a | Reject condition
bit light on some
samples 8 minutes
preferred
Antibody Dilution | 1:3000 1:6000 Improvement Keep this
condition
Reduce polymer |8 minutes |+ 4 minutes No notable difference Reject condition
incubation period
Reduce post 8 minutes |* 4 minutes No notable difference Reject condition
polymer
incubation period
Reduction of DAB | 10 minutes |+ 6 minutes No notable difference Reject condition

Reject condition
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3.2.3 Comparison afe-optimised and giginal MRE11 staining
The original MRE11 staining conditions anebptimised MRE11 staining conditions
were directly corpared onconsecutive cuts of aontrol TMA consisting of bladder

cancer ell pellets and bladder cancer tissue cofegjure 3.3.

Compared tothe original staining conditionsiyhere >90% otells inall cores were
positively stained in reoptimised MREL staining there is amcrease in the range b
positivity (0-97%) over the coresThe intensity of staining witthe originalprotocolwas
strong (100% of cores scored as either 2 &f intensities) However, after re
optimisationthere was an increasa the rangeof staining intensitieg0-3+ intensities
present) Importantly, whereit was difficult todistinguish betweestrong, medium and
weak intensities with the original MRE11 stainingvith the re-optimised MRE11
staining strong, medium and wedaintensities werereportedly easierfor the scorerto
differentiate. Non-specific backgnend staining was alsweduced in re-optimised

conditions(Figure 3.3)
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MRE11 staining MRE11 staining
(Original protocol) (Re-optimised protocol)
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Figure3.3: A direct comparison between the origindlRE11 and reptimised MRE11

IHC staining on consecutive cuts from the same control TMA low magnification
image of the whole TMA is shown with three high magnification images of 2 bladder
cancer cell pellets and one kidney cofide original MRE11 staininigad nonspecific
backgraind stainingacross altores includinghe kidney samples (which are used as an
indicator for nonspecific stainingfaturation in staining intensities was preseras
100% of cores were scored as either 2 or 3+ intensifegitionally,>90% ofall cells
acrossall of the cores were positively stainedhe reoptimised MRE11 staining had a
reduced level of nosspecific background staining all bladder cores and kidney
samplesarangeof 0-97%for % positivity andho saturation in stainingntensity (0-3+

intensities present)
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TMAs containing Inm tissue coresextracted from tissue samples from the original
BCON cohortwere stained using the reptimised MRE11l IHC protocol. TMAs
contained 241 usable cores from 118 patierfig/o patients were omittetom analysis
due to lack of patient datavailable making the total number of patients within the
BCON TMA cohort 11@atient demographics for theohort are described ifTable

3.3).

Table 3.3Patient demographiceind tumour characteristics alhe BCON TMA cohort
The age, sex and tumour stages of the patients inTA cohort are summarised,
along with the tumousstroma ratio, growth margins, growth patterns and presence of
necrosis in tissue samples.

Median age (range) (n=116) 75.65 (51.5 to 90.5)
Male- 101 (87.07%)
Female- 15 (12.93%)
T1-5(4.31%)

T2- 83 (71.55%)
T3-23(19.83%)
T4a-5 (4.31%)

High- 109 (96.46%)
Low- 4 (3.54%)
Broad- 4 (3.54%)
Infiltrative- 109 (96.46%)
Both- 47 (41.59%)
Growth patterns (n=113) Papillary- 10 (8.85%)
Solid- 56 (49.56%)
No- 47 (41.59%)
Yes- 66 (58.41%)

Sex (n=116)

T stage (n=116)

Tumour-stroma ratio (n=113)

Growth margins (n=113)

Necrosis (n=113)

Stained TMAswere scored using the standardcoring methodin Oxford and
Manchester This scoring method was developed with a pathologist. It consisted of a

set of 40 scored training images that encompassed the range of staining intensities
present in the cohort. Before scoring, scorers would reviBe training images and
g2dz R NBFSNJ 6l O] G2 GKS AyYlFr3Sa 2y Ol asSa
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available to provide an additional opinion for cases where there was uncertainty, such

as where tissue morphology appeared to distort intensity.

Thedistribution of SQS resulting from the-optimised MRE11 staining of BCON TMAs
was assessedsing histograms and boxplots (Figure 3.4) and a table was generated to

compare the median values and range of scores before and afgptimisation(Table

3.4).
A Oxford Scores Manchester Scores
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Figure 3.4 The distribution of SQS for reptimised MRE11 IHC on the BCON TMA
cohort. (A) Histograms for MRE11 SQS produced in Oxford and Manchester (B) Box plots
for MRE11 SQS produced in Oxford and Manchester. The median score is represented
in bold The whiskers of the plot define the maximuminimum range of scores. The

box displays the interquartile range of scores and the bold line shows the median value
of the scores.
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Table 3.4:Descriptive statistics for the scoring of +@ptimised MRE11HC, on the
BCON TMA cohort, compared to the original MRE11 IHC, on the BCON whole section
tissue cohort The median, minimusmaximum range and interquartile ranges for
MRE11 SQS and % positively.

Oxford scoring Manchester scoring

Reoptimised Original Re-optimised Original
SQS
-Median -141 -197 -150 -195
-Min-max range -3-290 -78-300 -4-286 -16-300
-Interquartile range | -79-179 -193-292 -93-169 -173199
% positivity
-Min-max range -3-98 -68-100 -4-100 -55-100
-Interquartile range | -61-87 -95-99 -58-85 -92-99

After re-optimisation bothOxford and Manchester SQS distributions dispdagenore
normal distribution(Figure 3.4 compared to the original siiaingof BCON whole tissue
sections(Figure 3.2 In line with this the clustering of scorem the 50100, 156200
and 250300 ranges observed in theriginal staining was lost after 1@ptimisation.
Furthermore, hislack of clusteringorresponded to an increased range $érpositivity
scoresafter re-optimisation(Table 3.4)Additionally the sewing ofOxford SQ®&ward

higher values was removad re-optimisedscoring Figure 3.4

A comparison was made between the SQS obpemised MRE11l staining to
Choudhuryet al(2010) The median values for both Oxfqith1) and Mancheste(149)
re-optimised SQS were lower than that repodtan Choudhuryet al (2010)(182)as was
the minimummaximum rangéOxford:3-290, Manchester: €86, Choudhury: 28296)
For the percentage of cancer cells stained thieaimunmmaximum range foOxford(3-
98) and Manchester(4-100) re-optimised scoes were more comparablevith

Choudhuryet al (2010)(17-99) than the original score.
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Thepatient scores for the original MRE11 staining of whole section BCON tissue were
matched tothe re-optimised MRE11 scoringf BCON tissue cores and assessed for
variation. It was possible to match 90 patient tissue sampl@gnificant variationn
MRE11 scoring was identified betwettire BCON original MRE11 S@Swhole tissue
sectionsand reoptimised MRE11 SQ@® TMAs for both OxfordWSRLDK n @min m 0

ManchestefWSRLI)Kn dstaringl

3.2.4 Reliability of Scoring Reptimised MRE11 staining

Once we had established that the-optimisation of MRE1 staining had altered MRE11
BCONpatient scoreswe addressed howeliablythe tissue could bescaed. Analysis

was conducted on the level of agreement% positive and intensity scorégtween

two independent scorers whin the same centreie. Oxford or Manchestey and the

level of agreement in consensus SQS scores generated between two different centres

ie. Oxford vs Manchester

In Oxford, scorers achievedraryhigh level of reliabilityri the scoring of theéXo positive
scoring(Intraclass correlation coefficient (ICG)95 95% CI0.940.96)and a moderate
level of agreement imtensity scoringKappa: 0.59). Manchester scoralsohadvery
high levels of agreement ithhe scoring of % positity (ICC0.99,95% CI198.9699.38).
However, unlike Oxford scorerglanchester scorers also achielaveryhigh level of
agreement inntensity scoringKappa: 0.95)Comparingonsensu$QS scores between
Oxford and Manchesterthe variation between coring distributions were not
significantly differat from one another (WSR: p= 0.2%hda highlevel of agreement

in scores was observdtCC: 0.9095% CI: 058-0.931).
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3.2.5 Association betweene-optimised MRE11 staining of BCON TMAs and clinical
outcome

The MRE11 SQS foxford andManchester scoring dBCON TMAs wasssessed for
association witlclinicaloutcome. Univariate analysis of MRE11 S&t{fied by>KHp
26-50", 51-75" and >79%' percentiles) identifiedno significant assciation between
MREL11 level an8 yearCSSor either Oxford(log rank p=0.40)r Manchester(log rank
p=0.33)scoring(Figure 3.3 and ¢ When MRE11 scores were grouped acangdto
high (>25" percentile) orf 2 § "opi(eeptile) MRELL level here was also no
associatiorbetweenMRE1l1and CSSFor Oxford scorethe 3 yearCSSor high MRE11
and low MRE11 wa&0%and52%,respectively(hr: 0.68 95% CI: 0.31.26, log rank p=
0.33) Fa Manchester scores the 3 ye@SSor high MRE11 and low MRE11 w&%%

and &%,respectivelyhr: 1.44, 95% CI. 0.7237, log rank 0.27)(Figure 3.B and D)
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Figure 3.5The associatino between reoptimised MRE11 IH&nd CSSor BCONTMA
cohort (n= 116) (A) KaplanMeier CSSurvival curvedor the Oxford scoringf MRE11,
stratified according to the<28", 2650, 51-75" and 753" percentiles No significant
association was identifiedetween MRE11 SQ®id 3 yeaiCSSlog rank p= 0.@); (B)
KaplanMeier survival curves forOxford scoring of MREllstratified bimodally
according to hig"MRE11SQS>25" percentile) or low MRE1SQ)KH"mpercentile).
No significant association was identifibétween MRE11 SQ&hd 3 yearCSSusing
bimodal groupingof MRE11 SQ®g rank p= 0.33)C)KaplanMeier CSSurvival curve
for the Manchesterscoringof MRE11stratified according to the25", 2650, 51-75"
and 758" percentiles. No significant association was identifietiveen MRE11 SQS and
3 year CS@og rank p= 0.33)D)KaplanMeier survival curves for Manchestscoring
of MRE11stratified bimaodally for high MRE1$QS>25" percentile) or low MRE11
SQS X percentile).No significant association was identifieétween MRE11 SQS
and 3 yearCSSusing bimodal grouping of MRE11 SQS (log rank p=.Ggt)stics
performed by Dr Victori&trauss
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Multivariate analysis of Oxford MRE11l SQS was condudgd) ureatment, stage,
grade, completion of TURBT, haemoglobin concentration and RT fractions as covariates.
None of the covariates analysadas a significant predictdior CSS before and after
controlling for other variablegTable 3.5)No significant aciation between Oxford
MRE11 SQ&hd 3 yeaCSS was identified in multivariate analysithergrouping scores

by percentiles or by high and low MRE11 level.

Table 3.5Results of multivariate analysis forre-optimised MRE11 IHC on the BCON
TMA tissuecohort (n= 116) Thehazard ratio foiICSSs displayed with 95% confidence
intervals(Cl)for each of theXKH p (i &@h, 54€5th and >75thpercentilesof MRE11
SQStreatment, stage, grade, completion of TURBT, haemoglobin concentration and RT
fractions Multivariate analysis for Oxford and Manchest&QS are displayed
separately Statistics performed bfr Victoria Strauss

Oxford scoring
Adjusted Hazard Ratio
(95% ClI, p value
significance)

Manchester scoring
Adjusted Hazard Ratio
(95% ClI, p value
signifcance)

MREL11 percentiles
<=24h 1 1

26-50N 0.58 (0.241.41, p>0.05) 1.17 (0.482.85, p>0.05)
51-75h 0.82 (0.351.91, p>0.05) 1.81 (0.724.55, p>0.05)
>75h 1.33(0.593.02, p>0.05) 2.50 (1.036.11, p>0.05)
RT 1.32(0.742.34, p>0.05 1.32 (075-2.34, p>0.05
Stagelll/IV 0.66 (0.311.41, p>0.05 0.62 (0.291.33 p>0.05
Grade3/4 0.78 (0.351.76, p>0.05 0.79 (0.351.78 p>0.05
Completion of TURBT | 1.01 (056-1.81, p>0.05 1.06 (0.591.91, p>0.09
Hb >=13.5 g/dI 0.67 (0.361.22 p>0.05 0.66 (0.361.20, p>0.05

High RT dose (64 Gy in
32 fractions )

0.72 (0.381.36 p>0.05

0.69 (0.361.30, p>0.05
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The BCON triakas aimed at investigating the effect of tlagldition of carbogen and
nicotiamide (CON) t&Ttreatment. It is possible thathe impact of CON otumour
hypoxiacould affect the association of MRE®th clinical outcome. We therefore
conducted an analysis dhe association of MRE11 level withnical outcome irthe

subgroup of patientgn=62)within the BCON TMA cohort whieceivedRTalone.

No significant association betwedfRE11 SQSt(atified by>XXH"p26-50", 51-75" and

>75" percentilesland 3 year CSS was identified in the RT alone patient population using

log rank testing@xfordlog rank p=0.19vlanchesterog rank p8.64)(Figure 3.8 and

C) WsingCox proportimal hazards modelling significant associatiorbetween 3 year

CSSind SQS was identified for Oxford scodeS (i 6 S Sy ™ peiCehitileQSP41%

hr: 1.00 and the 2650" percentile (CSS71% hr: 0.31, 95% CI: 0.10.98& LK. n®np
However no significant association was found fine 51-75" (hr: 0.64, 95% CI: 0.23

1.78, p>0.05pnd >7% percentiles(hr: 0.83, 95% ClI: 0.8217, p>0.05) compareth

0 K S " piércentile

Dividngthe Oxford MRE11 S@®m the RT subgrougnto high(>23" percentile) and
low 0 XXPpercentile)MRE11 levetlassificationsa small norsignificant difference in 3
year CSS was observed (¥2percentile CSS41%  ¥Kpementile CSE4% hr: 0.56
(95% CI: 0.251.28), log rank p=0.}7(Figure 3.8) but this was notfound with
Manchester scores (>95ercentile CSE79  ¥Kpementile CSRk8% hr: 1.21 (95%

Cl:0.492.98),log rank p=0.68[Figure 3.®).
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A B
1.00 1.00
Log rank p=0.19 Log rank p=0.17
0.75 'u"'-‘s.'_.L___l___J_J___]__J_ 0.75
O 050 — : O s - _"_'_‘_uL,JL‘
B e !
e — - !
0.25 I 0.25 o :
|
0 0 T T T T T T
0 - 24 36 5 0 = 84 0 12 24 36 8 60 72 84
Survival (months) Survival (months)
sth ——__. 26-50th -———51.75th — — >75th] ‘ «=25th ————->, 25th|
Manchester Scores (Radiotherapy alone)
C D
100 —*
Log rank p= 0.64 - Log rank p= 0.68
I 0.754 “
: )
T W [ 7] . N
L — & | Y os0 e
| . | -t
=L L
0.25 T 0.25
I _
0 . . . . . . . . 0+
0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 84
Survival (months) Survival (months)
<25th ————- 26-50th ---e-ee- 51-75th — — >75th l <=25th ————- >25!h|

Figure 3.6 The associatiobetween re-optimised MRE11 IHC and CSSB&ON TMA
patients treated with radiotherapy alone (n= 62JA) Kagan-Meier CSS survival curve

for the Oxford scoringf MRE11, stratified according to the5", 26-:50", 51-75" and

75" percentilesNo significant association was identified between MRE11 SQS and 3
year CSS (log rank p= 0.19); KBplanMeier survivalcurves for Oxford scoring of
MRE11 stratified bimodally according to high MRE11 SQS "> centile) or low
aw9 mm { ®percentipNp significant association was identified between MRE11
SQS and 3 year CSS using bimodal grouping of MRE11 SQS (log rank(@Kapi@n

Meier CSS survival curve for the Manchester scoring of MREé&fifietl according to

the <281, 2650, 51-75" and 758" percentiles No significant association was identified
between MRE11 SQS and 3 year CSS (log rank p= 0.&&pl@iMeier survival curves

for Manchester scoring of MRE14tratified bimoodally ér high MRE11 SQS (325
LISNOSYGAf SO 2 NJ fhpeércentley. Ne significan{ assOcHtiop was
identified between MRE11 SQS and 3 year CSS using bimodal grouping of MRE11 SQS
(log rank p= 0.68ptatistics performed by Dr Victoria Strauss.
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3.3Discussion

Investigatiors usinglHC on clinical samples are useful for the study of potential
biomarkers in cancer. However, as highlighted in this work, it is important to ensure the
rigorousvalidation of the IHC staining and that the protocol used is optimal. For results
from IHC investigations to be clinically relevambth staining and scoringeedto be
consistent and reliablé h Q| dMIF 2681%) This work had three aims: to loak the
effect of reoptimising MRE11 IHC staining onet&rospectivecohort of patient tissug

to assess the reliability of reptimised IHC scoring between two centiasdto define

the relationship betwea MRE11 andlinical outcome followingrT

The need for the re@ptimisation of MRE11 IHC staining arose due to the transfer of the
IHCprocedure to @ automated platform Duringretrospective analysis of the original
automated MRE11 tissue stainiagd saring, the intensity of the staining was found

to be saturated and percentage of cells in an image positive for MRE 1dowsistently

>90% Additionally, high levels of notspecific background staining were present

The move toward automated IHC has amber of benefits. Automated IHC can be
standardised anad¢onducted on many more samples in the same instameroving
workflow and fidelity of stainingHowatet al, 2014. However,it is important to note
that in transferring anlHC stain tan automated platformthe changes irapparatus
used can alteistaining. For example, fdreat inducedepitope retrieval(HIER) the
heating of amples using automated systeroscurs viaheat blocks located directly
under samplesBy comparisoin the majority of manual IHC protocofer HIERtissue
samples are contained in a heated buff€hedifference in heating can alténe degree

of epitope retrieval and increasealbkground staining with some &ihodies.
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While a major advantage of auttated IHC is that it requires less harasinput from

a researcherit is also a source ofoncern. With the majority of IHC steps being
conducted by a machind is possible for a knowledge gap to deve(®pichard, 2014)

In this scenario researchers mawpt be sufficiently familiawith the steps in an
automated protocol and their relative importanceThis can leadto poor
troubleshooting andsuboptimal stainingln there-optimisation of automated IH@ith
MRE11la preprimaryantibodyprotein blocking stepvas addedvhichgreatly reduced
background staining. Thisay seemanobviousstepand might even be assumed to be
included in the basi@automated protocol, especially to those familiar with manual
immunostaining However, using the BondmawtamatedIHC systent is not standard.
The efficiency ofthe manufacture@ sample washing buffdor this systemis often
sufficient to remove nosspecific protein binding negating the need for prprimary
antibody protein blockingln a search of published studiestilising the Bondmax
autostainer, wherethe protocol steps wre outlined a preprimary antibody protein
blocking step was absent in aliggedures Our findingsvith MRE11 however clearly
demonstrate that the inarporation of preprimary antibody protein blocking useful
and required at least for some stains using automated platformsFor clinical
application this finding is highlygsiificant. If IHC protocols are not optimal, in this

setting, it could lead tgpatients not receivingheir W@ptimalzherapy.

Reoptimisationof automated MRE11 IHEmoved the saturation of staining intensity,
decreased background staining and increasedrange of scores for the percentage of

cells stained positively for MRE11.
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Restaining of the BCON tissue samplesth the re-optimised MRE11 protocpWwas
conducted on TMAs rather than whole tissue sectidrtss is a limitation when directly
comparhgthe results of reoptimisedand originaMRE11 stainings it is no possible

to discount thatchanges in scoringould be due to the use of tissue comegher than
whole tissue sectionsThat being saidhumerous studies have identified concordance
bel 5SSy GKS LI/ &a02NRY 33 68wH, akladorassderi@ed ffaiml A Yy A Y
whole tissue sections, especially when multiple cores are taken for the same patient
(Campet al, 2008; Voduet al, 2008) BCON TM#&wused cores df mm and contained

2-3 cores per patientit isthereforereasonable to assume @t the scores derived from

the TMA cores in this study should be concordant with thdsgved fromBCON whole
tissue sectionsUsing this assumptioit was possible to asseshe impact of re

optimised MRE11 staingnon the scoring of BCON tissue

Soring of reoptimised MRE11 stainirfgetween centresas assessed WSR andCC,
was found to beeliable No statistically significant variance in the distribution of SQS
between centres was identified and a high level of agreemeasfound. Interestingly,

the concordanceof SQS scoring between centres was improvethére-optimised
staining compared to origally stained BCON tissue, witliiginal scores showing a

significantvariance in scores between centres.

In the analysis ofndependentscorer agreemenin each centrdor staining intensity
Oxfordscorersdisplayed less consensus then Manchester scoiisile both Oxford

and Manchester scores were generated by combining scores of at least two
independent scorers, to form a consensus score, there were two main differences in

the manner of scoring between the two centres. In Oxfondlependent scoring was
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conducted in isolation on separate computers. Scores were tioambined and a third
scorer asked to score cases where there wasfference in scoresThis enabled an
unbiased consensus toe reached. However, in Manchester, the twbdependenf
scorers scored data in the same room, at the same time, from the sampuwter and
consensus agreement reached before a third person was involtésldubioushow
independent such scoring idt is possiblethat when scoring and agreement is
conducted concurrently without the addition of &itd consensus scor¢hat there is
someloss of objectivity. In this scenarias scoring progresses scaeanadvertently
influence and learn from each otherhis would result in a convergence of scaeda
loss of impartiality As such the higher level of agreement between scordrs
Manchester compared to Oxford might be an artefact of $kering practiceHowever,
how this potentialossof impatrtiality inscoring might Hect the reliability of consensus

scoresin terms ofassociation witroutcome is debatable.

Another factor hat could potentidly affect scoring using digital IHC imagesthe
device they are viewed on and the angle of viewing. Changes in either offitees

can affect the appearance of stangj intensityandhence influencecoring.tis possible

that part of the disparityin intensitybetweenOxfordscorerscould be due to the use of
different viewing devices and screen angles. While this fact is not likely to radically affect
scoring, it is worthy of consideratiolVhere possible it is highladvisabldor scorers to

be familiar with thedeviceused for scoring digital imagelspon using a new sysin it

is useful tofamiliarise he eyewith a small series of standardised, geored training
images aswasdone here As much of the IHC analysis Imic is still conducted using

light microscops rather than digital imageghe effect d alterations incolour aspect
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ratios from screens is not likely to impact the relldapiof the technique in this

environment

The use of atomated digitalimage analyis couldoffer an efficient method for the
removal ofthe potential human bias present in scorirgf MRE11 IHC imageBigital
image analysis not subject to ocular phenomena that can trick theran eye. Itan
alsobe standardised, contain algorithme torrect for batch effects and through the
use of colour devolution provide quantitee rather than semiguantitative results
(Pham et al, 2007; Gurcan et al, 208@&ffman et al, 2014; Kothari et al, 2014; Kumar
et al, 2015 Aeffner et al, 2017). @nputer-based scoring does not require consensus
scoring from multiple observerand, therefore,could increase the speeaf IHC
analysisHowever,despite the potential of automated image analysis in lel€rently
basicalgorithmsare still insufficient fortie task of scoring without manual intervention
and although the raults of deep learninglgorithmsare encouraginghe technology is

still in its infancy andot widespread.

It was hypothesised thaeroptimisation of MRE11 IH& BCON tissueould improve
scoring @ the tissue and mighteveal an association between MRE11 levels and clinical
outcome following RT Although thee is evidence for thee-optimisaion of MRE11
stainingaltering thescoring of the BCON dataset, compared to original stainireget
was still a lack of convincing evidence for an association betWHea11 level and CSS,
for both Oxford and Manchester scot€khe exclusion of patients whoaeived CON
from the analgis didreveal a small but nesignificant asociation in Oxford sares for
CSSetweenhigh and low MRE11 level groupsagiowever, this putativeassociation

was not identified in Manchester scordsterestingly, a ginificant difference in 3 year
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CSS was identified for Oxford scoringh&f RTalone subset for MRE1l®@esbetween
tk S iperpentile and the 2&0" percentile but not thes1-75" and >7%' percentiles.
Given the small sample size, howevers likely that the significance observiedreis

due to chance.

The reason fothe lack of association of MRE1d CSSn this study could be due to a
number ofreasons. e study was powered to dete differencebetween two MRE11
groups of43% and 70%. While our data did identify small variations between MRE11
groups none of them reached this levelherefore lack of sigriicance foundin the
analysis might be due the study being underpowered (n=62) more patient samples

were available to be included in the stydlyis possible that this issue could be resolved.

The use of TMAs over whole tissue sectiomght alsobe a contributing factar As
previously stated multiple studies have found that TMAs can be representative of
whole tissue sectionsNevertheless, our experience withlIBC TMAdeads us to
guestion theirusefulness in bladder cancefransurethral reseain of bladder canae
tumours is conducted usingteot diathermy wre. The heat from thavire results in a
diathermy artefat in areas of tissue praxial to the wire The diathermy aefact
reflects aras of tissue that have beetamaged and are not viabler IHC analysis
(Figure 3.J. As sections are cut from TMAdifferent depths of the TMA coeeare
exposedand, with increasingdepth, the number of cores wittdiathermy artefacts
increases This result$n a substantial loss aores fromTMA cohortsor the scoring of
a significantly reduced, merepresentative, number of cell&\dditionally, there is also
a substatial loss tumour tissueHigure 3.2). Due to this it iseasonable to assume that

results from MIBA MAs are not representative of whole tigssectionsinless there is
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a significant amount of redundancy in tissue coresS ® x o O2 NFhig LIS NJ
conclusion is important as it would also lead ugdeevaluate the assumption, made
above, about the ability to compare original andaptimised MRE11 scores through

the comparison of stained BCON whole tissue sections and BCON TMAs.

The analysis ahe high and low MRE11 groupisifpr Oxford scores in th&®Talone
patient subset suggests a smailfn-significantassociation of MRE11 to CSSe Tdck

of significance in this result is most likely due to the small number of cases in the patient
subset andan issue of underpower. Interestingly, tlfference betweensurvival
analysis on the whole BCON cohort and fR&alone cohort might point to CON
treatment being aconfoundingfactor in the predictive capacity of MRE11 in MIBC. It is
not clear why this maype. However, & CON is used to try and remove hypoxic areas
within tumours, it is possible that the increase in the relative biological efééc
radiation, providel by increased in oxygen perfusion of the tumour, is playing a role in

this result.
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Figure 3.7 The bss of pathology and presence of diathermy in MIBC TMASs increases
as the depths of cores are exploreA) Schematic represeation of how the loss of
tumour tissue or diathermy in MIBC TMAcan occur as a TMA is sectiong¢B-E)
Representative images of TMA cores stained with MRE11. Two sections of the same
core but cut from different tissue depths are placed side by sidetiddscfrom more
depleted TMA blocks are shown in images (C) and @ )®vere dathermy abolishes

the MRE1X.taining observed in (B)E) kess severe diathermy present, which decreases
across the tissue core. MRE11 staining returnthadevel ofdiathermy becomes less
severe
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This work has highlighted the importance of robust validation when conducting IHC and
the need for standardisation dhe procesgsof tissue staining andcoring. Despitéhe

large number of potential biomarkers identified bench leveldue to poor validation

a disappointingly low number of biomarkers actually make it to the patient bedside
(Forke et al, 2015; Goossenat al, 2015) The use of automated IHC platforms is an
unequivocal advancement for the standardisation of IHC and will hopefully help
assisting the progression of potential biomarkers to clinical applicakionvever, use

of automaed systems should always be conducted with care and understanding

Our experience with MIBC TMAs leads us to strongly question their use for studies
aimed at identifying associations to clinical outcoiméladder cancerThe loss of tissue
from MIBC TMs dueto diathermy and loss dumour in the deeper core sectiortan
decrease patient numbers in IH@udies. This is a significant limitation in using MIBC

TMAs as it lead® issues of underpower and a reduction in Wedidity of IHGcoring.

Although the findings for the reptimisation of MRE11 IHC on BCON tissue samples did
not validate previouly published datathis does not necessarily lead tmmplete

rejectionof the role of MRE11 as a biomarker in MIBC.

In accordance with Choudhury et al () and Laurberg et al (2012his studyonly
evaluatedthe nuclear staining MRE11 in tiss:MRE11 is predominantly located in the
cell nucleus but a proportion of MREL11 is also contained within thepdgtton of the
cell. The function of nclear MRE11n DNA repair, replication, telomere maintenance
and meiosigs highly characterised 5 Q! Y& Jdaikdbn, 2002Yhe importance and

activity of MRE11 in the cytoplasm is less well defimgtthas beeneported to function

Pagel64of 304



in the maintenanceof mitochondrid DNA(Dmitrievaet al, 2011; Tadet al, 2016)and

participate in the imate immune response(Kondoet al, 2013)

Whether or not the function of MRE11 in thetoglasm plays a role in radiosensitivity
of cells or tumoursthe translocation of MRE11 from the cytoplasm to the nucleus of a
cell is important for ME11 to function in nuclear DB&pair following radiation. An
accumulation of MRE11 in the cytoplasm magicate a problem in the nuclear
translocation of the proteinwhich would #&ect radiosensitisation. In support of this
the increased sensitisation of mammalian cells to radiation following hyperthdraga
been attributed at leastin part, to the translocation of MREL from the nucleus to the
cytoplasm. Therefore, eobining the nuclear and cytoplasmic staining of MRE11 into a
nuclear to cytoplasmic ratianay be a more informativand reliablebiomarker for
patient outcome following RT in MIBthan nuclear stainingalone Indeed,Magliocco

et al(2017)recently presenteavidenceon MRE11 as a biomarker in bladder cancer by

guantifying MRE11 IHC using a nuclear tooplsmic ratioand found thatlow

SELINBaaArz2y 2F awdmm 6ydzOf SI NI ( aignicaritlyg LI | a Y

higher cancesspecific mortality.
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Chapter AMRE11 as a predictive biomarker in anarcer

4.1. Introduction

In the course of invegiating MRE11 as a potential predictive biomarker in MIBC the
guestionaroseas to whether MRE11 might be a possible predidbienarker in other
cancers Tobeginto answer this questin, we were able to obtain a number of anal
cancer FFPE tumour biopsieih clinical outcome datdrom Professor Duncan Gilbert,

on whichan analysis of MRE11 IHC stairéngld be conducted

Anal cancer was chosen for this study due to the availability of the tssmples, the
standard use of radiatiohased treatment dr this neoplasm and thevidence for an
important role forthe MRN complexn the majority of anal cancers thare infected

with highrisk subtypes of human papillomays (HPV).

The standard of care fdhe treatment of mostanal cancepatientsis combnation CRT
(GlynneJdoneset al, 2009) which achieves favourable response rategth complete
tumour regression in 890% of case@/inayan & Glynndones, 2016 However, acute
toxicities are not uncommon and many patients suffer long term effects that

significantly impcton their QOL(Bentzeret al, 2013; Ghoset al, 2015)

Infection with high-risk HPVsubtypes predominately HPV16, are strongly asstatia
with the development of anal cancewith reported esimates of HPV positivityanging
from 84to 95%(Bariceviet al, 2015) LowriskHPV subtypes express E6 and E7 proteins
capable of inducing benign lesions, unlikely to progress to malign@Bagguly &

Parihar, 2009)However, expressioof E6 and E7 proteirfsom high-risk HPV subtypes,
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hrE6 and hrE7, causes increagghomic instabilityand drivescarcinogenesigFigure

4.1).

Expression oéither HPV1ehrE6 orhrE7 proteings sufficient to increase chromosomal
instability, including centriole amplification, anaphase bridge formation and a@mn
misaligned chromosomal materif@duensing & Munger, 2002Jhe hE6and hiE7 viral
proteins interact with a multitude of proteins to drive the host cell towards uncontrolled
cellular proliferation. Arguably the most important interactionade ly hrE6 is its
binding to the tumour suppressor p53. hrE®gether with the ubiquitin ligase E6
associated protein (E6AP) leads to the ubiquitinatainand ultimate prot@asomal
degradation of p53Thomaset al, 1999) This loss of p53 results in the abrtiga of
G1/S and G2/M checkpoints and blockin§ apoptotic signallingthus increasing
chromosomalinstability and enhancing the incorporation of viral DNA into the host
genome (Boulet et al, 2007) Further interactions with hrE6 enable cellular
immortalisation (Oh et al, 2001; Fehrmann &aimins, 2003)and apoptotic evasion
(Yuanet al, 2012) The hrE7 viral protein also targets the cell cycle, by binding
hypophosphorylated retinoblastoma protein (pRb). hrE7 prevents piRdingto and
consequenty repressinghe E2R transcription factor This enables theanscription of
E2F1ltarget genes and S phase progress{@anguly & Parihar, 2009 addition to
this, hrE7also promotes the degradation of pRBoyeret al, 1996; Darnelkt al, 2007)
Further dysregulation of the G1/S checkpoint by hrE7 is achieved thtbaghhibition

of the p21 cyclin dependent kinasnhibitor (Funket al, 1997; Jonest al, 1997; Shiret

al, 2009)and histone deaetylase inhibitors (HDAC&rehmet al, 1999; Longwortlet

al, 2005) resulting in increasedCDK activity and E2Fdependent transcription

respectivelyhrE6 anchrE7 are alsable to induce reactive oxygen species (RO&)IIs,
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increasing the level of endogenoudNA damagecontributing to chromosomal

instability (De Marco, 2013; Williamet al, 2014; Marullcet al, 2015)

E7 \Es>/ E6
Hypopho:::orylated / S Bak Telomerase
,{ p21
1 E

HDACs
E2F

Cell cycle Apoptotic signalling Immortalisation
progression

Figure 4.1 The E6 and E7 viral proteinsfrom high-risk HPV infectionpromote
tumorigeness. The EG6 viral proteipromotes apoptotic evasion by inhibiting p53. E6
together with the ubiquitin ligas&6APubiquitinate p53, resulting inits degradation
Further apoptotic evasion is achievday E6 through theinhibition of the apoptosis
promoting protein Bak. E6 promotes immortalisation of cells by activating telomerase.
The E7 viral protein promotes cell cycle progressipmhibitingthe repressve binding

of HDACs to the E2F2 promatéarhibition of p21by E7relievesthe suppression CDKs
which facilitate cdlcycle progression. Activation of CDKeotigh p21 inhibition also
results inthe hypemphosphorylaion of hypophosphorylatedoRbwhich prevents pRb
binding to and supressing E2F transcription factdhe E7 proteican alsairectlybind

to hypophosphorylatd pRbrelieving the suppression &2F transcription factors and
can promote pRb degradation.

In anal cancerHPV statusas measured directly othrough overexpression of the
surrogate marker pléhas a strong associatiomith patient response followin@RT
Numerous studies have identified that HP¥Ssitive anal cancers show significantly
improvedresponse ratedo treatment compared totheir HP\Ynegative counterparts

(Gilbertet al, 2013; Dolet al, 2014; Koerbeet al, 2014; SerupHanseret al, 2014; Mai

Pagel68of 304



et al, 2015; Meulendijkst al, 2015) The clear segregah inpatient response highlights

the need to find improved treatment strategies for HR&gative individuals

In order to replicatehe viral genomeHPV utisesthe DDR systerfAnacker & Moody,
2016) ATM activation is observed throughout the viral life cycle and is recruited to
nuclearviral replication foci along with other DDR proteins, including members of the
MRN complex, RAD51 and BR@#dody et al, 2009; Sakakibaret al, 2011; Reinson

et al, 2013) Indeed, he localision of HRproteins to nuclear viral replication foci,
coupled with branched structures observed in replicating viral genomes, has led to the
hypothesis thatHPV may replicate in a recombinatidependent mannefAnacker &

Moody, 2016)

MRE11 activity isnportant for HPV viral replicatiotunlike adenoviral infectiopwhere
viral subtypeshave been found to target MRE11 for degradat{&@trackeret al, 2002,
2005; Liuet al, 2005; Kareret al, 2009) MRE11, RAD50 and NBS1 levels have been
found to be increasel after expression othe HPV16 or HPV31l Kitral protein In
addition to the incease in MRE11 protein levels with HPV infectithrere is also
evidence thatthe exonuclease function dIRE11 is required foefficient HPV viral
replication. This was demonstrated by the reduction in viral replication seen when
HPV31 CIN612 9E cellere treated with the MRE1ZExonuwclease inhibitor Mirin

(Anackeret al, 2014)

Althoughfunctional MRE11s important for the progression of HPV infectipthere is
currently no evidence on how HPV infectidfeats the ability of MRE11 to carry ots i
normal function on the host©NA.While high levels of functional MRE11 have been

identified with HPV infectiont is unknown whether the sequestering of MRE11 to sites
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of viral replication pevents the recrumtnent of the protein toDNA damagesites

requiring repair.

MRE11 IHC igotentially useful as gredictive biomarker for radiatiotrased therapy

in MIBC. Considering this, the use of radiati@sed treatment in anal cancer and the
aberrant activity of MREIL caused by HPV infection (present in the majority of anal
cancers), the hypothesis thatRE11 might be of use ab@marker in anal cancer was

tested.

The aim of this study was to identify if MRE11 IHC staining associated to patient
outcome in the anatancer tissue samplesither as a single marker or in combination
with previously identified markers of analra@er outcome(pl6 or TL). This research
would:- 1) provide new information on whether MRE11 IHC might be a potential avenue
of further investi@tion in anal cancer)degin to address the question as to whether
MRE11 IHC might be associated with respaasiation-based treatments in cancers

other than MIBC
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4.2 Results

4.2.1 Patient demographics

Analysis of MRE1lh anal cancer was condwxt on a subset of samples from a
previously reported anal cancer cohdfilbertet al, 2013). In total, we were able to
obtain tissue sections for #2138 individual anal cancer patients. Loss of patients from
the cohort at this stage was due to lack of remaining tissuthénblock, absence of

invasive pathology or presence of cauterisation in the sample.

Immunohistochemical staining of MRE wasconducted on the 124 patient samples
using the Bondmax autostainer with the-optimised MRE11 staining protocol outlined

in Chapter 3.2.2 of this thesis. Unfortunatedyfurther 42 patients were excluded from

the analysis at this point. Reasons for this &vaj technical issues with tlaitostainer
washing away the smallest tissue sections, b) little tissue remaining in paraffin blocks
and c) loss of invasive tissue in the cut sections. The patient demographic data for the

yH LI GASy(GaQ SikbwiidZabet4d al YLI Sa Aa a
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Table 4.1 The cemographics of the anal cancer cohoithe cohort contains a subset

of 82 patients reported in Gilbert et al (2013) whose samples were stained for MRE11.
The sex, age, T and N stage, p16 and p53 status, TIL sdareraber of cases of relapse

are summarised.

Sex Male ¢ 39 (47.6%)
Female- 43 (52.4%)
T stage (n=68) T1-7 (8.5%)

T2 26 (31.7%)

T3 22 (26.8%)

T4 13 (15.9%)

Missing-14

N stage (n=71) NO- 40 (48.8%)

N1-9 (11.0%)

N2- 19 (23.2%)

N3- 3 (3.6%)

Missing 11

pl6 (n=82) pl6 +ve 72 (87.8%)

pl6cve- 10 (12.2%)

p53 (n=82) Strong p53 stainingl9 (23.2%)
Negativemoderate p53 stainings3
(76.8%)

TIL score (n=78) TIL 1 (low/absent)18 (23.1%)

TIL 2 (moderate}4 (56.4%)

TIL 3 (high)16 (20.5%)

Missing 4

Number of incidences of relapse | 27

(n=82)

Gilbert et al (2013) previously determined pl16 ahp53 status, using IHC, on the
complete (n=138) cohorpatients used for thisstudy of MRE11 in anal cancer. The
Gilbertet al (2013) studyidentified that patients positive for p16 had a significantly
lower risk of relaps compared to patients negative fpl6and that strong p53 staining
was associated with a high risk of relapse.tl&s cohort used in this studpnly
contained 82/138 patients from th&ibertet al (2013)cohort, we used theirscoring of
pl6 and p53 IHCon the 82 patientsto determine whetherthe pl6 and p53
associations withoutcome calld be recapitulated imur smallersubset of patient

tissue
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In our patient subse{n=82)of the Gibert et & (2013) cohorthe relationships between
pl6 and p53 statusnd relapse was consistent with thatreviously reported In
univariate analysis, ptpositive cases showed a significantly lower risk of relapse (
0.16 95%CI: 0.07-n ®n n X LMK ®n n wh6neGedive lciksdsBdRire 4.2),
whereas strong p53 staining was associatgth a significantly higherisk of relapse
(hr: 2.3, 95%CI: 1.055.22, p=0.03y compared to negativenoderate p53 staining

(Figure 4.B).
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Figure4.2: KaplanMeier relapsefree survival curves for patients stratified by p16 and
p53 status(n=82. (A) Patients negative fompl6 stainingshow an increased risk of
relapsecompared to patients positive for p16 stainifG@ox proportional hazardsr:
0.16,95% CI: 0.0n ©on n = LBgaidve plésbaining is illustrated by the green (p16
-) curve. Positive pl16 staining is illustrated in the blue (p16 +) c(B)eRtients with
strong levels of p53 staininghowa significantly increased risk of relapsampared to
patients with negativenoderate p53 stainingCox proportional hazardsér: 2.3, 95%
Cl: 1.085.22, p=0.037)Strong p53 intensity staining is illustrated by the dark red
(p53=3)curve Negative to moderate p5Bitensity staining is illustrated ypthe orange
(p53=02) curve.Statistics performed by Dr ChristiaKartsonaki.
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Immunohistochemical staining of MRE11 on the 82 anal cancer pa#nples was

analysed using SQS. A brgadge of staining was seen throughout the cohort (Figure

4.3 A andB).
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Figure4.3: MRE11IHC in anal cancer specime(s=82) (A) Representativanages for
staining intensities oMRE11lin anal cancer tissueNegative, weak, moderate and

strong stainingntensitiesare described by the values of 0, 1+, 2+ and 3+ regpyt
(B) Histogram displaying thastribution of MRE11 SQS scares

Pagel74of 304



4.2.2 Associgon between MRE11 staining of anal cancer tissue apthpse free

survival

Univariate analysis of MRE11 staining showedissociation betweeNMRE11SQSand

risk of relafse qir: 0.999, 95% (0.9941.004,p=0.61) Figure 4.4). In multivariateCox
proportional hazardsinalyss with T stage, N stage, $4.6, p53 and MRE11 status as
covarides, only p16 was found to be of prognostic valme ¢.093, 95% C0.024-0.359,

LIKn & nresulica@nhsidtent with previously published data on this cohort from Gilbert

et al (2013).This result was also seen when multivariate Cox regression analysis was
conducted usinghe constituent % positive scoreand intensity scoresin place of

MRE11 SQ@able 4.2).
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Figure 4.4 The esults of MRE11 IHC in anal cancer specimegidy KaplaMeier
relapsefree survival curves for 82 anal cancer patients stratified by MRE11 score. The
first, second, third and fourth quartiles for the MREX)SSare illustrated by the orange

(1), green (2), blue (3) and purple (4) curves, respectively. No significant association
between MRE11 SQS and relafe® survival was identified (Cox proportional hazards

hr: 0.999, 95% CI: 0.994004, p=0.61); (B) Kiam¢Meier relapsefree surwal curves

for 115 anal cancergtients stratified by tumour infiltrating lymphocyte (TIL) score. High
and low TIL scores are illustratég the orange and blue curves, respectively. High TIL
scores significantly associated withn increase in relapsieee survival (Cox
proportional hazards hr: 0.466, 95% CI. 0.2€1832, p=0.01p (C) KaplatMeier
relapsefree survival curves for 78 anal cancer patients stratified by MRE11 and TIL
scores.The addition of MRE11 SQS to TIL shackno prognostic value over and above
the use of TIL score alor{€ox proportional hazards using the interaction between
MRE11 SQS and TILrscas the explanatory variablér: 0.83, 95% CI: 0.0660.449,

p= 0.89) Statistics performed bipr ChristianaKartsonaki.
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Table 4.2 Results of themultivariate analysis on the anal cancer tissue cohort using
the cox proportional hazards modeMRE11, T stage, N stage, ,.9ek6 status and p53
status are included as covariates. Multivariate analydicch usedMRELL SQS as the
MRE11 variable is described separately to the model which Mé&ig11 % positive and
intensity scoress two separate variables in the analy3iee hazard ratio for relapse
free survival is displayed with 95% confidence intervals (Cl) avalygs.Statistics
performed byDr Christianaartsonaki

MRE11 SQS MRE11 % positivity and MRE11
Hazard ratio (95% CI, p valul intensity analysed as separate
covariates
Hazard ratio (95% CI, p value)
n=67 n=67
MRE11 MRE11 SQS: MRE11 % positive:
0.998 (95% CI: 0.991.004, | 0.37 (95% CI: 0.065080,
p=0.50) p=0.257

MREL11 intensity score:
2 vs 1:1.98 (95% CI=0.848175,

p=0.297
3 vs 1: 0.65 (95% CI=0.13887,
p=0.602)
T stage 1.73 (95% CI: 0.958129, 1.95 (95% CI: 1.078526,
p=3.129) p=0.069)
N stage 1.15 (95% CI: 0.711.864, 1.11 (95% CI: 0.63R 955,
p=0.565) p=0.713)
Sex 0.093 (95% CI: 0691.251) | 2.130 (95% CI: 0.63R955,
p=0.239)
pl6 status 0.093, 95% CI: 0.021359, | 0.039 (95% CI: 0.0a5230,
LIPKn dnnm LIKn dnnamo
p53 status 1.147 (95% CI: 0.46%.233, | 1.227 (95% CI: 0.468K712,
p=0.795) p=0.717)

Analysis of MRE11 SQS in {nbgjative cases was attempted. No association between
MRE11 SQSd relapse was seen. However, the number of p&§ative individuals
(n=9) and eventsvere small and deemed unreliable for statistical anays the
individual analgis of MRE11 % positivignd intensity scoresdn pl6negative cases
there was evidencéor a nonsignificant protective effet for high MRE126 positivity

on the risk of relapseh¢:0.37, Ct0.11681.156, p0.09), although again, due to the
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limited number of cases, no strong conclusion could be drawn here. There was no
substantial differencén the range of staining observed between giésitive and pl16

negative cases.

Using this cohort of patienfsumour infiltrating lymphocytes (TILs) have recently been
reported to add prognostic value over and alkqvl6 IHGn anal cancer (Gilbert et al,
2016). We therefore investigated MRE11 alongside previously determinedTIL
scores orthe patient subset analysed in this studyonsistent with previous findings,
in this patient subset, a high TIL score was associated with improved risk of rgdapse
0.466, 95% CI: 0.261832, p=0.010fFigure 4.8). The addition of MRE11 SQS to TIL
score had no prognostic value over and abthe use ofTIL score alonéNo significant
association withrelapse free survival was founavhen Cox proportional hzards
modelling was performed using the interaction betweBtRE11 SQS and TIL score as

the explanatory variabléhr: 0.83, 95% CI: 0.0660.449, p= 0.89(Figure 4.4).

4.2.3 Correlation between variables used in thealysis

We next investigated if there was yadependence between MRE11 scofdRE11l SQS,
MRE11% positiveor MREL1 intensity scoringand any of the other variableSex, T

stage, N stage, p16, p53 and Tukgd in this studyldentifying correlations between

variables is a useful method of idewiifig potential interactions in the dataset and
confounding factors.If a correlation between MREIscoresand another variable was
identified in this analysisit may suggest an interactiormvhich could be of biological

importanceand interest

A correldion matrix plotting the Pearsd® correlation coefficient betweeeach of the

variablesused in the analysis of MREL11 staining on anal cancer tissugemasated
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(Figure 4.5)However MRE11 levels assessed by SQS, percentage positivity or intensity

scoling, were not highly correlated with any of tle¢her variables used in the analysis.

‘H

T stage 0.03 . Correlation

. —1’0.5 00 05 !0

N stage 0.1 0.21
ple 021 -01 -005 .
p52  0.04 008 0.09 -0.38 .

WRE 11intensityscore ~ 0.05  0.06 -0.02 004 -0.03 .
WMRE11 percentage positve  -0.03 014 -021 -019 016 031 .
MRE1150s 003 011 -009 -007 006 . 0.67 .
TiLscore -0.05 -0.14 005 017 -019 -0.21 02 -008 .

w 2]
— e}
o o

Sex

T stage

M stage

MRE 11 intensity score
MRE11 percentage positive
MRE11 505

TIL score

Figure 4.5: Correlation matrix ofthe t S NA 2y Q& O2 NN&forltheA 2y O2
variables used in this studyNegative valuegsre highlighted in purple anchdicatea

negative correlation between variables. Positive valaes highlighted in green and

indicate a positive correlation between variables. The intensity of the purple or green

colour indicates the strength of the correlation between the variabldge stremth of

a correlation was determined as: very high if the correlation coefficient was between
1.0-0.9, high (correlation coefficient: 0®7), moderate (correlation coefficient: 6.7

0.5), low (correlation coefficient0.5-0.3) or negligible (0-8). Statigics performed by

Dr Christian&artsonaki.
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4 .3 Discussion

In contrast to publishefindings in MIBAYIRE1was not identifiedas having predictive
value in assessing outcome in amahncer following CRTdespitethe similarities in
treatment technique ad dose between the two tumour sites Presumably tis
represents the heterogeneitthat exists betweercancergBurrellet al, 2013) Indeed,

the prevalence of HPV infection in anal cancer is a major drfter between the two
cancers The hijacking athe DDR and production of ROS by HPV leaves infected cells
with high levels of endogenous DNA damage and genomic instabilityed the role

of ROS and impaired DRR systems in-pti3itive cancer has been linked to the high
response rates seen witBiRTdue to the creation of clustered DNA damagéarulloet

al, 2015)

We assessed whether MRE11 had any role to, p\agr and above previously dedwed
prognostic markers (plé@nd TILgJoneset al, 2017) but found no evidence of an
association with outcome. It may be possible that, despite thuk laf correlation to
outcome in pl6/HP\positive tissue, the assessment of MRE11 levels in pl6/HPV
negative tissues might yield positive findings. However ¢ the rarity of these

tumoursthis woul be difficult to investigate.

Outcome for MIBGs largely assess® usingCSSwvhereas outcome in anal cancer is
generally evaluated using relapgee survival (RFS). The reason for this difference is
due to the high rate of complete tumour regression seen in anal cancer following
treatment, making RFS a maappropriate outcome for analysis. It is conceivable that
this alteration in endpoint ray account for the difference betweethe predictive

capacity ® MREL in MIBC and anal cancer astibuld be acknowledged.
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Our assessment of MRE11 levels in anal cawesr conducted using IH&Ithough a
powerful toolit has its limitations While IHC can determine the level of a particular
protein in a samplgit cannot be used to determindf that protein is functional.
Additionally ifthere are alterationgpresent inthe protein suchthat the antibody cannot
recognise its epitopgesults can be unreliabl&efore discounting the role of MRE11 in
anal cancercomplementary molecular studieshould be undertaken to explore the
features of MRE11 in anal cancer which aainipe addressed byhe useof IHC.It is
possible thatmutations within the MRE11gene, which do not translate to protein

abundance but affect protein functiomight have associatiaswith outcome.

The treatment of aal cancerachievesgood response ratesHowever,for certain
patients such as those with HMégative anal cancetreatment outcomes are poor

and toxicities can be significaptiietrimental to QOLC 2 NJ G KA & WKI NR {2
of anal cancer patients more research is needed to imptraement outcomesThere

is much evidence for altered DDR during HPV transformation but this ha®timten

fully examined in the context of anal cangparticulady in response to therapy.
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Chapter SCharacterising the effects dhe germline SNPrs18053630n

the repair of radiation induced DNAamage in MIBC

5.1 Introduction

Research conducted Biyeoet al (2014)in the Kiltie labjnto germlineMRE1lvariants
as biomarkers foRToutcome in MIBC, revealed a germline SidP805363associated
with worse CSS followirigT(per allelehr 2.10, 95% CI 1.83.28, p= 0.001) but noRC
(per allelehr 0.99,95% CI 0.641.60, p= 0.89) Furthermore, the association was found
to follow a gene dosage effect, wherethe carriage of eacth\ minor allele was found
to contributeto adecrease in CS$his result is counter tthe association identified by
Choudhuryet al(2010) and Laurbergt al(2012)for MRE11 protein levelst is possible
therefore, that rs1805363 might confound results seentl® analysis of total MRE11
protein expression The rs1805363 finding identifies a group of MIBC patients who
would not benefit from the use of total MRE11 level analysisiHCas a predictive

biomarker and highligts the need for multiple biomarkers in assessing disease.

rs1805363 is a transition mutation of the G major allele to an A minor allele. A minor

allele frequency of 11% was found for the SNP in the work conducted betTalo

(2014). Howevemioinformatics tool SNPeadigNPeadia, 2018 ports a global minor

allele frequency 0B.9% and an approximate 20% European minor allele frequency
rs1805363 is locatehtronically inMRE1lisoform 1, five baS a4 o G2 GKS 9E
donor splice site. IMREllisoform2NB My npoco A& f 2 Ol(Fipg&dRk oA (K
1.168B). Due to the proximity of the SNP tiee donor splicesite it was hypothesised that

rs1805363 might affect gene splicing and/or relative asaf expression oMRE11
MRE11lisoform analysis onine MIBC samples (six bladder cancer cell lines and three
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primary tumours) supported this hypothesis with samples genotyped as GG showing
the highestMRE1lisoform 1: isoform 2 ratio and AA genotyped sdegpshowing the
lowest isoform 1: isoform 2 ratigFigure 1.1€) (isoform 1 relative percentageGG

61.7%, GA 49.6% and AA 30.8%&pet al, 2014)

On a protein levelthe only identified difference inMRE11lisoform 2 compared to
MRE11lisoform 1 is the absence of exon 16, a @nino-acidlong exon located at
position 595622 on the amino acid chaiMRE1lisoform 1 is approximately &Dain
size aml consists of 708 amino acids wherddRE1lisoform 2 is approximately kDa

and is composed of a 680 am#uacidlong chain.

MRE1lexon 16 is partially encompassed by tNHRE11glycineargininerich (GAR)
domain, located between the 56600aaregion of e protein The MRE11 GAR domain
undergoesADMAby PRMT1(Figurel1.10) and is critical for thgroper functioning of

the protein Removal of GAR methylation in MRE11 causes increased genomic instability
and hypersasitivity to gamma irradiatiorfYuet al, 2012) Further characterisation of
MRE11 lacking GAR methylation has identified defects in MRE11 exarialdavity,

DNA binding, DNA end resection, Adépencent CHK1 activatiorfYuet al, 2012)
recruitment of MRE11 to DNA damage f(Reryet al, 2008)and impairment of DNA
damage checkpointgBoisvertet al, 2005a) TheMRE11GAR domain has also been
implicated in regulating the nuclear compartmentalisation of MRERdisvertet al,
2005b) While exon 18ies partially within theMRE11GAR domainit lies outsidethe
570594 regiondirectlyimplicated inthe regulation ofexonuclease activitgBoisvertet

al, 2005a)and is located in an area of the GAR domain which shows least conservation

in sequencdgDéryet al, 2008)
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MRE11is part ofthe MRN complexand requires RD60 and NBS1 for full functiatity
05Q! Y2dzNR 9 .VWe OIRNicdpieX is a fieribletassembly that undergoes
large conformatnal changes that regulate its activity, assistbNA damage repair
pathway choice and alters the ability of the complex to bind either DNA or interacting
proteins(LafranceVanasseet al, 2015) If the loss of exon 16 results in conformational
changes in MREL1t is possiblehat the interactions of MRE11 witthe members of

the MRN complexould be afected.Addtionally the absence of exon 16 may also affect

protein-protein interactions in larger complexes, and DNA binding.

The finding®f Teoet al(2014)highlightinteresting areas fonvestigation In this work
the associatiobetweenincreasedVIRE1lisoform?2 expression anthe presence of the

rs1805363 A minor allele was validated a collectiorof MIBC tumours.

It was hypothesisedthat the increased expression ®fIREl1lisoform 2 could be
responsible for thegpoor response tdRT seen in pahts positive foithe rs1805363 A
minor alleleand that cells expressingigh levels oMRE1lisoform 2 maybe more
radioresistantthan cells with highMRE1lisoform 1 expressiarilo test this celllines
were generated that expressesth MRE11 construciontaining thecoding sequence of
MRE11lisoform 1 or MRE1lisoform 2 These cellswere then used in assays to
determine cellular radiosensitivity andDSB repair efficiencyurther to this the cell
lines were also useth immunoprecifitation experimentsto investigate whethethe
MRE1lsoform 2 constructvaspositive forthe methylation of the MRE11 GAR domain

and able to bind the members of the MRN complex.
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5.2 Results

5.2.1rs1805363 imssociated withincreasedexpression ofMRE1lisoform 2 in MIBC

To \alidate the result of Teet al(2014), 189 samples of germline DN&tracted from

the blood of MIBC patients, were obtained from Richard Bryan (University of
Birmingham). The germline DNA was genotyfmedhe rs1805363 G>A SNP. Of the 189
samples, 22 we identified as heterozygous (AG) for the rs1805363 SNP with the
remaining samples identified as \GG). A table of all genotypedmsples can be found

in appendix G

Loss of heterozygosity (LOW)thin the tumourswas investigated by genotypirigNA
extracted fromtumour samplesof patientsthat were germlineheterozygoudor the
rs1805363A minor allele Extracted tmour DNA was available for df the germline
genotypedAG cases. In order to assess L@, results oftumour genotyping were
comparedto germline genotype LOH was identified in of the 17 samples (AA= 4/17,

GG= 3/17, AG= 10/17J4ble 5.}.
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Table 5.1. Genotyping of the MRE11rs1805363 SNPnNn 17 samples oftumour
extracted DNA The 17 tumour extracted DNA samples were from patiemisniine
genotyped as AGamples where a loss of heterozygosity was identified in tumour DNA
are highlighted in grey. A loss of heterozygosity toward the A nalele is highlighted

in pink A loss of heterozygosity toward the G major allele is higieligim orange

Loss of
Sample ID Heterozygosity Genotype
s0136 Yes AA
s0168 Yes AA
S0237 Yes AA
s0295 Yes GG
S0472 No AG
S0521 Yes GG
S0637 No AG
S0643 No AG
S0724 No AG
S0729 No AG
S0890 No AG
S1126 No AG
S1214 No AG
S1434 Yes AA
S1829 Yes GG
S2200 No AG
S2209 No AG

FFPE tumournlocks were obtained for RNA extraction for 36 of the germline genotyped
samples. Twelve of the tumour blocks were not suitable for RNA extraction. This was

due to either lack of invasive pathology in cuttens (6/12)the area of tissudeing

too small for sufficient material to be collected (5/12) or the tissue being identified as
highly inflammed (1/12). Eleven of the blockgere fromheterozygous (AG) germline

patients with the remaining 14 corresponag to WT GG).The RNA extracted from

LI GASY G Gdzvy2dzNB ¢l a O2y@SNISR WREL®ed®! | YR
used to distinguish the expressionMRE1lisoform 1 and 2 in the sampleSue to the
RAFFSNBYOS Ay GKS ¢ 8RB isHorn21andRtKeSPCR mdductwy 6 S (i ¢
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amplified fromMRE11lisoform 1 was 144bp long.h& PCR product amplified from
MRE1lsoform 2 was 251bp longrheproportion of MRE1Jisoform 1 and 2 present in
the tissue was analysed for each patient and grouped alagrto germline genotype
(Figure 5.1 One sample was excluded fraime analysis due ta failure inisoform

amplification.

The results from the analysis ®MRE11lisoform expressionin this study was in
agreement withthe findings ofTeoet al (2014).Using a twesample t testMRE11
isoform 2 expression wdsund to be significanthhigher(p=0.007)in the AGgermline
genotype patient grouggmean: 19.4%compared to the G@ermlinegenotype patient

group(mean: 2.29.

One of the AG germline genotypedagient samples (S052Wasidentified asnegative
for MRE1lisoform 2 expession. Howeverthis sample hadalso been tumour
genotyped and had been found to have undergone a LOH within the tumour to become
GG. It istherefore, possible that theehange inamour genotypdrom the germlineAG
to the tumour GGcould be the reason for thabsence oMRE11soform 2 within this

sample
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Figure5.1: The results of the analysis intMRE1lisoform expression in MIBC patient
tissue (A) A epresentativeimageof the electrophoresis bands produced from PCRs
conducted orpatient cDNA The 144bp product is amplified from théRE1lisoform 1

pQl ¢w YR GKS HpwmM0oL] LINPVRHIOAGE 2AFa2 NIYY Lt ApFQh! StRw d
for GAPDHvas run on all of the cDNA saraplas gositive control for RNA&xtraction

and cDNA conversigB)Quantification d MRE1lisoform expressionVIRE1lisoform

1 and 2expressions displayed sa percentage of the total amount &iRE11in each
sample Samples are grouped according to mgéne genotype.MRE1lisoform 2
expression is significantly increased in the AG genotype group compared to the GG
genotype group (t test p=0.007Blue arrows indicate samples which were tumour
genotyped as AG. Red arrows indicate samplash were tumouigenotyped as either

AA or GG
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5.2.2The gneration of MRE1Xtable cell lines

Having found evidence in support of TetoalQ @014)findings the characterisation of
the potential effect of increased expression MRE1lisoform 2 on DNA damage repair
and MRE11 functiowas undertakenTWoMRE11 construct&ere stably reexpressed
in an MRE11 knockdown cell lilndRE1lisoform 1 expression was represented &by
full length MRE11 plasmid (MRE11 full length) whefd&¥E11lisoform 2 expression

was represeted by ax MRE11 plasmid lacking exon 16 (MRE11 exwe)6

Putative stable MRE11 4expression clones were analysadingwestern blotting to
confirm MRE11l rexpression Figure 5.2 The levelof MRE11l reexpressionwas
calculated by quantifying thegsial intensityof the blotted protein bands using Image
Studiolite software(LFCOR)Using the gnal intensity valuesor MRE11from three
biologicalrepeatexperiments the mean fold increase in M1 protein abundance in
the MRE11 reexpression clonesould be calculatedelative o the MRE11 knockdown
cell line To control fowvariation ingel loading the signal intensity values for each of the
al YL S& 6SNB y2NX¥IftA&GSR G2 | I OQOGAY o6STF2N
expression was calculated.

MRE11 protein levels were raised in both the MRE11 full length and MRE11 ex®nl16
re-expression clonegompared to the MRE11 knockdown cell liffggure 5.2 B and E)
The mean fold increase in MRE11 band intensity for the full lengéixpeession cloas

1 and 2 were2.36and 2.58respectively(n=3) The mean fold increase in MRE11 band
intensity for the exol6ve reexpression cloes 1 and 2 were2.65 and 2.53

respectively.
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Although an increase inthe protein levek of MRE11lwas observedin the clones
compared to the MRE11 knockdown cell linkee degree of reexpression wasot
sufficient to rescue MRHEIllevels up to that seen in th@arentalT24cell line(Figure 5.2

Cand F

The MREL11 full length clone 2 (Figure 5.2A) was used as the MRE11 full length cell line
and the MREL exonl6ve clone 1 (Figure 5.2vas used as the MRE11 exonibGcell

line inall subsequent experiments.
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Figure5.2 Western blot analysis oMRE11 reexpression clonegA)A representative

western blot probed foMRE11TwoMRE1Xull length reexpression clones are shown
with T24 andVIREL1 knockdown cell linegg i id blotieday a sample loading control
(B) Quantification of the mean ehsiometricsignal intensityof MRE11 in the MRE11

knockdown cell line and MRE11 full length clonesmalised toil KS i | OG Ay f 2
control (n=3) (C) Quantification of # mean densiometric signal intensity dRE11 in
the T24 cell line withhe MRE11 full length clones normalisesli KS 1 ! O Ay f 2

control (n=3) (D) A representative western blot probed for MRE11. Two MRE11
exonleéve reexpression clones are shown wit24 and MRE11 knockdown cell lines.

i l OGAYy Aa of20GSR 1a | &alYLXS 2 RAYy3
densiometric signal intensity of MRE11 in the MRE11 knockdown cell line and MRE11
exonl6ve clones, normalisedtid KS i | Od A ¢l (n£3R (E)Ruanticatidgd of i NJ

the mean densiometric signal intensity of MRE11 in the ¢&4 line with MRE11
exonleveOf 2y Sa y2NXIfA&ASR (2n=BKS i 1 OGAy 2R
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To confirmthat the MRE11 exonZl@e clone wasacking exorl6 arange of teciiques
were employed An antibody for MRE11 exoch6 was generatedising a peptide
aptamer corresponding to exon 16 as the antig®toravian BiotechnologyAlthough,
unfortunately this antibody proved to be unsuitable favestern blot analysis. Low
percenage SDS page gels wetlso utilisedto try and physically separate full length
MRE11 and MREL11 lacking exidh However, e difference in size between thao

proteins wadound to betoo small to detecin thismanner.

gPCR was finally usénl confirmthe absence oMRE1lexon 16in the MRE11 exon16

ve clonegFigure 5.3 Amplification of a central region of MRE11 confirmed a significant
increase in MRE11 level in both MRE11 full length and MRE11 exentl®nes
compared to MRE11 knockdown cells (MREdlength p=0.021, MRE11 exonté
p=0.019)In addition to thist was identified that there was no significant difference in
MRE11 expression between thetveen MRE11 full length and MRE11 exon&6

clones (p=0.164).

The presence of exon 16 was comied in the MRE11 full length clone hige
amplification of a region flanking the exon-&%on 16 junctionln the MRE11 full length
clone ro significant difference was identified between theplification ofexon 16 and
the central region of MRE1(pb=0.564). However, in the MRE11 exoni®@ clone the
amplification of exon 16 wasggiificantly reduced compared to that se&hen using
primers to amplify thecentral region of MRE11 (p=0.026)dditionally, no significant
differencewas identifiedbetween thelevel of exonl6 amplificationdetected in the

MRE11 exonl&e clone compared to that detectad the MRE11 knockdown cell line
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(p=0.758)Figure 5.3 qPCR analysis of MRE14esgression clonesonfirmed boththe

re-expression of MRE11 and the absencexain 16 ithe MRE11 exonl&e clone.

259 | | [ 1
* mm MRE11 knockdown

2.0 f J MRE11 exon16-ve
15- . MRE11 full length
1.0

0.5

Relative quantification normalised
to MRE11 Knockdown

0.0-

Figure 5.3 gPCR of MRE11 #xpression clonesThe mean quantification of MRE11
amplification products are normalised to MRE11 knockdown cells (e@l MRE11 is
guantified bythe amplification of a centriaregion of MRE1lipstream of exon 16The
presence of MRE11 exon 16 is asse$sathe amplification of a target region flanking
the exon 15exon 16 junctionSignificantvariationin MRE11 amplification products in
the MRE11 reexpression clones relatiie the MRE11 knockdown cells are indicated
by asterisk(*=p<0.05)

5.2.3 Determining the radiosensitivity of MRE11 clones

To determinethe radiosensitivity of MRE11 fexpression clonesaclonogenic survival
assaywas conductedAnalysis wittone-way ANOVA revealed significant differences in
survival between cell lines at@y (p=0.00Band 6Gy (p=0.00¥doses oiR(Figure 5.4.

The MRE11 full length +expression cell line showed a comparable response to
radiationto the scrambled control cell lingith no significant differencgin cell survival

at any dose. A significant increase in cell survival was seeGgtahd 65y dosegor

the MREL11 full length cell lineompared to theMRE11 knockdown cell line @y
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p=0.050, 65y p=0.023) antbr the MRE11 full length cell lineompared to theMRE11

exonl6ve cell line (45y p=0.0456 Gy p=0.016).

MRE11 exonl&e cells showed greater radiosensitivity than the MRE11 full length cell
line, with significantly different survival at@y and 6Gy doses froMRE11 scrambled
control cells (45y p=0.006, &y p=0.01% and asimilar esponse to radiatiomompared

to MRE11l knockdown cell®d Gy p=0.367, 6 yGp=0.315) At 10% survival the
enhancement ratio between the MRE11 full length and MRE11 é%eve survival

curves wad.3(Figure 5.4.

-+ Scramble control
* -+ MRE11 knockdown
- MRE11 exonl6 -ve
-»- MRE11 full length

Surviving fraction

0.01

Gy

Figure 5.4The ¢onogenic survivabf MRE11 reexpression clonegn=3) Significant
variationin the survival of cell linest 4 Gy(p=0.003 and 6 Gy (p=0.00Q4s highlighted
by asteriskg* = p<0.05) Thedotted line irdicatesthe enhancement ratio between
MREZ11 full length and MRE11 exonib6clones at 10% survival.
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The results from the clonogenic rsival assay were counter to thaitial hypothesis
that MRE11lisoform 2MRE11 lacking exon 16 migbonfer resistanceto radiation
induced damage. To explore thisdings further neutral comet assays were conducted
using MRE11 rexpression clones. Initial results usingemeralprotocol for the neutral
comet assay elicited poor quality cometsthme cell lines usedThis madeanalysis
difficult and potentially unreliable Therefore a process of assay optimisatiamas
undertakento improve the clarity of comet heads ataloptimise comet tails produced

by the assay. Steps taken to optimise the ebmssay are shown ifable 5.2
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Table5.2: Optimisation of theconditions ugd in the Neutral Comet Assay, far24
derived cell linesConditions highlighted in green indicate the alterations which were
chosen for the final assay protocol.

Stage Original Alterations Outcome
Condtion
Radiation 20y -10 -Improved number of
dose comets for analysis,
sufficient tail
5GQ -Poor tail formation in
damaged cells
Low melt 1% 0.8% -Increased halo around
point agarose comet head, reduced
% definition of tail
Lysis 2 Hr Lysis in 1%| -10% DMSO -Improved tail formation
conditions DMSO in irradiated cells

-Overnight lysis | -Increased tail formation
in all conditions
including untreated

Running TBE room temp| -Cold TBE -No tail formed
conditions 1.2 Mcm 25 -Cold TAE -No tail formed,
minutes increased halo around
comet head
-1.5V/cm -Increased tail but poor

clarity, increased tail
also observed in Ogy

-1.3Mcm -Good production of tail,
head and tail well
defined

-25,30,3540 -Good tal formation at

minutes 30 and 35 minutes

-45min(0.8V/cm) | -Very reduced tail
formation

Oncethe optimisedconditions for performing the comet assasere found analysis of
radiationrinduced DNA damage repair could be performed on MRE3Jxpeession
clones Figure 5.5 MRE11 eoxnl6-ve clones showed significant differencesarms of
endogenous and initidNA damageand subsequent repair comparéalthe remainder

of the cell linesused in theanalysis.
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MRE11 exonlge cells had significantly increased levels of endogenousdaiNrage
compared to all other cell lines (scrambled control p=0.046, MRE11 knockdown
p=0.025, MRE11 full length p=0.044). Surprisinglgontrast MRE11 knockdown cells
exhibited no increase in endogenous DNA damage comparsckambledcontrol cells
(p=0.220).Additionally, o significant difference was seen in endogenous DNA damage
in MRE11 full length celtsompared to scrambled control celld heightened level of
DNA damage in MRE11 exonlé cells was observed throughout thiene course of
repair, likelyreflecting the increased level of DNA damage in untreated cells. Evidence
for a delay in DNA damage repair was also present in MRE11 exercHis. In control,
knockdown and MRE11 full length cell lines there was a significant decre@iseeitai
moment between Ghour and 30 minute time points postradiation (scrambled control
p=0.016, MRE11 knockdown p<0X) MRE11l full length p=0.038). However, no
significant difference in tail moment was seen in MRE11 exaee¢léomets between 0
hour and 30 nnutes postirradiation (p=0.549). This points toward a delay in the
resolution of DNA damage in MRE11 exong&eells. Levels of DNA damage in MRE11

exonl6éve comets remained high after 2 hours of repair
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Scrambled control

MRE11 knockdown

MRE11 full length

MRE11 exonl16-ve

Il Scrambled control

1501
MRE11 knockdown

;&; Bl MRE11 full length
£ 100+ MRE11 exon16-ve
b
&
.“2’ 504
o

O Hr OHr 30 min 2 Hr

0 Gy 10 Gy

Figure 5.5 The neutralcomet assayon the MRE1L re-expression clonegn=3) (A)
Representative images of cometstire scrambled control, MRE11 knockdown, MRE11
full length and MRE11 exond& cell lines for @Gy (untreated) cells and 10 Gy OrH
irraditated cells (B) Bar chart athe meanOlive tailmoment for each of the conditions
used in the comet assay. Dataslwown foruntreated, 0 Gy cells and cells treated with
10 Gy of irradiationrtadiated cells were allowed to repair forhr, 30 minutes o2hrs
before performing the comet assagignifcant variation in Olive tail moment between
results are indicated by asterisgs=p<0.05, *=p<0.01)
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In accordance with the results frothe clonogenic survival assaige results from the
MREZ11 full length clones in the comet asshgwed no signi€ant variation from those

seen in thescrambled control cell lingt any point in the time course.

Interestingly, the MRE11 knockdown cell line did notvglsignificant repair defects.
There waso significant difference in thenean Olive tail moment beveen untreated
MRE11 knockdown cells and MRE11 knockdown cells 2 hoursirqaasation.
However, it was observed that inelMRE11 knockdown cell lingore cells underwent
cell death uponrradiation treatment. This wasvidenced by the reduced number of
cells available for harvesg in radiationtreated samples compared to treated

MRE11 knockdown samples

5.2.4The impact of MRE11 exon 16 on MRE11 methylation and the MRN complex
Having estalidhed an alteredresponseto radiation in MRE11l exonl@e cells
preliminary investigations into thenderlyingmechanisns behind this were madd=xon

16 is partially contained within the MRE11 GAR domain. To determine if methylation of
the MRE11 GAR domain was affstby the absence of exon lBnmunoprecigtations

of MRE11 wereconducted fromwhole cellprotein lysates and an antibody against
asymmetrically dimethylatedADMA proteinswasused to assess methylation of the

MRE11 GAR domain.

The plasmids used to stably -express MRE11 full length or MRE1fom®l6ve
contained & HA tag. Initiaimmunaprecipitations were attempted usingn antibody
against this HA taginterestingly, the HA antibody was able tmmunoprecipitate

MRE11 in the MREL11 full length samples butindhe MRE11 exont@e samples
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Despite not being able to immunoprecipitate MRE11 using HA in MRE11 exenl6
samplesit was possible to immunoprecipitate MRE11 in all se®mpvith an MRE11
antibody.MRE11 immunoprecipitations were run on SDS page gels and blotted with the
ADMA antibodyMREL11 full length and MRE11 exondbimmunoprecipitations were
positive forasymmetric dimethylatiomsing the ADMA antibody (AYMZB)=3)(Figure

5.6).

5% load

MRE11 full length
MRE11 exon16 -ve
crambled control
MRE11 Knockdown
MRE11 full length

1gG control

(%]

Dimethylated MRE11 | F S S S

MRE11 - — N -

i MRE11 exonl6 -ve
E‘ MRE11 Knockdown

’ l Scrambled control >

1

. -80kDa
- 80 kDa

Figure5.6: A representative western blot of immunoprecipitated MRE11 and probed
with an antibody against asymmetrically dimethylated protein®lots were counter
stained for MRE11.

MRE11 functions within the MRN complex. It is possible that the loss ofléxoauld
impair the ability of MRE1tb bind RAD50 and/or NBS1, leading to functional dsfec
To determire if MRE11 lackingxon 16wasable to bind RAD50 and/or NB&h
MRE11 antibody was uddo immunoprecipitate MRE11 along with afRE11 bound
proteins. INMRE11 full length and MRE11 exonE6MRE11 immunoprecipitations,

RAD50 and NBS1 vesfound toco-immunoprecipitatewith MRE11(Figure 5.7.
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FHgure 5.7 MRE11 mmunoprecipitations blotted for RAB0 and NBS1Blots were
counter stained for MRE11(A) A representative western blot of MRE11l
immunoprecipitatiors blotted for RAD50and counterstained for MRE11; (B)
Quantification of theamountthe RAD50 cammunoprecipitated from the whole cell
lysate with MRE11, expressed as a percentage of the 5%re&yl (Q A representative
western blot of MRE11 immunoprecipitatiobiotted for NBS1 andounterstained for
MRHE1; (D Quantification of the amounof the NBS1 caimmunoprecipitated from the
whole cell lysate with MRE11, expressed as a percentage of the 5%ani&d
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5.3 Discussion

The results from patient genotyping argbform analysis were iagreement with the
conclusions of Teat al (2014). However, n this assessment oMRE11lisoform
expressionhigher levels oMRE1lsoform 1were seenin samplesompared to Te@t

al (2014) Indeed, for GG samplé4 out of the 14Lasexontained1l00%MRE1lsoform

1, whereas in Teet al (2014)MRE11lisoform 1was only 61.7%f the total MRE11in

GG samplesThe reason for this discrepancy in results is likely attributable to the use of
alternative PCR primers, with fewer off tatghits, used in the amplification of the

MRE1lisoformsin this study

Four samples in this analgsdid not follow the associatiofor high levels oMRE11
isoform 2 and the presence of thes1805363A minor allele in germlingenotype.
However, the reslts of the tumour genotypingn one of these samplaright explain

why theseoutlying results For sample S0521, germline genotyped as AGVIR&11
isoform 2 expression was seen. However, tumour genotyping of this sample revealed
0KF G 6 A0KA simdurk Seversioniokgénbtip@ Bad occurred to GG. This result
might suggesthat the genotype of apaA Sy G Q& { dzY 2 dzNthah germihg NS A Y
genotype when determining/RE11lisoform expressiomwithin the tumour. The next

step in investigating thieypothesis woulde to try and obtain the tumouextracted

DNA for the three GG samples that exhibited anomalously high levielRBfL isoform

2 and to genotype thege tumours. If these samples had become positive for the
rs1805363 A minor allele in therour, then there would be further evidence for the
genotype of the tumour being more influential dAMRE11lisoform expression then

germline genotype.
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Unfortunatelyno homozygous germline rs1805363 casexre identified sathe gene
dosage hypothesis faMIREL rs1805363ould not be assessedn® germline AG case
with significantly higher levels MRE1Jisoform 2 compared to all othekgas identified

and indeed this had undergone LOH in the tumour to become AA for rs1805363.
However, LOH to a homozygous AAggpe had occurred in an additional case and
this did not exhibit significantly raised levelsSMRE1lsoform 2 compared to other AG

rs1805363 samples.

Teoet al (2014)found no difference in MRE11 protein level in rs&863 patients.
However, that doesot excludethe possibility thatthe protein leveldo occurdue to

the alternative splicing of th®IRE1ltranscript Alternative splicing has been linked to
increases in translation efficiency, cytoplasmic trafficking and mRNA turnover

(Mockenhaupt & Makeyev, 2015)

Stable reexpression of either full length MRE11 or MRE11 lacking exoin i6e
MRE11 knockdown cells was achievatihough, thelevel of MRE1%e-expressionn
the MREL11 full length anRE11 exonl&e clones wasnot up to that of the parental
T24 cell line tlis, therefore,possible thathese clones might have ampairment in the
DNA damage repair pathways utilising MRETtere was no significant differenda
results from the clonogenic and comeassays between the MRE11 full length and
scrambled control cell linbowever. Thismplies thata sufficientlevel of MRE11 was

re-expressed itheseclones to reconstitute MREidependent INA damage repair.

Results from clonogenic survival and comet gssaevealed an increase in
radiosensitivity and a delay in DNA repair, at 30 minutes post irradiation, in MRE11

exonl6ve clones compared to MRE11 full length clones. It was notable that MRE11
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exonl6éve cells showed an equally poor survival in clonogemssays to MRE11
knockdown cells lines while MRE11 full length cells had comparable survival to the
MREZ11 scrambled control cell line. Such a result indicates a functional defect in MRE11
lacking exon 16, increasing the radiosensitivity of the MRE11 examX&ll line.
Evidence from comet assays added weighthe clonogenic assay findingslot only

was adelay in repaisuggestedn MRE11 exonX@e clones but also an accumulation of
endogenous DNA damagn increase in endogenous DNA damage is likelggoltin
higherlevels of genomic instability leading to ancumulation of mutationghat could

result in a more aggressive or resistant tumour.

It was surprising that the MRE11 knockdown cell line did not show significant repair
defects in the comet asya. However, the reduced number of cells available for
harvesting in radiatiofreated samples compared to untreated MRE11 knockdown
samplescouldindicate thatthere wasa high levebf cell death in thise&ll line post IR
The main mechanisms by whichdration inducesell death are apoptosis and mitotic
catastrophe(Eriksson & Stigbrand, 2010he comet assay is able to detect the earliest
signs of apptotic cell death but in isolation the data from a comet assay cannot
accuratdy be used to identify the prevalencé apoptosis in a cell populatigihorenzo

et al, 2013) Therefore to investigatewhether apoptotic cell death was responsible for
the lack of a radiation repair defect in MRE11 knockdown ¢elisyuld be beneficial to
conduct apoptosis assaysuch as thélow cytometry based assays fannexin Vand

propidiumiodide, onthe cell lines used in the comet assay.

An increased radiosensitivity in the MRE11 exeuné@ell line was counter to thaitial

hypothesis based on the findings of Tetoal (2014). In this current work, MRE11-re
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expression clones contained either ®tRE1lisoform 1(MRE11 full length)r MRE11
isoform 2 (MRE11l exonlge) construct. This situation is a simplified view of how
MRE11lis expressed in a cell and potentially ist mepresentative of the complex

interactions made by MRE11.

MRE1L exists as a homodimer and thisreerisation of MRE11 is critical for the correct
assembly of the MRN complex and the binding and aligning of DNA\Afillamset al,
2008) It is possible that interaction between and dimerisatiodMiRE1lisoform 1 and
isoform 2 has an effect on the function of HRL and the MRN complex not seen when
only one isoform is present. Hence, it cobklthat the decrease iradioresponsiveness
seen in rs1805363 samples reported in €kal(2014) is a result of bottMRE1Jsoform

1 and isoform 2 being present in the lcéh a situation where only one isoformMRE11

is presentan MRE11 dimer can only contain one isoform. However, in an environment
where multipleMRE11lisoforms are presentdifferent forms of MRE11 dimer could
occur with varying levels of function. MRE11 dimer containing two copies of MRE11
isoform 2 may lead to a heavy defect in DNA damage processinginghighlevels of
basal DNA damage and increased radiosensitivity. However, it is feasible that a dimer
consisting oMRE1lisoform 1 and isoforn2 might only be partially defectivend have

a dominant negative effect,leading to increased mutability and possible

radioresistance.

A limitation of the work reported here is that it was performed in only one cell line. Cell
lines often differ from pmary cells in phenotype, native function and responsiveness
to stimuli. Additionally passaging of cells can further perpetuate genetic differences

between cell lines and primary ce(lsaur & Dufour, 2012\ alidating findings in more
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than one cell lineouldhelp in confirming theseesults. The best scenarifor validating
our findings with MRE11 rexpression clones would be in a primary MIBC cell line
positive for the rs1805363 A minaillele. Hbwever, deriving primary cell lines is a

difficult and lengthy process and not always possible.

Another limitation of this work is that it wagperformed in MRE11 knockdown cells
rather than knockout cells. In an ideal warklll CRISR&enerated knockout cell line
would have been usedHowever, knockout of MRE11 proved to be lethal to cells and
hencea cell linecould not be generatedMRE11 not only functions in DNA damage
repair but is also involved DNA replication and as such is highly important to cellular

survival.

The inability to immunoprecipitate MRE11 lacking exb& using the HA tag
incorporated into the MREILL exonl6ve reexpression vector might provide
rudimentary evidence for a structural change in MRE11 lacking &8ofhis isan
interestingfindingas a conformationashifts are critical for the full functioning afot

only, MRE11 but the whole of the RN complex. A change in the structure of MRE11
may impede the large conformational alterations required within the MRN complex and
could explain the radiosensitivity of MRE11 exow&6cells. Brther investigationis

required to establish if the absence@fon 16 confers a structural alteration in MRE11

MRE11 reexpression clonesdih showed methylation in MRE Ithinunoprecipitations
blotted for ADMA This suggests that exon 16 does not have an inhibitory effettieon
methylation ofthe MRE11 GARomain However, it is possible that the level of
methylation of MRE11 may differ between MRE11 full length and MRE11 exenl6

proteins but is beyond the sensitivity of this assay. To further investigate the
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methylation status of MRE11 lacking exon 16, methgfaassays using purifid@@RMT1,
the protein arginine methyltransferaseesponsible for the methylation of the MRE11
GAR domairendMRE11, plus or minus exd®, should be conductedinvestigation of
MRE11 methylation with mass spectrometry, as reporteBremanget al (2013)would
also be highly informative. In addition to thisymunoprecipitations with PRMTdnd
analysis of DNA damage repair in cells treated w#thylthio-adenosine methylase

inhibitor might elicit further information onhe methylation ofMRE11 lacking exd6.

The formation of the MRN complex critical for the function of MRE11. Thewed, it

was possible that the radiosensitivity seen in the MRE11 exorlfone was due to an
inability of MRE11 lacking exon 16 to interact with RAD50 and/or NR&D50 and
NBS1 were found to emnmunoprecipitde with MRE1lextracted fromMRE11 full
length and MEE11 exonlé/e lysates, indicating that MRE11 lacking exon could bind the

members of the MRN complex

Although MRE11 minus exon 16 was found to bind members of the MRN coniygex
stability of the interactions was not assessed. It is possildg with exon 16negative
MRE11 the stability of the interactions in the MRN complex is compromised.
Conducting immunoprecipitations with high ionic strength buffers and thermal stability
shift assays would address this questidurthermore, MRE11 intecés with a large
number of DDR proteinsuch as RPA, FANCJ and C&fizting their recruitment to
sites of DNA damage and/or activityt would, therefore, be useful to establish if there

is any defect in MREL11 lacking exon 16 to lmndecruitthese fctors.

Another area to investigate with regard to the MRN complex is the hydrolysis of ATP by

RADS50. This reaction sghly important in the functioning of the MRN complex and
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might also be significant here. If the interaction of MRE11 R#D50s nad sufficiently
stable for ATP hydrolysiboth nuclease activity of MRE11 and DNA binding capability

are compromised.

With no evidence foranalterationsin the MRN complex or MRE11 methylatidns still
unknown whya lack of MRE11 exon t6nferred radosensitivity tothe cells analysed.
Further work is required to fully understand this effect. AlthoughBMR exon 16 is not
associated wittDNA binding or nuclease domains of MREL1L1. It is possible that loss of
exon 16 may still impair these functions. Wihis in mind it would be interesting to
assess the DNA binding capability of MRE11 lacking exon 16 with an electrophoretic
mobility shift assay and evaluate itsndonucleaseand exonuclease activity using
endonucleaseand exonuclease assays as describe&hibataet al (2014) Another
avenue of investigation woulde to analysehe downstream effects of MRE11 minus

exon 16 such as the activation of ATM.

There is a significant lack of research into the role, function and expressMRBlL1
isoform 2. However, our redslfrom an MRE11 exon 16 negative plasmdicate that
perhapsMRE1lisoform 2 is not as benign as currently assumed. While this work is
preliminary, fully understanding the function and interactionsMiRE1lisoform 2 in
the processing of DNA damage and stalled replication forks is an interestim nov

avenue of research and a potential target and/or biomarker for cancer therapy.
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Chapter 6The uilisation of crowdsourcing as a novel approach in the

discovery and sreening of lomarkers in MIBC

6.1 Introduction

Using IHC to evaluate potential protddiromarkers in cancer can provide valuable data
for the development of personalised medicine. However, analysis of IHC staiting
current gold standard methodf manualscoring can be prohibitively time comsning.
The delay in obtaining the resulb$ IHC due to the use ahanual scoring may impede
treatment relevantdata entering the public domain.lhough aitomated analysis has
had some suess in resolving this issuehas not been widely accepted and requires
manual interventionTherefore, util the issues associated with automated analysis are
resolved it is worthwhile considering alternative methods of manual scoring that could

reduce the time burden imposed upon the researcher.

In this worka mobile gaming application was devednl with the aim of investigating
crowdsourcing could increase tlspeed of scoring IH@vhilst maintaining a high level
of scoring The accuracy of the crowdsourced scores, for a range of IHC markers, was

determined and the scores were used in survival analyses.

Scoring IHC data in its most basic form is a task involving pattern recognition and
determination of colour gradients. It was therefore hypothesised, that given a short
tutorial, members of the public would be able to accurately assess the IHC staining of
cancerous tissuebue to the number of potentiaindividualsfree to analyse IHC using
crowdsourcingit was also theorised that crowdsourcing wolléd able to incease the

speed of scoring large IHC datasets.
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Advances in scientific techniques hagenemated high volumes of data requiring
analysis. With the use of TMAs and automated IHC procedtirgpossible to generate
a largevolume ofIHC dataon sizeable sample cohorts relatiyguickly. Such advances
increase the efficiency and practicalifusing IHC to screen potential biomarkers and

permit the investigation of multiple proteins on consecutive tissue sections in parallel.

However, @spitetheseadvances the analysis of IHC stained tissue is still, in the majority
of cases, conducted by theaked eye.This type of scorings time consuming and
requires two or three trained researchers or histopathologistsndependently assess

tissue staining before a consensus scoreafpatientcan be reached.

Software for the automated analysis #fiCdata exists but has not beewmdely adopted
and has limitations.The basic and most widely availablet@mated IHC scoring
algorithms ae currently not applicable to all samples andhanges in cellular
morphology or a high prevalence of infiltrative immuredls can cause errsin scoring

For these challenging or ambiguous cases, manual intervention is relineddosiou

et al, 2007; Di Cataldet al, 2012; Levensoat al, 2015) Machine leaning algorithms

for IHC have the potential to solve the need for manual intervention in automated
image analysis. However, to develop these programmes large datasets of scored tissue
are required for the training of the algorithnkurthermore, to increaseonfidence in

the use of automated IHC scoringlarge scale validation of the technique is required
(Theodosiouet al, 2007) As a consequence the currestoring of IHC is a major

bottleneck and limits the use and efficiency of this technique igdacale studies.

CrowdsourcinghasemeA SR & | LR GSYyGAlrt azftdziAzy G2

been employed in the collection and analysis of scientifaterial A number of projects
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have been conducted within a range of scientific disciplines, including biochemistry and
biomedicakesearch, which haveported success wheamsing crowdsourcintp analyse
sampleqLintott et al, 2008; Coopeet al, 2010; Kawrykowet al, 2012; Leet al, 2014;

Candido Dos Regt al, 2015; Rallapalét al,2015; Lawsorrt al, 2017).

The advantage aising thepublic to score IHC ovan image analysis programmiges

in theirinnate ability to recognisegiterns and shapes and their ability learn during
the course of performing a tagkiCarlcet al, 2012) Unlike deep learning programmes
humans do not need large training datasets to distinguish between cellular
morphologies and identify gividual cells. Furthermorghe criteria used to programme
non-neural network themage analysisoftwarecan generate biaf.irtott et al, 2008)
Crowdsourcingelies on the collection of data from a large numberiradividuals to

generate accuracy and thereforegstentially less prone to bias.

The disadvantagef usingcromdsourcingfor the analysis of IH@ that the accuracy of
results relies on obtaing alarge number of individuals tparticipate (Lawsonet al,
2017) Therefore, a successful crowdsourcing ventaeeds to be able to recruit
individuals to perform in the studyAdditionally, crowdsourcing assumes that the task
given to the public is not beyond their capability and that cognitive diversity will ensure

reliable result§Candido Dos Reg al, 2015)

As with all methodologies the crowdsourcing of IHC hasathges and disadvantages.
However, the results of previous studies have found this method of analysing data to
be scientifically validLintott et al, 2008; Coopeet al, 2010; Kawrykowet al, 2012; Lee

et al, 2014;(Khatibet al, 2011)Ultimately, if the results of publicly generated IHC sore

are found to be consistently concordant with those produced by exghkds this is of
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scientific use It can be implemented immediately and used to generate the data

required for the development of machine learning digital analysis programmes

Cell Slidrwas a crowdsourcing project aimed at addressing the-liatéing step of IHC
manual scoringlt was demonstrated that untrained members of the public could
accurately score IHC data, with participants achieving similar results to trained
pathologistsm cancer cell idetification, ERstatus assignment and associations of ER
status with clinical outcome in breast cande&sue (Candido Dos Regt al, 2015)
However,the participantsdemonstrated a bias for the overestimatiaf the number

of cancer cells in an image, thus compromising the accuracy of IHC g€anuido Dos

Reiset al, 2015).

Trailblazerwas developed in the wake d@ell Sliderand was aimed at identifying
improvementsthat could be made to therowdsourcing of IHGvhich mightincrease
the accuracy of publicly generated scords.was hypothesed that the public
overestimation of the number of cancer cells in an imadentified by Cell Slider, was
due an insufficient level afstructionin the tutorials provided to usemsnd a restrictive
interface showing only small portion of a TMA coreTo test this theory Trailblazer
trialled three types of tutorial anghowed users a whole TMA cokghere segments
couldbe zoonedinto. The tutorials consisted of: a basic tutorial (comprised of text and
images), an annotated tutorial (containing anatéd images present throughout
participation), and a feedbadkased tutorial (consisting of a training set of five images
to be sored before commencement oéal data analysisht wasfoundthat when given
more comprehensive tutorials, the public washiigaccurate in their estimation of the

number of cancer cells in an image (Lawsbal, 2017).
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One of the problems in using crowdsourcing to analyse scientific, dathe rate of
drop-off and inactivity in user participationRecent crowdsourcing projes have
therefore tried to broaden the net of users participating by integrating scientific tasks
into games. Examples of such ventures are F@Qibperet al, 2010) Phylo(Kawrykow

et al, 2012) EteRNALeeet al, 2014)and FraxinugRallapallet al, 2015) Results from
these crowdsourcing games have been positive, finbimiga fde scientific discoveries
and generating improvements to existing computational algorith{@sirtis, 2014)
Remarkably,n Foldit, two teams of players were able to generate a model for the
folding of a protein in three weekJ his model wasf sufficient quality for a successful
crystal structure of the prin to be defined, a task thafor this protein had proved

elusiwe for years before the input of Foldit usd€thatibet al, 2011b)

In our investigations into MIB@ number of proteins have been highlighted as being
worthy of assessment for potentiahssociation withclinical outcome. IHC was
conducted for proteins of interest on TMAs containing tissue from tumours resected
from MIBC patients. This generated a large amount of data which needed to be
analysed.The positive results repted from Cell slider and other crasourcing
projectswere encouragingand so wedecided to employhis resourceto analyse our

IHCdatasets

Unlike previous crowdsourcing efforts in IHC scqonmigich were website based, we
input our IHC data into a mobile gaming aifeverse the Oddsyailable to members
of the public. We first assessed the accuracy of the crowdsourced work. Then, when the
crowdsourced scores were found to be accurate, used these to look for associations

between protein staining and clinical outcome.
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6.2 Results

6.2.1Immunohistochemistry of MIBC TMAs

Fourteen antibodies were successfully optimised for IHE staining of seven MIBC
TMAs Figure 6.1 TMAs contained 1356 tissue cores extracted from tumour sections
resected from 273 MIBC patients treated at Leeds Teachiospitals between 2006

and 2009. The presence of diathermy in tissue cores, absence of cores from cut sections
and presence of partial cores with insufficient tissue reduced the number of usable
cores in our analysis. The maximum number of useable awvasable for the analysis

of an IHC stain ranged from 3850.

The antibodies used in IHC staining encompassed a range of proteihgenhin the
DDR(MRE11, MRE11-t€rminal, RAD50, NBS1, p21, p53, 53BP1, RPA, Tip60, HDAC?2,
HDACA4), bladder cancer subgp classification (cytokeratin 5/6 (CK5/6), cytokeratin 20
(CK20) and cellular proliferation (K)6An additional reoptimised staining of MRE11

was conducted after the initial MRE11 stainbogreducethe non-specific background

staining of tissue andliminate the saturation of staining intensity (see chapter 3.2.2)

The specificity of all the antibodies except Ki67 were assessed with wesbdeanalysis
on a panel of bladder cancer cell lin€sgure 6.2 The Ki67 antibody was not evaluated
in this way as it is a highly established IHC antibody that has previously undergone

rigorous validation in collaboration with pathologists.
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(original staining)

Ki67
(Reom?:\ilstg i::ining) CK5/6
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e HDAC 4
RAD50 HDAC 2
53BP1

Figure6.1: Representative images of optimised IH@ining for each of thentibodies

used to stainMIBC tissuecores Weak, moderate and strongtaining intensity is
represented by thevalues 0, 1+, 2+ and 3+ respectively.
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Figure 6.2Western blotsfor antibody specificity conducted on six bladder cancer cell
lines: RT112, 5637, T24, J82, BRUE, VMCW®B-1. Images are cropped bushow
multiple bands where present.
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6.2.2 Reverse the Odds

Due to the large amount of IHC data to be analysedcollaborated with CRUK, the
Zooinverse citizen science project and CHUNK game developers to generate a mobile
gaming app called Reverse the Odds (RTO). The app gave untrained members of the
public the task of scoring IHC data beftrey were able to play the gargased feature

of the app.

High resolution images of stained TMA cores were colour transformed to thake
more appealing and split into 36 segments. The public were given one of the 36
segments to score at any one time to allow for comfortable viewing of individual cells
on a smartphone without zooming. A short tutorial was produced and placed into the
app to educate members of the public on how to recognise which cells within an image
to scae, how to score the number of positively stained cells and the intensity of staining
(Figure 6.3 The app was released to members of the public in October 201deased

operation in September 2016.

5dzZNAy 3 (GKS LISNR 2 RthexrbwddokirGed schutsi@ere callag&iNg thath 2 y

they could later be tested for accuracy and used in survival analyses.
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Figure 6.3 The segmentation othe TMA cores input intoRTO and example images
of the IHC scoring tutoriabupplied to users of the gamgA) Representative image
describing tle segmentation of a TMA cor@he image to the left shows a core
segmented into 32 segments using a 6x6 grid. The image to the egidts the outer
16 segment®f the grid which wereexcluded from analysis after tésg the accuracy
of using onlythe central 16 segments in scori{@®) An @ampleof the tutorial given to
RTO users to aid scoring

5dzNAyYy 3 G§KS O2 dzNBhoS, a &S was ofdudiet dbJehalyse thdS ekt of
excluding the 20 outermostegments of the TMA coffeom the analysigFigure 6.3A)
These outer segments of TMA cores often contained little tisgitie few cells. It was
hypothesised that the inclusiorf these segments could skew scores generated by the
public and their exclusion might potentially improve the scoring accuracy of the total

TMA core or have no effect. Results obtained from the test on segmentation found that
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accuracy of public scores wasimtained when the outer 20 segments of the core image
were excluded. Due to this finding, the later scoringr®A cores was conducted on

the central 16 segments of a core image. This also had the added benefit of increasing
the speed at which a TMA coresuld be analysed, as under half the number of images

were required to achieve a total score for a core.

In total, RTO was able to analyse the data from 11 of our immunostains on MIBC TMAs
in additionto classifying three immunostains on four sefsnon-small cell lung cancer
tissue (input into the game by Prof Gareth Thomas, University of Southamptaable
summarising the MIBC IHC staamalysed by RTQvith core numbers and numbers of
classifications per core, can be foumdappendix HThedata presented in this chapter

will focus solely on the results from RTO on our 11 stains on MIBC TMAs. For our 11
stains, 3,349,937 images were analysed by members of the public relati®@goto

patient cores stained for each of the 11 antibodies.

6.2.3 @mparison of cowdsoureed IHC®2 NA Yy 3 (2 chBiSELISNIQ LI/ |
To assess the accuracyabwdsourcedscoring the aggregated public scores for-10

HM: 2F GKS GAaadzsS O2NBa T2N S OK &desi KS A\
generated bytrained <ientific researchers Expert scoring was conducted using a
standard method of manual scoring. the individualassessment dhe percentageof

cancer cells staine(o positivity)and theintensity of stainingwith a final consensus
agreement. The scoresdr the % of cancer cells stained and intensitgre then

combined intoan Hscore=1[1(% cells 1+) + 2(% cells 2+) + 3(% ogisdire 6.4Table

6.1). The primary outcome othis IHCanalysiswas H-score However, exaining the
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accuracy of the publimtscorestaining intensity and the Hositivity isinstructive asit

allows consistent biases in the scoring of these factors to be identified.

Arange of accuracies for the scoring of % positigitgintensitywere observed. In the
scoring of % positity the public had an accuracy that ranged from 0.17 to 0.87, for the
scoringof intensity the range o$coring accuracy was froth19 to 0.86Table 6.1)It
wasalsonoted that the public achieved the lowest scoring accuracy for IHC stains that

experts lad classed as more challenging to score (TIP60 and MRE11).

There was no bias for the public to more accurately score intensity over % positivity or
% positivity over intensity. For examptbe % positivity of RAD50 was scofiey the
publicwith a low acaracy(Spearman correlatior.39) but the intensityscoring for this

stain was high in accuracy (quadratieighted Kappa: 0.73Lonversely thentensity

of stainingfor Ki67 was porly scored by the public (draticweighted Kappa0.19

but the accuray of % positivity scoring was high (0.80)

RTO participants were no better at analysing nuclear IHC stains compared to
membranous staining. Spearman r values for public vs expert scores of membranous
stains CK5/6 and CK20 were within the rangeSpkarma r valuescalculated for

nuclear staingTable 6.1)
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Table6.1: The accuracy of crowdsourced scoring for each of the markers scored by
RTO. The correlation coefficients between public and expert scores for each of the
stains score by RTO are showithv®5% confidence intervals. Spearman correlation was
used for the analysis of H scoring and % positivity. Quadnagight kappa analysis was
conducted on intensity score€orrelation coefficients between @9, 0.890.7, 0.69

0.5 or 0.490.3 were clased as very high, high, moderate and low in accufstayistics

performedby Dr PeterSmittenaar

Percentage | H-score, % positivity, Intengty of
of cores Spearman Spearman staining, Qadratic
scored by | correlation with | correlation with | weighted kappa
expert experts (95% CI) | experts (95% CI) | with experts (95%
Cl)
MRE11 11 0.67 (0.52, 0.80) | 0.44 (0.22, 0.63) | 0.47 (0.30, 0.61)
RAD50 13 0.81 (0.71, 0.88) | 0.39(0.19, 0.57) | 0.73 (0.56, 0.85)
p21 11 0.90 (0.84, 0.93) | 0.87 (0.80, 0.91) | 0.57 (0.39, 0.72)
53B8°1 10 0.70 (0.55, 0.80) | 0.53 (0.34, 0.68) | 0.67 (0.52, 0.79)
p53 11 0.92 (0.86, 0.95) [ 0.85(0.77,0.91) | 0.69 (0.57, 0.79)
CK5/6 13 0.82 (0.71, 0.89) | 0.66 (0.50, 0.78) | 0.86 (0.77, 0.92)
CK20 12 0.88 (0.83, 0.92) [ 0.83(0.75, 0.88) | 0.87 (0.79, 0.92)
Tip60 11 0.66 (0.52, 0.76) | 0.17 ¢0.07, 0.39) | 0.59 (0.46, 0.70)
MRE11 16 0.65 (0.49, 0.78) | 0.61 (0.44, 0.75) | 0.58 (0.41, 0.72)
re-optimised
MRE11 € 21 0.79 (0.66, 0.86) | 0.66 (0.49, 0.78) | 0.70 (0.55, 0.80)
terminal
Ki67 11 0.80 (0.72, 0.86) [ 0.80 (0.710.87) |0.19 ¢0.01, 0.37)
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Expert scores were generated by the independent scoring of stained tissue by two
experienced scorers. In cores where independent scorers did not agtéé&d scorer

was used toreach a consensus seofor the core. An analis into the agreement
between theindependent scores generated by expert scorers was conducted on a
subset of the tissuestains. This was testablish if a low accuracy in crowdsourced
scoringwas related to a low concordance tine scoring between expertélrable6.2).
Theaccuracyof crowdsourced scorewas not relatedto the concordance irscoring

between experts

Table 6.2 A comparis;n between the accuracy otrowdsourcedscoresand the
concordance ofscoring between gperts. Data is showror 6 of thell IHC stains
scored by RTOlhe satistics for public scoring accuracy were producedDoyPeter
Smittenaar.The satisticsfor the level of agreement between experts wegreoduced

by Alexandra Walker®rrelation coefficients between 1-0.9, 0.890.7, 069-0.5 or
0.490.3 were classed as very highgltmni moderate andow in accuracyand are
highlighted in green, yellow, orange and red, respectively. Correlation coefficients
between 0.290 were classed as inaccuraad are highlightedniblue.

Public scoring vs consesus expert score Expert 1 scores vs Expert 2 scores
% positivity Inten.s I.tv of % positivity . .
staining Intensity of staining
(Spearman ” (Spearman
. (Quadratic- . (Kappa)
correlation) : correlation)
weighted kappa)
53BP1 0.53 0.67 0.8 0.7
CK5/6 0.66 0.86 0.73 0.71
MRE11 re-optimised 0.61 0.58 0.78 0.68
CK20 0.83 0.87 0.79 0.57
TIP60 0.17 0.59 0.9 0.71
1.0-0.9 Very high level of accuracy
0.89-0.7 High level of accuracy
0.69-0.5 Moderate level of accuracy
Low level of accuracy
0.29-0 Inaccurate
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The &curacy of public scoring was only partly affected by the number of usdtgled

in the image analysisH{gure 6.7. The greater the number of classifications per image
the higher theagreement between the crowdsourceohd expert scores. However, for

all stains a plateau was reached whereby the inclusion of more users in the analysis did
not increase the accuracy of crowdsourced scot20, p53 and p21 reached the
highest level of H scoring accuraayth CK20 achieving theighest accuracy with the

leag number of usersKigure 6.7. While p53 and p21 achieved comparable levels of
accuracy in H score to CK20, a larger number of users was required to reach this point.
p21 and p53 required approximately 100 users to achieve maximum accuracy compared
to 10users required for CK20. Tip60, MRE11, MREDptienised and 53BP1 showed

the lowest levels of public accuracy which could not be improved by the addition of

more users into the analysis.

1.0
CK20 p53
p21
08¢t
?f, MRE11
ool MRE11 re-optimised
c D 1 Y Ry i e
© 9
3 3
3 - — MRE11
— L — p21
§ 04 53BP1
p53
© Rad50
Ck5/6
0.2 MRE11 reoptimised
Tip60
Ki67
CK20
- MRE11 c terminal
0 ‘ .
1 10 100 1000
number of users (log-scale)

Figure6.4: The rumber of users included ia crowdsourcedscore plotted against the
Searman r value foH-scoresIHC stains which achieved the highest and lowest overall
accuracy aréabelled Statistics performethy Dr Peter Smittenaar
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6.2.4 Associations betweenrowdsourced IHGcoring and clinical atcome

Associabn of public scores to clinical outcomeasv performedusing KaplafMeier
survival curves and Cox proportiotelzards modelsThe asociation between tdcore
and CS%/as assessed usimjther the quartiles for the Fscoresor the numerical unit
increasem Hscore(Appendicesd andJ. Four cohorts of patients were scored by RTO,
three RT cohorts and one cystectormghort. The three RT cohorts wer£9951999,
20022006 and 200&2000. It became apparent early ontime analysis that in the 2006
2009 RT cabrt a significant number>@/3rds) of cores were unusable and hence
patient scores from this cohowere unlikely to be representativ@his TMA had been
previously sectionedor other projectsand wasalready quite depleted by the time we
started RTO. Adiscussed ilfChapter 3.3as the depths of a TMA are exploredeas of
diathermy are exposed arttiere is often loss of tumouwwhich reduces the number of
coresviable for analysis. Due to the substantial loss of cores from the-2008 cohort

thiswasexcluded from formal analysis agsociation witkclinical outcome.

Univariate Cox proportional hazards analysis was performed for each of the stains
scored by RTOStatistically significant asciations between #$core and SS were
found for MRE11, CK2021, 53BP1p53 and Ki67 IH®Vith large amounts of multiple
testing, it is likely that some significant results were due to chanceveder, MRE11
and CK20 displayembnsistent results indicative oflaona fideassociation{Appendices

H, land K.

Simila to previously reported findings (Choudhurya¢t2010; Laurberg et al, 201#yh
MREL11 levels, from the initial MRE11 IHC staining datase¢ found to be significantly

associated with CSS in the RT cohorts but not the cystectomy c@figure 6.5
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Significance was observed in both the 194%99 fr: 0.141, 95% CI: 0.032620,p=
0.009 n=67% and 20022006 (hr: 0.283, 95% CI: 0.095847, p= 0.024, n=7RTcohorts
when comparing theX®5" percentile of the Hscores to the <75 percentile
Furthermore, when using a numeric-ddore, rather tha comparing quartilesa
significant association between MRE11 staining and CSS in thet@99%0ohort kr per
unit increase in H scor@.991,95%Cl: 0.986.997, p=0.004) and borderlirggnificant
association in the 2002006 cohort (r: 0.994, 95% CI: 0.987000, p=0.060yvere

identified.
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Figure 6.5: Kaplana SASNJ / { { & dzNIA QDI f OdzNIBS&a hF2NJ aw
(purple), 2650th (green), 5175th (red) and>75th percentiles (blug (A, B an C) The
KaplanMeier curvesfor the cystectomy cohorfA), 19951999 RT cohort (B) 202006

RT cohort (C). Statistics from univariate Cox proportional survival analysiactooé

the cohorts are displayed in the table to the right of the curve for each coBtatistics

performed byDr Christiand&artsonaki.
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For CK20 staininghe 51-75" and >7%' percentiles were significantly associated with
improvedCSS in the 1995999 cohort but did not significantly associate with outcome
in the 20022006 or the cystectomy cohort(Figure 6.6) Compared to theXg5"
percentile the hrfor the 51-75" percentile was 0.291 (95% CI: 0.11.346, p=0.01,
n=65) and >78 percentile was 0.1687 (95% CI: 0.@%4981, p=0.005, n=65).
Additionally, aalysis of scores using per unit increase in score rather than quartiles
identified a significantassociatiorbetween CK20 levels and CS$&acystectomy kr:
0.996, 95% CD.9951.00, p=0.05, n=75) and 199999 cohors (hr: 0.992, 95%CI:

0.9880.997, p=0.002).
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A Cystectomy
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Figure 6.6KaplanMeier CSS survivalurvesforCK20 | / &GN} GAFTASR o0& X
26-50th (green), 5175th (red) and >75th percentiles (blugfA, B ad C) The Kaplan

Meier curves for the cystectomy cohort (A), 198899 RT cohort (B) 202006 RT

cohort (C). Statistics from univariate Cox proportiosiaivival analysis for each of the

cohorts are displayed in the table to the right of the curve for each cohort. Statistics
performed byDr Christiand&artsonaki.
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The curves in the KaplaMeier plots for the cystectomy and 199999 cohort show a

groupird 2 T daE25580percentiles and the 575" and >7% percentiles ie.

a split at the median valu@-igure 6.1A and B. Due to this, &ox proportional hazards
analysiswas conductedon CK20 scoregrouped OO2 NRAY 3 (2 X YSRALI
median score CK20 levels above the mediarstbre were associated with improved

survival in the cystectomy (hr: 0.454, 95% CI: 02209, p: 0.026, n=75) and the 1995

1999 (hr: 0.292, 95% CI: 0.1:84638, p: 0.002, n=6%phorts

6.2.5 Correhitions betweenlHC ginsused in analysis

Thescoring generad by the publiavas usedo look forcorrelations letweeneach of
the IHC staingFigure 6.7. Identifying correlations between variables is a useful method
of identifying potential interactions in the dates A correlation between stains would
suggest an association between the two factevhjch could be of biologicalterest or
uselul for the combiningof stains into anHCpanel. There were no strong positive or

negativecorrelations between the IHC stesfor patient scoregenerated by the public
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Figure6.7: A Correlation matix for the IHCstains scoed by RTOThe orrelation
coefficient between the scores for each of the staining included in RTO is plotted
Negative values indicate a gative correlation between stains. Positive values indicate
apositive correlation between stains. The strength of a correlation was determined as:
very high if the correlation coefficient was between -D.@, high (correlation
coefficient: 0.90.7), modeate (correlation coefficient: 0:0.5), low (correlation
coefficient: 0.50.3) or negligible (0-B). Statistics performed byDr Christiana
Kartsonaki.
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6.3 Discussion

RTO was aimed at improving the speedH€ scoring. Modern games technologyswa
combined with crowdsourcing to bring citizen science to a wider-base than other
LINEP 2S00 a &dzOK (CandidowdsR&@sal 2015)ant TrailblazeR Svisdn

et al, 2017) Arguably this aim of the studyas not achievedlt took just urder two
years to scoreleven outof the fourteen IHC staingar longer than it would have taken
researchers. However, this form of crowdsourcing is still in its infancy and throughout
the course of RTO many lessons were learnt, which could improveeitsinsss as a

tool in scientific research.

Reducing the number of segments to be scored for each core to the 16 central segments
did not affect the accuracy afcoring and increased the speed at which a core could be
scored by the public. Additionally, dag the interim analysis of the project we found
that accurate results could bachieved with fewer users #m initially thought. With

these adjustmentdt is estimated that RTO could have analysed all 11 staitme ifirst

2 weeksafter release of the gme, whichwould amount to a significanihcrease in

scoring efficiency over traditional scoring methods.

One problemdentified in RTO was the dregff of user participation over time. Indeed,

half of all image analysis was conducted in the first 4 manth2 ¥ G KS 3 YSQa
(Figure 6.1). This pattern for participation drop off has been observed in other
crowdsourcing ventures such as Galaxy Zoo, Milky Way Project, Fraxinus, EteRNA, Foldit
and Phylo(Curtis, 2014; Poncianet al, 2014; Rallapalkt al, 2015) Reviews of user

participation from these previously reported crowdsourcing efforts find that a small
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group of dedicated individuals contribute to the bulk of classificatiaith the majority

of users only contributing émsiently,and with some registered users never actually
participating(Curtis, 2014; Poncianet al, 2014; Rallapalkt al, 2015) To exploit the

high uptake and number of analyses conducted in crowdsourcing applications after
initial release, good systems need to be in place upfront. Continuous advertising of
crowdsourang applications throughout theuration oftheir operation isalsoneeded

to replace inactive userst is, therefore, important that a robust user engagementpla

for the promotion of a project is in place from the outset.

Daily classifications

Cumulative classifications
(million)

Nowv 2014 Mar 2015 Jul 2016 Nov 2015 Mar 2016 Jul 2016

Figure6.8: The wser participation of RTO over timeThe top panel shows the number
of daily classifications (scores) conducted by the jputditween November 2015 and
September2016. The btiom panel shows the cumulative number of classifications
conducted by the pubdibetween November 2015 and SeptemBéd.6 Fgure created
by Dr PeterSmittenaar
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