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Abstract

Background and aims

While current prognostic tooldor breast cancer (BC) providgaluable
informationon behaviour and outcomthere are growing concertisat these
parameters are naufficient to reflect the degree of heterogeneityto guide
management decisiomas$ individual patient levelTherefore furtherrefinement
of the existing prognostic tools neededThe advent of muliparameter gene
signatures has increased our hogierefining BC prognosticclassification
however thar cost andrestrictedapplication to certain subgroup$ BC limit
their clinical usefulness. Molecular taxonomy of BC using intrinsic gené@asgts
not only improved oumunderstanding of BC biologybut has also provided
important prognostic information.Yet, integration of this molecular

classification with the clinical parameters remains a challenging task.

Our group ha recently developed a prognostic tool that incogbes the
molecular features of BC with the wastablished prognostic morphological
variables the Nottingham Prognostic Index Plus (NPIthat aimed at
overcomingthe limitations of using different molecular and clinicopathological
prognostic parameteiseparately. However, NPI+ currently has limitations and
needs further refinement to be applicable to BC management in routine practice.
Therefore this study aimedo investigate some relevant potential prognostic
markers that can improve BC prognostiassification in the context of
combined molecular and morphological prognostic BC taxgnamdto further
refinethe NPI+ to improve #& prognostic valugwhile addressing some issues
related to its components and performantke study includedour man
objectives.The firstwas theintegrationof the proliferation biomarker Ki6éand
addressing some technical issues related to its prognostic value and application
in routine practice.The secondwas the evaluation ofa highthroughput
proteomic technigg) reverse phase protein ar@PPA) for its potential use as

a singlestepquantificationmethodof multiple proteirs. The thirdaim proposed

to determine the biological relevance of B&pressing low levels afestrogen

receptor ER) using techniques taboth transcriptome and protein level§he
I



fourth aim was tinvestigaethe incorporation of a noveancer stem celldSQO
biomarker as a potential prognostic variable that can refine BC classification

Methodology

In this study, five larg@rimary nvasive BCcohortswereinvestigatedat both
transcriptomeand protein levels Tissue microarray (TMA) and whole tissue
section(WTS) were used. Moleculatechniques used in this study included
immunohistochemistry (IHC), western blot (WR)ifferent protan and RNA
extractiontechniqueslaser capture microdissectigpCM), RPPA real time
polymerase chain reacti¢RT-PCR) and RNAscope

Results

Although Ki67 expression can be examined using both WTS and TMA,
assessmerdf Ki67 in whole sections isrpferred and using multiple or larger
TMA cores has to be explored as an alternative to WTS. When assessing Ki67
in TMAs in BC, a cutpoint of 20% appears to be optimumconcordance with
WTS andpatientsoutcome. However, our results suppiie use oKi67 as a
continuous variable, particularly the stratification of patients into prognostic
groups, either using TMA or WTS assessmdmtftah et al., 2017)Usingthe
MIB-1 clone with different optimisation cordins is associated with
cytoplasmic/membranous reactivity. In this regard, it is recommeiioked
different antiKi67 clones could be used for clearer staining. The results show
that Ki67 can successfully replace mitotic frequencthimupdated prognosti
index, NPI+.

Unlocking FFPE tissue lysates utilising RPPA is a reliabéthodfor protein
quantification. Data produced by this higiroughput technique ctilbe used

in concurrent analyseof protein profiles in a large number of clinical cases.
Accordingly, RPPA could be consistently used in molecular classiéin of BC,
such as the NPI{Negm et al., 2016) Adding Ki67 to the clusteusingthe
RPPA techniqguemproved molecular classification with reassigent of 16%

of the unclassified patients.

InvestigatingER in BC atboth levelgtranscriptome and protgishowsthat its
expressions essentially bimodgMuftah et al., 2016)Additionally, our results
questio the advantage of hormonal therapy in the low (ER0%) subgroup



where in the studycohort, nearly half42.2% of the Core Needle BiopsZ{(\B)
cases showed WTS negative. There is strong agreement béhe#d@ andin

situ RNAscope resultsparticulaty in focal heterogeneous ER staining areas.
This study provide scientific evidence that the actuaR cut-off seems to be
10%. Furthermore,this researchsuppors the clinical importance oB-cell
specific Moloney ¢ukaemia virus insertion sife (Bmi-1) as a favourable
prognostic biomarker in BC and its ability to refine the CD44/CD24 phenotypes

as wellasslow proliferating tumoursto prognosticallyrelevant subgroups.

Conclusion

This study presented data enabling thpdating and evaluationf existing
prognostic parameters and indices using promising biomarkeds high
throughput techniquesyhile combiningmolecular and clinical variables to
stratify BC patients into relevant prognostigdbgroupsFurther investigation of

the potential and refiament of the existing BC prognostic parameters is needed
in order toallow more preciseBC classificatios that can predictpatient

outcome andpotentialresponse to therapy.
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1.1. Breast cancer (BC)

1.1.1. Basic a natomy and histology of

the breast

The mammary gland is an organ consisting of skin and underlying connective
tissue comprising a group of 112 large secretory lobes (modified sweat
glands), embedded in adipose tisskigire-1). Morphologically, breast tissue
heterogeneity is remarkable within a single breast and between l{iastrd

and Gusterson, 2000) lobe comprises of lobulesd excretory ducts that drain
through a single lactiferous duct that opens onto the surface of the nipple.
Terminal ductal lobular units (TDLUs) are composed terminal ductules and
alveoli of the lobules. They represent the functional units of the human
mammary gland and histologically resemble a bunch of gré&pasdiff, 1998)

The tubuloalveolar system is surrounded by a basement membrane (BM). The
large dicts are lined with a stratified columnar epithelium while the small ducts
are lined with a simple cuboidal epithelium. Luminal epithelial cells have little
cytoplasm and an oval central nuclei, with one or more nucleoli, and marginal
chromatin. Between thluminal cells and the BM is an incomplete layer of
myoepithelial cells. In the large ducts, myoepithelial cells are numerous and they
form a relatively complete laygkWoodward et al., 2005JJohnsa, 2010) In
alveoli, the myoepithelial cells form a networksdight processes that is more
attenuated. Myoepithelial cells contain smooth musplecific proteins, form

gap junctions with each other and are separated from connective tissue by a BM.
Moreover, macrophages and lymphocytes have been found travelling through
the epithelium toward the lumdifrerguson, 1985)Stem cellsare highest in
ducts (Villadsen et al., 2007and they have a tendency to be quiescent and
surrounded by patches of proliferating and differentiated ¢eligke, 2005)
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Figure-1: The anatomy of female breast
(Ali and Coombes, 2002)

1.1.2. Molecular pathogenesis of BC

No single alteration igwvolvedfor sporadic BC. The cause and reasons for its
progression are unknown. Assumed oncogenic processes comprise mutated
oncogenes and tumour suppressor genes, dysfaradticellnumber regulation

or epigenetic controls and disturbed intercellular intera¢Boimce et al., 2007)

Two principal models of mammary carcinogenesis are suggested: the stochastic
clonal evolution modeand the cancer stem cell (CSC) mofiéguyen et al.,

2012) The former suggests that random mutations can occur in any breast
epithelial cell; when a cell accumulates enough numbers and typagations

to contributeto tumour growth, uncontrolled cell division results. The CSC
hypothesis postulates that a carcinogenic event is initiated in stem cells or
progenitors instead of differentiated lumimalmyoepithelial cell§Bombonati

and Sgroi, 2011)
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Stem cells are primitive cells, which are regarded to be progenitor of hundreds
of cell types present in human. They are undifferentiated cells that are
characteristicallyof the same lineage. Thanaintain the capability to divide
throughout life and produce cells that can become highly specialised replacing
cells that undergo apoptosis. There is two broad categories of stem cells:
embryonic stem cells resulting from blastocyst and adult stes ediich are
present in adult tissue. In a developing embryo, stem cells have the ability to
differentiate into all the specialised embryonic tissue while in adults, they
perform as a repair system for replacing specialised damaged/Aeisthi,

2008)

1.1.2.1. Mammary stem cells (MaSCs)

The hallmark characteristics of any stem cell population are the ability to
differentiate into several cell lineages and to sustain proliferation and to self
renew to yield more stem celiShackleton et al., 2006)The discovery of
mammary stem cells (MaSCs) occurred in the late 1950s, @h&me et al.
(1959) published amrticle describing how the transplanted portiaristhe
normal mammary epithelia from donor mice into recipient fat pads cleared of
endogenous epithelium could expand and reproduce the full functions of the
mammary epithelial glan(Deome et al., 1959Fuccessful repopulation of the
mammary gland could be obtained with any segment of the mammary epithelial
tree(Smith and Medina, 1988)

As stem cells exist in the mammary gla@heof the morphologically distinct
cellscalledCap cellsnvere hypothesised to represent MaSCs. Thecelip line

the outside of the terminal end buds located at the tips of the ducts during puberty
(Williams and Daniel, 1983)he other cells are the pale or ligdtainirg cells;

these have low cellular complexity and are visualised by electron microscopy
and known as undifferentiated large light cells and small light (®ftgth and
Medina, 1988)Chepko and Smith, 1997)
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BC stem cells (BCSCs)

The origin

The origin of BCSCs remains debatable. Depending on the original cells which
led to CSCswo hypotheses seem to be the more accepted. The first assumes
that BCSCs are derived from epithéliahesenchymal transition (EMT). The
cells that undergo EMT have similar behaviour and characteristics to both
normal stem cells and CSCs. These cells ads@ lan increased ability to form
mammospheres capable of surviving and proliferating in aaciwerent non
differentiated culture thus proposing a highly tumgenic phenotypéMani et

al., 2008) The second hypbesis is that the BCSCs derive from the deregulation

of the normal, selfenewal and differentiation pathways of MaSCs. The reasons
which support this hypothesis are the high similarity between BCSCs and
MaSCs and the long lifespans of MaSCs, which makes thighly susceptible

to mutations and, subsequently, oncogenic transforma##drdajj et al., 2003,

Ponti et al., 2005)While this has been revealed for leukaenfiggnnet and

Dick, 1997)evidence in solid tumours is not yet as clear cut. Moreover, how
stem cells transform into cancer is also controversial. Several hypotheses have

arisen to explain this transformation:

1) Defeat of the asymmetric division Asymmetric divsion offers stem
cells the capacity for setenewal. The stem cell divides into daughter
cells: one issimilar to the mother and the other generates more
differentiated progenitor cells with a proliferative potential toward
terminally differentiated celldf the CSCs miss the apical bapalarity
axis, both daughter cells are then identical to the mother, which will
cause an accumulation of stem cells that result in malignant behaviour
(Clevers, 2005)(Wodarz and Gonzalez, 2006This hypothesis is
supported by studies in neuronal stem celBriosophila melanogaster

(Caussinus and Gonzalez, 2005)

2) Non-regulation by the microenvironment: the regulatory effect of the

microenvironmenplays an essential role in the stem cell cellular cycle.
5
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3)

4)

Stem cells which are recruited to other sites can cause neoplastic
processes in the context of chronic inflammation. This could be because
of loss of control making inhibitory signals disappear frdhe
extracellular matrix when stem cells are outside their usual niche
(Houghton et al., 2004)

Cell fusion: this is necessary for certain physiological processes and is
essential for developmental and behavibpedterning in organisms; for
instance, in fertilisation (fusion of sperm and egg) and in the immune
response (fusion of macrophages to form giant céB$)emer and
Podbilewicz, 2003]Ogle et al., 2005)ncreased incidence of cell fusion
might be linked to cancer initiation. Many tumour cells are fusogenic and
fusion between tumour and normal cells produces hybrid cells that are
often more malignant than the original or{@awelek, 2000)Human
stem cells belonging to a grafted kidney, for example, might leave the
grafted organ and reach the skin, differentiate or fuse to it as

keratinocytes and thence undergo transformgfoactingi et al., 2005)

Horizontal genetransfer: this is the same mechanism used in the
establishment of antibiotic resistance in bacteria. Apoptotic bodies
released from tumour cells can induce joeSicient fibroblasts to form
tumoursin vivo and colonis in vitro, and chromosomal fragments can

be transferred through phagocytosis into recipient ¢Bésgsmedh et

al., 2001) Stemcells, through their phagocytic capacity, could introduce
apoptotic bodies, and the rescheduled genes might have an important

function in tumour initiation and progressi{Bjerkvig et al., 2005)

Pathways

In MaSCs, Hedgehog (Hh), Wnt and Notch pathways are the main responsible

signalling pathways for setenewal. BCSCs and MaSCs share cellular markers

and pathways, but with an atypical activation that may initiate cancer.
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Notch pathway

This pathwaycomprises four Notch transmembrane receptors {Notdotch2,
Notch3 and Notch4andfive ligands:jagged proteins (JAG1 and JAG2) and
deltalike proteins(DLL1, DLL3 and DLL4) In thecontext of MaSCs, the Notch
pathway isessentialfor proliferation seltrenewaland the regulation of cell
outcome(Dontu et al., 2004)The activation of this pathway is said tos#xn

50% of BCs(Karamboulas and Ailles, 2013)he stimulation of this pathway
activates mamosphere development, and it has been proposed that it has a role
in lineagespecific differentiation. However, the dowegulation of the Notch
pathway decreases the mammosphere formation, the frequency of
CD44'/CD24"™% cells and the possibility of producing tumouirs vivo
(Harrison et al., 2010)

Wnt pathway

Wnt is another important pathway in BCSCs; it consists of 19 ligandsand
number ofreceptors. Two pathways haleenrecognisedor Wnt signalling:

the canonical pathway, where Wadtivity occursvia b-catenin and iemployed

in cell outcomedetermination; and the neranonical pathway, where Wnt
signalling,througha -chtenin independent way, usilisedin cell mobility and
polarity. Wntl wasnitially recognized as a mammary oncogene in infected mice
with mouse mammary tumour virus (MMTYV), which was incorporated into the
Wntl gene leading to its activation. In this model, hyperplasia was initially
observed andater, carcinogenesis occurred, proposing that Wnt has a role in
tumour initat i on. F ur t-tatemin wasaatsadequatdo stidulabe
mammary tumour formatiofNusse and Varmus, 1982ZKaramboulas and
Ailles, 2013)

Hedgehog pathway

Hh pathway signalling is necessary for normal development of breast tissue
(Charag-Jauffret et al., 2008)n BCSCs, the Hh pathway is activated while its

inhibition leading toa reduction of mammosphere development. It has a pivotal
7
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role in the EMT process, which requiredfor malignant tumoumvasion and
metastasigKatoh and Katoh, 2008)The Hh ligands bind to a transmembrane
protein patched (PTCH) receptor sitadaas a result, an effect on smoothened
(SMO) occurs(Pepinsky et al., 2000SMO then translocate to the primary
cilium where transcription factors Gill and GLi2 are activated, leading to
transcription of GLI targegenes(Pepinsky et al., 2000Data from various
tumourscomprisingBC, proposedhat Hh signalling has an essential role in CSC
regulation(Liu et al., 2006)Furthermoreprevious studies provide evidence that
Hh signalling regulates sefénewal, which is a crucial feature for the
preservationof the malignant clonéMerchant and Matsui, 2010)iu et al.
revealed that stimulation of hedgehog signalling enhameasmmosphere
initiating cell number and mammosphere size, while suppression of the pathway
leads to a reduction of these impacts. These influences are mediated-thy Bmi
Moreover, the pathway activation using the Hh ligand,-Gahd GL}2 changes

the expession of Bmil, a central regulator of selénewal in normal stem cells.
CD44'/CD24 ™ cells exhibithigh expression of Hh pathwaghich constitutes
PTCH1,Glil and Gli2 by about 1.7, 38nd 6fold respectively, and for BM1

it is increasd 5-fold compared with the cells separated from the same tumour,

which aredeficient in cancer stem cell biomarkéksu et al., 2006)

1.1.3. Breast cancer incidence

In 2016, in the United States, 1,685,210 new cancer cases ayg®G%ancer
deaths were expected to occur corresponding to about 1,600 deaths per day.
About 61,000 cases of carcinoimeasitu of the female breast and 246,660 of BC
were diagnosed in 2016, with about 40,450 estimated deaths. BC is the second
most diagnosd cancer in the US and is forecast to account for 29% of all new
cancer diagnoses in women. According to the recorded number of deaths in
2012, BC is the leading cause of cancer death in women aged 20 to 59 years.
However, in women aged 60 years or oldars is replaced by lung cancer
(Siegel et al., 2016)n the UK, when incidences and mortality rates pertaining

to the period of 2012014 are calculated, for every five females newly
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diagnosedwith BC, one fema dies of the diseas&igure-2) (Dubey et al.,
2015)
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Figure-2: The bar chart demonstrating breast cancerincidence(blue)
and mortality rates (red), UK 19752014 (Dubey et al., 2015)

1.2.  Clinical prognostic/predictive

factors, indices and classifiers

In general, a prognostic factor is any quantifiable parameter able tarov
information on patient clinical outcome, i.e. evaluating the risk of disease
recurrence at the time of primary diagnosis, unrelated to therapy. Prognostic
factors are usually reflected by tumour growth, invasiveness and metastatic
probability. A preditive factor is any measurable parameter that can give an
information on the likelihood of response to a certain therapeutic modality
(Gasparini et al., 1993Hayes et al., 1998Prognosc or predictive factors
could be either a single trait or signature of traits that can classify patients into
different groups. Although prognostic and predictive parameters could be
separately classified, several factors in BC can be both prognosticestictive
parameters. Oestrogen receptor (ER), progesterone receptor (PR), human
epidermal growth factor receptors 2 (HER2), tumour size, histological grade,
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type and lymph node stage are the routine practical prognostic and predictive
parameterg¢Ellis et al., 2016)

1.2.1. Histological types

Histological types represent specific morpholobarad cytological patterns of
tumour. The World Health Organization (WHO) classification recognises the
existence of at least 17 distinct histological special t{y#&=gelt et al., 2010b)
some of vinich have prognostic significance including mucinous, medullary and
tubular BC(Diab et al., 1999)Rakha et al., 2010af\pproximately 7080 % of
breast carcinomas are defined as invasive ductal carcinoma not otherwise
specified NOS) or of no special type (NST), while about 25 % defined as
histological special types. The common histological types of BC are; invasive
ductal carcinom@DC) and invasive lobular carcinoma (ILC). For both invasive
ductal carcinoma and invasive ldaucarcinoma, the overall-§eass survival

rate isalmost 85 %(Pourteimooret al., 2016) Although the recent edition of
WHOOGs cl assi f i c abroadinterpretitibneafepideraiologgo r e
clinical features, genetics macroscopic appearancand prognostic and
predictive characteristics (Sinn and Kreipe, 2013) a comprehensive
classifiation of BC based on the distinct histological patterns and biological
featureshas not been recommended by the scientific associ@ieigelt and
ReisFilho, 2009) The main drawback of this classification is that most of the
BCs ultimately join either one of the two major histopathological types; NOS or
ILC. This reveals thathe classification may be unable to refléloce actual
heterogeneity of Bdecause tumours that have a very different biological and

clinical profile cluster together within the same gréupale, 2012)

1.2.2. Tumour size and lymph node
stage

Tumour size is a timdependent prognostic parameter and patients with small

tumour size have longer survival time than those who harbour facyees

10
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(Elston et al., 1999)Tumour size show a positive association with lymph node
status(Weiss et al., 2003However, they both are independent measurements
of outcome. Despite large tumours, thember of lymph nodes significantly
involved does impact on the outcome. Therefore, if there is increased lymph
node involvement, the survival status will decrease. Simultaneously, if the
tumour size is increased, survival is also reduced regardlessnphlyode
involvement. However, in general, the larger the diameter of the tumour, the
more thenumber of lymph nodes with metastatic cancer incre@aser et al.,
1989) (Foulkes, 2012)Conversely, this relation between tumour size, lymph
node and survival idiminishedin triple-negative BC (tumans thatare ER, PR,

and HER2negative). Dent et al. reported that with a tumour <5 cm in the-triple
negative group, there is no relation between the size of the tumour and lymph
node status, as 55% of patients with a tumour equal to or less than 1cnehas on
positive lymph node as a minimuident et al., 2007)

In the early stage of BC, lymph node grade represents one of the most important
prognostictools. Patients who are lymph nogesitive have a higher mortalit
than nodenegative onefArriagada et al., 200@nd there is a direct correlation
between the number ahetastaticlymph nodes and the risk of death and
recurrence(Weiss et al., 2003)In addition, depending on international
guidelines, patients exhibiting BC with positive lymph nodes will generally be
exposedo treatment with adjuvant chemotherapythout consideringf their
hormoné status in view of the fact that this class of BC patients demonstrates
the highest benefit from this managemapproach For the othegroupof BC
patients (lymph nodeegative)evaluationfor further predictive and prognostic
markers has to be takdrefore consideringadjuvant treatmen{Zhang et al.,
2012)

1.2.3. Histological tumour grade

An additional strongand known clinical prognostic factor in early BC is the
histological grade(Arriagada et al., 2006JSoerjomataram et al., 2008)
Although the validity of the histological grade has been confirmedifbgrent

11
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studies (Dalton et al., 1994)(Pereira et al., 1995)initially there was
disagreement about using grading in management decisions with BC patients,
for the reason that there is a lack of reducibility. This concern was reduced after
the modification of the BloorRichardson grading system to the modern
Nottingham (ElstonEllis) Grading System (NGS) and the demonstration of its
prognostic relevance in 199&lston and Ellis, 1991 Subsequently, it has been
validated in various discrete stud{@undquist et al., 1999)undin et al., 2001,
Blamey et al., 2010hs well as being approved by different intgronal
professional organisations: the Royal College of Pathologists (UK RCPath), the
WHO and the European Union (E{Rakha et al., 2010H§Ellis et al., 2016)
Because of its strong prognostic value, the NGS was joined with lymph node
stage and tumour size to form the Nottingham Prognostix I(idel) (Galea et

al., 1992) Additionally, it has been incorporated the St Gallen guidelines
(Goldhirsch et al.2009)and algorithms such as Adjuvant! OnlifMook et al.,

2009) The NGS depends on the assessment of three components: (1) the tubular
formation; (2) the degree of nuclear pleomorphism; and (3) mitotic coumt in
specific field area. Each of these features is scored from ITambB1) (Elston

and Ellis, 1991)The sum of the scores of these criteria provides a total ultimate
score. The matching grades are as follows: (1) scoresSofepresent grade |
tumours, which are wellifferentiated and have the best prognosis; (2) scores of
6i 7 are associated with grade Il tumours, which are moderately differentiated
with intermediate prognosis; and finally, (3) scores 08 &xpress grade Il
tumours, which are poorly differentiated andegent the worst prognosis
(Pourteimoor et al., 2016Fvaluating the survival rates of 22,616 BC cases,
Henson and colleagues showed that patients who hadigiadeurs of <2 cm

in diameter had 5/eass survival rate of 99%Henson et al., 1991This result is
emphasised by the study of a letegm follow-up of 2,219 operable BC cases
from the Nottingham groufRakha et al., 2008)'he result was that the grade
and lymph node used together would have the ability to affect the outcomes of
the BC patients, as the grade is the importaterdhinant of outcome. However,
30-60% of tumours are categorised as grddehich is less informative than
gradetor t tinterms of clinical decisior(lgnatiadis and Sotiriou, 2008)

12
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Table-1: Summary of method for examining histological grade in BC

Tubular formation
1 Majority of tumour £75%) 1
1 Moderate degree (105%)
 Little or none (<10 %) g
Nuclear pleomorphism
1 Small regular uniform cells 1
1 Moderate increase in size and variability 2
1 Marked variation 3
Mitotic count
1 Dependent on microscopic field area 1-3

The NPI is amapproved and widely accepted method for prognosis as well as
survival prediction in operable cases of primary @&mey et al., 2007b)t is

one of the earliest indices to be developed. In 1982, it was calculated throughout
a retrospective study of 387 women with primary, operable BC by multivariate
regressia analysigHaybittle et al., 1982)In 1991, the prognostic importance

of NPI in BC was initially expressedElston and Ellis, 1991)Then, after the
long-term followup (Galea et al., 1992nd independent validation by different
centres, it was confirmed and applied wid@yown et al., 1993(Balslev et al.,
1994) (D'Eredita et al., 2001)it is widely used in the UK for its simplicity,
clinical reliability and because it mainly achieves well in different populations
(Elston et al., 1999)It is structured from the three previous mentioned
prognostic determinants (lymph node stage, tumour size and histolagida) g

to classify patients into good, moderate and poor prognostic groups. In the NP,
these are < 3.4, 3.8.4 and > 5.4, respectively. Based on data from the 1980s,
the estimation of the original 3ears overall survival rate for each prognostic
group b revealed as 80%, 42% and 13%, correspondiii@gyea et al., 1992)
Updated estimation of survival from the 1990s has been published with further

stratification of the prognostic grougBlamey et al., 2007a)

13
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Calculating NPI
The formula for NPl is:

lymph node (LN) stage (B) + histological grade {B) + (0.2) x tumour
size (cm), where stage 1 means lymphewoegative; stage 2 means three or
fewer nodes involved by metastatic carcinoma; stage 3 is four or more nodes, or
apical node, or any axillary plus internal mammary niogtaded by carcinoma
(Ellis et al., 2016) In the UK, about 20%, 30% and 50% of symptomatic BCs
are gradd, £ andt trelspectively(Ellis et al., 2016)In addition to the ability to
classify the patients into clinically meaningful subgroups, histcédggrade,
interestingly, revealed to be associated with the genetic and transcriptomic
features of BCgSotiriou et al., 2006)Weigelt et al., 2010a)

1.2.4. Tumour -node -metastasis (TNM)

staging system

The TNM staging system consists of the size of the primary tumour (T), lymph
node involvement (N) and the distant metastases [blé-2). According to
Singletary and Connolly (1942), TNM was developed by Pierre Denoix based
on these three main prognostic parameters in BC. In 1958, a BC clinical
classification dependent on the TNM system was presented by the International
Union against Cancer (UICC). Later, in 1977 the American Joint Committee on
Cancer (AJCC) released a stagaygtem for BC based on TNM system in their
first manual. After that, revisions have been updated regularly with the latest
progress in prognosis as well as in treatment. The variations between AJCC and
UICC versions of the TNM were removed in 19&ingletary and Connolly,
2006) BC staging is used by clinicians to estimate prognosis. Bland and
colleagues supported the prognostic value of the staging system by using data
from 1.3 million casedrom the National Cancer Database (NCDB). They
reported a noticeable difference between the stages: during the first 10 years after
diagnosis, in stages I/from 12% to 34% of patients died, while > 60% of stage

[l and > 90% of stage IV patients died in the same pef(Bldnd et al., 1998)
14
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Table-2: TNM breast cancerstaging

ANATOMIC STAGE/PROGNOSTIC GROUPS ‘

Stage 0 Tis NO MO
Stage 1A T NO MO
StagelB | TO . Nimi MO
T1* N1mi MO
StagellA [ AL R o SR -
T1* N1** MO
e 2. No MO
Stage 1B T2 N1 MO
T3 NO MO
StagelllA . = . S
T1* N2 MO
LR N2 Mo
T3 N1 MO
e B N Mo
StagelllB | T4 o . .
T4 N1 MO
o o N2 Mo
Stage llIC Any T N3 MO
Stage IV Any T Any N M1

https://cancerstaging.org/references

tools/quickreferences/Pages/default.aspx

1.3. Molecular prognostic/predictive

factors, indices and classifiers

1.3.1. Prognostic/predictive markers

The difference in specific enacteristics betwedghetumour and corresponding

normal tissue can be measured hymour markers(Levenson, 2007)
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Identification of tumour markerswith prognosticor predictive powerfor
differentBC treatment approachesan area of intense research. Althoagme
tumour markersre alreadyacceptedas important prognostic marlsgior BC,
there are stilthose thanheed further standardisation and updating to meet the

target of personalised medicine.

1.3.1.1. Hormonal receptors

The expression of ER and PR act as prognostic and predictive parameters and
the evaluationof their expression is antablished standargrocessor breast
pathology. The Early Breast Cancer Trialists Co | | a b o demonstrated Gr 0 u |
thathow treatment of patients with tamoxifen (angstrogen therapy), which

can block cellular proliferation in BC, had an effect on BOrtality and
recurrence irb years(EBCTCG, 2005)PR is an ERegulated gene, therefore

the expressin of this receptor is highlselated to the presence of the ER. An
ER-negative/PRoositive result is uncommon accounting for less than 1% of
BCs(Hefti et al., 2013)Risk factors and incidence rates for BC differ according

to ER status. Thefere, dividing BCs depending on the ER status of the tumour
can accurately estimate the BC ri@Rolditz et al., 2004) Moreover, clear
determination of ER status is fundamental for optiynehoosing patients for
hormonaltreatment In accordance witla recommendation by the American
Society of Clinical OncologyASCOYCollege of American PathologistSAP),

the detection of ER isdeemed positive from 1% of tumour nuclei
immunostaining(Hammond et al., 2010b)However, identification of the
percentage of positively staining cells that should be used to categormarsum

as ERnegative or ERpositive remains problematic, particularly with those

tumour withlow ER staining <10%Deyarmin et al., 2013)

Structure of ER and PR

ER belongs to the nuclear receptor superfamily which contains six subgaoups;
subfamilyfor Retinoic Acid Receptors, Thyroid Hormone Receptors, Vitamin
D Receptor, Peroxisome Proliferator Receptor, Ecdysone Receptor and

numerous orphan receptors. The second subfamily contains Hepatocyte Nuclear
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Factor 4, Retinoic X Receptors and Chicken ®ualin Upstream Promotor
transcription Factor. The third category for steroid receptith \ER, PR,
Androgen Receptors,Glucocorticoid Receptors and Mineralocorticoid
Receptors. Another subfamily consists of the nerve growth factor inducible
factor I-B groyp of orphan receptors-urther, a small subgroup exists for
Steroidogenic Factat and Drosophila Factdr Receptor. Finally, there is a

group containing the Ger@ell Nuclear factotl Receptor.

In 1979, Wrange et al. showed three distinct domains of déhracoid

Receptors; the DNAinding domain, the hormone (ligand) binding domain and
N-terminal domainWrange et al., 1979)he three domains representative in

all nuclear receptors. Two isoforms of genomic nuclear ER:éxiBt (Jensen

and Jacobson, 1963Walter et al., 1985a nd EKRifer et al.,, 1996,
Mosselman et al., 1996Moreover, a noigenomic membrane bound receptor

like GPER or GPR30 has been identifi@hrmeci et al., 1997BothE RU a n d
ERb share the same gener al structur e,
starting from the Nerminal to G terminal; Nterminal A/B domain contains the
autonomous transactivation function AF C region containing DNA binding

domain (DBD), thehinge region or D domain and E region having ligand

binding domain (LBD)and AF2 (Figure-3) (Ruff et al., 2000) The two

receptors share a high degree of homology except in therniNnal/AR2

domairs (Eyster, 2016)Mor eover, the mol ecul ar weig
contains 595 amino acids whi [GegeeneeRb has
al., 1986 Ogawaetal.,1998) A cl i nical role has only
(Duffy, 2006) The expression of ERU is a rec
response to Tamoxifen (which binds ERU
expressin express better response to Tamoxifen than cases with lower receptor
levels (Davies et al., 2011)Furthermore, the clinical responsiveness to the
different types of hormonal treatments, which suppress the produof
oestrogen such as the aromatase inhibi
and only positive tumours have a respoftrdawell et al., 2005§Dowsett et al.,

2005) Th e r ol & BO fremalbi&kunclear and it is currentigt considered

as a target in diagnostics treatmen{RondonLagos et al., 2016)
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Both PR isoforms (PFA and PRB) are produced by a single gene lodata

chromosome 11 at qZ23. PRB is a longer protein isoform (116kDa) than-PR

A form (94kDa). PRA and PRB are ceexpressed in the breast as well as in

several other progesterone target organsBR&boform is required for normal

development of the mamary gland(Mulac-Jericevic et al., 2003)Although

they are similar hormones with DNnding activities, the two isoforms differ

with regard to their transcriptional activiti@Siangrande and McDonnell, 1999)

(Richer et al., 2002)PRB is considered a stronger activator than-£R

probably due to its third transactivation domain {&f that present in the-N

terminal region(Sartorius et al., 1994Both PRB and PRA isoforms contain

the basic structure that found in other nuclear receptorstean@nal ligand
binding domain (LBD); a hinge region (H); a DN#Anding domain (DBD) as
shown inFigure-4 (Leonhardt et al., 2003)

DNA ligand-binding domain

Transactivati  pinding (LBD) &
on function  domain Transactivation function

(AF-1) (DBD) (AF-2)

I [ I
‘" \
<
N-terminal C-terminal

Figure-3: Functional domain organization of nuclear receptors

i ncl udi .ny-ternEnRIUA/B domain contains the autonomous
transactivation function AF-1, C region containing DNA binding domain
(DBD), the hinge region or D domain and E region having ligandbinding

domain (LBD) and AF-2

DBD

D LBD

PR-B

AF-3 AF-1

AF-2

D LBD

PR-A

AF-2

Figure-4: Differences in PR functional domains
Mainly due to the third transactivation domain (AF - 3) that present in the
N-terminal region
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Genomic and nonrgenomic function of ER

Oestrogen dependent function can be divided into genomic ardemamic
signdling. Additionally, the genomic signalling is divided into direct or indirect

depending on binding of the oestrogeR complex to DNA.
Direct genomic signalling

Direct genomic signalling is deemed as the classical pathway of oestrogen
signalling in whichit acts as a ligandependent transcription factor and controls

the expression of a variety of genes. In the cellular cytoplasm of target tissue,
the bindesgradi di7bto either ERU or ER
transformation that permits receptdimerisation and translocation to the
nucleus to bind the oestrogen response elements (ERES). These specific sites
are located in ocloseto the promoters of target genes. Additionally, the ligand
receptor complestimulatesrecruitment of different coegulators in a complex

that changes chromatin structure and enables attracting of the RNA polymerase
[l transcriptional machinery. Using this mechanism, oestrdgfencomplex

works as a transcriptional activator enhancing gene expre@4iaetnik et al.,

2014)

Indirect genomic signalling

I n indirect g e nestradiot carsregglateaexdressioy of gehed b
that lack EREs in their promoter regions. Ligaadivated ERs occurs through
proteinprotein interactions with other groups of transcription factors at their
response elements instead of direct binding to DNA. This enables activation or
suppression of gene expression and considerably increases theorggulat
influence of oestrogen. For instance, interaction of oestragenomplex with

Jun proteoncogene (JUN) and FBJ murine osteosarcoma viral oncogene
homolog (FOS) proteins at binding sites of the activator protein X1(AR

genes encoding insulitke growth factor 1 (IGF1), cyclin D1 (CCND1)
collagenase, choline acetyltransferase and ovalbumin. The activated signal rely

on the type of the ligand and ER subtype. Furthermore, Sp1 transcription factor,
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GATA binding protein 1 ( GAT&#R)) ,, nu
CCAAT/ enhancer binding protein b (C/E
activator of transcription 5 (STAT5) are transcription factors that promote

oestrogen signallin¢Bjornstromand Sjoberg, 2005)

Non-genomic signalling

The action of steroid hormones via rgenomic signalling is common and
usually related to activation differentproteinkinase cascades that ultimately
produces indirecvariationsin gene expressioowing to phosphorylation of
transcription factors. This signalling msostly linked to membrane bound ER
and certain variants of ERU and ERb. T
due to binding of oestrogens to ERs located at the cell surface can cause
activation of the phosphoinositol-Khase (PI3K) signalling pathway,
stimulation & adenylate cyclase activity and cyclic adsin@ monophosphate
activation of membrane tyrosine kinase receptors and activation of the mitogen
activated protein kinase (MAPK) pathwéBjornstrom and Sjoberg, 2006)jj

et al., 2013)

1.3.1.2. HER2

HER2 is a member of the transmembrane epidermal growth oedepily:
HER1, HER2, HER3 and HER®renzel et al., 2001HER2 overexpression
occurs in 5-20% of BC caseéSlamon et al., 1987Slamon et al., 1989)ts
overexpression is agstablisked par prognostic indicator ahvasive BC(Cui

et al., 2005, Rakha et al., 2007, Dobrescu et al., 2HBIR2 is theprincipal
predictivetool for antrHER2 targetedreatmentsuch as Herceptin, Lapatinib
(HER2 dual nhibitor tyrosine kinase) and pertuzumab (HER dimerization
inhibitor) (Cortes et al., 2013Baselga et al., 201ZBlackwell et al, 2012) In
addition to its prognostic value as a single marker, HER2, when combined with
the hormone receptor, can provide addition prognostic information similar to
prognostic gene signatures with mydarameters(Dowsett et al., 2013)
Furthermore, HER2 amplification in breast tumours cawitbisedto indicate

malignancy, as benign tumours do maxhibit HER2 amplification; however,
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some benign tumougesentveak to moderate neamplified HER2 membrane
staining(Lewis et al., 2004)

1.3.1.3. Ki67

Cell proliferation represents one of the recognised prognostic factors in BC
(Clahsen et al., 1999Nuclear Ki67 protein is considered as an indicator of
tumour proliferation(Lehr et al., 1999)Thor et al., 1999)Ki67 has been
extensivelyexaminedandreportedasa poor prognosticbiomarkerin invasive

BC with its higherexpressiondevel (Domagalaetal., 1996)(Trihia etal., 2003)
(Viale etal., 2008) (Aleskandaranytal., 2010)(Brown et al., 2014)(Ingolf et

al., 2014) Furthermore,various metaanalysesand systematicreviews have
shown the independentprognostic importance of Ki67; for instance, de
Azambuja et al.conducteda metaanalysisof 46 studiesincluding 12,155
patientshatassessethe effectof Ki67 onsurvivalin earlyBC. Theysuggested
thatKi67 positivity givesaworsesurvivalandhigherrisk of relapsan earlyBC
patients (de Azambujaet al., 2007) Another sygematic review and meta
analysisof 85 studiesin 32,825patientsconcludedthat it is associatedvith
worsesurvival outcomein early BC (StuartHarris et al., 2008) Luporsiet al.
evaluatedtudiesof Ki6 7 extractedrom papergpublishedbetweerdanuaryl 990
andJuly2010andincluded71references theirreview.The resultsupporthe

role of Ki67 asaprognostiamarker(Luporsietal., 2012)

As a predictive biomarker,the researcherén the BreastCancerInternational
ResearchGroup (BCIRG) 001 trial classifiedthe populationinto four BC

subtypes:luminal A, luminal B, HER2 and triple-negative.Further, patients
wereassignednto two differentregimensFAC (fluorouracil,doxorubicinand
cyclophosphamide) versus TAC  (docetaxel, doxorubicin and
cyclophosphamide)n this trial, Taxanetherapyrevealeda significantbenefit
for casesassignedo theluminal B subtype with a 3-yeardiseasdree survival

rate of 85.2%versus79.0% for FAC. Thus, high Ki67 expressiorcould be a

predictivebiomarkerfor Taxanetherapy(Hugh et al., 2009) (Dumontetet al.,

2010)
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In the PACSO01study,Ki67 wasassesseth 798 patientswith ER-positive BC

for relapsdinkedto docetaxelTheresultswere0.51(95%CI 0.26 1.01)in both
ER andKi67 expressedumoursand1.03(0.69 1.55)in the ER-positive/Ki6 7

negativetumours.TheresearchersoncludedhatKi67 expressiomecognises
subgroupER-positive BC patientswho perhapssensitiveto docetaxekherapy
(PenauHLlorca et al., 2009) As well, a studyfrom the Europeaninstitute of

oncologyutilising 1,241 patientscategorisedas luminal BC with oneto three
axillary lymph nodes showed that Ki67 predicted the benefit adjuvant
chemotherapydditionalto hormonotherapyn luminal B casegCriscitiello et
al. 2014).

In the neoadjuvantsetting, Ki67 has beensignificantly linked to clinical or
pathologicalresponsedMeasurementf Ki67 expressiorpre- andposttherapy
offers a reflection of the responsivenessf BC to treatmentKi67 index was
predictive for pathologial responses imarious studies(de Azambuja et al.,
2007) (Luporsi et al., 2012)Furthermore, Ki67 evaluation showed its clinical
utility as a predictor of outcome for patients not achievingthglogiccomplete
response (Jones et al. 2009). However, Yerushalmi et al. conchatedfter
reviewing a large number of studjesrious methods for assessing Ki67 make
comparisons difficult. They suggested developing a standard méthgdmnd
an acepted cubff point for proper assessment of thiemarker(Yerushalmi

et al., 2010)

Ki67 has beerendorsedby the St Gallen consensus panel as a marker for
definition of intinsic subtypes of BC to differentiate between luminal A and
luminal B subgroupgGoldhirschetal.,2011)(Goldhirschetal.,2013) andit is
includedin IHC4 (Cuzicket al., 2011) Ki67 wasone of the variables,which
assessetbr relapsefree survival utilising a preoperativeendocrinegprognostic
index (PEPI). This was developedusing 228 postmenopausdBC casesand
validated in an independentstudy of 203 postmenopausalvomen in the
IMPACT trial. This study assessedive posttherapyvariables:tumour size,
nodestatus ER expressionhistologicalgradeandKi67 index(Ellis etal.,2008)

Ki67 wasalsousedin ResidualProliferativeCancerBurden(RPCB)(Sheriet
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al., 2015) which applieda formulathatgeneratec sumof relativeeventrates
for the posttherapy Ki67 index and the Residual Cancer Burden (RCB)
(Symmansetal., 2007)

On accountof the clinical relevanceof Ki67, it is importantto includeit in the
BC classification.However theKi67 biomarkerns notreadilyavailablein many
cancercentes and is not routinely usedin a widespreadmannerin clinical
practice, owing to numerous issues, including tissue sampling type,
reproducibility and optimal cut-offs; many different cut-points for Ki67 have
beenreported however it hasnot beenpossilbe to determineor agreeaboutan
optimaloneandcut-offs for Ki67 arestill underdebate Thesereasonsaveled
many investigatorsto try to optimise and standardisethis crucial biomarker
using different methodsand cutoffs or to searchfor other tedniquesto
determineKi67, otherthanlHC (Kameletal.,2012)

Structure, function and cellular localisation of Ki67

In 1983, Ki67 was identified by Gerdes et al. as a monoclonal antibody reacting
with a nuclear antigen presentproliferating cells and absent in quiescent cells,
the name was originated from the city of its discovery (Kiel, Germ@sndes

et al., 1983) Subsequently, the same growgblished that immunostaining of
this antigen with a monoclonal antibody Ki@resenteda reliable means of
evaluating the growth fraction of neoplastic agtbup(Gerdes et al., 19847s

the antigen was not indily characterised, it was referred to as the Ki67 antigen.
When the antigen was identified as a protein, it showed no homology to any
known protein, therefore the initial name Ki67 was adogtecholzen and
Gerdes, 2000)Ki67 is encoded by thklKI67 gene. Schluter etl. cloned and
sequenced the full length cDNA, identified two differentially spliced isoforms
of MRNA. Double bands with apparent molecular weights of 345 and 395 kDa
were detected in immunoblots of proteins from proliferating ¢8thluter et

al., 1993)
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Ki67 proteincomprisesa forkheaeassociated domain (FHA), which are group

of unrelated proteins identified by Hofman and Bucher through advanced
sequence profiling methodslofmann and Bucher, 1995FHA and a protein
phosphatase 1 (PP1) dom@itoorhead et al., 2008Booth et al., 2014present

at the Nteminus of the protein while @rminal part is enriched in leucine and
arginine residue pairs, known as the LR don{@iakagi et al., 1999)The LR
domain is able to bind to heterochromatin protein 1 (HP1), a Watbcterised
particle as a mediator of heterochromatin formation. Ki67 is partially co
localised with HP1 at foci on chromosomes in an early interphase of cell cycle
(Kametaka et al., 2002%cholzen et al., 200Z2J he central region of the protein
contains a conserved domain (CD) and Ki67 repeats, 16 tandem repeats which
contains a highly conserved named Ki67 m&i¢hluter et al.1993) Figure-5
shows the different Ki67 protein domaif®obecki et al., 2016)

Ki67 motif
l

N-terminal - \ C-terminal

rua | ee RSN

Figure-5: Ki67 structural elements

Forkhead-associated domain (FHA), proteinphosphatase 1 (PP1) domain,
conserved domain (CD, Ki67 motif, leucine and arginine residue (LR)
domain

In 1987, a Ki67 score (positive cells/total tumour cells) was determined by
Barnard et al. usin@0 cases of primaryBC (Barnard et al., 1987)They
investigated the relationships between a number of clinical and pathological
parametes where Ki67 was identified as a potential objective indicator of
biological behaviour and of clinical significance. The expression of Ki67
increased with progression of cell cycle mainly in the second halipbfaSe,
compared with early hase, and asved a maximum at G2 and M phases
(Sasaki et al., 1987igure-6.
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G1

Telophase

Anaphase

Figure-6: The diagram representing @Il cycle phases

Despite intensive research about Kiditle is known about the exact cellular
function of this protein. However, Verheijen et al. studied the intracellular
localisation of the Ki67 antigen in human cells showing that in interphase cells,
the antigen is mainly present in the nucleoli preshamtly localised in the
nucleolar cortex in the dense fibrillar components (DFZgrheijen et al.,
1989a) The DFC is one of three elements in the nucleolus béselébrillar

centre (FC) and the granular component (GC). Subsequently, the same group
suggested that the antigen may be associated with tHeistone proteinaceous
structure known as the chromosome scaffold. In addition, they described
different locailsation of Ki67 antigen in relation to the cell cycle; at metaphase
the antigen was distributed in a reticulate structure surrounding the condensed
chromosomes while at late telophase it was observed as punctuated staining of
the entire nucleoplasKVerheijen et al., 1989bpPuring S phase, the expression

of Ki67 expression increases and reaches the peak during metaphase and

gradually decreasing thereaf(®erheijen et al., 19894)lu Manoir et al., 1991)

The role of Ki67 in growth and cell divem is supported by experiments
revealing that the application of Ki67 antigepecific antisense inhibits cell

growth (Schluter et al., 1993Furthermore, Bullwinkel et al. published that in
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resting cells, Ki67 cdocalises wih components of the polymerade
transcription apparatus and also in proliferating cells, protein cahebéfied

at sites lilkked to ribosomal RNA synthesis during interphase and mitosis
(Bullwinkel et al., 2006) Moreover, studies demonstrate that the regulation of
the Ki67 protein through the cell cycle is related to Ki67 phosphorylatio
through the activity of the cyclin B/cdc2 complex during mitosis. These post
translational modifications of the Ki67 protein déir&ked tothe redistribution of

the protein from the inside of the nucleus to the margin of the condensed
chromosomes and \@coversa. Further, it was revealed that the Ki67 protein is a
member of the family of MPM reactive phosphoproteins, which comprises
proteins that are essential for the control and timing of mi{dasCallum and

Hall, 1999)(Endl and Gerdes, 20Q@ecently, additional mechanismas added

to the role of Ki67 in cell growth and proliferation as a recent study shows that
Ki67 is needed to maintain individual mitotic chromosomes dispersed in the
cytoplasm after their release from the nuclear envelope. This function might be
providedthrough a surfactant mechanism at the phase boundary between mitotic

chromatin and the cytoplasf@uylen et al., 2016)

1.3.2. Online prognostic algorithms

Some prognostic algorithms have bestablishednd publisheanline. These
algorithmsutilise molecular biomarkergpredominantlyER, HER2 and Ki67,
combined with other wekstablished prognostgarametersTheypredict BC
outcomewwith regard to thg@robability of recurrence within a specific period of
time. Ther keyaim is to predict who is likely to benefit from chemotherapy and
whohas to besaved from such toxiceatmentThey are nopreciselypredictive

and they do not have any diagnostic value.

1.3.2.1. Adjuvant! Online

Adjuvant! Online is a free and widely accegtprognostic and predictive online

calculator https://www.adjuvantonline.com/for risk stratification of BC

patients. It allows entry of datacludinga pati ent 6s age; t umol
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morbidity, menopausal status, stage, number of positive lymph nodes and ER
status in order to predict mortality and disease recurrence at 10 gedtse
potential benefiprovidedby adjuvant therapy. This is achieved by estimating a
patient 6s r i dme antltheam multplgrey that yehe propbrtion
of negative measures that a given adjuvant therapgcisgnizedto prevent
(Ravdin et al., 2001)The tool was establishadtilising a database thatas
recorded in the Surveillandgpidemiology and End Results (SEER) registry.
This model has been validated in different studi@ampbell et al., 2009)
(Hajage et al., 2011({Bhoo-Pathy et al., 2012)However, it is drawn from
published data and gives populatioased rather than personalised information.

1.3.2.2. Predict

Predict (http://www.predict.nhs.uk/prietthtml) is a mathematical online
model, a prognostic tool to predict overall surviutilising cancer registration
data recorded by the Easterncancer registration and information centre
(ECRIC). The study population was 5694 BC patients, validateddiffgrent
set of 5468 patientdocumentedby the West Midlandsancer intelligence unit
(WMCIU) (Wishart et al., 2010)The prognostic effect of HER2 status was
incorporated by Wishart et al. to produce the revised version, PREDICT+, using
the British Columbia cohort which waapplied to validate the original
PREDICT (Olivotto et al., 2005)Wishart et al., 2012)it forecasts the benefit
of hormone treatmentrastuzumatand chemotherapy at 1§ear time points.
An improvement to the tool performance and clinical decisiaking for ER
positive patients was achievéy including Ki67 in PREDICTWishart et al.,
2014)

1.3.3. Gene expression profiling and

molecular classification

Although the abownentioned confirmed clinical and histological parameters

reveal a potent relation it prognosis and outcome, there are increasing
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concerns that these tools haveeatrictedrole for assessing the diversity and
heterogeneity of BC behaviour and could be insufficient to personalise
management in BC patients. Therefore, the introductioncafern technologies

that review huge numbers of genes in a particular assay, combined with
complicated analytical programs, gives an opportunity for classifying BC into
distinct groupselyingon its gene expression profil&SEP)(Sorlie et al., 2003,
Sotiriou et al., 2003Microarraybased gene expression profiling has facilitated
simultaneous analyses of thousands of gene expressitusin given tumour
samplegloannids et al., 2009)Through different methods, GEP has brought a
new insight for a better understanding of the heterogeneity and behavioural
differences in BC, the assessmentceflular heterogeneity in the form of
molecular classification, and the devetognt of some prognostic and predictive
multigene signature@erou et al., 200Q)Sorlie et al., 2001jHu et al., 2006)

GEP studies have revealed two key themes: the presenitee aholecular
subtypes of BC and the identification of fpRsitive and ERhegative BC, as
they have fundamental differences in the transcriptomic (Bebu et al., 2000)
(Lusa et al., 2007)Sotiriou et al., 2006)Initially, BC classified into four
distinctive molecular groupstilising the cDNA microarray analyses of 38
invasive BCs, three normal breast samples, one ductal carcinoma in situ and one
fiboroadenoma(Perou et al., 2000)These groups are: luminal group, HER2
positive group, basdike group and normal breakke group. Further studies
divided the luminal group into two or three subgroups, mostly luminal A and
luminal B sibtypes, which vary in clinical outcome and biological processes
(Sorlie et al., 2001(Sorlie et al., 2003)Hu et al., 2006)Moreover, another type
-claudin low type was identified in 200THerschkowitz et al., 2007)

Luminal A is the most common subtype, constituting@6 of the total. Its
expression patterns resemble normal luminal epithelial cells, comprising ER,
genes associated with an active ERhpay and a low demonstration of cell
proliferation geneg¢Perou et al., 2000Yhe luminal A IHC profile is featured in

the expression of ER and cytokeratin CK8/18, with an absence of HER2
expression and a low histological graleminal A tumours have a highésvel

of PR expression than luminal B tumours (94% vs 7@B&}ktien et al., 2012)
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Patients with this subgroup of cancer have a good prognosis with relapse rate of
27.8% and longer survival from the time of relapisan for other subtypes
(Kennecke et al., 2010The luminal B subtype, which represents 20% of all

BCs,is a more aggressive phenotype and a higher histological grade than luminal
A. Moreover, it has a higher expression of proliferative genes, a worse prognosis
and lowe survival from time of relaps@Kennecke et al., 201 porlie et al.,

2003) (Geyer et al., 2009)The essential difference between the two subtypes
lies the changes in thexpression of the proliferation genes mainKI67,

which canbe translatedat protein levelusing immunostaining of Ki67 as a
possible marker(Cheang et al., 2009)However, immunohistochemical
assessment of Ki67 in BC remains controversial and has yet to be standardised,
thereby adding a variability factor in the evaluation of this biomarker.
Considering this marker is the most widely used for measuring cell proliferation,
more efforts are needed to reach a consensus on evaluating it and, subsequently,

in using it in BC clasification.

The HER2 group is distinguished by high expression of the HER2 gene and
comprises 120% of all BCs. Although these tumours display an
overexpression of proliferative genes, the group does not express genes of the
basallike group and, furtér, it can exhibit a low expression of characteristic
luminal genes. Only 70% of HER®sitive tumours using the microarray have
the protein oveexpressed by IHC. Therefore, at thmtein level, the ER
negative/HERpositive immunostaining group does meproduceperfectly in

the intrinsic subtypé¢Prat and Perou, 2011Yoreover, a fraction of the HER2
subgroup is not classified as HER2 subtype by microaetayed methods, but

is actually categorised as a luminal B subt{ide et al., 2006)Parker et al.,
2009) Staaf et al. divided HER2 expression tumours into three subtypes with
divergent biologic characteristics independent of ER st&ue cluster had
significantly worse survival than the other two, based on gene expression
clustering. Further, they constructed a HERR2ived prognostic predictor
(HDPP) that separated these HEBRSitive tumours into two groups with
significantly diffeent prognoses using 158 genes. HDPP was not directly

associated with the expression of genes from the HER2 pathway or proliferation
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genes; rather, it was for genes associated with immune response, tumour

invasion and metastagiStaaf et al., 2010)

The basalike subtype representsilZ0% of all breast carcinomas and expresses
genes generally present in basal/mytegial cells: cytokeratin as (Kand
CK17, Rcadherin, caveati 1 and 2, nestin, CD44 and HERdditionally, the
genes of luminal epithelium are expressed, but with lower levels than the luminal
class such as CK8/1{&hoo and Nielsen, 2010t the proteinlevel, the basal

like group can be identified using IHC profiling by the selection of five markers
ER, PR, HER2HER1 and CK5. These markers categorise this subtype with a
sensitivity of 76% and specificity of 100¢hlielsen et al., 2004)Although in
clinical practice, the terms tripleegative and bastike are oftensubstituted

the basalike subtype shows distinct clinical and immunophenotypic differences
(Rakha et al., 2009)Significantly, a study by Lehmann et al. described six
different molecular triplenegative subtypes, including two babké, a
mesenchymal, a mesenchymal stém, a luminal androgen receptor and an
immunemodulatory subtypé_ehmann et al., 2011 he basalike subtype has

a high rate of P53 mutation; this could be the reason for its aggressiveness and
worse prognosi€Sorlie et al., 2001 with a hidher relapse rate in the fil3years

(Dent et al., 2007)

The normal breadtke group is still poorly characterised and can be accounted
for in the classification with fiboroadenoma and normal breast sar{ipdesu et

al., 2000) These can be classified as triple negative because of the absence of
ER, HER2 and PR expression, without being considered-llkesals they are
negative for CK5 andHERZ; further, they express genes that are related to
adipose tissuéPeppercorn et al., 2008} is presumed that this subgroup is a
technical artefact from high comt@nation with normal tissu@/Neigelt et al.,
2010c) The claudidow subtype has low levels of claudin andc&dherin
expression. This subtype is characterised by high activity of specific genes
closely linked to pithelial mesenchymal transition (EMT), cancer stemideg!
features and immune response processes, and lower activity of MYC and PI3K

pathwaygHennessy et al., 2009prat et al., 2010}Sabatier et al., 2014)
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Gene expression signatures

Certainly, molecular subtype classificatiadvancegrognostic and predictive
information for standard clinical variables in BC. Furthermdrécreasingly
reflects how different gene expression signatures have to be applied to predict
outcomes for various subgroups of BC. Several forms of multigene classifiers
have been developed,; including:

1.3.3.1. Oncotype DX

Oncotype DX (21-gene Genomic Health Rerrence Score [GHRS]), a
multistep approach was followedpooducea commerciallyobtainableassay of

21 prospectively selected genes for invasive BC, based dA@R. The initial
steputilisedRT-PCRto examinethe gene expression from FFPE tissudiges.

The initial 250 genes were selected from genomic databases, literature review
and microarray data (using freflozen tissues). Using the results of these
studies, a panel of 21 genes (16 cammetated and 5 other reference genes) was
selected formeasuring the possibility of distant recurrence from FFPE tissue
samples. An algorithm was designedneasurea recurrence score (RS) for
everysample depending on the levels of expression of the genes. The-cancer
related genes includgenes from the ERrgup (ER, PRBCL2 and SCUBEY,
invasion group@TSL2 and MMP11),HER2 group (HER2 and GRB7), cell
proliferation group (Ki67, CAB1, Survivin, STK15 and MYBL2xnd GSTM1,
BAG1 and CD68. Theaeference genes include ACTB-&ctin), GAPDH,
RPLPO, GUS and TFRC. The RS of these 21 genes is expressed as a continuous
variable ranging from 0 to 100, where higher scores reflect a gpeasibility

of recurrence. The RS assifiedinto three categories: low rigkoup(<18),
intermediate risgroup( 018 <31) groupl OB(Raket at., 200K

The Oncotype DX BC assay predicts fieyear risk of BC recurrence imewly
diagnosedpatients with ERpositiveandnodenegative edy stage BC which
treated with tamoxifen. Oncotype DX can provide further information, including
to what extent the patient would benefit from chemotheramytamoxifen
therapy(Paik et al., 2006)
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1.3.3.2. MammaPrint

The MammaPrint (7 ene signature) <classifier we
and colleagues using the microarray analysis of 78 frozen samples from lymph
nodenegative patients aged under 55 years with tumour size smaller than 5 cm.

This classifier divides BCatients into two groups in terms of distant metastasis

free survival. The good profile group comprises patients more likely to remain

free of distant metastasis, while patients who are classified in the poor profile

group have a high risk of developingst#int metastasiwan de Vijver et al.,

2002) The US Food and Drug Administration (FDA) approved MammaPrint for
marketing in 2007 to be used with other clinicopathologic parameters as a
prognostic tesfLiu et al., 2008a)However, this testeedsresh tumoutissue,

with at least 30% malignant cells, which then has to be sent to the company
within five days after tumourreseatn i n t he ki t Rakhasahd ppi n¢
Ellis, 2011) which is impactical and which makes it difficult for enrolment in

daily laboratory assays. Furthermore, it has limited clinical use imdgRtive

BC as only up to 4% are classified as having a good prog(@aidoso et al.,

2008)

1.3.3.3. Genomic Grade Index (GGI) (MapQuant

Dx)

Sotiriou et al. used five datasets of gene expression with a total of 661 BC
patients. They examined the association between the histologic grade and gene
expression prates of BCs to improve histologic grading by measuring the
expression of 97 genes. Therefore, instead of the classic d¢radisdt GGl

divides histologic grades into low and high ri$kis signature supports the view

that lowrand highgrade disease can be stlbssified ; that is, grade 1l BC into
grade Hlike (GGI low grade) and grade dlike (GGI high grade). Only %
histological grade | cancers are stratified as high GGI and 14 % of histological

grade lll cancers as a low G(@@otiriou et al., 2006)
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1.3.3.4. Breast Cancer Index (BCI)

BCI is an index modebf the ratio of expressioaf two genesHOXB13 and
IL17BR (H: 1), joined with Molecular Grade IndefMGl) to test the risk of
recurrence irearly invasiveER-positive and LNnegative BC patients. Initially,
a genomewide microarray analysis of frozen tum@aamplef 60 ERposiive
BC patientssubjected taamoxifentherapy onlywasapplied(Ma et al., 2008)
Then, a twegene expression ratio wescognisedwhich is highly predictive of
patientoutcome. This expression ratio wasisedto use analysidepending on
the standard FFPE, which was establishslising an independent set of 20
FFPE tissue sampléMa et al., 2004)The BCI risk score ranges from 0 to 10
andcategories th@atients ind threegroups low-risk groupwhen the score is
<5 while between 5 and 6.3 represents ititermediaterisk group High-risk
groupis O 6 (Jdrevall et al., 2011Bubsequent studies hawvealedhat both
genegHOXB13 and IL17BR) have prognostamdpredictive value (Ma et al.,
2006)(Goetz et al., 2006 erevall et al., 2008)

1.3.3.5. CSC sign ature; Invasiveness gene

signature (IGS)

The mainevidence for the presence of CSE68C lies inthe study conducted

by Al-Hajj et al., whichdemonstrated that CD#4CD24°, where CD24 is a
cell surface glycoprotein and CD44 is a cell surface receptor for hyaluronan,
human BC celldransplanted in immundeficient mice were more turangenic
compared to other tumour cellsVioreover, tumoursinduced by these
CD44'/CD24 "™ cells displaythe heterogeneity of the genuine tumour. The
CD44'/CD24 ™" cells have a capability for serial transplantation, givehy
evidence that &y have characteristics of CSGAoreover thetumour initiation
potential of CD44/CD24"°" cells can be developed by splitting them further,
depending on the epithelial surface antigen (ESA) expression:
ESA'/CD44'/CD24™" cells are more tumwigenic compared to
ESA /CD44'/CD24 % cells (Al-Hajj et al., 2003)
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Gene expression profiling of this small subpopulation (C@B24 "°%) of
tumaurigenic BC cells was used to develop prognostic tools to evaluate survival
in patients with BC. Liu et al. identified 186 genes based on significant
differences of expressiobetweentumaurigenic BCand normal breast cells.
They developed rainvasiveness gene signature (IG&ju et al., 2007)that

varied substantially from previously described gene signatures inTBE.
correlation between the IGS and both cancer recurrence and overall survival was
significant, not only in BC cases, but also in patients with lung cancer,
medulloblastoma and prostate cancer.

1.3.3.6. PAMS5O0 (Prediction Analysis of

Microarray 50)

PAM50 is a gene expression assay using 50 genes. Also called NanoString
Prosigna assay, it represgatreduced gene set developed on a quantitative RT
PCR. It can classify BC samples into intrinsic subtypes, including luminal A and
B, HERZenriched basallike and normal breasike from FFPE tissue.
Moreover, PAM50 generates rigif-relapse (ROR) forte pati ent 0s
recurrence possibility by calculating the molecular subtype associations, a subset
of genes reflecting proliferation and tumour size. The automatic software applies
all of the quality thresholds to the given data. ROR and the intsabitype are
considered sprognostic indicators of the risk of disease recurrence for BC; both
are calculated using a clinically validated algorithm. Either frozen or FFPE
samples can batilised in multiplexed genepecific probes to measure gene
status PAM50 comprises proliferation genes and markers of basal phenotype
and can also reflect the underlying biology associated with the ER and HER2
pathways. PAM50 ROR scores show prognostic value in both untreated and

tamoxifentreated patient populatiofBarker et al., 200gNielsen et al., 2010)

The main aim of GEP is to classify tumours into clinically meaningful
categories, which caroffer both prognostic and therapeutinformation.

However, making these options universally accessible and-effestive
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worldwide is also required. The cost of the previously mentioned signatures is
high compared to IHC: about $4,000 for MammaPrint and $3,500 for Oncotype
DX. These assayare not only expensive, but théienefitscould be restricted

in cases with intermediate featuf@dlison, 2019. A further limitation of first
established genomic signatures is that nearly all patients withelgRtive BC

have been allocated to the higbk group. Another important disadvantage of
applying genomic research on a daily clinical basis is thag tinkeds were based

on small samples and, subsequently, have a lack of validation. For this reason,
more recent research concentrates on using a larger number of samples and more
genetic analysis than these initial trials, thereby generating a genomesoéce

BC (Ellis and Perou, 2013)

With the current development of proteomic profiling, there is no reason to limit
this technology to RNA. Proteomics can be regartgcdnly as a complement

to the wealth of knowledge generated by genomics, but can also necessitate
personalised management in BC for several reasons. RNA levels do not always
necessarily correlate with counterpart protein lev@ghy/gi et al., 1999)
(Ginestier et al., 200ZNishizuka et al., 2003pPosttranslational modifications,
including phosphorylations, glycosylations and acetylations, are an additional
complexity and changes can altee thhysiological activity of protein. These
modifications are not detectable at the RNA level; however, they have important
roles in protein localisation, interactions, stability and functions. Furthermore,
proteins are more representative of the curremtestof the cellular
microenvironment and are more accessible and applicable as therapeutic targets.
Therefore, proteomic profiling can probably give ceanswers to functional

and pharmacological questions.

IHC is an alternative robust, affordable amdre accessible method and can
easily be implemented into the standard pathology workflow. It is an important
technique to determine surrogate protein biomarkers for the classification of BC.
The next section will highlight the IHB8ased indices.
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1.3.4. Immunohi  stochemistry  -based

indices

Recently, as an alternativeof using a single marker approach, panels of
biomarkers have beeexaminedto predict the prognosis and responses to
specific treatment This approach wasntroduced following the successful
classificdion of BC using GEP, and the introduction of molecular classification
basedon the statusof several genes with clinical importance. Multiple IHC
biomarkers areutilised in combination to offer routine costeffective
replacementso GEP. Examples of IH®ased assays include Mammostrat,
IHC4 and NPI+.

1.3.4.1. Mammostrat

Ring et al. designed a multiple marker test, utilising gelggsendingon IHC
assessment, which examines the possibility of developing afb#3€dool by
using data from ifferent gene expressioresearchesin their study, three
retrospective BC cohorts werenrolled The first was a discovery cohort
(n=466) while the other two were independent validating coh@t299 and
344 patients, respectively)'he primary study utilising conventional HEP
samplesled to an IHC assay which calculated a relative risk of recurrence;
currently, this is commerciallpffered as the Mammostrat asséging et al.,
2006) Further validation of Mammostrat has beeresentedby other
investigatorgRoss et al., 200§Bartlett et al., 2010)Mammostrat contains five
IHC markers-P53, NDRG1 (Nmyc downstreannegulated gene 1), SLC7A5
(solute carier family 7 cationic amino acid transporter), CEACAMb5
(carcinoembryonic antigen cell adhesion molecule 5) and HTF9C (Hpall tiny
fragments locus 9G)which stratify ERpositive tamoxifertreated BC patients
into three riskcategories Prognostic index @epresents the lowisk group;
prognosti c i mefleststhe mOderateiskl grad® and prognostic
index >0.7 represents the higkk group(Ring et al., 2006{Ross ¢al., 2008)
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1.3.4.2. IHC4

IHC4 is a prognostic score developed by Cuzick et al. wéwvelluateshe levels

of four widely assessegroteins in BC (HER2, ER, PR and Ki67). They
compared it to the Oncotype DX #ssessts feasibility on 1125 ERpositive
cases thahad GHIRS data and whether it canprovea prognostigdredictive
value to the classical prognostiariables(lymph node status, tumour burden
and histological grade) in early stage BC patients. IHC4 scoeeagniseds
an independent prognostic toalong with the existing classical variables.
Importantly, resultspresentecby IHC4 score are found to kekin to those
producedy Oncotype DX. In addition, the IHC4 prognostic value was validated
on an independent cohort of 786 patients: their outcones the sameas
evaluatedy both Oncotype DX and IHC4 assdZuzick et al., 2011)

Although previous prognostic assays are affordable, robust andiédéndent,

they address the question regarding treatmentrusormone receptguositive,
nodenegative BC only. The available prognostic tools vary in terms of
compatibility to fit patients with different characteristics. At present, no
particular tool based on validated biomarkers can provide a comprehensive
overview of the molecular and pathological characteristics relevant to all BC
patients. The combination of both clinical and molecular variables to fit all
patients, regardless of ER positivity or nodal status, is necessary to meet precise
management and tavoid overtreatmentModernisation of the existing NPI
through inclusion of relevant biological data to provide personalised decision
making tools for BC (NPI+), has occurred and details have been recently
published.
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1.3.4.3. Nottingham Prognostic Index plus

(NPl +)

Although the NPI is still valid and extensively used, it does not predict the full
heterogeneity of outcome currently observed in BC patients. NPI+ is the updated
version used to combine molecular phenotype information with clinical and
pathology infornation, to provide a comprehensive test suitable for all BC
patients. Recently, the updated NPI+ has been published as a combination of two
steps. The initial step lsasedn the determination of the biological class of the
tumour, byevaluatinghe expresion level of a panel of biomarkers. The second
step which is the analysis of traditional clinicopathologic prognostic parameters
producingthe structured NPlike formulae for each clag&reen et al., 2013)
(Rakha et al., 2014Yhe biomarkerscludedin the biologicaklassificationare

ER, PR, HER2, CK5/6, CK7/8, P53, HER1, HER3, HER4 and Mucianii

play a significant role in BC, especially those markers used immoatinical
practice. These biomarkers were selected from a large group of biomarkers as
the minimum number of markereeededto preserve molecular classification
using 1,076 BC sampléé\bd ElRehim et al., 2005)

The molecular classe&ifure-7) that resulted in the first steyd the NPI+ are
three luminal classes, generally identified by high expression of both CK7/8 and
ER. The luminal classes are divided into luminal A, luminal B lantinal N
subgroups. While luminal A and luminal B have a high level of expression of
ER, CK7/8, HER3 and HER4, luminal N is negative forR8and HER4 but
positive for ER and CK7/8oth luminal A and B can be separated by a different
level of expressionf PR. Two basal classes weszognisedy the negativity

for the essential clinical biomarkers: ER, PR and HER2, low luminal cytokeratin
and high expression of basal marker CK5/6. The basal subclasses are further
allocatednto two groups according tdbf status basail p53 normal, where the
expression of p53 is low, and bdg##3 altered, in which there is a high

expression. Lastly, the HER2 class is recognised by HER2 overexpression, while

demonstrating heterogeneit nHemge, thdye hor
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are separated into two subgroups depending on ER expression: the HER2
positive/ERpositive group, in which both HER2 and ER are expressed; and the
HER2-positive/ERnegative group, where there is no expression for ER. In these
studies, the tmc classification is identical to the genotypic biological classes;
however, NPI+ contains novel subtypes of basal and luminal BC. These
distinctive classes of BC show a significant correlation with patient outcome.
The advantage of NPI+ compared to IH&4d Mammostrat is that it has the
ability to be applied to all women diagnosed with invasive BC and aged 70 or
under. On the other hand, IHC4 and Mammaostrat address the question regarding
risk of recurrence using hormone receptaositive, lymph nodeegdive BC
cases only. Furthermore, IHC4 compatibility is restricted to tumour size, which

has to be less than 5cm and to postmenopausal patients.

Breast Cancer

1
I T T 1
ER+ ER-

Luminal CKs+ Basal CKs+

| | 76 (7.1%)
Luminal Basal !
T . 1 ——

PgR+ PgR- p53+ p53- ER+ ER-
HER3+ HER3- HER3+
HER4+ HER4- HER4+ Basal — p53 Basal — p53
| | | altered normal
126 (11.7%)| | 87(8.1%)

HER2+ Mixed Class

Luminal A Luminal N Luminal B
370(34.4%)| |146(13.6%)| |123(11.5%)

Figure-7: NPI+ biological classes
, dassification and proportions of case¢Green et al., 2013)

The NPI+ prognostic score was calculated using modifiedlid@formulae that
were previouslyestablishedn each NPI+ biological class of the Nottingham
series. These formulae originated from tiadyical classefGreen et al., 2013)
and were consequently refined using the updated biological classifi(ataa

et al., 2013) For these calculations, the availablmicopathological variables

were usedRakha et al., 2014)These were determined by usiting b-values
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produced by a Cox regression model in predictingsdp€cific survival (BCSS)

with the confirmed histopathodjic prognostic variables. These consist of: nodal
ratio, lymph node stage, pathological tumour size, tubule formation, nuclear
pleomorphism and mitotic counts. These indicators are the most significant
variables in the Nottingham series that impact owigal, depending on theb-
valuesin the Cox regression, and represent the magnitude of the effect of the
hazard. NPI+ prognostic groups were assigned using the categoripalirist
derived from the Nottingham series in each of the NPI+ biological classes
(Rakha et al., 2014However, the NPI+ does not incorporate proliferation
whichwould complement the robusiomarkerpanel of the indexgiving rise to
further novel subclasses dhe refinement ofthe existing classification.
Moreover although IHC is robust and affordable, easily implemented into
standard pathology workflow, and has the advantage of providing iafiam
about the cellular localiion of the specific protein in tumour samples, it is a
semiquantitative technique anchnnot detect subtle changes compared with
novel emerging technologieShe gowing application of new proteomic
technologies can possibly facilitate furtttescoveriesn BC researchA huge
amount of work that has beéuifilled to develop andnprovethe BCmolecular

prognostic assays, molecular testiegrainsin development

1.4.  Hypothesis

There are increasing evidence that current prognostic parameters have limited
value in assessing the diversity and heterogeneity of BC behaviour, and are
insufficient n providing appropriate personalised management for BC patients.
Tumours sharing different clinical parameters respond differently to treatment.
In this study wehypothesied thatusing modern applicable techniquesd
incorporation of dditional molecula biomarkers into existing clinical
classification systemsan refine prognostictaxonomy of BC and improve

personalisation of treatment
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1.5.  Aims of this study

This study aimed to investigate some relevant potential prognostic markers that
can improve BC prgnostic classification in the context of combined molecular
and morphological prognostic BC taxonoaryd further tdocus on assessment

and updating the performance of the existing prognastiicesto the recent
advancement in molecular classificationB(. In this study, NPl and NPI+

indices were used astesting tool for this purpose.

The specific aims were:

1 To evaluate Ki67 expression and its integration into the prognostic
indices, NP1l and NPI+.

1 To evaluate the use of a higfiroughput proteomic tbaique (RPPA) in
guantification of protein expressiasing FFPHor BC classification.

1 To assess vital biomarkers using large cohorts on both proteomic and
transcriptomic levels.

1 To determine the biological relevance of BC with low ER expression
usingboth proteinandtranscriptomeechniques.

1 To investigate the incorporation of a novel CSC factor in BC

prognostication.

41



Chapter two Methodology

2. Material and Methods
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2.1. Patient series

2.1.1. The first cohort (Primary Series :

version one )

This series comprised %9 patients diagnasl between 1988 and 1998 whose
breast cancetissues were prepared aMA as part of Nottingham Tenovus
Primary Breast Carcinoma Series. This is a consecutiveclvathcterised series

of early stage primary operable breast cancer patients aged 70 yleass ®he

TMA was previously constructed using retrieved FFPE archival tissue blocks
and has been extensively evaluated with a wide range of biological mankers
this cohort,, patientsd outcome, i ncl uc
and time tahe event, were recorded and updated regularly. This included breast
cancer specific survival (BCSS), which was defined as the time from the date of
the primary surgical intervention to the time of death from breast cancer.
Moreover,this cohortincludesthe dinical details of the patients ageand
menopausal statusnd also includeghe tumour detailstumour size, tumour

grade, nodal stage, lymphovascular invasion (LVI) and WN&ile-3.

2.1.2. The second cohort (Co re Biopsy

ER series)

This comprised a consecutive series of symptomatic and screen detected breast
cancer patients who had ER status assessed on a preoperative core needle biopsy
(CNB) at Nottingham City Hospital in routine practice between March 2008 and
November2014 (n=3649 casesCNBs were fixed, processed and stained
following astandardied protocol, as previously describ@tbdi et al., 2007)
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Table-3: Clinicopathological characteristics ofthe first cohort

Patient Age

O 50 years 66934.2

> 50 years 128565.8
Menopausal Status

Premenopausal 740(38.0

Postmenopausal 120962.0
Tumour Grade

1 35918.9

2 65233.7)

3 92547.9
Pleomorphism

1 52(2.8)

2 746(40.1)

3 106357.])
Tubule Formation

1 1196.4)

2 620(33.2

3 112760.9
Mitotic Figures

1 701(37.9

2 347(18.9

3 81§43.9
Tumour Size

O 2 cm 101Q052.0

>2cm 931(48.0
LN status

1 (O Positive nodes) 108563.4)

2 (1-3 Positive nodes) 514(30.0

3 (>3 Positive nodes) 1136.6)
NPI

Good NPI (<3.4) 63834.3

Moderate NPI (3.45.4) | 970(52.])

Poor NPI (( 25313.9
LVI

Negative 1327168.9

Definite 60231.2
ER status

ER Negative 474(25.1)

ER Positive 1418(74.9)
PR status

PR Negative 744(40.9

PR Positive 109059.9
HER?2 status

HER2 Negative 161487.9

HER2 Positive 22912.9
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2.1.3. The third cohort ( Primary Series,

versiontwo )

The third cohort compriseti825BC cases diagnosed between 1998 and 2006
which prepared as TMALhis isa consecutive weltharacterised series of early
stage primary operable breast cancer patients aged 70 years dnldss.
cohort the clinical detas of the patients including ageimour gradetubular
formation pleomorphism, mitotic frequency, tuomatype, stage, LVI, NPI, ER,
PR and HERZTable 4.

2.1.4. The fourth cohort (METABRIC data

set)

In this cohort, total RNA was extractasing freshfrozen BC cases. RNA
integrity and DNA were analysed using an Agilen0@Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA). The extracted and purified DNA probes
were hybridised to Affymetrix SNP 6.0 arrays (Affymetrix) at Q€ criteria
established by AROS Applied Biotechnology (Aarhus). Total RNA was biotin
labelledusing the lllumina TotalPrep RNA Amplification kit (Ambion). For
eachhybridisation, BiotinlabelledRNA (1. 5 e€g) was sed on
BeadChips (llluminapgs described irCurtis et al (Curtis et al., 2012b)The
resulted gene expression dateas containing 47,293 transcripts from the
microarray experiments and were statistically analysed by applying the Linear
Models for Microarray Data (LIMMA) inclusive software package that is
compatible with Affymetrix dta. LIMMA software package comprised

St u d etest, ldase 21ogarithms of fold changes between the normal and tested
samples, log2FC, average expression measuremdess ialuesp-values and
log-odds of differential expression;Balues as its priary statistical outputs. In

this series, the survival data and the ER status defined using
immunohistochemistry was available for 262 cases from Nottingihable-5

showed the clinicopathological characteristitto$ series.

45



Chapter two

Methodology

Table 4: Clinicopathological characteristics of the third cohort

Patient Age

O 50 years 524(29.3

> 50 years 126470.7)
Tumour Grade

1 284(15.9

2 72340.95

3 77843.9
Pleomorphism

1 25(1.4)

2 53330.])

3 121468.5
Tubule Formation

1 131(7.4)

2 530(29.9

3 111162.7
Mitotic Figures

1 886(50.])

2 33218.9

3 55231.2
Tumour type

Ductal (including mixed) 1537186.2

Lobular 150(8.4)

Medullary-like 13(0.7)

Miscellaneous 11(0.6)

Special type 72(4.0)
Stage

1 112463.0

2 48227.0

3 17910.0
NPI

Good NPI (<3.4) 62234.9

Moderate NPI (3.45.4) | 881(49.9)

Poor NPI ((d 27915.7
LVI

Negative 129872.7)

Definite 48827.3
ER status

ER Negative 352(20.9)

ER Positive 1334(79.1)
PR status

PR Negative 69942.4)

PR Paitive 95057.6
HER?2 status

HER2 Negative 157091.3)

HER2 Positive 1498.7)
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Table-5: Clinicopathological characteristics of thefour cohort

Patient Age

O 50 years 42421.9

> 50 years 151X%78.])
Menopausal Status

Premenopausal 436(22.7)

Postmenopausal 153377.9
Tumour Grade

1 170(9.0

2 770(40.7)

3 95250.3
Tumour Size

O 2 cm 85843.9

>2cm 110256.2
LN status

1 (0 Positive nodes) 103552.5

2 (1-3 Positive nodes) 62231.9

3 (>3 Positive nodes) 31616.0
NPI

Good NPI (<3.4) 680(34.3

Moderate NPI (3.45.4) | 1101(55.6

Poor NPI (( 19910.)

2.1.5. The fifth cohort (Nottingham

p rospective series)

The series of 143 cases of primary early invasive breast cancer FFPE tissues
were collected from patients treated\atttingham City Hospital between 2004
and 2011. Thisubsetwasselected randomlyEvaluation of this series included
reassessment of the blocks and substitution with the more suitable ones

depending on reviewing of H&E staining slides.

Thefirst four cohorts are independent cohortse$é cohortased tovalidate the
results according to each chapter hypothediowever, regarding the fifth
cohort, it was chosen separately becaugbefimited availability of resources

of the other series.
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2.2. TMA construction

The TMA was selected as a suitable techniqoeassess large numbers of
sampleslf the diameter of the core is@mm more than 100 samples can be
embeddedn a single multicore paraffin blockhese cylindrical core samples
are extracted from the most representative tumour areas of the dorks: Bloe
advantage of this methad that it can offer the samexperimental conditions
and subsequent analysis for large numbers of tissue. Morebgakestime,

money and materials as well as donor blocks.

2.2.1. Steps of TMA  construction

2.2.1.1. Collection and sele ction of donor blocks

Donor blocks were retrieved fromthe blocksstorage areathen arranged
sequentially depending adentification numberThe thickest donor blockith
the large invasive tumour area was selected for TMA. However, if WessBO
sufficient material in the block, the area of the invasive tum@sinadequate,
or the samplavas acore biopsy sampleshenthe block was discardetf there
wasonly one blockthen itwaspreserved as a diagnostic block.

2.2.1.2. Selection of tumour areas for TMA

Onesectionwastaken for every selected bladken eacklide was stainedsing
haematoxylin and eosstain (H&E) to selecthe most suitable areder TMA.

The slides were reviewed under light microsctpeheserepresentative area
(the invasive baters of the tumour were selected while the sacdanecrosis,
fibrosis, haemorrhage and DOMereneglected). Subsequently, each slide was
matched with the corresponding paraffin blptken, the slides were sent for

digital scanning.
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2.2.1.3. Preparation  of reci pient blocks

Cassette were well-mountedwith melted regular paraffinAfter cooling,the
cassettes were assesded any air bubbles or striatigwithin the blocls.
Trimming of block borders usingpicrotomewasessentiato parallel the block
phase to th base of the cassett@l blocks hal to be the same height. The
recommended thickness for trexipient blockwas5to 10 mm

2.2.1.4. Digital scanning and marking of the

tumour areas

Digital marking was done usingthe PannoramicDigital Viewer 1.15.4
(3DHISTECH. The H&E slides were scanned usthg Pannoramic 250 Flash

II Scanner. After uploadinghe slides and displaying information relating to
them, the TMA master markemwas createdThe diameter of the marker was
choserto correspond to the size of the puacim the TMA machine. The slides
containing master markers were used with the TMA marker application to decide
which areas on the donor block®uld be transferred to the recipient bleck
Digital marking of the slideswas mainly done by Dr Mohammed

Aleskandarany.

2.2.1.5. TMA block creation using TMA grand

master machine

After stating the TMA control softwaredrilling was performedhe puncture
was inserted and the TMA project was created. The donor bidEks were
imported and then the donor blocks as vaslithe empty recipient blocks were
inserted intdhemachine. Thereafter, TMA layout was desigrnieé number of
columns and rows were specifj@acluding orientation. Consequently, the tissue
cores were selected for extraction guided by the matchedldgdes. Finally,
the data was exporteshcluding the TMA maps. In every run, 72 blocks were
(60 donor blocks and 12 recipient blorksere loaded
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2.3. Immunohistochemistry

IHC was used as semiquantitative assessment of protein expression in FFPE

tissue FFPE gctions of im thicknessvere used throughout.

2.3.1. Antibody selection

The selection of the antibody used was based on online search of the available
antibodies using manufacture information sheets. Furthermore, it was depending
on review of publishedrticles and relevant websitincluding Human Protein

Atlas (http://www.proteinatlas.ord/

2.3.2. Antibody optimis ation

Optimisation was performed using FFPE sections from tissues known to express
the epitope ousng TMA breast tumour sectisnSections were prepared 24
hours before useAntibody dilution, incubation time, antigen retrievgdR)

were all optimisedo ensure assessable staining.

2.3.3. Controls

Positive and negative controls were included in evexperiment Rabbit
p ol y c b-noianogdbulirie (Dako) wasisedas a positive contraf the IHC
experimengt the concentration of 1:2000 whéd@egative controlvas included
whereonly Tris buffered salind TBS) was used.
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2.3.4. Steps of IHC procedure

2.3.5. Manual staining

2.3.5.1. Slide heating

Slides wereplacedona6 0 e C h o t prinatésgo meltgparaffib Gnciffix

tissue sectionandleft to air cool for 5minutes

2.3.5.2. Deparaffinisation and rehydration

Slideswere passethroughtwo baths of xylene for fninuteseach folloved by
washing with industrial methylated spirit (IMS 100% concentraticihe
product code: M/4450/2%Y hermoFisher Scientifix 3 times for 2 minutes each
using Leica strainer.li@eswere rehydratetbr 5 minutes three times in water.

2.3.5.3. Antigen retrieval

Slideswere submerged in citrate at pH 6I@sting of the pH was performéd

each experimentsing the pH meter, different pH buffer values including 4.0

and 10.0 wre tested for higher accuracy. Whirlpool JT38@rowave (1000

W) heat assessedretrieva f or 20 mi nut evathcirate fuigee C was
followed by immediate coolingnder running tap watet room temperaturer

5 minutes.

2.3.5.4. Peroxidase and protein blocking

ManuallHC staining wagonducted using thidovadink Max Polymer Detection
Kit (Leica). Blocking of endogenous peroxidase activity vpesformedby

applying peroxidase block (Novolink kit) for 5 minut&ideswere washed by
TBS twice 5 minutes each. After that, protein blocking (Novolinkwés added

for 5 minutes, followed byasting in TBS for 5 minuteswice.
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2.3.5.5. Application of a primary antibody and

Novolink  Polymer

Antibodywasapplied to the sections. Afterwards, sections were washed by TBS
for 5 minutes twiceThen, 100 pl of the post primary blo¢kovolink kit) was
added or 30 minutes. Followed by 100 pl Novolink polymer for 30 minutes,
before and after the polymer application two washes by TBS for 5 minutes each

was done.

2.3.5.6. DAB application

The DAB (Novolink kit) working solution was prepared in the dark area by
adding 1:2MAB chromogen to DAB substrate buffer. 100 pl of DAB working
solution was added followed by two TBS washings each for 5 minutes.
Following this step, nuclear staining was achieved using 100 ul of Novolink

hemabxylin for 6 minutes.

2.3.5.7. Dehydration and coversli pping

In this step, the slides were loaded to the Leica machine. The slides were passed
through IMS for 2 minutes three times, then in xylene 2 times for 5 minutes each.
Finally, the slides were removed from xylene and coverslips were mounted using

DPX (BDH, Leica Microsystems, Newcastle, UK), and left overnight to dray.

2.3.6. Ven tana A utostainer

The staining procedure usingoche Ventana Ultra machine was used
collaboration with Histopathology Qu e en 6 s Me d NattmaghamCent r e
Tissue thickness of 4um weacut and placed on the bottom of the microslide

which contains the identified positive tissue controls on the top of the slide for

the selected antibody. Initially, three cycles of dewaxing 4 minutes each at 72

°C. Then, in the antigen retrieval step, thledes were processed in Cell

Conditioning solution 1 (CC1) for 64 minutes at 95°C. CC1 is aputed tris
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based buffer with a slightly basic pH (Roche Ventana). The next step was using
peroxidase inhibiter (3% @) twice for 4 minutes at 36°C, preast and
followed by washing. Thereafter, the slides were incubated in the primary
antibody and after wash, in HRP Multimer for 8 minutes. Blocking step (Roche
antibody diluent with casejrand DAB were added for 8 minutes each with wash
before and after. @pper sulphate was used for 4 minutes and lastly

Haematoxylin (RocheVentana Haematoxylin 1) for 12 minutes.

2.3.7. Assessment of IHC staining

Different methods were ed in this study to evaluat@amunaeactivity: 1) semi
guantitative methodologysing light microscopy, and Q) digital pathology

viewing software using aNanoZoomer slide scanner (Hamamtsu Photonics,
Welwyn Garden City, UKto producedigital images with high resolution (0.45

em/ pi xel ). Digital slides werstlleywi ewed
Leica Ltd, Newcastle, UK). In addition, Aperio ImageScope viewing software

was used.

2.3.7.1. Scoringof IHC staining

In this study, twomethodsof scoring wereused: 1) Tie percentage scoring:
positive immunostained cellwere countedelative tothe tota cells in each
selected are@Fedchenko and Reifenrath, 2012) The modified stochemical
score (Hscore) whichincludes a semjguantitative assessment of the percentage
of positive cells and the intensity ofaging scoredas Oi 3 corresponding to
negative, weak, moderate and strong staining. Tisedfie was calculatelly
multiplication of the intensity with the percenta@écCarty et al., 1985)jAbd
El-Rehim et al., 2004)

2.3.7.2. ldentification of Cut - Off point

One methodto determinean appropriate dichotomisation for biomarketse

cut-off point between populationsvas dependenvn the distribution of the
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protein expression using IHEatawhere either the mean or median were chosen
based omormadly or not nomally distributed data respectively. Additionally,
frequency histograms were used for visualisation of the distribution and for
detection of apparent coff points. Furthermore, cwdff points from the
published literature were considered. An alternatreghod for dichotomisation
was derived using-tile software(version 3.6.1, 2062005, Yale University,
USA). X-tile randomly splitshe data into two groups anklet optimal cubff

point, based on prediction of BCSS d@eterminedin a training group and

validated in the second group.

2.4. Western blot

WB was performed on cell lysates of different human cell [(MSF7, MDA-
MB-231, SKBR3, MDA-MB-468 and Heh) to validatethe specificity of the

antibodiesused inIHC. The specificitywerereflected as a spdia band.

2.4.1. Cell lysis preparation

Cell lysates wereoreviously prepared by a technical colleague (Maria Diez
Rodriguez). Cells were grown to about-80% confluency. After removing
growth media and waghg with PBS, the cells trypsirgd by adding trypsin
(Sigma) and incubated at 37°C fdessthan 5 minutes to dissociate el
Detached cells were neutrad by adding 5 ml fresh media and centrifuged at
1,000rpm for 5 minutes. fie pelletwas therre-suspended in-20 ml of media.
Fresh media were thesed to suspend the cells at a concentration of®loell3

per ml and centrifuged for 5 mitesthen placed on ice. For eachPbell pellet

(on ice) 1ml of RIPA buffe(ThermoFisherScientific) andprotease inhibitors
were added and tipellet resuspendd. After wardsthe cell lysisvasincubated

for 15 minutes on ice with frequent gentle shaking and then centrifuged at 13,000
rpm for 4 minuts. The supernatant was removed and stored eith@0RC or-

80°C for Ing term storage.
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2.4.2. Sample preparation fo r

electrophoresis

The cell lysates were thawed and prepared by addirBP 10y of the sample, 1

pl of NUPAGE Reducing Agent (10x)Thermo Fisher Scientific)2.5 pul of
NUuPAGE LDS Sample Buffer (4x) and distilled®to make up 10ul of the total
volume. Afer mixing the samples, heating at 100° for 5 minutes and pulse

spinning, the samplegereplaced back on ice for denaturation.

2.4.3. Preparation of gel and running

buffer

After removingof gd from NUPAGEgel package and drainag# of storage
solution, the comb was carefully removed without disturbance of the wells.
Thereatfter, gel was placed into running tank and the inner chamber was filled
with the running bufferThenceforth, 1420 pl of the samples were loaded into
NuPAGE gel as well as 5ul of the Nov&karp marker for electrophoresishier

gel was run at 150for 90 minutes. The running buffer was prepared using 950
ml distiller HbO and 50ml 20x MOPS SDS Ruing Buffer as 1L in total.

2.4.4. Electro -blotting transfer step

The transfer buffer was prepared @siBOml 20x Transfer Buffer, 849 ml
distiller HO, 100 ml Methanol and 1 ml antioxidant. Nitrocellulose membrane,
gel, filter papers and sponges were soaked in running buffer and used to form a
membrane sandwichFigure-8). It was then placed into the transfer tank

covered by transfer buffer and proté&iansferred at 30v for 1 hour.
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2.4.5. Primary and secondary antibodies

incubations

Primary and secondary antibodies were prepared in the blocking solution with
the recommended concentaati The blocking solution was maldy adding 5%
Marvel milk (2.5g) toPBSTween20 (0.1%). After blocking of the membrane
for 1 hour in room temperature, it was incubated over night withptimaary
antibody at 4°C. fie membrane was washed 3 timgsninues each in wash
solution using PBSween20 (0.1%)(Sigma) Afterwards it was incubated in

an appropriate secondary antibo@yicor) for 1 hour at room temperature
followed by washingn PBSTween20, once for 15 minutes then 3 times 5
minutes each. Ultimtely, to visualise the proteins bands, the fluorescence was
detected using the Licor Odyssey Fc machine wakielengths of 600, 700 and
800nm.

Sponge
Sponge
Filter paper
Membrane
Gel

Filter paper
Sponge
sponge

RIARNRL

Figure-8: Representative diagram for peparation of membrane sandwich
, electro-blotting transfer step

2.5. Protein extraction from FFPE

sections

This was performed using Qproteome FFPE tissue kit (Qiagen) as per

manufacturer's instructions.
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2.5.1. Deparaffinis  ation and sampling of

FFPE tissue sections

Tissue sections of 10 pm thicknesspendenon tumour burden were cand
transferreddirectly to 1.5 ml collecting tubes and 1 ml xylene was added. The
samples were vortexed for 10 seconds¢ubated for 10 minuteend centrifuged

at full speed for 2 minuteslhe supernatant was discad without dsturbance

to the pdet. This step was repeated twice. Then, 1 ml of 100% ethanol was
added. The samples were vortexadd incubated for 10 minutesthen,
centrifuged for 2 minutes at maximum sp€elae supernatant was removed with
careful attentiomot to disturbpelles. This step was repeated. The previous steps

were repeated using graded ethanol 96% and 70%.

2.5.2. Extraction of protein from FFPE

tissue section

100 pl of extraction buffer EXB Plusith b-mercaptoethanalas added teach
sample vortexedand incubated oice for 5 minutes followed bgnixing. After
that, the samples were placedhermomixemwithout agitation at 100°C for 20
minutes.Following by 2 hr at 80°C with agitation at 750 rpfollowed by
cooling forl minuteat4°C. The samples wercentrifuged at 4°C at BD0rpm

for 15 minutes. The supernatant was reatbto a new collecting tube and stored

at-80° Cuntil use
2.6. Laser Capture Microdissection

(LCM)

LCM is an automated sample preparation method that enables isolation of
subpopulatia of tissue cells from a mixed populationFFPE tissue sections

guided by microscopic visuadiion. The noncontact laser instrument
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(PALMRobo, version 4.3,Carl Zeiss) at Nottingham Trent Universitas used
in the preparation of laser microdissecsaghples.

2.6.1. Optimis ation of LCM

In order to determine the minimum adequate area to beodmsected for
sufficient protein expressiomn optimigtion stage was done. Pure populations
of invasive tumour cells were microdissected from whole sections ofE-FP
tissue representae of each case. At the optimaiton step, different areas had

been used.

2.6.2. Deparaffinis  ation and sampling of

FFPE tissue sections

FFPE tssue sections of 10 um thickness wereand placedn an uncovered
membranous coated slide. Thargples were incubated xylene thriceat oom
temperature for 10 minuteghe slides were dehydrated in graded fresh ethanol
series (100%, 96% and 70 %) twice for each concertation at room temperature
for 10 minutes eaclkinally, slides were transferred the slide dish containing
distilled water. The uncovered membranous coated slides were removed from
the distilled water and gently the slides were tapped on a paper towel without
disturbing the tissue. The slides were stained with haematoxylin foctfdse

Then, norcontact laser instrumeirjpalmRobo version 4.3. Carl Zeiss) was
used. Onetheslide was fixed in microscopstagethe adhesive cap 500 clear
was attached to the cap handlee electronienarking of pure invasive area was
definedusing the softwareThe microdissected tissue areas waencollected
automatically to the adhesive cap. The minimum area microdissected per case
wasl5 x 1@ um2 (Figure-9).
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Invasive
. tumour

mg Laser
line

Area
dissected
by LCM

Figure-9: Laser capture microdissection
image showsmarking of pure invasive breast cancerarea and autonatic
cutting along defined linefollowed by catapulting

2.7. Revers e phase protein array

2.7.1. Validation of primary antibodies

for microarray experiments

One of the challenges in RPPAtl®e availability of specific antibodies. The
specificity was tesd using a strip western deviaed it was revealed by bands

of the expected sizes. Proteins from the lysates were solubilised in 4x SDS
loading buffer and were heated for 5 minutes at 1@ Equal amounts of
protein (50ug) were separated on Novex 12% tris glycine polyacrylamide gels
(Invitrogenlife technologiey and transferred to nitrocellulose 0.1% Tw&$h

and 5% norfat dry milk powder, and incubated with primary antibodlakited

in 5% Bovine serum albumi(BSA)/PBST]. Blots were incubated overnight at

4 °C then washed with PBST, and incubated with swinerahbit or antimouse
immunoglobulinHRP conjugate (DaRaliluted 1:2000 in blocking buffer for 1
hourat room temperature. Holing an additional PBST wash, membranes were
incubated with Enhanced Chemiluminescence Detection reagent (ECL,;

Amersham, UK), exposed ffilm (Kodak, Sigma (This step conducted by Dr
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Paddy Tighe and Dr Ola Negm from the RPgshomics Facility, Universjtof
Nottingham) Figure-10.

2.7.2. Lysates array

The concentration of protein in the lysates prepared from FFPE samples using
the Qproteome FFPE tissue kit was quantified ustagt Greerassay(Loebke

et al., 2007)Protein concentrationsom each lysate were normalised aaru

equal amount of protein wased for thenicroarray. Firstthe proteis from the

cell lysate were solubilised in 4x SDS sample buffer at a ratio of 1:3 and heated
at 95°C for 5 minutes. Theafterprepared samplexf 10 pl were loaded do a
384-well plate (Genetix Thenext steps were conducted by Dr Paddy Tighe and
Dr Ola Negm from the Pogfenomics Facility, University of Nottingham

Samples were robotically spotted in triplicate onto nitrocellutosged tass

slides (Grace Bitabg using a microarrayer (MicroGridll)Slides were
incubated overnight in blocking solati using Super G blockinguffer (Grace
Bio-labs)at 4°C with shaking. After washing three times 5 minutes each, the
slide was incubated with the primary antibod{&ection4.4.3) In addition

mo u s-a&tin §Sigmd, diluted 1:1000 was used as a housekegprotein to
control protein loading. Slides were incubated overnight at 4°C with shaking.
Following washing, the slides were incubated with diluted infrared (1:5000 in
washing buffer) secondary antibodies that 800 CW abidit antibody an@00

CW antimouse antibodies for 30 minutes at room temperature in dark with
shaking. Then, slides were washed and dried by centrifugation xg 5605
minutes and scanned withacbrOdy ssey scanner at 21 &em
nm (green) and 700 nm (red). The resultant TIFF images were processed with
Axon Genepix Pré Microarray Image Analysis software (Molecular Services
Inc.) to obtain fluorescence data for each feature and gergpafiles. Protein
signals were finally determined with bagound subtractioand normaliation

to the internal housekeeping targets using RPP analyzer, a module within the R

statistical language on the @R (http://cran.rproject.org/).
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FPPE lysate

RPPA images for Nitrocellulose
slides

NPI+ biomarkers

EGFR (Her1) P53 Mucinel

Probing the slide for
target protein

] <= ....‘.. Spotting the
_ /) ®e ) lysates

Figure-10: Representative diagram showingteps of reverse phase protein array
After extraction of protein from FFPE, lysate were printed or spotted on nitrocellulose slidessing robotic microarray. The slides probed

with the antibodies aganst the protein of interestand infra-red secondary antibodiesvere used for detection of binding.Slides were

scanned, and analysed
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2.8. Real time - polymerase chain

reaction (RT -PCR)

2.8.1. RNA extraction from FFPE tissue

sections

Great caravastaken when handlmn RNA samples, both during and after the
isolation procedure to avoid unwanted changes in ekigression profile.

Benches and aihvolved equipment were cleaned with RN#&sgay to prevent

RNase contaminatioifiRealtTime PCR SystemA(pplied Biosystem3500/7500
FasjatQueends Medi cal ,MbeculariPathology Groupasn g h a m

used

2.8.2. RNA extraction using RNeasy FFPE

Kit (Qiagen)

Macrodissection of FFPE tissue sections was performed for invasive tumour
componerd In each case, four serial sections event ontoglassslidesunder
RNase free condition®©ne serial section 4 um was stained for H&E and used
as a guide for gross manual dissection of the invasive breast carcinoma
component using disposable surgical blades in the unstained 10 pum thickness
tissue sections. Immediately, the sections were pladedaimicrocentrifuge

tube. Afeer adding 160 pul of deparaffirmion solution (Qiagenandmixing for

10 seconds, theamples were centrifugedhe samples were incubated for 3
minutes at 56°C. After ading at room temperature, buffer PK[part of the
RNeasy FFPE Kityvas added, vortexed and céiniged for 1 minute at 11,000

Xg. Next, proteinase Kpart of the RNeasy FFPE Kiyas added and mixed
gently by pipetting up and down to the lower clear phAserwards, samples
wereincubated at 56°C for Ifinutes then at 80°C for 1Binuteswith mixing.

Consequently, the lower uncoloured phase was transferred into a new
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microcentrifuge tube. Then, the samples were incubated for 3 minutes on ice and
centrfuged for 15 minutes at 20,00Q.x

After transferring the supernatant to a new microcentrifuge tube, 16 pl of DNase
booster Buffer and 10 pl DNase were added, mixed by gently inverting the tubes
and incubated for 15 minutes. Following this, 320 pl of ®@uRBC(part of the
RNeasy FFPE Kitjhen, 720 pl of ethanol were added. Immediately 700 pl of
the samples including any precipitate were transferred to an RNeasy MinElute
spin column placed in collecti&W@ tube
xg then, Discard the flowthrough. This step was repeated until the entire sample
has passed through the RNeasy MinElute spin column. Afterwards, 500 pl of
Buffer RPE were added to the RNeasy MinElute sglumn andcentifuged

for 2 mi nu igeoswashthe s@rB ddlQndhxmembrane. Then, the
collection tubes were discarded with the fldwough. The RNeasy MinElute

spin columns werelaced in a new collection tube, which weneeced and
centrifuged at full speed forrhinutes Thecollection tubes were diaocded with

the flow through. Finally, after placing the RNeasy MinElute spin cokima

new collection tubes, 180 pl RNasefree water was directly added to the spin
column membrane and centrifuged famihuteat full speed to elute the RNA.

2.8.3. Testing qu ality and quantity of

RNA.

RNA levek werequantified by a NanoDrop 2000 Spegthotometer (Thermo
Fisher Scientifig. To establish the blank an appropriate buffer was used. After
that, 2 pl of sample was pipetted onto the lower measurement pededial of t
instrument. Then, a spectral measurement was initiated using the software on the
PC.According to NanoDrop 2000/2000c Spectrophotometer V1.0 user manual,
samples having A260/A280 ratio between {2.80), indicating adequately pure
RNA were consideredppropriate for subsequent steps. The eluted RNA was
stored at80°C until used.
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2.8.4. Complementary DNA (c DNA)

Generation

Complementary deoxyribonucleic acid (cDNA) was produced by reverse
transcription of RNA. Reverse transcription of RNA performed with RT+ and
RT- reactions for every sample. After adding 2.5 pl of 0.5 pgloam hexamers
(ThermoFisherScientific,200 ng/ul) to 1 pg RNA, the samples were made up
to a total volume of 15 pl of H20 and were incubated at 70°C for 5 minutes.
Samples were immediatebfaced on ice for 5 minutes and then centrifuged. A
master mix was prepared as follows; 5 MLV RT Buffer 5x (Promega), 1.25

pl dNTP (10 mM) Thermo Fisher Scientifjc 1 ul M-MLV Reverse
Transcriptase (Promega 200 U/ul) and 5.25 ul water. 10 pl obappte master

mix was added to each sample to reach the total volume 25 pl. Next, samples
were incubated at 37°C for 1 hour followed by 95°C for 10 minutes. After that,
samples were diluted 1:10 and stored2&®°C. RFnegative samples in which
RNasefree water were included insteaaf reverse transcriptase enzyrte

ensure the purity of the RNA extracted sample from remains of genomic DNA

2.8.5. Primers design

Primersfor RT-PCRwere validatedusingPubMed and the Primer 3 software

(web version 4.0.0fhttp://bioinfo.ut.ee/primer®.4.0/) and targeted at exen

exon junctions. Forward and Reverse primgese designed to encode for the

beginning of the DNA fragment;®d er mi nus 5 and for t he
fragment; Gt er mi nus 3 , or to encode a speci
gene of study. The sequences were tested using a Basic Local Alignment Search

Tool (BLAST) on the NCBI site search for specificity. Additionally, SNP check

and Insilico PCR web sites were used.
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2.8.6. Optimis ation of primers

For optimistion of each primer pair, aunning PCR reaction with a 12
temperature gradient at the annealing stage peaformed. The reaction was
taken in a final vol ume xHotshdMHBM, el , e a
forward and reverse primers pair at 250 nM, 20ng template DNA, LC Green and

water to complete the total volume. Initial denaturation at 95°C foirtutes
subsequently 40 cycles of denaturation at 95°C for 10sec, annealing (gradient

PCR 51°C to 69°C) and extension phase at 72°C for 20sec. followed these cycles

was a final elongation at 72°C fominutes Finally, PCR products were

analysed using LighScanner. The PCR products were transferred to Light

Cycler capillaries (20 ml) (Roche). The products were melted in the High

resolution melting (HRM) instrument (Idaho Technology).

2.9. RNAscope technique

The RNAscope assay utiéisa nowel technique oin situ hybridisation (ISH) to
detectsingle RNA molecules per cell in FFPE sections mounted on glass slides.
RNA-specific probes are hybridesl to specific targeted RNA molecule and
engaged to a cascade of signal amplification molecules ended with signal
detecton (Figure-11). This workwas performeth collaboration with Advanced

Cell DiagnosticfACD Bio) using their RNAscope kit

2.9.1. Preparation and pre -treatment of

FFPE for the RNAscope assay

Tissue sections of 4um thickness were cat@ounted on Superfrost plus slides
with air drying overnight at room temperature. Thethe sections were
deparaffinied in fresh xylene, followed by dehydration in an ethanol sébies.
slides, a hydrophobic barrier was created by drawing a baidetir®es around
each section about 0.75 x 0.75 inch with Immedge hydrophobic barrier pen

Thereafter, 8 drops ofpre-treatl were added to cover the entire section for 10
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minutes at room temperature. After removing petreat 1 (readyto-use
endogenous btker) by tabbing the slides on paper, the slides were washed
twice with distilled water by moving the rack from 3 to 5 times. Next, the slides
were submerged into the boilipge-treat2 (citrate buffer 10 nmol/L, pH 6) for

15 minutespre-treat2 was prepred by mixing 630ml of distilled water to 70

ml of 1(x pre-treat2 solution in a 1 L beaker and then, placing the bakex on
hotplate at 100/ 104°C. Consequently, the slides were washed twiceh wit
distilled water and air driedAfter drying of slides, 5 ps ofpre-treat3 (10

g/mL protease, Sigmavere added andcubated at 40°C fo30 minutes in a
HybEZ hybridisation oven(ACD Bio). Then, slides were washed twice in

distilled water.

Thenceforth, in hybridation step, the tissue were placed at 40°¢h wie
following solutions: &rget probes in hybridision buffer A 6x SSC, 0.2%
lithium dodecyl sulfate, formamide 25% abtbcking reagentsjor 3 hours;
preamplifier (2 nmol/L) in hybridiation buffer B (20% formamide , X5SSC,
10% dextran sulfate, 0.3%hium dodecyl sulfate andlocking reagents) for 30
minutes;amplifier (2 nmol/L) in hybridiationbuffer B for 15 minutes at 40°C
and label probe (2 nolL) for 15 minutes in hybridetion buffer C (&% SSC,
0.3% lithium dodecyl sulfate andlocking reagents). Following every
hybridisation step, slides were washed threee8rwith wash buffer (0xASSC
and0.03% lithium dodecyl sulfate) at room temperatd®says wereonducted
in parallel withnegative and positive contrais confirm interpretable reds.
The endogenous housekeeping gene was used as positive control to evaluate both
tissue RA integrity and assay method. Rreatmentand RNAscope protocol
were optimised for each sample set to reach maximum signdl minimum
background. Optimised comlitions were used for all following marker

assessment assay ruyigang et al., 2012a)
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2.10. Ethical Approval

This study was approved by the Nottingham Research Ethics Committee 2 under

the title developedunder the etical approval numbefREC202313) and the
ANottingham health Science Biobank ( NF
Greater Manchester Central Research Ethics Committee (15/NW/0685).
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Figure-11: Representative diagram showing stepsf RNAscope

68

eo o w s Sle D s s w,

= -Z=

)

Methodology



Chapter three Ki67 and BC classification

3. Evaluation of integration of Ki67

into BC classification
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Chapter three Ki67 and BC classification

3.1. Introduction

3.1.1. Clinical importance in breast

cancer

In last two decades, Ki67 has been extensively examined@ninenteds a
prognostic biomarker in invasive BC showing worse posggwith higher Ki67
expression(Domagala et al., 199§)Trihia et al., 2003)Viale et al., 2008)
(Aleskandarany et al., 201QBrown et al.,, 2014)(Ingolf et al., 2014)
Additionally, systematic reviews support the role of Ki67 as a prognostic marker
and an independent predictive factar fieoadjuvant chemotheraPgerushalmi

et al., 2010)Luporsi et al., 2012)In two different metanalyses published in
2007 and 200&igh expression of Ki67 in both node positive and negative BC
revealed a significantly worse overall and disease free sufdeahzambuja et

al., 2007)StuartHarris et al., 2008)Furthermore, Ki67 has been recommended
by the St. Gallen consensus panel as a marker for the definition of intrinsic
subtypes of BC to differentiate between luminal A and luminal B subgroups
(Goldhirsch et al., 201X¥5oldhirsch et al., 2013)

On account of the clinicalimportanceof Ki67, the reproducibility of its
assessment is of obvious importance. However, the assessment of Kig¥remai
challenging. The expression of Ki67 is basically assessed by proving the
percentage of Ki67 positive cells in immunostaifgtPEusingWTS. It is a
labour intensive and subjective that requires counting at least@Dcells to
achieve an acceptableproducibility rate and suit the recommendation of the
International Ki67 Working GroufDowsett et al., 2011However, due to the
heterogeneity of Ki67 staining in breast cancer, there are concerns about the
reliability of this scoring methodology. Currently, there is no universally
recommended method for selecting the appropriate areas to assess; which varies
from counting within the area of highest staining (hot spot) in the whole tumour
section to the averagéamed cells within the whole diffuse stained area. There

is a wide scope of references with respect to the minimum number of BC cells
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Chapter three Ki67 and BC classification

that have to be assessed. Additionally, eyeballing as a manual fast estimation
and automated counts are different tecbhaigsed by various research groups to
interpret Ki67 stainingWarth et al., 2013(Laurinavicius et al., 2014)

One of the attractive alternatives for assessment of vilssiee section in the
research is the use of the TMA, since its usage can analyse a large number of the
tissue samples. Additionally, it is a time and cost effe¢®reergill et al., 2004)
(Tzankov et al., 2005Although it remains unclear as to their validity for Ki67
evaluation in breast cancer, different studies have reported the assessment of
Ki67 utilising TMA platform. Based on dateom a series of TMAs combined

with gene expression analygiSheang et al., 2009jGoldhirsch et al., 201])

Ki67 cutoff point of 14% was recommended for treatment decssby the St

Gallen 2011 guidelines. Further, Polley et Bblley et al., 2013gPolley et al.,

2013b) conducted a Ki67 reproducibility study. This study revealed a
concerning lack of concordance as a result of scoring approach when a set of
stained BCTMASs were evaluated by eight different laboratories across the world
experienced in Ki67 immunostaining. Ruiz et al. concluded that associations
between molecular feas and Ki67 could be reproduced with high statistical
significance using a TMA containing only one tissue sample measuring 0.6 mm

in diameter per tumoyRuiz et al., 2006)

Conversely, a recent study evaluatiee impact of tissue sampling on accuracy
of Ki67 immunostaining evaluation in breast cancer. They concluded that to
achieve a coefficient error of 10 %, 5 to 6 TMA cores were needed for
homogeneous cases, 11 to 12 cores for heterogeneous cases and inmuoxed
populations 8 cores were requir¢daurinavicius et al., 2014)Moreover,
recommendations from thaternationalKi67 in breast cancer working group
showedthat thedeficit of systematic comparisons of Ki@kpression levels
between TMA and WTS was notg@owsett et al., 2011)The issue of
reproducibility and to what extent TMA represents WTS is one of spects
evaluated in this study.
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Moreover, the optimal ceaff point for Ki67 in BC is another controversial issue
despite the enormous number of published studies with significant results in BC
(Dowsett et al., 2011)n clinical practice the evaluation of prognostichotive
variables mainly relies on the stratification of the patients into risk groups. The
basic approach is to dichotomise the Ki67 which is assessed as a continuous
variable into two groups conferring a high and low risk groups based on patients
outcome In 2009, the St. Gallen pansliggestedhat Ki67 expression in BC
have tdbeclassifiednto three groups: low <15%, intermediate3@%6 and high
group >30%(Goldhirsch et al., 2009)This stratification was demdent on
univariate analysis of patient outcome implemented with different Ki67
expression cubff points. The best dividing cutff points with lowest significant
p-values according to survivatilising Ki67 status were 15% and 30%alava

et al., 2006)However, in 2011, St. Gallen pamgidorsed 4% as an alternative
cut-point with the purpose of separation of faBsitive tumours into luminal A
(<14%) and | u@®oidmrsch et&., 201Qyhi4 Waesultingfrom
comparison with gene array data used as a prognostic f&ieang et al.,
2009)

In 2013, St Gall en wupdated their Ki 67
expression with an option to alsdilise locally definedcut-points (Goldhirsch

et al., 2013) More recently, the St. GalldBC conferenceaccepted a median
cut-off estimation of Ki67 within the range of 229% todistinguishtheluminal

B subgroup(Coates et al., 2015)Additionally, in 2011, the Internation&i67

Breast Cancer Working Group reported that there was no consistency in an ideal
cut-off point for use in daily ¢hical routine(Dowsett et al., 2011)T'he recent
report on the second phase of the Ki67 ring trial was emphasise the importance
of standardising the pmnalytical and analytical features for Ki67
immunostaining ncluding the previous mentioned issues. Therefore,
optimisation of Ki67 is the initial step to be incorporated to drive patient

treatment decisions in clinical practigagolf et al., 2014)

As reported by thmternational K67 in breast cancer workirggoup the authors

endorsed using of MIR antibody clone iHHC (Dowsett et al., 2011 MIB-1
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clone, a mouse monoclonal antibodyreégardedas the gold standard and the
most rdoust biomarkers measuring Ki@kpression It is showinga relatively
consistent measurements in specimens across a range of conditions used in
routine fixation, tissue processing and immunohistochdmitethods
(Yerushalmi et al., 2010, Dowsett et,&2011) However, evaluation of Ki67
expression using MIR has been described to have cytoplasmic/membranous
expression in addition to specific nuclear expresgiearatian et al., 2009)
(Ekholm et al., 2014)

3.1.2. Ki67 and mitotic count

Both Ki67 and mitotic activity are parameters that can be used to determine
tumour proliferation rate. The mitotic score depends on the number of mitoses
per 10 high power fields and corremunting of mitosis needs high quality
fixation, obtained when fresh specimens are sectioned promptly with tumour
blocks of reasonable thicknegkllis et al.,, 2016) Mitotic frequency is
considered a strong prognostic indicator as a part of NGS which is the
modification of BloomRichardson grading system for invasive breast
carcinoma(Elston and Ellis, 1991)Furthermore, patients vithigh mitotic
activity have an increased risk of deé®uartHarris et al., 2008nd recurrence
regardless of lymph node status or tumour @sak et al., 2005)Baak et al.,
2008)

However, there are limitations to its precision as mitosis rates vary particularly
in aneuploid tumourswing to discrepancyn cell cycle durationparticularly

the M phasgSennerstam and Auer, 199@an Diest et al., 2004)This may
change the proportion of visible mitosis within the same tumour at different
times. Thus, the correlation between the proliferation rate and the number of
mitosis is not strictly linear (Beresford et al, 2006). Moreover, the instability of
mitotic figuresthroughoutspecimenprocessing andixation, reproducibility
issues due to tissue section quality and experience of the pathologidts and
some extenkong timerequiredfor mitotic counting arell described technical

problems challenged during mitoticaing (Salisbury, 2009)Although most
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studies of various proliferation assays have revealed significant agreement in
outcome predictions for individual patients, there iscansensusn the ideal
proliferation rate testing methdsalan Diest et al.2004) Therefore, evaluation

of other indicators of cell proliferation, such as Ki67 as a reliable tool seems to
be important especially different studies have revealed that there is a positive
correlation between the Ki67 score and mitotic activity, h@methey differ in

some caseBarnard et al., 198{Bpyratos et al., 2002Dffersen et al., 2003)

Other studies show percentage of discrepancy as showed by Rossi et al., among
1430 patients, 19.6% had discrepant Ki67 and mitotic act(Ryssi et al.,
2015) Therefore, using of Ki67 as a substitution for mitotic frequency may add
more biological effect or reclassify the patients into a different prognostic
subgroups with more clinical importance. To appigtin this study, NPI and
NPI+ indices were used as a tool for testing this hypothesis. As mentioned
earlier, NPI is a widely used index that determines prognosis for BC and is
calculated using three main clinicopathological criteria; tumour size, lymph
nodes status and the grade (including mitotic count) of the tumour. NBht is
updatedindex, which uses a combination of traditional clinicopathological
parameters and the biological features of the tumour determined by
immunohistochemistry. NPI+ is a cdmnation of two steps; the first to
determine the biological classes using 10 biomarkers by immunohistochemistry.
The biomarkers that are used are ER, PR, HER2, CK5/6, CK7/8, P53, HER1,
HER3, HER4, and Mucin 1. The second step is the combination of draaliti
prognostic parameters, including mitotic count, within each biological classes

resulting in the structured NHike formulae for each class.

As mentioned earlier,ne molecular classes in the NPI+newts of three
Luminal classesThe luminal classeare divided into Luminal A, Luminal B and
Luminal N subgroupfGreen et al., 2013Rakha et al., 2014Mitotic frequency

is included in NPI+ as an indicator for the dag of cellular proliferation for

both the luminal A and luminal B classes. After successive removal of the least
significant parameters during different steps, the final factors with the most

significant results, according to thérvalue in the Cox regression analysis,
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were identified. The proportional hazard ratio Cox regression identified six
clinicopathologic prognostic factors of importance within the population in
predicting BCSS: mitotic activity is one of these factors. Qhese factors were
identified, the population was split into the biological classes and Cox regression
analyses were performed independently for each class to obtain the most
significant clinicopathologic prognostic factors and tlfiewalue in the contex

of the classes.

Kaplari Meier analysis showed that using formulae, based on these
clinicopathological parameters for each biological BC class provides improved
and highly significant patient outcome stratification compared with the
traditional NPI. Thes variables were combined to form formulae that vary
among different classes leading to bespoke-INeIformulae for each of the
seven biological classes forming a new biomatikesed prognostic index,
NPI+. Mitotic frequency represents a most significatinicopathological
prognostic factors of importance within the population in predicting BCSS in
luminal A and luminal B classes. Similarly, Ki67 gave an important in terms of
the differentiation between Luminal A and B subclasses, it is the only marker
recommended by the St. Gallen consensus panel as a marker for the definition
of intrinsic subtypes of BC to differentiate between luminal A and luminal B

subgroups, which has so far not been ingaséid with respect to the NPI+.
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3.2.  The hypothesis

To what exent can integration of Ki67 expression, determined by

immunohistochemistry, in BC enhance existmmggnostiandices.

3.3.  Aim of this chapter

There are four main aims for this Chapter

1) To assess the matched level of proliferation of Ki67 assessment in BC
usng TMA or WTS, specificallyherein:
a. To what extent Ki67 protein levels are matched between TMA
and WTS
b. Whether the cubff used for WTS is reproducible using TMA in
different molecular classes.

c. To what extent the transcriptomic cdates with proteinevel
within both WTS and TMA.
2) To evaluate the reproducibility of Ki67 scoring
3) To examinethe correlation between different enffs and both the
patient outcome and important clinicopathological variables.

4) To assess nespecific cytoplasmic/membranousisting using:

a. Different MIB-1 antibody concentrations
b. Different antigen retrieval time and methods for MIB
c. Manual staining vs fully automated immunostainer using {I1B

d. Different anti Ki67 clones (MIBL, SP6, MKi67 and 39).

5) Evaluation of integration foKi67 into both NPI and NPI+ and

substitution of Ki67 to the mitotic count.
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3.4. Methodology

3.4.1. Study group

In this study, the first cohort was usgfection2.11). The expression of Ki67

was examined on 707 cases of invasive BC cases with matched WTS and TMA
cores Table-6, Figure-12). Molecular classes were defined as luminal {ER
positive and/or PRhegative), HERzositive (HER2positiveirrespectiveof the
expression obther markers), and tripleegative (HERzhegative, ERhegative

and PRnegative) For the analysis ofranscriptomic data for KIiGMETABRIC

series was used. As mentioned in secfidh4, total RNA was extracted using
freshfrozen BC caseiCurtis et al., 2012bMETABRIC datavasmatched with

197 cases of WTS and 123 of TMA casefhe matchedcases between
transcriptomic data arlabth TMA and WTS are 101 cases.

3.4.2. Comparison of Ki67 expression

between TMA and WTS

3.4.2.1. Immunohistochemistry:

For TMA staining,the details of methodology Bection 2.3. Antigen retrieval
citrate at pH 6. 0mimwtesntha mieavave.OptithiBeg C f or
primary antibody, MIB1 monoclonal mowesdiluted 1:100 (DaKaoantibody was
applied and incubated for 1 hour at room temperature. For WTS (stained by
Dr.MA), the standrd streptavidinbiotin complex method was used. Primary
mouse monoclonal antibody against Ki67igen (clone MIB1; Dakg diluted

1:100 in normal swine serum was applied to each slide and incubated for 60
minutesat room temperature. 3, &laminobenzidae tetrahydrochlade (Dako

liquid DAB plus) was used as a chromogen. The sections were counterstained
with haematoxylin. Human tonsillar sections were used as a positive control
while negative controls were performed by omitting thpligation of primary

antibody.
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Table-6: Summary of the characteristics of the study cohort

Patient Age

O 50 years 271(38.4)

> 50 years 436(61.6)
Menopausal Status

Premenopausal 283(40.1)

Postmenpausal 423(59.9)
Tumour Grade

1 93(13.2)

2 216(30.6)

3 397(56.2)
Pleomorphism

1 10(1.5)

2 233(33.9)

3 444(64.6)
Tubule Formation

1 34(4.9)

2 211(30.7)

3 443(64.4)
Mitotic Figures

1 203(29.5)

2 132(19.2)

3 353(51.3)
Tumour Size

O 2 c¢cm 407(57.6)

>2cm 300(42.4)
LN status

1 (O Positive nodes) 405(57.3)

2 (1-3 Positive nodes) 235(33.2)

3 (>3 Positive nodes) 67(9.5)
NPI

Good NPI (<3.4) 179(25.3)

Moderate NPI (3.45.4) 389(55.0)

Por NPI (O5. 139(19.7)
LVI

Negative 444(63.1)

Definite 263(36.9)
ER status

ER Negative 189(26.8)

ER Positive 516(73.2)
PR status

PR Negative 291(42.0)

PR Positive 402(58.0)
HER2 status

HER2 Negative 588(85.2)

HER2 Positive 102(14.8)
Molecular Subtype

Luminal 515(68.8)

HER?2 positive 102(13.6)

Triple Negative 132(17.6)
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Figure-12: A flowchart representing the cohorts and steps were used in the comparison between TMA and WafSBC tissue
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3.4.2.2. IHC scoring

All of the invasive BC cells present in the TMA cores wevaluatedor Ki67
expressiorand scored as a percegeanfKi6 7 positivestained nuclei. All tumour
cell nuclei with homogenousmultiple speckledgranular stainingor even
nucleolar staining wereonsideredas positivestaining irrespectiveof their
staining intensity. A subset of TMA cases (n=350) wascaed by another
observer, Dr.MM to asseder inter-observer concordancg/TS scoringwas
previously performed by Dr.MA in thkeot spotareas(areaswith the highest
number of positive nuclei within the invasive tump(hleskandarany et al.,
2010) Hot spots wereecognisedy scanning the section for immunostaining
assessmentjtilising a light microscope at low power magnification (x100).
Ki67 was expressed as the percentage of positive malignant cells in 1,000
malignant cellaneasuredinder high power magnification (x400). A subset of
cases (n=180) was -szored by Abir Muftah to test int@bserver

reproducibility.
3.4.3. Assessment of

cytoplasmic/membranous staining

For this purpose ten BC cases were selected vghiolved membranous staining
using the MIB1 clone. Different antigen retrieval time and methods, different
MIB-1 antibody concentrations, different anti Ki67 clones (MIESP6, MKi67

and 309) and manual staining vs Ventana Autostainer were tested on WTS a

shown inTable-7.
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3.4.3.1. Optimisation using different MIB -1

antibody concentrations

Same methodology described 8ection2.3 was used except the antibody
concentration. Different dilutions for M antibody were tried at 1:100, 120
1:300, 1:400 and 1:500.

3.4.3.2. Optimisation of MIB -1 using different

antigen retrieval methods

Except for the antigen retrieval and the protein blocking steps, the same
methodology described i8ection2.3 was followed. In the antigen retrieval
step, the antign retrieval solution (bond epitope retrieval solution 2 at pH 9.0)
was used in the water bath at 100eC
for 10 minutes. After that running tap water fominutes Additionally, in the
protein blocking step instead wsing the Novolink kit protein blocking, ultra V
block for 5 minutes was used instead.

3.4.3.3.  Optimisation of MIB -1 using different

antigen retrieval time

For this purpose, three antigen retrieval times were set, while the other
parameters remained as previgudéscribed. In the antigen retrieval step, the
antigen retrieval solution (bond epitope retrieval solution 2 at pH 9.0) was used
inthewat er bath then the first, second
35, and 45 minutes respectively. After that the slides were caolidgk iwater

bath for 5 minutes.
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3.4.3.4. Comparison between manual staining
and fully automated immunostainer using

MIB -1 clone

Roche Ventana Ultra machine was usexs used. Ki67 (MIBL) with dilution
1:200 was incubated for 32 minutes at 37°Ce Tétrieval time was 36 minutes

in pH 9.0 at 98°C. Ventana DAB working solution was used for 8 minutes at
37°C. Hematoxylin waadded for 8 minute@etails in sectiot®.3.6)

3.4.3.5. Using different anti Ki67 clones (MIB -1,

SP6, MKi67 and 30 -9)

Different antibodies clone were used with different dilution and incubation
period. SP6, rabbit monoclonal antibodyhérmo Fisher Scientifjcwith 1:30
dilution and was incubated for 1 hour. MKi67, rabbit polyclonal (Sigma) with
1:100 dilution and was incubated for 1 hour. The clonr8,3@bbit monoclonal
antibody (Roche) ready to use. The dilution was 1:25 for 16 minutes and antigen
retrieval tme was 64 minutes with CC1 witkasic pH at 95C° using Ventana

AutostainerMore details inTable-7.
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Table-7: Different antibodies and different stainingconditions for Ki67 staining

Ki67 and BC classification

MIB -1 (Dako)

Different
concentration
was tested 1:100
1:200, 1:300,

60 minutes

Different antigen retrieal
time was used: 25, 35 an(
45 minutesusing water

path or 20minutesusing

Different methods was teste
1) Using citrate at pH6,

Microwave for 20minutes 2)
UsingBERS2 at pH9, water

Ventana
Autostainer was
usedwith dilution
1:200, incubated fo

1:400 and 1:500. microwave. path at 100C° for 3finutes | 32 minutesat 37C°
SP6 (Thermo Fishet 1:30 60 minutes | 20 minutes microwave Citrate at pH6 /
Scientific)
MKi67 (Sigma) 1:100 60 minutes | 20 minutes microwave Citrate at pH6 /
30-9 (Roche) 1:25 16 minutes | 64 minutes CC1 with basic pH at 95C° | Ventana
Autostainer
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3.4.4. Integration of Ki67 into NPI

NPl scores were availablérely on previously recorded grading from
histopathology reportdpr 1,375 case# the first series (details are given in

Section2.1.1). NPl was calcuted using the equation:

lymph node (LN) stage (B) + histological grade {B) + (0.2) x tumour size
(cm)
where LN stage 1 means lymph netkgative; stage 2 means three or fewer
nodes involved in metastatic carcinoma; stage 3 is four or more nodegabr ap
node, or any axillary plus internal mammary node invaded by carcinoma.
Regarding the histological grade or Nottingham Grading System, three separate
scores were included:

1) Gland (acinus) formation

a. Score 1: more than 75% of the whole carcinoma hasddacini.

b. Score 2: 1075% of the whole carcinoma has formed acini.

c. Score 3: less than 10% of the whole carcinoma has formed acini.

2) Nuclear pleomorphism:

a. Score 1: nuclei only slightly larger than benign breast epithelium
(<1.5 x normal area); normal vatien in size, shape and
chromatin pattern.

b. Score 2: nuclei distinctly enlarged (425x normal area), often
vesicular, nucleoli visible; may be distinctly variable in size and
shape but not always.

c. Score 3: markedly enlarged vesicular nuclei (>2 x noansd),
nucleoli often prominent; generally marked variation in shape
and size.

3) Mitotic counts:
Mitotic counts were measured as the number of mitoses/10 high power field.
After scanning the sections to find the areas of greatest mitotic activity, definite
mitoses in ten consecutive fields were counted. Depending on the field diameter
of the microscope, the mitotic frequency scored 1, 2(bta¥bittle et al., 1982)

(Blamey et al., 2007a)
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Final grading was calculated according to the previous scores:
Total score 3,4 and 5 = grade 1

Total score 6 or 7 = grade 2

Total score 8 or 9 = grade(Bllis et al., 2016)

For integration of Ki67 into NPl indexnmunostaining for Ki67 WTS was used.
Initially, the correlation between both miiactivity and Ki67 was evaluated.
Then, for the substitution of Ki67 instead of mitotic counts, Ki67 was
categorised into three groups using 10% and 70% asfistas previously
published(Aleskandarany et al2010) (Aleskandarany et al., 2011¢roup 1
included cases that scored between 0% and 9% Ki67 expression. Groups 2 and
3 represented cases between69% and 70L00% of Ki67 expression,
respectively. These groups substituted scores g B af mitotic score in NPI.

The comparison involved plotting time to death from each prognostic group into
different curves. BCSS was used as angoidt to compare both the traditional

NPI and the Ki6"NPI. The reporteg-values indicate the degreesifnificance

in difference between the groupsd cat
comparison, three traditional groups of NPI were used: good prognostic group
(GPG), moderate prognostic group (MPG) and poor prognostic group (PPG).
Then, six group of NPI were used: excellent prognostic group (EPG), GPG,
MPG M1 and MPG M2, PPG and very poor prognostic group (VPG).

3.4.5. Integration of Ki67 into NP1+

The integration of Ki67 in replacing mitotic activity in the BC prognostic
classifier NPI+ was investigate Mitotic counts appeared in the formulae for
luminal A and B classes onl{fable-8. Using Nottingham series (first serjes
details given in Sectic@.11), the NPI+ biological classes were previously
determined(Green et al., 2013)Soria et al.,, 2013and the NPI+ prognostic
groups were calculatgdRakha et al., 2014For the luminal A and B classes,

234and 141 casesere available for assessment.
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Table-8: NPI+ formulae for the Biological classes
(Green et al., 2016)

Luminal A (0.8 x Mitosis) + (0.5 x Size) + (1.8 x Wal ratio*)
Luminal N (0.8 x Tubules) + (0.6 x Stage)
Luminal B (0.7 x Mitosis) + (1.0 x Nodal ratio)

Basal p53 altered | (1.4 x Nodal ratio) + (0.4 x Size)

Basal p53 normal | (0.6 x Stage) + (1.8 x Pleomorphism)
HER2+/ER+ (0.5 x Size) + (0.9 x Stage)
HER2+/ER- (0.9 x Stage) (0.6 x Nodal ratio)

*Number of nodes positive / total number of nades

3.4.5.1. Development of NPI formulae for each

biological class after integration of Ki67:

A Cox regression analysis was performed for all cases for selecting available
and traditional histopathologic prognostic factors. The variables tested were
coded numerically, categorically or continuously. The variables coded as
categorical variables included tumour size, nodal stage, tubule formation and
nuclear pleomorphism whileodal ratio and Ki67 scores were continuous
variables. Grade was excluded as mitotic count is one of the variables included
into the grade. After successive removal of the least significant parameters, the
final factors with the most significant results weédentified, depending on their
b-value in the Cox regression analysis. The proportional hazard ratio Cox
regression identified nodal ratio and tumour size as clinicopathologic prognostic
factors of importance within the population in predicting BCSS. e
formulae for Luminal A and Luminal B classes using Cox regression models
with Ki67 replacing mitosis was performdxy Dr. Daniele Soria (Computer

Science, University of Nottingham)
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1) The new NPI+ formula for Luminal A class:
NPI+ = (2.322* NodalRato) + (0.018 * Ki67)

2) The new NPI+ formula for Luminal B class:

NPI+ = (0.329 * Size) + (0.019 * ki67)

The new NPI+ values were computed, and Kagaier curves produced and
compared with the original NPI+ in each class. In addition, to improve outcome
prediction using NP1+ and to provide more clinically relevant stratification, each
class was split into two or three groupstil€ software was used to subdivide

the classes into prognostic subgroups.

3.5.  Statistical analysis

The statistical analysis was perfogd using IBM SPSS software version 22
(SPSS Inc., Chicago, IIJSA) (PAWS statistics)P-valuewas considered as a
significant value when it was <0.03ntraclass Correlation Coefficient (ICC),
Kappa statistic and Spearn@ascorrelation test were used ttest the
reproducibility and the correlation between the TMA and WTS Ki67 stained
cases. In Kappa, complete agreement is revealed by a value of 1.0 while only by
chance alone results is reflected by a value of zero. Although in the literature
there is no greed standard criteria for Kappalue that indicates adequate
agreement, Landis and Koch proposed the following agreement values for
categorical data: Kappaalue <0.00 signifies poor agreement, 00RO slight,
0.21-0.40 fair, 0.410.60 moderate, 0.60.80 substantial and 0.8100 almost
perfect agreemer(Landis and Koch, 1977)Accordingly, mikami, Y., et al.
proposed that based on the similarity to the Kappa coefficient, ICC between
0.41-0.60 is considered as moderate correlation; -0.8@ as substantial
correlation and >0.80 as a perfect correlafidikami et al., 2013)Chisquare
tests were apmd to reflect the correlation with the essential prognostic
biomarker and standard clinicopathological parameters of BC patients. Cox
regression models with Ki67 replacing mitosis was used. Kruskal Wallis test was
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used to analyse the correlations of pesition marker with mitosis. Survival
curves were generated by the KapMeaier method and differences in survival
were assessed by the Log Rank test. BCSS were used as end pdilgts. X

software was used to subdivide the classes into prognostic suhgroups

3.6. Results

3.6.1. Comparison of Ki67 expression
between TMA and WTS

3.6.1.1. Comparison of Ki67 expression between

TMA and WTS at protein level

Using WTS the expression d€i67 was not normally distributed. The upper and
lower limit were 0% and 99% respectively, the meancentage was 34.8%
while the median percentage was 20%. Similar to the distribution observed with
WTS, Ki67 expression using TMA was not normally distributed. The range was
between 0% and 95%, the mean percentage was 21.9 % while the median

percentage as 10%.

When the concordance of Ki67 expression was compared between both TMA
and WTS as a continuous variables, there was a significant corre{atrafué
<0.001), the Spearmérsorrelations was 0.50 with afivalue of 0.254Figure-

13. In addition, when ICC waassessedsubstantial correlation wassulted
(ICC=0.61,p-value <0.001, 95% CI=0.48.71). The reproducibility of Ki67
expression between WTS and TMAas assessed usindifferent cutoffs,
initially, similar cutpoints from both TMA and WTS were compared. The
highest concordance washievedvhen WTS is 10%igure-14. Therefore, for
subsequerdnalysis, the dat@asdichotomised using 10% as a fixed-cit for
WTS. Additionally, it was preously chosen as an optimal eoff (
Aleskandarany et al., 2011However, when dichotomised data was used to

evaluate the concordance of Ki67 expression, low concordance was observed,;
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Kappavalue =0.3 when 10%4,5%, 204 cu-offs were useavhile Kappavalue

lower than 0.3 with higher cubffs.

Different cutoffs of TMA were tested to evaluate the reproducibility of the WTS
Ki67 expression; 10%, 15%, 20%, 25% and 30%hle-9. As shown inFigure-

15, higher cutoff values resulted in misclassification of high percentage of TMA
caseg62.8%)into the low proliferation group compared with WS contrast

lower cutoff values resulted in a higher number of casechiiag between the
positive cases, however, there was a high percentage of false positive TMA cases
compared with WTS (49.8%). Although it is difficult to choose an optimal cut
off point, 20% cuoff for Ki67 determined using TMA seems to give the highest
concordance in both positive and negative groups with less both false positive

and negative Ki67 expression at 10% determined using WTS.

To asses$or the impact of cubffs determination on patient outcome as an end
point, cases wereategorisedased a their Ki67 expression, whether it is low
or high, onboth TMAs and WTS.Hence using 10% as a cuiff for Ki67 on
WTS and 20% as a coff for on TMAS, four groups wereesulted Group one
included cases with low Ki67 expression on TMAs and thesrrespnding
WTS casesgroup twoconsisted otases with high Ki6statuson TMAS with

low Ki67 statuson their matched WTS, group threentainedcases with low
Ki67 statuson TMAs with high Ki67 expression on their matched WTS and
group fourcomprisedhigh Ki67 expression on TMAs with high Ki6#&atuson
their matched WTS. Statistically significant differences wesailted between
thesegroupswith respect to thpatients outcomeg-value <0.001 and Log Rank
=31.79Figure-16. Interesingly, there was no significant difference between the
groups comprising high Ki67 expression on WTS (LR =0.39, p = 0.52),
therefore, theyappeardo have more or less similar poor outcome.
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Figure-13: Correlation between Ki67 expressions
evaluatedon matched cases on WTS and TMAMuftah et al., 2017)

Table-9: Demonstrates the results of the different cubff points (TMA) with
cut-off 10% (WTS)

10% low 135(47.9) 147(52.1)
High 68(16.0) 357(84.0)
15% low 157(43.9) 201(56.1)
High 46(13.2) 303(86.8)
20% low 170(41.8) 237(58.2)
High 33(11.0) 267(89.0)
25% low 177(39.1) 276(60.9)
High 26(10.2) 228(89.8)
30% low 181(37.2) 305(62.8)
High 22(10.0) 199(90.0)
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TMA (cut-off 20%)

Ki67 and BC classification
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Figure-14: The bar chart demonstratesthe percentage of matched cases
between TMA and WTS of the whole ohort using similar cut-off points
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Figure-16. BCSS for Ki67 high/low groups
as determined by Ki67 status on WTS and TMA at 10% and 20%,
respectively(Muftah et al., 2017)

3.6.1.2. Comparison of Ki67 expression between
TMA and WTS in different molecular

subclasses

The studied casagere definedegadingtheir molecular class as luminal, which
contains ER-positive casesHER2-positive class and triplmegative (TN),

which comprises ER-negative, PRhegative and HERZ2negative cases.
Evaluationof the concordance between Ki67 expressinnTMA and WTS in
molecular subclassesilising different cutoff valuespresentedhat; in TN and
HERZ2-positive BC, a cutoff of 20% appearedo give a highest concordance
between WTS and TMA. In TN classes, the highest concordance between the
positive cases (91.5%) with lowest false positive (8.5%) was shown with 20%
cutpointusing TMA, Figure-17. Along the same lines, for HER#bsitive 20%
seemedo producethe most suitable cudff to classify the patients using TMA.
96.2% oncordance for the positive cases and 3.8% represented false positive
casedrigure-18. In the luminal class, theseemed to be naptimal cutoff for

Ki67 determinedusing TMAwhich was reproducible®e WTS scoringFigure-

19.
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Comparison of Ki67 expression on TMA and WTS withMKI67 mRNA

expression

Using METABRIC cohortMKI67 data was matched with 197 cases of WTS
and 123 of TMA cases. The correlation betwki{167 mRNA and WTS (using
197 cases) was significanp-value <0.001 and Spearn@ascorrelation
coefficient =0.587. Although the aalation betweeMKI67 mRNA and Ki67
assessed on TMAs (using 123 cases) was significevalge <0.001),
Spearmadé <orrelations was less significant compared with WTS =0.343.
Figure-20 showed the correlation between MKI67 mRNAWMWTS (= 0.31)
and TMA (¢ = 0.17). In matching 101 BC casesaminedon both TMA and
WTS, MKI67 mRNA expression waassessecHigher significance washown
for Ki67 evaluatedon WTS (Spearmdnsorrelation coefficient =0.529 arul
<0.001) than on TMASpearmaa sorrelation coefficient =0.341 ark0.001).

3.6.2. The reproducibility of Ki67 scoring

To assess intesbserver variability, ICC was calculated with a 95% CI. The
assessment of reproducibility of the Ki67 TMA scoring revealed that there is a
significant correlation §-value <0.001) between the two scorer, ICC = 0.870
(95% CI = 0.8380.896) which is considered as an almost perfect concordance.
On the other hand, Ki67 scoring on WTS showed substantial concordance, ICC
=0.75 (95% CIl = 0.670.815).
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Figure-20: Correlation betweenMKI67 mRNA and immunostainedKi67
evaluatedon WTS and TMA (Muftah et al., 2017)
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3.6.3. The association with the

important clinicopathological variables

When Ki67 was evaluated usingVTS, the high expression of Ki67 had a
significant p-value <0.05) positive assation with larger tumour sizeuclear
pleomorphismhigher grade, more higher mitotic sconessitive axillary nodal
statusand less tubule formatn with a wide range of cubffs. Similarly, when
TMA was usedhigh expression of Ki67 was significantly associated with larger
tumour size, higher grade, more nuclear pleomorphism, higher mitotic scores
and less tubule formation with a wide range of-aff$ (p-value <0.05).
Interestingly, using TMA, the highestXalues were associated with the-ofit
20%, which was suggested as the optimab#uo reproduce WTS scores.
Although both WTS and TMA were significantly correlated with these
clinicopathol@ical variables, WTS has higher correlation with high&vafues
compared with TMA,Table-10andTable-11.
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Table-10: The correlation betweenthe different cut-off values with the important clinicopathological parameters (TMA)

Ki67 and BC classification

10% low| 154 (54.6) |128(45.4) [0.001 |11.4 |69 (24.5) |114(40.4) |99 (35.1) <0.001 |97.1
high [ 177 (41.6) | 248 (58.4) 24 (5.7 [102(24.1) |297(70.2)

15%  low|192(53.6) | 166(46.4) |<0.001 | 135 [80(22.3) |142(39.7) |136(38.0) |<0.001 |108.3
high ['139(39.8) | 210(60.2) 13(3.7) | 74(21.3) 260(74.9)

20%  low|218(53.6) | 189(46.4) |<0.001 |17.5 |84(20.7) |165(40.6) |157(38.7) |<0.001 |124.2
high '113(37.7) 187(62.3) 9(3.0) 51(17.1) 239(79.9)

25%  low|238(52.5) |215(47.5) |<0.001 |16.5 |88(19.5) |175(38.7) |189(41.8) |<0.001 |[110.6
high ['93(36.6) 161(63.4) 5(2.0) 41(16.2) 207(81.8)

30% low| 255(52.5) |231(47.5) |<0.001 |19.945 |89(18.4) |186(38.4) |210(43.3) |<0.001 |107.3
high ['76(34.4) 145(65.6) 4(1.8) 30(13.6) 186(84.5)
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10% low|9 (3.3) | 133 (48.7) | 131 (48.0) | <0.001 |59.23 | 142 (51.8) |61 (22.3) |71(25.9) |<0.001 | 136.35
high [ 1 (0.2) | 100 (24.2) | 313 (75.6) 61(14.7) |71(17.1) |282(68.0)

15% low| 9(2.6) | 161(46.5) | 176(50.9) | <0.001 | 59.42 | 169(48.7) |76(21.9) | 102(29.4) |<0.001 | 155.66
high '103) [72(21.1) | 268(78.6) 34(10.0) | 56(16.4) | 251(73.6)

20% low | 9(2.3) | 180(45.8) | 204(51.9) | <0.001 | 65.63 | 182(46.2) |89(22.6) |123(3L.2) |<0.001 | 165.10
high 1(0.3) [53(18.0) |240(81.6) 21(7.1) 43(14.6) | 230(78.2)

25% low|9(2.1) | 191(43.6) | 238(54.3) | <0.001 | 56.25 | 187(42.6) |97(22.1) | 155(35.3) |<0.001 | 136.33
high 1(0.4) [42(16.9) |206(82.7) 16(6.4) 35(14.1) | 198(79.5)

30% low| 10(2.1) | 200(42.5) | 261(55.4) | <0.001 | 56.53 | 193(40.9) | 106(22.5) | 173(36.7) | <0.001 | 137.35
high 50,0y [ 33(15.3) | 183(84.7) 10(4.6) 26(12.0) | 180(83.3)
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10% low | 23 (8.4) |95(34.7) |156(56.9) |<0.001 |17.29 | 150 (61.7) |75(30.9) |18 (7.4) |0.120 |4.23
high [11 (2.7) | 116 (28) | 287 (69.3) 201 (53.9) | 145(38.9) |27 (7.2)

15% low|28(8.1) | 116(33.4) |203(585) |<0.001 |19.36 | 186(60.4) |101(32.8) |21(6.8) |0231 |2.92
high g 8) [ 95(27.9) | 240(70.4) 165(53.6) | 119(38.6) | 24(7.8)

20% low|30(7.6) | 138(35.0) |226(57.4) |<0.001 |26.10 | 210(59.7) |120(34.1) |22(6.3) |0.235 |2.89
high 7772y [73248) | 217(73.9) 141(53.4) | 100(37.9) |23(8.7)

25% low|31(7.1) | 152(34.6) |256(58.3) |<0.001 | 24.16 | 232(59.3) |135(34.5) |24(6.1) |0.177 |3.46
high /312y [5923.7) | 187(75.1) 119(52.9) | 85(37.8) | 21(9.3)

30% low|32(6.8) |163(345) |277(58.7) |<0.001 | 25.10 |248(58.8) |145(34.4) |29(69) |0410 |L1.78
high 500y [48(22.2) | 166(76.9) 103(531) | 75(38.7) | 16(82)
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Table-11: The correlation betweenthe results of the different cutoff points with the important clinicopathological parameters (WTS)

Ki67 and BC classification

10% low | 119(58.6) | 84(41.4) <0.001 |15.93 |75(36.9) |93(45.8) 35(17.2) |<0.001 |220.29
high | 212(42.1) | 292(57.9) 18(3.6) |123(24.5) |361(71.9)

15% low | 157(55.7) |125(44.3) |<0001 |14.77 |82(29.1) |134(47.5) |66(23.4) |<0.001 |223.46
high |'174(40.9) | 251(59.1) 11(2.6) |82(19.4) 330(78.0)

20% low|181(55.0) | 148(45.0) |<0.001 |[16.60 |86(26.1) |155(47.1) |88(26.7) |[<0.001 |228.11
high |'150(39.7) | 228(60.3) 7(1.9) 61(16.2) 308(81.9)

25% low | 204(55.1) | 166(44.9) |<0.001 |[21.56 |88(23.8) |170(45.9) |112(30.3) |[<0.001 |218.76
high | 127(37.7) | 210(62.3) 5(1.5) 46(13.7) 284(84.8)

30% low|215(54.0) |183(46.0) |<0.001 |[18.97 |90(22.7) |175(44.1) |132(33.2) |[<0.001 |200.47
high | 116(37.5) | 193(62.5) 3(1.0) 41(13.3) 264(85.7)
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10% low | 29(14.6) | 77(38.9) |92(46.5) |<0.001 |72.97 |128(69.2) |50(27.0) |7(3.8) <0.001 | 16.99
high | 5(1.0) 134(27.3) | 351(71.6) 22361.7) | 170(39.4) |38(8.8)

15% low | 31(11.4) | 111(40.8) |130(47.8) |<0.001 |72.25 |165(65.2) |78(30.8) |10(4.0) |0.001 |14.58
high [3(0.7) 100(24.0) | 313(75.2) 186(51.2) | 142(39.1) | 35(9.6)

20% low|32(10.1) |133(42.0) |152(47.9) [<0.001 |80.68 |190(64.8) |91(31.1) |12(4.1) |<0.001 |17.34
high [ 2(0.5) 78(21.0) | 291(78.4) 161(49.8) | 129(39.9) |33(10.2)

25% low | 34(9.5) |146(40.9) |177(49.6) |<0.001 |82.11 |213(65.1) | 100(30.6) |14(4.3) |<0.001 |22.00
high ['0(0.0) 65(19.6) | 266(80.4) 138(47.8) | 120(41.5) |31(10.7)

30% low]|34(8.9) |154(40.2) |195(50.9) |<0.001 |77.08 |224(64.0) | 110(31.4) |16(4.6) |<0.001 |19.46
high [0(0.0) 57(18.7) | 248(81.3) 127(47.7) | 110(41.4) |29(10.9)
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10% low| 10(5.1) | 127(64.1) | 61(30.8) |<0.001 | 148.86 | 149(75.3) | 21(10.6) |28(14.1) |<0.001 | 282.69
high [ 0(0.0) | 106(21.7) | 383(78.3) 54(11.0) 111(22.7) | 325(66.3)

15% low | 10(3.7) | 169(58.7) | 102(37.6) | <0.001 | 146.66 | 171(62.9) | 49(18.0) |52(19.1) |<0.001 | 260.86
high '50.0) [74(17.8) | 342(82.2) 32(7.7) 83(20.0) | 301(72.4)

20% low | 10(3.2) | 173(54.7) | 133(42.1) | <0.001 | 132.61 | 178(56.2) | 73(23.0) | 66(20.8) | <0.001 | 252.47
high "5(0.0) [ 60(16.2) | 311(83.8) 25(6.7) 59(15.9) | 287(77.4)

25% low | 10(2.8) | 184(51.7) | 162(45.5) | <0.001 | 119.90 | 184(515) | 85(23.8) |88(24.6) | <0.001 | 233.15
high F90.0) [ 49(14.8) | 282(85.2) 19(5.7) 47(14.2) | 265(80.1)

30% low | 10(2.6) | 186(48.7) | 186(48.7) | <0.001 | 97.18 | 187(48.8) |90(23.5) |106(27.7) |<0.001 | 211.69
high I"5(0.0) | 47(15.4) | 258(84.6) 16(5.2) 42(13.8) | 247(81.0)
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3.6.4. The association with survival

using different Cut - off values

Regarding patient outcome, univariate survival analysis of K&fihedusing
TMA cohort showed that a cuiff of 20% was the most significanttprrelated
with BCSS(Log Rank =8.76p-value =0.0@, Table-12). Furthermore, using
Cox regressionyariant cut-offs points and theassociationwith BCSS were
assessedrable-13. Interestingly, 20% gave the best-cdit (hazard ratio (HR)
=1.52, 95% CI=117-1.95,p-value =0.001). In univariate survival analysis of the
WTS cohort using KaplaiMeier tespresentedhat Ki67 at a cubff of 10% was
significantly associatedvith BCSS (Log Rank =30.Jp-value <0.001;Table-
14). Furthemore, using Cox regression, a -aft of 10% expression of Ki67
showedthe best cupoint (HR =2.95 95% CI =1.964.43, p-value <0.001,
Table-15).

Table-12: Different cut-off values and tte relations with BCSS (TMA)

10 0.008 7.135
15 0.011 6.526
20 0.003 8.766
25 0.026 4.979
30 0.033 4.547

Table-13: Cox proportional hazards analysis for predictors of BCSS (TMA)

10 0.008 1.496 1.1132.016
15 0.011 1.440 1.0861.908
20 0.003 1.519 1.1492.009
25 0.027 1.379 1.0381.832
30 0.034 1.370 1.0241.832
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Table-14: Different cut-off values and the relations with EESS (WTS)

10 <0.001 30.144
15 <0.001 19.176
20 <0.001 23.292
25 <0.001 22.436
30 <0.001 18.821

Table-15: Cox proportional hazards analysis for predictors of BCSS (WTS)

10 <0.001 2.953 1.9674.432

15 <0.001 1.984 1.4512.714

20 <0.001 2.050 1.5212.763

25 <0.001 1.970 1.4792.623

30 <0.001 1.843 1.3922.442
3.6.5. Assessment of different

immunostaining conditions

When using the MIBL clone, cytoplamic and membranous stainwgrenoted

in both WTS and TMA. Upon further investigation, it was noticed that the
maximum dilution that could be used was 1:200. However, there was no change
in the cytoplasmic/membranous staining. The dilution of antibodiB{L)
concentration to 1:300 or more, in order to reduce cytoplasmic and membranous
staining, also affected the intensity of the nuclear stairfigyre-21. Using
MIB-1, there were no obvious differences that dobe appreciated when
different retrieval times were applieigure-22. Regarding the use of various
antigen retrieval methods with different pH levels (pH6 or pH9), it appeared that
there was a slight variationh&n the pH was changed. There was insignificant

reduction in the membranous/cytoplasmic staining, with {JBvhen pH9 was
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used, instead of pH6; however, nuclear staining was also redtigede-23.
Additionally, there remained no difference in detection of membranous staining
between manual and automated staining when -MI&as used. Similar
cytoplasmic/membranous staining has been seen withIMiBd MKi67 clones.
However, using SP6 and -80clones resulted in ilear staining with obvious
negative cytoplasmic/nmebranous reactivityfigure 24.
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Figure-21: Optimisation using different MIB -1 antibody concentrationsusing breast cancer tissues
,with higher dilution, there was reduction in cytoplasmi¢membranous staining and the intensity of the nuclear staining was affected
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Figure-22: Optimisation of MIB -1 using differentantigen retrieval time

Where A, B and C represent lveast cancer tissues with different retrieval timefor 25, 35, and 45 minutes respectivel\D, E and F represent
lymph node tissues withdifferent retrieval time for 25, 35, and 45 minutes respectively
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Mib1(pH6)

Mib1(pH9)

Figure-23: Optimisation of MIB -1 using differentantigen retrieval methodsusing breast cancer tissues
Where the upper images represent different breast cancer tissuessing citrate buffer at pH 6.0 using microwave. The bottom images
represent the same breast cancer cases usingnd epitoperetrieval soluton2atpH9.0i n t he water bath at 100eC
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Figure 24: Using different anti Ki67 clones(MIB -1, SP6, MKI67 and 3@9), each column representinghe same breast cancer castained
with different clones
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3.6.6. Evaluation of integration of Ki67

to NPl and NPI+

Ki67 was integrated into NPI as a categorical variable. Initially, the correlation
between mitosis and both continuous and categorical Ki67 expression was
evaluated. For the continuous variable, the Kru$Kallis test was used and
resulted in significant correlation witp-value <0.001. Similarly, using the
categorical variables, there was a significant correlagioalue <0.001 with X

value =847.9. As shown gure-25, the highest concordance was in gineup

of mitosis with score 1, where about 80% of these cases had low expression of
Ki67.

For the purpose of comparing Ki67 against mitosis in both traditional NPI and
the updated version (NPI+), stratified Kaplsieier curves were used as a
comparisondol. The reporteg-values indicate the degree of significance in
difference between groups. Using the traditional NPI, Ki67 can successfully
stratify thepatient into groups of three and six. However, using mitosis in NPI
seems to be superior to Ki67, lasg Rank values were higher in the three and
six groups that used the NPI mitosis varialfiégure-26 and Figure-27.
Conversely, in NP1+, applying Ki67 to the patients tfiesd according to time

to death appears superiormitosis In the luminal A class (n=234), Ki67 split

the class into three clinically significant grougsv@lue <0.001) with higher

Log Rank = 67.0Figure-28. In the luminal Bclass (n=141), Ki67 split the class
into two clinically significant groupspfvalue <0.001) with higher Log Rank =
28.4, Figure-29. I nterestingly, Ki 67 was super
when used as a continuous variaklhile it was less significant when used as a

categorical variable.
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Figure-25: Correlation between Ki67 and mitosis

The X access represents the basic three groups of mitosisNiottingham
Grading System(NGS). TheY access epresent the different Ki67
expression levels (groups) where blue color represents low Ki67
expression, green color represents intermediate group and red color
represents high Ki67 expression group

3.7. Discussion

Immunostaining for Ki67 detection has been dust® evaluate cancer
proliferation for many years. Howevehe clinical applicatiomof this biomarker

as a routinenarker in BC remainsontroversial. The mairssues include lack

of a standardied procedure for Ki67 assessment. In this chapter diffasgeicts
relating to Ki67 assessmentvere evaluated including its ability to stratify
patients into different prognostic groups using both the traditional NPI and the
NPI+.
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Figure-26. Survival curve of thethree NPI groups
Theoriginal NP1 with mitosis (Left) and after integration of Ki67 (Right)
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Figure-27: Survival curve of the six NPI groups
The original NPI with mitosis (Left) and after integration of Ki67 (Right)
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Figure-28: Survival curve of the three luminal A prognostic groups of original
NPI+ (Left) and after integration of Ki67 (Right)
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One of the issues regarding the assessment of Ki67 in research is the reliability
of using TMA versus the whole sections; this has yet to achieve sufficient
consensus. This study assessed different aspects regarding arismmpa
between the WTS and TMA, demonstrating that, in relation to reproducibility,
although there was a significant concordance between the Ki67 expression in the
WTS and TMA when a continuous data is used, ICC reflected substantial
correlation and much Yeer when dichotomised. One important explanation is
the effect of the diameter of the TMA cqkobierzycki et al., 2012)Apart from
intratumoural heterogeneity, this could ®ing to using one core, which is a
relatively small area compared to the WTS, and the greatdency of TMA to

give lower Ki67 estimates than the whole sections. Although there is evidence
to demonstrate the usefulness of TMA for assessment of Ki67 with a high
concordance rate between TMA and WTS, even when using only one core of
TMA per tumour(Ruiz et al., 2006)others have proposed the use of multiple
TMA cores per tumour for Ki67 analysiSapino et al., 2006)Recently,
Laurinavicius et al. presented a nowissue sampling simulation model and
assessed this model using Ki67 in BC tissue. They showed that optimal tissue
sampling for thdHC biomarker is at least five to six cores for homogeneous
cases while eight TMA cores were required in a mixed tumour latquo

(Laurinavicius et al., 2014)

The interobserver reproducibility of Ki67 assessment is another important issue.
In both WTS and TMA scoring, ICC showed a highly significant correlation.
This result is constent with the results published by an international Ki67
reproducibility study in which intréaboratory reproducibility was higiPolley

et al., 2013h) However, the same studgemonstratedonly moderate
reprodudbility betweenvarious laboratories, whichrequiresa saindardised
scoring methodologyThe almost perfect concordance for TMAs could be due

to the small area and then less heterogeneity than WTS.

The comparison between the Ki67 assess&dinWTS andTMA with regard
to the clinicopathological parametepsoducedcomparablyakin associations.

However, WTS analysis performs better than analysis of Ki67 expression
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utilising TMAS. As expected, high Ki67 was significantly associated higher
tumour grad, larger tumour sizeand additional nuclear pleomorphism and
mitotic scores. However, statistical significance was higher using WTS. Further,
Ki 67 in WTS was significantslwhileiathesoci at
TMA it was not.

Currently, consenss is lackingconcerninganideal cut-off for Ki67 expression

both in the clinical and research settings. Tifisienceghe comparison of Ki67
statusin different clinical trials(Polley et al., 2013b)In this $udy, the cuoff

point (10%) was chosen for WTS as previously published. Additionally, a large
retrospective Australian study has emphasised that the highest sensitivity and
specificity Ki67 cutoff is 10% (Pathmaathan et al., 2014he same cubff

was used in several reports especially in the recent st(ldg@sagah et al.,

1996) (BagoHorvath et al., 2011(Alba et al., 2012)Kobayashi et al., 2013)
(Honma et al., 2015and reveals a significant association with BCSS, which is

in line with our results: the most significant @ff in WTS with pati ent s
outcome is 10%. However, a widange of cubffs were evaluated and
remained signifiant with BCSS as the esmbint. This is typical of
Urruticoechea et al, who demonstrated, at=sessing8 studies, the wide range

of Ki67 cutoffs from 1%up to 2%. Accordingly, they concluded that this
different Ki67 cutoff might be the reason for itdimited clinical use
(Urruticoechea et al., 2005)herefore, Ki67 has a significant prognostic value
over a broad range of cubffs and the optimisation of one eoff is
controversial. This has prompted Denkert et al. to suggest that Ki67 should be
used as a continuousharker (Denkert et al., 2013)The 4th St. Gallen
International Consensus Meeting agreed that there seems to be no optimal cut
off point; despite that, the high and low values are reproducible and clinically
useful(Coates et al., 2015AIthough our results suggest 20% as an optimal cut

off for TMA and 10% for WTS, they may support the view that Ki67 has to be

assessed as a continuous variable.

One possible explanation ftre widespectrumof cutoffs could be théack of
standardisation in the pamnalytical tissue handling, in termstohe to fixation,

duration of ischaemia, dilution and pH of formalin used in tissue fixation and
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procedures of antigen retrieval which largely basedon the preanalytical
phase. The pathologistds scorinbe of th
also having a minor rol@olozza et al., 2010Y herefore, standardiseaethods

in the preanalyticaltumourhandling, especiallgufficientfixation, is essential

for reliable proliferative fraction assay. Interestingly, in this study, Ki67 is
superior forpatient stratification when used as a continuous variable (integration

of Ki67 in NPI+ classes), while it is less significant when used as a categorical

variable (integration of Ki67 in traditional NPI).

One of the noticeable issues in the assessmdmsalidhort was the cytoplasmic/
membranous staining signal. Although Ki67 is a nuclear expressed protein,
cytoplasmic and membranous expression has been noticed in different tissues.
For instance, pleomorphic adenoma of the salivary gl@adhiro et al., 2002)
sclerosing haemangioma of the lufigattori, 2002) hyalinising trabecular
adenoma of the thyroid glar{tHirokawa and Carney, 200@nd invasive BC
(Faratian et al., 2009)n addition, Faratian et al. reported that there are unusual
cell membrane and cytoplasmic expression of7Kiib a group of invasive BC
which could be a distinctive group with importance in BC progn@sisatian et

al., 2009) This may be one of the explanations of the unusual cytoplasmic and
membranous staining. Anothexplanation could be related to the antibody used
(Rossi et al., 2005)Interestingly, this is consistent with our results when a
different clone (380) or SP6 was used; there was only nuclear staining with no
cytoplasmic or membranous staining. This can be supported by, more recently,
the increasingly rising use of rabbit monoclonal ig&i67 readyto-use 309
antibody in different tissues, including BC using the Ventana system
(Aigelsreiter et al., 2013]Shaikhibrahim et al., 2014, Shaikhibrahim et al.,
2015, GitSanchis et al.,, 2015)Lemound et al., 2015{Mas et al., 2015)
(Christgen et al., 2015)
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3.8. Conclusion

Ki67 expression can bassessedtilising WTS and TMA, however, the latter

need tabe interpreted with caution. Therefore, using of multipleacgér TMA

cores should be explored as an alternative to WTS. However, for practical
purposes, Ki67 assessment in whole sections should be preferred when available.
Evaluationof Ki67 as a continuous variable may be more applicable than the
dichotomised vales currently used in clinical practice. A -qdint of 20% in

BC when assessing Ki67 on TMAs appears to be optimum both at concordance
with WTS as well as wi tHclgnewith differens 6 o ut
optimisation conditions is associated watytoplasmicahembranous reactivity.

In this context, ifs suggestedlternativeant-Ki67 clonesas clone (36®) could

be usedor clearerstaining. It seems that Ki67 could be used as a replacement
of mitotic count in NPI+ with superior stratification pétients into prognostic
groups.
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4. Clinical utility of RPPA for

molecular classification of BC
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4.1. Introduction

Currently, highthroughput molecular techniques provide an opportunity to
challenge the complexity of BC. GEP approexhs a largescale techmjue
applied to he oncology field can identifyoiologically relevant molecular
subtypes related to different clinical presentations and outc(Buebe et al.,
2001) (van ce Vijver et al.,, 2002)The available molecular signatures will
probably be more reliable and sensitive than using a single biomarker to reflect
the real heterogeneity of BC. However, proteiather than nucleic acidare

the final effector molecule afellular processes and relevant therapeutic targets;
addition the genomics approach has its limitations. The levels of mMRNA do not
necessarily associate with corresponding protein abund@ycg et al., 1999)
(Ginestier et al., 2002)Moreover, transcriptomes do not capture the post
translational modifications that affect protein function, interaction and stability,
such as phosphorylation, glycosylation and acetyldfigers and Mann, 2003)
(Amerik and Hochstrasser, 200{Deribe & al., 2010) Furthermore, gene

expression microarrays are relatively expensive and not easily available.

On the other hand, for a long time, quantitative protein measurements have been
considered challenging. In a biological sample, protein abundanies from a
limited number to several million. Accordingly, an accurate quantitative
assessment needs both high sensitivity and accuracy, especially with the
restrictedavailability of material in clinical samples. These requirements have
been partiallyachieved, during the last few decades, sevediniqueshave

been developed with promising results in the clinical setting, and which have
improved diagnosis, prognosis and predictiotreditmentesponsedHC is one

of these techniques and has longresed to reliably examine the expression
status of various prognostic and predictive biomarkers in BC. Further, in
practice,IHC is widely used for molecular prognostic classification of BC.
However, one of the limitations of usingC is that it is a smi-quantitative
technique and observdependent. Additionally, it does notacilitate

quantification of the subtle changes in protein expression levels. NBI+,
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described earlier, is a novel immunohistochemibtiged prognostic test that

has been deveb@d by our group. It incorporates the measurement of biological
and clinicopathological variables to stratify patients into distinct prognostic
groups(Green et al., 2013Rakha et al., 2014)ith a panel of ten biomarkers
relevant to BC: ER, PR, HER2, HER1, HER3, HER4, Cytokeratin 5/6,
Cytokeratin 7/8, p53 and Mucin 1. However, the initial NPI+ formulae did not
include Ki67 biomarker, the importance of Ki67 in BC classiflcn has been
highlighted in the previous chapter. Moreover, it would be more efficient for a
panel of biomarkers to be assessed via a-thighughput technique using one
experiment rather than the current requirement of assessing all ten biomarkers

on individual tissue sections using immunohistochemistry.

RPPAIs an alternative and promising approach; it represents &alghghput
technique thaenablessimultaneous measurement of protein expression levels
in a large number of biological samples inuantitative manner. RPPA allows
analysis of multiple samples, so the expression of proteins of interest can be
studied under thequalexperimental conditions. Moreover, it has the potential

to replace standartHC, particularly as itess subjective protenic technique

and it farthercan help in the detection of subtle protein changes in terms of the
relative abundance or dowagulation of key cellular signalling proteins in the
studied sample, therefore giving portraits of the protein cascades of ualivid
patients. Dependingn whether the analyte is captured from the solution phase
or bound to the solid phase, protein microarrays include two major classes of
array methods capable of generating quantitative protein assessment: forward
phase protein arya(FPPA) and RPPA. FPPA utilises an array of immobilised
multiple antibodies spotted on a nitrocellulested microarray slide, which is
incubated with a test sample. Alternatively, FPPA can use a sandwich array,
where there are two antibodies: one uiead to bind the protein of interest to

the base of the array; and the second antibody binds a different epitope onto the
same moleculéTemplin et al., 2002(Espina et al., 2003Jn RPPA the lysate,
rather than the antibody, is printed robotically onto a slide as individual spots,
which are thenricubated with a single specific antibody to detect expression of

the target(Paweletz et al., 2001, Brase et al., 201&ljhough one of the
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limitation of RPPA technique is the availability of validated and higplgcific
antibodiegBoellner and Becker, 201L52PPA has unique advantages over other
array formats for proteirprofiling. FPPA is complicated by the issue of
detection, and direct protein labelling may affect the binding of an analyte.
Because all proteins are labelled, hagbundance proteinsiight bind nonr
specifically to otheparticles producing high backgrowl. Moreover, the FPPA
approach can be viewed as an array of miniaturised immunoprecipitation (IP)
reactions that occur proximally to the array surface; only a low percentage of
commercially available antibodies can target intracellular proteins for IP
experiments. Conversely, a high percentage of these antibodies would bind with
high affinity to their antigen when the antigen is denatured and immobilized on
a membrane as in RPPA, in which the samples are immobilized on the array
surface(Chan and Utz, 2005Further, one of the major advantages BPR is

that the sample proteins do not need to be labelled.

The feasibility of RRPA in determining cancer protein profiles was first shown
by Paweletz et al through analysis of lysates prepared from a lzgaure
microdissection (CM) of 70% ethanoliked and paraffirembedded prostate
cancer tissugaweletz et al., 2001 hey expanded the number of analytes and
performed proteomic profiling of tr&) human different carcinoma cell lingst
(Nishizuka et al., 2003)Byers et al. described the proteomic profiling using
RPPA of 193 proteins and phosppmteins in a panel of 108 smakll lung
cancer and neemalkcell lung cancer cell line@Byers et al., 2012)RPPA as
previously used successfully to quantitate proteomic profiles in BC cell lines,
which demonstrated a higher level of expression of KU70/KU80 in BRCALl
deficient HelLa cell lineqAlshareeda et al., 2013Moreover, the Cancer
Genome Atlas (TCGA) defined four BC subgroups: luminal A and B, HER2
enriched, and bastike. This study used the RPPA platform along with other
genomic DNA techniques and each group exhibited sagmf molecular
heterogeneityNetwork, 2012)

However, one of the challengashigh-throughput proteomics is using FFPE

tissues. Although these can be stored for decades while still preserving cellular
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morpholoy and proteins, the use of formalin as a fixative induces protein-cross
links and modifications, creating subsequent problems for separating and
characterising individual protein@PalmerToy et al., 2005) Despite this,
proteins isolated from FFPE tissue have been used for proteomic studies
(Martinet et al., 2004(Becker et al., 2007Few studies comparing the efficacy

of different protein extraction protocols have been published in the literature,
and these studies have foundtthi@e quantity and quality of the recovered
proteins are determined by the method and extraction buffer(usebker et

al., 2015)(Broeckx et al., 2016)The primary conlasion drawn from these
studies is that there is no current agreement on the optimal protein extraction
protocol from FFPE tissue; neither are there any established standards for the

guantitative assessment of extrg@&hi et al., 2013)

The heterogeneity of tumours, particularly in BC, is another challenge for
proteomics analyses. In any pathologicagasses, only specific cell types can

be affected, while the other cells compromise the results by diluting or increasing
the differences in the amount of protein expression. Regarding molecular studies
of cancer, it is preferable to separate tumour éai® its surrounding stroma,
where malignant and nemalignant cells are mixed. Practically, sampling is of
highest importance for obtaining reliable and reproducible results that can be
translated into clinical practice. Various studies have shown thebig of
mapping proteomic signalling using RPPA in limited fmeedle aspiration
samples(Rapkiewicz et al., 2007()lbarraDrendall et al., 2012and in LCM

using frozn tissue specimerfg/ulfkuhle et al., 2008)However, the isolation

of a specific cell population is challenging, labintensive, and time
consuming. Applying nomicrodissected human tumour material to RPPA
possibly makes the technology more widely practical in the clinical setting.
Hennessy et al recognised kinase and steroid signalling proteins in
macrodissected frozen human BC tumours using RPPA, after intervals of up to
24 hours on the benchtop at room terapge, following surgical resection
(Hennessy et al., 2010Yloreover, Becker et al. successfully quantified protein
analysis from different FFPE tissue, including 17 BC samples, using

macrodissection (needle moclissection)Becker et al., 2007)
127



Chapter four RPPA and BC classification

4.2.  Hypothesis

Molecular features of BC tkermined by a quantitative highroughput method.
It was hypothesised that RRPA allow more accurate determindtiprotein
levels usingthe NPI+ 10 biomarkerdMoreover, the possibility to realign the
NPI+ classification based on the expression of Ki67.

4.3.  Aim of this chapter

The aim of this study is to therefore evaluate the use of RPPA in improving
molecular classification of BC in order $tratify patients according to the NPI+
decision making tool. Further, to examine the effeét Ki67 on this

classification Figure-30.
In particular the specific aims are:

1 To determine the most suitable protocol for proteinaetion from FFPE

tissues.
1 To determine the most suitable mettiodprotein extraction from FFPE

tissuedby testing three different platforms.

1 To evaluate and compare the expression of proteins used in the NPI+:
using RPPA and immunohistochemistry.

1 To evaluate the correlation between expression of Ki67 in btthand
RPPA.

1 To evaluateahe effect of reclassification of RPPA data using Ki67 on

NPI+ classification.
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Figure-30: A flowchart representing the steps of studyin this Chapter
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4.4, Methodology

4.4.1. Patient cohorts

In this study, thdifth cohort (43 cases) was used (Sectihi.5. An initial
optimisation step to compare the three protein extraction protocols was piloted
using five randomly chosen invasive BC cases from #ages. Next, a
comparison between three different tumour tissue sampling techniques (full
face, macrodissection and laser capture microdissection) from FFPE tissue was
then conducted using a total of 25 cases of the same series. These cases were
selecteased on the availability of at least 50 % invasive tumour tissue burden

of thewhole section area in paraffin blocks. Finally, the most suitable protocol
and sampling method were used using the whole cohort (143 cases) to evaluate
the utility of RPPA in tassification of BC and to examine the role of Ki67 in

this classification.

4.4.2. Optimisation of protein extraction

from FFPE tissues

Three serial sections, 10 um thickness each of five randomly chosen invasive

BC were used.

44.2.1. Protocol 1:

Proteinwasextractads i ng t he Qproteome FFPE ti ssl
instructions(Becker et al., 2007)Deparaffinisation and protein exttan in

summarised &ction2.5.

4.4.2.2. Protocol 2:

Tissue sections deparaffinisation wasfprmed as describaed Section2.5.1

After deparaffinisation, protein extraction was performed using Laemmli buffer
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(Laemmli, 1970) where 15 | of Laemml i b dal, pHG8;, ( 100
20% v/ v glycerol; 2 Yoercaptoetha8d) Was addeddo 4 %
the deparaffinised tissue where incubated on heating block fami2@tesat

105e¢eC. Sampl es we mieuteckinally, éter centrifugatiocne f or
14,000 »g for 15 the supernatant stored&t0 e C unt i | use.

4.4.2.3. Protocol 3:

An alternative method used in Protocol 2 was used wi@beul laemmli buffer

and 6 plb-mercaptoethanol was added and incubated fan2itesat 100 e C
followedby 2 h at 80°C in thermomixer. Finally, centrifugation was done for 15
minutesat 4eC and the s-8peCnanant wae.kept

4.4.2.4. Validation of the protein extracts

Protein concentrations from tHeé-PE extracted lysates wemeasuredising
FastGreenstain (Loebke et al., 2007)Two fold dilutions of1.0 mg/mL BSA
(Sigma) standard were spotted onto the array as a total pr@tedasd. Printed
arrays were stained with Fast Green stai05 % FCF (Sigman 30 % ethanol,

10 % acetic acid and 60 % watex) room temperaturéor 45 minuteson a
rocking platform at 40 rpm. Destaining wagpliedtwice for 15minuteseach

with 30 %ethanol, 10 % acetic acid and 60 % waidwe slide wasvashed then,

air dried and scanned at 700 natilising an Odyssey scanner (Ligor
Additionally, further validation of the quantity tife protein was measured using
b-actin levels. Each sample was printed 20 times onto a nitrocellulose slide using
the MicroGridll arrayer. Protein lysates from samples were spotted onto
nitrocellulosecoated tass slides (Grace Biabg in quadruplicate with a
microarraying robot (MianGrid 610, Digilab). The quality and
immunoreactivity of the extracted proteinsthun lysates were evaluated by
western blotting $ection2.4). Primary antb-actin antibody (Sigmg was
applied diluted afl:1000 in 5 % BSAin TBS 0.05 % Tweef0, pH 7.5 ad
incubated overnight at 4 °C. Blots were incubated with swinerabhit

immunoglobulin HRP conjugate (Bko) diluted 1:2000 in blocking buffer for 1
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hour at roomtemperaturéThis step conducted by Dr Paddy Tighe and Dr Ola
Negm from the Posgenomicg~acility, University of Nottingham)

4.4.3. Comparison between three

sampling methods

Three different sampling techniques (ffdce section, macrodissection and
LCM) were compared using 25 invasive BC cases of FFPE tissues to evaluate
which mehod is most suitdb for RPPA A full -face section refers to sectioning

the whole tissue of the paraffin block including the tumour area using a
microtome. However, macrodissection refers to the gross manual dissection of
invasive tumour area from FFPE sections placed emaloglass slides using
disposable surgical blades. Macrodissection was guidetkBEyslides from the

same FFPE block. Slides of 10 um thickness were prepared and stained with
H&E; then, the area of invasive tumour for each case was marked using special
pen (more than 50%). FAICM, tissue sections of 10 um thickness were placed
on membranous coated slides and tumour areas dissected ustuntexct laser
instruments, details of theLCM described in Section2.6. The
clinicopathological criteria of the 25 cases used in this step of the study

demonstrated ifable-16.
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Table-16: Clinicopathological criteria of the 25 BC cases used in this step of
the study (Negm et al., 2016)

Tumour grade 2 5 (20)
3 20 (80)

Tumour size O2cm 6 (24)
>2cm 19 (76)

Axillary lymph node 1 16 (64)

stage 2 6 (24)

3 3 (12)

Nottingham GPG 1(4)

prognostic index MPG 4 (16)
(NPI) PPG 20 (80)
NPI+ Cluster Luminal 7 (29.1)
membership Basal 14 (58.3)
HERZ2-positive 3 (12.6)

Unclassified 1

GPG: Good Prognostic Group, MPG: Moderate Prognostic Group, PPG: Poor Prognostic
Group.

4.4.3.1. Deparaffinisation, protein extraction

For the detailed methodology, please referre@¢ation2.5.1

4.4.3.2. LCM from FFPE samples

Before using oL CM in the comparative step, both the optimal area needed for
LCM and the effect of staining were evaluated: Firstly, Different sized areas of
tumour cells wee microdissected from sections: 1, 5, 10 and 15 million pm? to
determine the optimal area needed to yield sufficient protein for RPPA. The
concentration of the extracted protein from the microdissected cases was

compared with two other sections: one waeeppred by using the
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macrodissection method, the other by the-fadle sectioning method. The
comparison performed using Fast Green stain as previously described. Secondly,
In LCM, haematoxylin staining was used as describe Section2.6.
Compression beteen both stained and unstained sections were performed to
investigate the effect of staining on the amount of protein yield. For this purpose,
10 cases were used following the same stefsction2.6, except that the slides

did not stained with haematgin. The comparison performed using the level of

b-actin was vyield.

4.4.3.3. Immunohistochemistry

The cases were previously immunaséal (group data)using the NPI+
biomarkersThe details of antibodies that used in this step were shovalihe-

17. TheH-score method was used to sethe antibody as it is representative for
the intensity and the percentagepasviously described in Secti¢h3.7. The
primary antibodiesvere validatd using strip vestern blottingSection2.4.

4.4.3.4. Revere phase protein array

The details of RPPA are dathed inSection2.7. The reproducibility of RPPA
using FFPE extracts was evaluated. For islide validationsFFPE extracted
lysate(usingQ-proteome FFPE Tissue kitom five BC tissues werasedand
printed in ten replicatesonto 16pad nitrocelllbse slides. The inteslide
reproducibility was assessed by printing the slides on two different days to
produce identical RPPA slidasededfor the profiling of BC samples. To
confirm the reproducibility ohchievedesults, representative slides of leaon
werereservedvith primary antibodies which directed the housekeepiagtin.
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Table-17: Antibodies used inRPPA and the original NPI+ using IHC
their clones, dilutions, incubation times andantigen retrieval methods used fodHC staining (Negm et al., 2016)

M3634

SP1

30 minutes

RPPA and BC classification

Microwave (MW), Citrate, pH6.0 for 20
minutes

CK 7/8 345779 | CAM 5.2 1:50 1:125 30 minutes MW, Citrate, pH6.0 for 20ninutes
CK5/6 M7237 D5/16B4 1:400 1:750 60 minutes MW, EDTA, pH8.0for 20 minutes
HER1 Mouse 31G7 1:100 1:50 60 minutes Proteinase K (@inutesat 37°C on
cytomation hotplate)
HER 2 A0485 Rabbit 1:50 1:1 30 minutes NONE
polyclonal
HER 3 NCL-c- RTJ1 1:200 1:400 15 minutes Hot water bath (95°C), Leica ER1 buffe
erbB-3 for 25minutes
HER 4 RB-9045 Rabbit 1:50 1:30 30 minutes MW, Citrate, pH6.0 for 20ninutes
P polyclonal
Mucin 1 NCL- MAG695 1:50 1:50 30 minutes MW, Citrate, pH6.0 for 2@ninutes
MUC-1
p53 NCL-p53 DO-7 1:25 1:30 30 minutes MW, Citrate, pH6.0 for 20ninutes
DO7
PR M3439 PR 637 1:200 1:100 30 minutes MW, Citrate, pH6.0 for 20ninutes
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444, Correlation between IHC and

RPPA

Statistical analyses were perfardusing GraphPad prism version 6.5 and SPSS
version 22(PAWS statistics) Statistical correlation betwedrC (using H

score) and RPPA was tested as continwmalises using linear regression test. A
p-value <0.05 was considered significant. Unsupervisadway hierarchical
cluster analysis of the expression of the 10 biomarkers used in NP1+ using RPPA
based on Pearson distance combined with complete linkage rule was performed

using MeV (Multiple Experiment Viewer) version 4_8.

4.4.5. Analysis of RPPA data using
consensus clustering and classification

techniques including the role of Ki67

4.45.1. Correlation between expression of Ki67

in both IHC and RPPA

Statistical analyses were performed using SPSS vePR¢RAWS statistics)
Statistical correlation betwediC (using percentage score) and RPPA was
tested as continuous values using lineagression test and Spearrdas

correlation p-value <0.05 was considered significant.

4.45.2. Evaluation the effect of re - classification
of RPPA data using Ki67 on NPI+

classification

Clusering allows the examination of data defining its intrinsic structure by
organising data variables into similar clusters or groups. Expression of

biomarkers was quantified, in triplicate, using RPPA from 143 BC tumour cell
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populations, which isolated usingacrodissection. The methodology of
classification was performed in two steps: firstly by considering the 10 NPI+
protein biomarkers, secondly with the addition of; Ki67. The RPPA data for 143
patients was collected in triplicate. The average of all iheetreplicates was
taken. Datavas processed using mimax normalisatior(Shalabi LA, 2006)

The analysis was performed by Dr. Daniele Soria and Utkarsh Agrawal

(Computer Science, University of Nottingham) and consisted:

1) Hierarchical methods: Agglomerative methods were uBlee two most
similar clusters were joined and performed repetitively until all subjects
were in one cluster. Then, the optimum number of clusters was chosen
from all of the cluster solutions.

2) Non-hierarchical methods: two clustering algorithms namely
Partitioning Around Medoids (PAM) and -Kheans with centres from
pruning of Hierarchical cluster tree were run on the dataset.

3) A consensus of both clustering algorithms was performed
(clusterfusion).

4) Three clusters were created, chosen through clustertyaildiices as
the optimal number of indices, and similar steps were repeated for
creating seven clusters.

5) The results are reported for the ten NPI+ biomarkers and subsequently
including Ki67.

Boxplots were used to visualise the differential expressioheobiomarkers in

three and seven BC classes. The vertical bars represent the expression of the
biomarker and the bold horizontal line in the box revealed the median. Further,
the correlation between expression of Ki67 in b&t#C and RPPA was

evaluated.
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4.5. Results

451. Protein extraction from FFPE

tissues

The protein yield from FFPE breast tissudising the threevariousprotocols

was evaluatedvith regard to theguantity and quality. The results of protein
extraction from FFPE samples showed the comrakgeproteome FFPE Tissue

Kit gave the best extraction method compared to the other two protocols used
where the concentration of the extracted protein (2mg/ml) was double obtained
using the other twgrotocols ashown in,Figure-31 A and B. Western blot
analysis forb-actin showedpreservation of protein extracted from tREPE
sections using all extraction protocols where a single band ahdtwrate
molecular weight (42 kDa) wadentified However, the signaxpressioro f- D
actin was higher for extractssing Q-proteome FFPE Tissue Kit protocol,
Figure-31 C. RPPA alsodemonstrated h at t h eactih was édigheranf b
lysates extracted by-Qroteome FFPE tissue kit compared with dliger two
protocols Figure-32.
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Figure-31: Quantification and reproducibility of protein extraction from FFPE samples
(A)Quant i f i eaatihfromrFP& prepéred usingthree different protocols (P =Protocol, S=Sample), (BQuantification of protein
using Fastgreenstain, (C)We st er n b |-actintdetectign(4R2 kDa) inflysates prepared from thetestedprotocols (Negm et al., 2016)
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Protocoll Protocol2 Protocol2

Arbitrary fluorescence units

Protocol1 Protocol2 Protocol 3

Figure-32 Representative microarray image
showing higher signals with theprotocol 1 usingQ-proteome kit (Left) and bar graph demonstrates the quantitative representation of the
signal i nfadgmBight)yi es of D
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4.5.2. Compari son between three

sampling methods

4.5.2.1. Protein extraction and optimisation of

LCM

As it is a challenge to extract protein from the microdissected FFPE sections,
initially the minimum microdissected area that yield protein can be detected
using RPPA was evaluad. 15 million um2 was the minimum microdissected
area required for protein detection using RPPigure-33. 1, 5 and 10 million

pm? dissected areas revealed respectively with low level of protein yield.
However, when the three sampling techniques wergpaoed macrodissection

and fullf ace gave hi-artnexpredsienvcenipared cofthEN
samples. As shown ifrigure-34 the amount of protein yield using the
macrodissection method was higher than both-fadé andLCM methods.
There was no signdant difference between the amount of protein yield of the

stained and unstained sections uselddM, Figure-35.

4.5.2.2. Optimisation of antibodies

The result of the western blot of the antibodies used this study where a specific
band of the predicted moleculareight for each protein were illustrated in,
Figure-36. Regarding the reproducibility, a statistically significaptv@lue
<0.05) high correlation was alsietectedetween signals ahatchingsamples
printed on he two different slides from the two experiments (day 1 and day 2)
(p-value <0.001,%=0.61), Figure-37. The coefficient of variation (CV %)
within the 10 intraslidereplicates was as low a%o/for all the analyed samples.
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Figure-33: Comparison between the three sampling methods
macrodissection and fullface methodsproduce a higher protein level than
LCM. The microdissected area (15 million um?) represented by sample 4
have a relatvely higher level of protein as tested by Fast Green staining. 1,
2, 3, 4 represent the areas 1, 5, 10, 15 million um&pectively
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Figure-34: The boxplot shows that fullface and macrodissection
gave hi gh ectin éxgessoh comgaredtdCM samples
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Figure-35: The bar graph shows thestained (S) and unstained (US)
BC cases using.CM
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Figure-36: Western blotting validation of the primary antibodies
, a single band was obtainedof each protein at the predicted molecular
weight (Negm et al., 2016)
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Figure-37: Inter-slide reproducibility

protein extracts from FFPE breast cancer tissues were preged and were
printed on two different days to produce identical RPPA slides. Slides of
each run were reserved with primary antibodies which directed the
h o u s e k e-actin. High cdirelation between the signals from the two
experiments (day 1 and day 2)s seen (f = 0.6090)(Negm et al., 2016)

144



Chapter four RPPA and BC classification

45.3. Correlation between IHC and

RPPA

RPPAresultingexpression levels of the 10 NPharkers from macrodissection
and fullface methods werassessednd compared as a coniwus variable to

the IHC continuous scoring values {store),IHC images for the expression of
NPI+ markers represented kfgure-38. Regarding the.CM, due to the low
level of protein yield, it was difficult to ecopare the results. The results as shown
in Table-18, where using the macrodissection method 8 out 10 biomarkers (ER,
PR, HER2, HER1, HER4, CK5/6, CK7/8 and Mucinl) were significantly
correlated using RPPA andC while only 6 markers (ER, PR, HER2, HERA4,
CK7/8 and Mucinltilising the full-face sections were significantly correlated
(p-value <0.005).

Although the number of theasesn this study is limited, a hierarchical cluster
examination of the used biomarkerasappliedfor RPPA dataacquiredfrom
macrodissected BC tissue samples to molecularly classify BCspeoific
classes. Interestingly, the 88mplesvere clustered into six groups. To classify
and characterise each group, these groups were compdatedhe NPI+
biological class membership determined using immunohistochentguyre-
39and

Table-19 show that RPPA Groups 1, 2, 3 and 5 represent basal tumours and
including all the cases that belonging to basal class (NPI+). Interestingly, Group
5 was separated from the remaining groups via low/high P53 expression. This
was remarkably consistent with the NP1+ basal class subgratpéhe divided

by p53 subgrougrigure-40. Further, Group 6 primarily represents the luminal
group where it contained 5/7 luminal tumours while HER®2itive class was

represented in Group 4. Only 3 cases were misclassified to other classes.
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Figure-38 Immunostaining expression of NPI+ markersin breast cancer
(A) P53,(B) CK7/8, (C) ER, (D) HER1, (E) HERA4, (F) Mucinl, (G) PR, (H) HERS3, (I) CK5/6 and (J) HER2 respectively
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Table-18: Correlation between RPPA and IHC results using NPI+
biomarkers (Negm et al., 2016)

PR < 0.000] < 0.0001
CK7/ 8 0.0092 0.0460
CK5/ 6 0.3738 0.0107
HERS3 0.0813 0.8083
HER1 0.2761 0.0328
P53 0.8286 0.9607
Muci nl 0.0126 0.0022
ER < 0.000] < 0.0001
HER?2 < 0.000] < 0.0001
HERA4 0.0001 0.0456
L -, 8310759

r';Ll ﬂ IJ'I_?I | rI:IFIH l I'LI [ 1 1.0 [ .uminal

H CRT/8 Basal

CES /&

pen: [ HER 2 +ve
HEHR3
HEH4
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-
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Figure-39: Hierarchical cluster analysis of NPI+ biomarkers
Heat map illustrating an unsupervised hierardical cluster analysis of the

expression of the 10 biomarkers used in NPI+ using reverse phase protein
arrays. Patient samples are oriented on the horizontal axis and the different

studied target molecules are oriented on the vertical axis. Clustering dfi¢
25 tumour samples was achieved using RPPA into 6 different groegierived
protein expression data of NPI+ biomarkers. Colour code of the heat map:
white low expression, red high expressio(Negm et al., 2016)
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e Luminal A
s Luminal B
¢ Luminal N

¢ P53 Normal
¢ P53 Altered

HER2 positive | & rPese

¢ ER Negative

Figure-40: Nottingham prognostic index plus (NPI+) classes
(Green et al., 2013)

Table-19: RPPA classification of BC according to NPI+

, Where group 6 representsuminal class, group 4 represents HERpositive
class andgroups 1, 2, 3 and 5 represerttasal classes p5&ormal and p53
altered respectively(Negm et al., 2016)

Group 1 5 4 1
Group 2 4 1 3
Group 3 S 5
Group 4 3 2 1
Group 5 3 1 2
Group 6 S 5
4.5.4. Analysis of RPPA data using

consensu s clustering and classification

techniques including the role of Ki67

45.4.1. Correlation betwee n expression of Ki67

in both IHC and RPPA

Ki67 expression usintHC was significantly correlated with RPPA data wpth
value <0.002Figure-41.
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Figure-41. Correlation between Ki67 expressionsusing immunostaining
(IHC) and RPPA

45.4.2. Evaluation the effect of re - classification
of RPPA data using Ki67 on NPI+

classification

When 10 biomarkers were considered (NPI+ biomarkers)

The distribution of each variable in the class was compared wilsttgution

in the total sample using a boxplot. Initially, boxplot of the three consensus
classes were produceBligure-42) for all cases and for those cases assigned to
classes 3. The boxplots of the consensus after theteffission of the Kmeans

and the PAM Table-20). 99/143 cases we divided into three classes.
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Table-20: A total of 99 BC cases are consensus amongrikeans and PAM

K-means 51 46 46
PAM 58 32 53
Consensus 35 23 41 99

Figure-43 shows the boxplots of RPPA data classified into seven classes, a total
of 92/143 cases showed consensus betweene&ns and PAMTable-21.
Classes six and seven differ from each other in terms of the biomarkers CK7/8,
CK5/6 andHERL These are on the higher side in the class six, on the lower side
in class seven. The major difference among thssels; one, three and five have
higher values for PR than class one. Among classes three and five, class three
has a relatively lower value for ER and high values of MUC1, andwdcsa for

both in class five, i.e. high values of ER and low values of MU@4dsses two

and four had a very similar distribution, except for the MUC1 biomarker. Class

two have higher values as compared to the class four.

Table-21: A total of 92 BC cases are consensus amongrikeans and PAM

K-means 14 | 24 25 6 28 6 33 7

PAM 11| 21 28 6 23 17 25 [ 12

Consensus | O 11 19 6 19 5 25 7 92

*C=Class
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When 11 biomarkers were considered

Figure-44 shows théoxplots of the consensus after the clusterfusion of the K
means and the PAM, 122 cases were divided into three classgle 22,
Further division was attempted by scllassifying classes one and three. This
was ferformed as these classes were large in number and the outliers were

distribution was dense.

Table-22: A total of 122 BC cases are consensus amongnkeans and PAM

K-means 63 18 62
PAM 52 31 60
Consensus 52 18 52 122

Figure-45shows the boxplots of the seven classes. Classes one and five differed
from each other in terms of PR ad&R1expression. These were higher in class
one and lowein class five. The major difference amongst classes three, four and
six were the high values of MUCL1 for the class four. Class three had high values
of ER and HER2. Classes two and seven had very different distributions. A total

of 99/143 cases showednsensus between-Keans and PAMI able-23.

Table-23: A total of 99 BC cases are consensus amongrfeans and PAM

K-means 33 |24 12 4 11 (24 22 13

PAM 25 |23 10 19 11 |22 21 12

Consensus | 25 | 16 7 0 6 18 16 11 99

*C=Class
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Figure-42: Boxplots of RPPA breast cancerclassification

using NPI+ biomarkers to the main three classes
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Figure-43: Boxplots of RPPA breast cancerclassification
using NPI+ biomarkers for seven classes
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using NPI+ biomarkers to the main three classes after adding Ki67

Figure-44: Boxplots of RPPA- breast cancerclassification
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Figure-45: Boxplots of RPPA breast cancerclassification
using NPI+ biomarkers for seven classes after adding Ki67
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4.6. Discussion

The most critical concerat proteomic studies using clinical samples is the
extraction and prepaiah of the protein lysate. This issue is more challenging
when protein is extracted from FFPE tissue, which is associated with extensive
molecular crosg$inking. Based on the theory of haatluced antigen retrieval
method for immunohistochemistry, lkeda a. described successful protein
extraction from FFPE tissuékeda et al., 1998)urthermore, there are reports

of protein extraction from FFPE tissue using-gated and mass spectrometry
proteomic approachdéddis et al., 2009]Tanca et al., 2011Although there

are several published FFPE tissue proteomic studies of successful protein
extractions, there has yet been no agreement on timabgxtraction protocol

for protein from FFPE tissue or established standards for quantitative assessment
of these extract&Shi et al., 2013)

In this Chapterthe samples wergystematically evaluateaith regard tdboth
quantity and quality, protein extraction methods from FFPE tissue for optimal
performance. This step Bssentialfor consequenproteomic application on
extracts of protein from FFPE tissue. It is watknowledged that thguantity

and quality of proteirproducel from FFPE tissue is affected by tié-PE
processandthe differences in time taken for preparation compared to frozen
eguvalents.The efficiency of protein extraction from BC tisswesre compared
utilising three different protocojshe commerciallyaccessibleit and an in
houseprotocols An efficient and successful extraction of proteins from FFPE
samples was obtaineding a Qproteome FFPE tissue kit, which was first used
by Becker et al. in conjunction with RPPA technology in @ecker et al.,
2007) Consistent with the results, the same kit used in that study gave an
efficient protein extraction amount from samples that had been fixed and stored
for a long timgWolff et al., 2011hb)

In order toexaminghe effect of tissue heterogeneity, lysates were prepared from

FFPE tumour samples utilising three isolation platforms full-face,
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macrodissection andCM. However, the protein yieldyd CM was much less

than the other two methods, while macrodissection produced the highest amount
of protein. Becker et al. evaluated the influence of histological stains on proteins
isolated from FFPE BC tissues and found that they may affect the anfount o
protein yield; however, this was representative of only two BC ¢&seker et

al., 2008) To avoid the effect of staining, both stained and unstained sections
were compared where thenas nodifference in protein yield between either
stained or unstained tissue conditions. It may appear paradoxical to obtain low
protein using-CM; yet it is not, as the results are in line with Scicchitano et al.
(Scicchitano et al., 2009)They published a comparison between protein yields
from controlled nor.CM andLCM using FFPE liver samples and demonstrated
that protein yields frolhCM samples are much less than those fromInONI
samples. Furthermore, fren tissue is usually used witEM and, as expected,
results in a higher amount of extractable protédang et al., 2007)
(Grantzdorffer et al., 201@Fowler et al., 2012)

RPPA is a higkthroughput technology and a powerful tool in protein profiling,
signalling pathway analysis and biomarker discgvérhas been successfully
applied in quantifying proteins extracted from FFPE mate(Béker et al.,
2007)(Wolff et al., 2011a)One of the technical aspects of RPPase tumour
profiling is the reproducibility of target protein expression measurements. In
order to evaluate the benefits of applying RPPA to archival B&Ptssues for

the molecular classification of NPI#his study was performed comparing the
panel of NP + bi omar ker s 6 IHCeahdeRPRA. imtarésiinglyy wi t F
there was a consistency between the resulttH6f and RPPA using both
macrodissection and fulace methods. However, there was more concordance
betweenlHC and RPPA in the macrodissection hwd than in the fulface
method. Assadi et al. conclude that there is a good assignment of RPPA signals
to IHC scores using FFPE tissfAssadi et al., 2013)However, this study
analysed only one biomarker (HERi?) BC tissue. In the current study, ten
biomarkers were used: using macrodissection, eight markers (80%) showed
significant agreement betwe@dC and RPPA, with six markers (60%) in the

full-face method. The protein profiling differences observed argy ltkehave
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arisen from the input samples, as fiaite sections incorporate the tumour
microenvironment and other tissugétennessy et al., 2010)he discordance at

the level of some of these proteins determinelddihIHC and RPPA is perhaps

due to the heterogeneity of breast tissue stainingnight be due taheir
expression and subcellular distribution; aur study, the membranousiC
staining of HER3 was onlgeemed positiveegardles®f cytoplasmic staing,

if at all. However, RPPA camdentify subtle differences in membrandus
cytoplasmic protein expression levels. In addition, some antibodies fail to
recognisethe expected membranous localisatiorpafticularmarkers byiHC

and thisin sequencsvill affect reproducibility(Anagnostou et al., 201LO0RPPA
analysis of FFPE tissue lysates gives rise to biologically meaningful data.
Initially, using a set of 25 cases, patients were clustered into subgroups using
RPPA broadly based on the applied expression of these ten biomarkers. These
clustered subgroups are strongly consistent witlHResubclasses of NPI+; for
instance, the groups of RPPA that represent the basal class in NPI+ classification
were separated dending on P53 consistent with NPI+, as ba&8 normal or

altered.

Interestingly, when unsupervised classification with a larger cohort (n=143
cases) was used, the results were promising and encouraging for the application
of RPPA in BC clustering andassification. Consensus clustering, which used

in this study, which offers a method to represent the agreement through multiple
runs of a clustering algorithm and to evaluate the stability of the discovered
clusters(Soria et al.,, 2010)The more the achieved clusters are robust to
sampling variability, the more one can be assured that these clusters characterise
real structure. The idea of combining and comparing the results of different
clustering algorithms ismportant with the purpose of assess the stability of a
proposed classification. The reasons for using consensus classes are to get the
highest number of patients assigned to any class and to consider all the clustering
techniques analysed. Instead of ustngomparison approaches, this consensus
methodology was used to pool results obtained by different clustering
algorithms. The best number of clusters to consider is another important issue

that arises when cluster analysis is conducted. Several vatiditgs have been
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suggeted in recent yearszor K-means and PAM algorithms, cluster validity
indices were used to direct the selection ofapmalnumber of clusters, in the
study were three and seven classes, based on NPI+. Although the class
assignmets were performed blind to all clinical and outcome data, the initial
cluster using three classes showed 69% of data was assigned to these core
classes. Interestingly, 85% of data was assigned when Ki67 added. In this study,
the previous proposed methodgyqSoria et al., 2010fpor reaching consensus

from the various results obtained from clustering algoritheapplied using

RPPA BC data. This consensus clustering and classification to reproduce NPI+
using RPPAshould be considered as an exploratory study and further work
linking these biological classes to the patient outcome have to be considered.
However, the results reflect the ability of RPPA and could be beneficial for the
stratification of patients for #rapy regimens and classification of BC.
Furthermore, it emphasised the importance of Ki67 in BSsification using
RPPA data.

4.7. Conclusion

In conclusion, the analysis of FFPE tissue lysates using RPPA is demonstrated
as a reliable method for protein gtifination. Data generated through this high
throughput technique can be used in simultaneous analysis of protein portraits in
a large number of clinical samples. Accordingly, RPPA could be reliably used
in molecular classification of BC, such as the NRh¥pugh fast and reliable
proteomic quantification of multiple proteins in B&amples allowing patient
stratification according to BC progression, risk of recurrence and response to

therapy. Further, Ki67 is an essential marker for BC classification.
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5. Evaluation of tumours expressing
low ER in the molecular

classification of BC
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5.1. Introduction

The detection of ER resulted in the development of the first effective targeted
therapy approach iBC and to the determination of two basic molecular classes
of this disease: EfRositive and ERhegative. The correlation between the
hormones an®C growth was documented when GeoBgatson discovered
that exposing aadvanced BC patient mphorectomy (the surgiceémoval of

the ovaries) lead® remission of te tumour(Beatson, 1899)Until the 1950s

and 1960spophorectomy was the standaterapy ofchoice. However, only
onethird of the patients respondéalthis ablation surgery. Therefore, to avert
inadequate management, there was a necessity for predictive markers. The
discovery of ER and its recognition in BC produced tagstrategiegor BC
therapy(Jensen and Jacobson, 19@Bnsen and Jordan, 2003)

Certainly, accurate evaluation of biological markers in BC is needed to have
clear indicators of effects from targeted therapies. Studies have revealed that ER
is the key differentiating marker of molecular signature classification in BC,
supporting the fet that BC isa heterogeneous disease and-fdRitive and-
negative breast carcinomas are biologically distinct entities. Clinically, BCs are
classified as either ERositive or ERnegative and different studies investigated

the prognostic value of ER ndagee status and its association with decreased
survival in node negative B(Crowe et al., 1982Fisher et al., 1988Pichon

et al.,, 1996)(Railo et al., 1997)ER expression in BC has a high clinical
significarce as a predictive factor and benefit of hormonal therapy. In a meta
analysis, tamoxifen as well as other selective oestrogen receptor modulators
have offered an overall improvemaeritpatient survival by 38 %I he reduction

was highen42%) in the first Syearsthanin years 510 25%) (Cuzick et al.,

2013) Mor eover, Early Breast Cancer
demonstrated that treatment of patients with tamoxifen agasitiogen therapy

in BC had an effet on 5year survival and recurrence in EZ005) Numerous
studies endorse the relation between hormonal receptor status and response to

chemotherapy where the ER negative gr¢21% 33%) had a better response
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to neoadjuvant chemotherapy hthe ER positive group (7°8%) (Ring et al.,
2004)(Colleoni et al., 2004jvon Minckwitz et al., 2011)

ER is expressed in 680% of BC cases and most of these cases express PR as
well (Dobrescu et al., 2011()Cui et al., 2005) However, the digepancy
between PR and ER expression can ofCur et al., 2005§Rakha et al., 2007)

As PR is an ERegulated gene, thegression of this receptor is highly related

to the presence of the ER. ERT/ PR+ is
of all BCs(Hefti et al., 2013)The PR level is increased in normal reproductive
tissues and in MGF BC cellsdependig on t r e at-eswadiol (E®)Ji t h 17
Moreover,PGR mRNA and protein reacthar highest measures aftstfCF-7

cells have been treated with E2 for 7&ubs (Nardulli et al., 1988, Wei et al.,

1988, Read et al., 188 Although no classical oestrogen responsive element

was identified in the corresponding sequences, the PR promoter regions A and

B are oestrogen inducib(&astner et al., 1990Bchultz et.al sggess that ER

is involved in mediating oestrogen responsiveness to the PR gene by stimulating
Spl interaction with the Spl site of the human PR ¢8ohbultz et al., 2003)

(Petz et al., @04).

5.1.1. The pattern of ER distribution

The associatiorbetween the level of ER expression and response to endocrine
treatmenthas been reported by several studies and clinical trials showing that
only 50% of tumours scored @ with Allred score respond tmdocrine therapy
compared to 75%80% of cases scored 7 oflBarvey et al., 1999Elledge et

al., 2000)(2005) (Davies et al., 2011)nitially, ER expression was tested by
radiolabelled ligand binding assays (LBA) using frésizen tumour samples
which exhibiteda continuous scalef values. Foa period of ovetwo decades,

IHC has beenutilised for assessing ER expression to predict the response to
endocrine therapy. Somesearcherpublished that the linear distribution of ER
expression demonstrated with LBA was also observéd WIC (Harvey et al.,
1999, Elledge et al., 200Mlowever, otheauthorshave challenged this concept

providing evidence that ER expressiobasicallybimodal. Based on reviewing
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825 BC cases, Collins et al.aahked that 99% of tumour cases showed negative
staining or staining in 70% or more concluding that ER expression is essentially
bimodal (Collins et al., 2005) Furthermore, using a series of 5,993 ER
immunostained BC cases, Nadji et al. supported an all or none phenomenon for
the ER expressio(Nadji et al., 2005) Our study added further evidence to
support bimodality of ER expression in Biuftah et al., 2016)

At the transcriptomic level, recognising genes with bied@kpression patterns
from largescale gene expression profiling data has presented new insights into
the distribution of expression of important genes. Two different classes of genes
have been defined. The first class is represents genes with a Ganissian
continuous distribution, which can be explained where two small groups of
tumours have very high expression and very low expression and the rest, which
represent the majority, falling somewherettre middle The second class is
consistent of genes witnbimodal distribution of expression. This class has the
majority of tumours with two peaks either high levels of gene expression or no
expression and only a relativegmall number oftumours fall in between.
Previous studies havendicated significant correlations betweenESR1
expression and the clinical ER statBE§R1has a highbimodality index score

and it can be used toategorisesamples into two distinct expressitevels
(Wang et al., 2009(Ertel, 2010) Theuseful point of genes with bimodality at

the transcript level is that they may be easily translated to the protein level and
detected using IHC. A variability of available assays may need to be evaluated
at the gene or protein level before a satisfactiglility is obtained. This might
demonstrate how far the relation between transcripts based assays and IHC is
and to what extent these RNA assays can support manually scored IHC.
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5.1.2. Luminal/lER - positive class and low

ER subgroup

Gene expression profilingiglies in BC have demonstrated the presence of
distinct biological classes with clinical and therapeutic importance. ER has been
considered to be a key marker of the molecular signature. These molecular
profiling studies have recognised a well charactdrigkasses: luminal (ER
positive group), HER2nriched, the baséike and normalike classegPerou

et al., 2000) The luminal class is characterised by high level of ER expression
and other genes identified to be characteristic of normal luminal cells of the
breast. This class is the largest of the GEP defined molecular subclasses
reflecting the importance of ERhe luminal class can be divided into at least
two subtypes; namely luminal A and luminaliBu et al., 2006)Furthermore,
subsequent studies supported the presence of flutharal subgroupgNaderi

et al.,, 2007)(Teschendorff et al., 2006 Based onprotein level, luminal
subgroups had been determined by using simple routine IHC technique
including both ER and PR, on tissue microarragparations of 1,076 BGabd
El-Rehim et al., 2005)

Interestingly, Brandon et al reported intrinsic subtype classification based upon
the PAM50 gene expression signature on a cohort of weakly positive ER BCs
(Sheffield et al., 2016Weakly positive ER breast is the group lies between 1%
and 10% of ER expression in invasive BC where 10% was previously used as
the cutoff point of positivity whereas 1% is the current thrashof positivity
adopted in 2010 according to tASCO/CAP guidelines(Hammond et al.,
2010b) Evidene shows that a response to tamoxifen hormonal therapy may be
detectedvith as little as 1% of ERtatugHarvey et al., 1999QHammond et al.,
2010b) However, from the Early Breast Ca
the results of a metanalysis showed tamoxifen was ineffective with low ER
expression (<10 fmol/mg) using ligaféhding assayDavies et al., 2011).in

et al. highlighted a need to evaluate decision making for the use of adjuvant

hormonal therapy might differ in low ERr PRpositive patients(Lin et al.,
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2013) Little is known about how weakly Epositive BCs behave and how they
are related to the ERositive BC. Therefore, there is necessitate to assess this
critical subgroup of wakly positive ER and to what extent a recommended

threshold can reflected the real positivity of these cases.

5.2. Hypothesis

Although ER positivity (luminal class)is currently defined as 3% ER
expressionit is hypothesised that BC expressiog ER (i.e. between 110%),
clinically behave differentlyo those BC withhigh ER expression (>10%gnd
whetherthe lowER group belongs to the Epbsitiveor ERI negative group.

5.3.  Aim of this chapter

This chapter aims to assess the clinical and molecular featunasadirs with
low ER expression, to evaluate the definition of positivity-@ffifpoint) and to
examine to what extent this group is related to thepB§itive subcategory in
BC classification.

To achieve these aims the following will be assessed:

1. The pdtern of ER expression, both at the protein (IHC) and
transcriptome (microarralgased gene expression) levels using four

| arge patientdé cohorts.

2. The molecular features of the low ER group examining specific

cohort:

a. At theproteinlevel,assessing ER andrRusing two

different IHC platforms (manual vs automated techniques)

b. At the transcriptomic level, assessing ER and PR using two
different techniques RPCR and RNAscope.
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5.4. Methodology

The first part of this study assessed the pattern of ER expressian faar
different cohortatboth thetranscriptome and protelavels In the second part,

a subset was used to further evaluate those cases in the low ER subcategory as
initially diagnosed using CNB in routine cliniaf Nottingham City Hospital

This sibset containg1l WTS cases wherg6 cases asow/intermediate ER
expression patient sampléscases as a highlgR positive expressiorand 10
cases as laegative controlThese cases were evaluaé¢theproteinlevel using

two different staining platfeons of IHC, initially with IHC manual staining then

the staining was validated using the routine automated platform. For further
validation of the protein levels resuyltdhhe same subset was evaluat&dhe
transcriptomic levieusing two different techniags:initially RT-PCR andurther

the newin situ RNAscopetechnique, which has an advantagealidwing the
examination of biomarker status within the histopathological context of clinical

specimensTherefore RNAscope can compared easily with IHGgure-46.

5.4.1. Assessment of ER expression

pattern

5.4.1.1. Patient cohorts

This study was based on four different BC cohdrntghe first, second and third
cohorts, ER was assessedheproteinlevel using IHC while in the fourttohort

ER expression was examined on transcriptomic level (RNA level). (Details of
these series were previously describedbattion2.1). At proteinlevel using

IHC, ER weakly positivewere defined as those scored between 1 and 10%
expression while intenediate ER expression was defined as thosth
percentage stainingp to69%. ER negative cases were those cases scored <1%.
Highly positive ER cases showed 70% or more of the tumour cells expressing
ER.
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1)

2)

3)

4)

The first cohort (Primary Series) consisted o064 gatients diagnosed
between 1988 and 1998 whose BC tissues were prepared as TMA as part
of the previously published Nottingham Tenovus Primary Breast
Carcinoma Series. ER expression was available for 1892 cases. TMA
sections of this series were stainedhwihe ER SP1 clone antibody
(Dako), using a dilution 1:150 and incubated for 30 minutes. Levels of
immunohistochemical ER expression were evaluated by microscopic
assessment as the percentage of positively stained ER invasive tumour

cells.

The second cohlibconsisted of a consecutive series of symptomatic and
screen detected BC patients at Nottingham City Hospital. These cases
had ER status assessed on a preoperative CNB in routine practice
between March 2008 and November 2014 (n=3649 cases). CNB were
fixed, processed and stained according to standardised protocol as
previously publishe@odi et al., 2007)The primary antibodies used for
staining were either 1D5 (Dako), diluted 1/100 or agileted SP1 clone
(Roche) A subset of 71 WTS cases from this cohort was used to evaluate

the positivity of the low ER subgroup.

The third cohort comprisetB25BC cases diagnosed betwe998 and
2006 which were prepared as TMATMA sections of this series were
stained with th&R SP1 clone antibodievels of immunohistochemical
ER expressio (n=1686)were evaluated by microscopic assessment as

the percentage of positively stained ER invasive tumour cells.

The fourth cohort comprised 1980 BC cases that were included in the
METABRIC cohort(Curtis et al, 2012a) In this cohort, the survival data
and the ER immunostainingvere available for 262 cases from
Nottingham.
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Figure-46: A flowchart representing the cohorts were used in thisChapter
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5.4.2. Evaluation of clinical and

molecul ar features of low ER group

5.4.2.1. Immunohistochemistry

To further assess the existence and frequehtyw ER expressing tumours, a
specific set of 71 cases of the second cohort was used where 56 casasahow
low/ intermediate ER expression on CNB where wegidsitive ERstaining
(scored <10%yvas observed i@3 cases and iatmediate ER expression (scored

O 1) 23 cases. The rest of the cases represented a negative ER expression (10
cases) or highly positive ER expression, >70% (5 cases). Surgical excision
(WTS) of 56 cases that expressed a low/intermediate ER on @&iB
immunostained to validate the level of ER expression. Two different platforms
of IHC technique was used for staining WTS fdR,Enanual staining and
Ventana Aitostainer (described iBection2.3). In manual staining, Optimised
primary antibody, EP1 anti ERabbit monolonal antibody (Dakpwas applied

and incubated for 30 minute at room temperature. In addition, the manual
staining of PR was performed. The same steps was used for PR staining using
anti PR antibody with dilution of 1:125 and incubated for @nhutes
Assessment of nuclear ER expression was performed using percensanceH

system.

In automated immunostaining, the slides were processeddlyed trisbased
buffer with a slightly basic pH (Roché&/entana) for 64 minutes at 951@R

step) Anti ER Rabbit monoclonal antibod$P1 clone (Rochevas applied and
incubated for 16 minute. Blockirsplution(Roche antibody diluent with casein

and DAB were added for 8 minutes each with wash before and after.
Haematoxylin (Roché/entana Haematoxyl Il) was applied for 12 minutes.
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5.4.2.2. Western blot

The specificity of antbestrogen receptor antibodies (both SP1 and EP1 clones)
was validated by western blot utilisidCF7 cell line lysate. The specificity
was determined by detecting a particular amti¢lER) reflected as a specific
band Figure-47). All steps of western blot and cell lysate preparation described

in Section2.4.
MCF-7 MCF-7
180 kDa —
130 kDa e
95 kDa -
72 kDa
ER, 67kDa W*”  ER,67kDa
55 kDa [y
43 kDa l~
34 kDa -
26 kDa - a
17 kDa -
10 kDa - A
MCF-7 MCF-7
180 kDa
130 kDa L
e
95 kDa
-
72 kDa
e ER, 67kDa
55 kDa v
-
43 kDa
e
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k
26 kD
@ -
17 kDa -
10 kDa - B

Figure-47. Western blot demonstrates a spedif band
for ER antibodies: (A) SP1 clone and (B) EP1 clone
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54.23. RT-PCR

The same subset ohseqn=71) thatwerestained using IHQvereassessed at
transcriptomic level using RIPCR to evaluate the expressioreE&§R1andPGR
gene. Applying a combined transcriptomics and proteomicsragph can
provide a comprehensive overview of the molecular characterization of this
subgroup. Before extraction of RNA, two different RNA extraction kits were
compared in obtaining high nucleic acid yields and pdirttsn archival paraffin
samples.

Comparison between two protocols for RNA extraction from FFPE tissue
sections

Full-face FFPE tissue sections, randomly selected BC samples (n=3) were used.
These were primarily chosen based on the adequacy of invasive tumour tissue
burden at least 50 % of theearall area of the tissue section, assessed using H&E
tissue sections. In the first protocol RNeasy FFPE Kit (Qiagen) was used, the
details of the method illustrated Bection2.8.2, which is the method was

chosen later in this study.

In the second protwml, BiOstic FFPE tissue RNA isolation kit was used, in
which 300ul of solution FR1 (a high activity dissolving buffer) and 20ul of
solution FR2 (Proteinase Kyas added to tissue sections (three sestizgre

used each 10um thickness). Afterixing for 20 seconds, the samples were
heated at 60C° for 15 minutes. The samples were subsequently heated at 70C°
for 15 minutes. Next, the samples were centrifuged at 13,000xg for 1 minute.
300ul of solution FR3 (it is a salt buffer required for RNA binding to theas

filter membrane), 600ul of 100% absolute ethanol was added to the lysates and
loaded onto low elution spin filter. After centrifugation at 13,000xg for 30
seconds andiscardingthe flow-through, the remaining volume of lysate was
loaded. Then, 600df solution FR4 (isopropanol based wash buffer) was loaded
and followed by centrifugation twice at 13,000xg for 30 seconds and at 16,000xg
for 2 minutes. The flovthrough was discarded. Following that, 50ul of RTS

DNase/solution FR5 (is 4ul RTS DNase adlde 46l solution FR5) was added.
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Then, 400ul of solution FR6 (wash buffer) was loaded to low elution spin filter
and centrifuged at 13,000xg for 30 seconds. After discarding atfflmugh,
600ul of solution FR4 and 600ul of 100% absolute ethanol weredd
respectively with centrifugation at 13,000xg for 30 seconds and discarding a
flow-through after each step. Following that, the samples were centrifuged at
16,000xg for 2 minutes and the low elution spin filter were transferred into a
clean collecting ubes. Finally, 20ul of solution FR7 (RNaBee water) was
added with incubation for 3 minutes at room temperature. Then, the samples
were centrifuged at 16,000xg for 2 minutes, low elution spin filter were
discarded and the eluted RNA in the collectedetulstored at80C° after
evaluation of the quantity drthe quality of the sampleBo assess RNA quantity

and purity a NanoDrop 2000 SpectrophotometEnérmo Fisher Scientifjovas
used(section 2.8.3)

RNA extraction from FFPE tissue sections using auitable protocol

RNA extraction from FFPE tissue sections was performed on 71 cases following
the steps irSection2.8. Quality and the quantity of RNA wassessed using
NanoDrop 2000 Spectrophotometdhérmo Fisher Scientifjc Sectionr2.8.

Prior to RT-PCR, RNA was reverse transcribedyemerate cDNA (SectieB.8).

The appropriate pri mer Aadl®RB (Tpblee2d) f or
were usedGreen et al., 2009)

cDNA Generation and Quantitative RT-PCR

cDNA was produced by reversetisription of RNA. For more detail about this
step please refer to Secti@rB4.

Each PCR reaction includedplbof GoTag® qPCR Master Mix, 6.25uM of
forward primer, 6.25uM of reverse primegylZDNA and water. The following

PCR programme was then udedamplification of the cDNA:

95°C/2minutes 1 cycle
Denaturation  9&/15sec
Annealing 60+£Z/45sec | 45 cycle
Extension PZ/20sec

Final extension 9&/15minutes 1 cycle
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Table-24: Primers sequences for genes used in RACR

(Forward primer) AAATTC TTT GCT GAC CTG CTG

HPRT (Reverse primer) TCC CCT GTT GAC TGG TCATT
(Forward primer) TGGGCTTACTGACCAACCTG
ERU [(Reverse primer) CCTSTCATGGAGGGTCAAA
(Forward primer) GCCAGACCTCGGACACCTT
PR-B (Reverse primer) CAGGGCCGAGGGAAGAGTAG
(Forward primer) AGAGCACTGGATGCTGTTGCT
PR-A (Reverse primer) TGGCTTAGGGCTTGGCTTT

RT-PCR data analysis

RT-PCRdata can be reported by several methodsiding absolute or relative
expressiorevels. Relative quantification or comparative quantification detects

the changes in RNA levels of a gene across multiple samples and expresses it
relative to the levels of another RNA. The comparative CT methodwwas

used in this study, is one of the method preseri@iig?CR data as a relative
quantification(Livak and Schmittgen, 200{$chmittgen and Livak, 2008} his

met hod is also known as @@pCD (Bumethod ar
al., 2008)(Tan et al., 2007j)0O'Rourke and Ness, 2008)he advantages of this

method include the possibility to present data as fold change in expression where

the fold change equal ®*®<.importantly, wherRT-PCRdata is presented as
individual datapoints t i s preferred to be present
CT value(Livak and Schmittgen, 2001Which is consistent with the aim of this

study. Additionally, a normaliser is important to correct expression data for
differencesin RNA quality and RT efficiency between samples. Therefore,
hypoxanthine ribosyltransferase (HPRT) gene was selected as the housekeeping
genes, which is identified as the single best reference gene that could be used
when theexpression patterns of 13efuently used housekeeping genes were
tested in normal and tumour samples from colorectal, breast, prostate, skin, and
bladder tissues with RPCR(de Kok et al., 2005)
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The equation full form is:

2®®<!(Cy gene of interest Cr of internal control) sample A (Cr gene of
interesti Cr of internal catrol) sample B Schmittgen and Livak, 2008Jhis

form of the equation used to compare the gene expression in two different
samples and each sample is related to an internal control gene. Sample A is a
tested sample Wile sample B is the calibrator, which is here is a pooled of
negative ER expression cases. Theaftipoint was selected depending on the
average of the fold changes of the negative cases relative to the pooled calibrator
(Figure-48). The cutoff point was 1.00 where the stamdadeviation was
1.006+ 0.100.

Figure-48. Fold changes of the negative caseslative to the pooled
calibrator which used in RT-PCR. The cut-off point was 1.00 where the
standard deviation was 1.006+ 0.100

5.4.2.4. RNAscope technique

RNA in situhybridisation (ISH) technique was appli@dhesubset of cases (71
cases of invasive BCs) previouslged forlHC and RFPCR.For each case, a
minimum of 4 slides of invasisve BC were evaluai@dESRL, PGR mRNA
expression as well as positive and negative controles.

RNAscope Optimisation

Pretreatment, RNAscope protocolyas optimised for each sample set to

produce maximum signahd minimum background. Optined conditionsvere
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