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Abstract

Background: Despite advancements in the early detection of breast cancer
(BC) and improved access to therapeutic options, the global mortality rate
due to BC among women remains high. BC progression is a complex and
multistep process. Lymphovascular invasion (LVI), one of the earliest
stages of metastasis in BC, is controlled by specialised molecular pathways
and is strongly associated with poor outcomes. LVI signifies the expansion
of tumour cells towards the peritumoural region inside lymphatic spaces
and blood vessels. A successful LVI event requires the involvement of a
variety of cellular, biophysical, and biochemical pathways. Because the
underlying molecular mechanisms of LVI are complex and involve
connections with other oncogenic and metastatic pathways, no targeted
treatments are currently available to prevent the progression of LVI and
metastatic recurrence. Investigation into the molecular determinants of LVI
is critical in elucidating the molecular mechanisms underlying LVI,
discovering novel prognostic factors, and identifying possible treatment
targets for invasive BC. The genes that play a role in the pathogenesis of
LVI in invasive BC have received little attention; it was therefore
hypothesised that by conducting bioinformatic analyses, key genes related
to LVI in BC could be identified, some of which may have prognostic value,
serve as potential therapeutic targets, and have roles in the various
mechanisms regulating the development of LVI. This study aimed to
identify genes associated with LVI, evaluate the clinicopathological and
prognostic significance of the identified genes at the mRNA and protein
levels, and investigate their functional roles.

Methodologies: Using artificial neural network (ANN) analysis and the
weighted average difference (WAD) method on two transcriptome cohorts
with well-characterised LVI status (Molecular Taxonomy of Breast Cancer
International Consortium [METABRIC] and the Cancer Genome Atlas
[TCGA]), key genes were identified. The candidate genes MX1, IDH?2,
HMGB3, RRM2, CCNB1, and CCNB2 were each assessed at the
transcriptome level using the METABRIC and TCGA data (n=1980 and
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n=854, respectively) and at the proteome level via immunohistochemical
(IHC) analysis and tissue microarray (TMA) sections derived from a large,
well-characterised invasive BC cohort (n=3,173). The expression of these
genes was evaluated with clinicopathological parameters that included LVI,
tumour grade, lymph node (LN) stage, tumour size, patient outcome, BC
molecular subtypes, and relevant biological markers. In a different
approach, in vitro functional assays using a panel of BC cell lines were
performed to investigate the effect of transient siRNA knockdown of HMGB3
and CCNB2 on cell proliferation, migration, cell cycle, and apoptosis.
Furthermore, the effect of silencing HMGB3 and CCNB2 on the adherence
and transmigration of BC cell lines across dermal lymphatic endothelial cells
(DLECs) and human vascular endothelial cells (HUVECs) was evaluated to
assess their role in LVI development.

Results: In this study, a 99-gene set associated with LVI status in invasive
BC was generated using WAD analysis. In addition, ANN analysis produced
a list of 100 genes of interest. From these gene lists, MX1, IDH2, HMGB3,
RRM2, CCNB1, and CCNB2 were selected for further investigation. All
selected genes were significantly associated with LVI positivity at the mRNA
level in both the METABRIC and TCGA cohorts, but MX1, RRM2, and CCNB1
were not associated with LVI at the protein level. All biomarkers included
in this study had a significant association with poor clinicopathological
parameters, such as high tumour grade, poor NPI, hormonal receptor
negativity, and HER2 positivity at the mRNA and/or protein levels. The
results of the survival analysis varied among these biomarkers. High
expression of these genes at the mRNA level was significantly associated
with poor outcomes; however, only IDH2, HMGB3, and CCNB2 expression
at the protein level was associated with shorter BC-specific survival (BCSS).
In multivariate analysis, the expression of MX1, IDH2, HMGB3, and CCNB2
were found to be factors that predicted patient survival independently from
the other variables, including tumour size, histological grade, LN stage, and
LVI. Additionally, all the selected biomarkers were significantly associated

with EMT- and MMP-related markers, such as E-cadherin, N-cadherin, P-

IT



cadherin, TWIST2, MMP1, MMP9, and MMP12 at the transcriptome and
proteome levels.

In vitro assessment of HMGB3 and CCNBZ2 revealed the possible functional
role of HMGB3 in LVI development in BC. These preclinical investigations
showed that silencing HMGB3 and CCNBZ2 in BC cell lines reduced cell
proliferation and migration, enhanced apoptosis, and, importantly, reduced
adherence and transmigration across endothelial cell lines. Silencing
HMGB3 arrested the cell cycle in G1 phase, while silencing CCNB2 arrested
the cell cycle in S phase.

Conclusion: Identifying key drivers of LVI and deciphering the underlying
molecular mechanisms of this process is essential to preventing early
spread of the disease and to developing a personalised approach to the
management of patients with early-stage BC. This thesis demonstrated that
the techniques of WAD and ANN could reveal key LVI genes with prognostic
importance in invasive BC. The potential roles of these genes in the
progression of BC were also explored. Furthermore, this study found that
targeting HMGB3 and CCNBZ2 significantly reduced BC cell adhesion and
transmigration across lymphatic and vascular endothelial cells, indicating
the role of these genes in driving LVI. Targeting these genes may represent
a novel approach to enhancing quality of life, health, and well-being in BC
patients with aggressive metastatic disease. Exploration of the signalling
pathways associated with LVI in invasive BC is fundamental to identifying
the novel regulatory molecules controlling LVI and thereby developing
effective therapeutic candidates and improved guidelines for metastatic
cancer therapy. Further functional in vitro and in vivo investigations may
provide new insights into the exact functional and molecular pathways of

these biomarkers of LVI.
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1. General introduction to the breast and breast cancer

1.1 Anatomical and histological structure of normal breast tissue

The understanding of normal, healthy breast structure and its ductal lobar
anatomy provides insight into the origins of breast cancer (BC) [1].
Terminal duct lobular units (TDLUs) are lactating functional units of origin
for epithelial neoplasms. The structure of the breast is composed of three
components: subcutaneous tissue, skin, and breast tissue (parenchyma
and stroma). The parenchyma is compartmentalised into ~20 lobes
converging radially at the nipple. The lobes have ducts that converge into
~10 collecting ducts that open at the nipple area [1]; these ducts form the
glandular tissue and are supported by stromal tissue. The breasts are
suspended by the ligaments of Cooper, supporting ducts, and glandular
tissue, and span from the second to the sixth ribs, and spreading to the
anterior axillary line from the edge of the sternum [2]. The ligaments of
Cooper are hollow, cone-shaped, fibrous tissue projections that contain
breast tissue. The areola is composed of smooth muscles organised in
concentric rings and outwardly in subcutaneous tissue [2]. Thick skin with
corrugations encloses the nipple and close to its apex are the openings of
the lactiferous ducts. An inner layer of cuboidal or columnar epithelial cells
and an outer layer of myoepithelial cells line the ducts and ductules, which
are all anchored on a basement membrane layer. The interlobular and
intralobular regions contain fibro-adipose connective tissue with various
cellular components, including fibroblasts, myofibroblasts, adipocytes,
histiocytes, and occasional lymphocytes [3, 4]. Breast lymphatics drain

mainly into the internal breast and axillary lymph nodes [5].
1.2 Development of invasive BC

Breast tissue is capable of producing a wide variety of benign and malignant
lesions. Although these lesions are most frequently found in the ducts (70-
80%), they can also occur in the lobules (10-15%) or in the tissue between

the ducts and lobules [6]. Uncontrolled cell division or hyperplasia can
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result in typical ductal or lobular hyperplasia that can lead to pre-invasive
lesions, such as ductal carcinoma in situ (DCIS) or lobular carcinoma in situ
(LCIS) [7, 8]. Lesions in situ have a high risk of breaching the myoepithelial
layer and basement membrane, ultimately resulting in invasive BC.
Malignant transformation is guided by highly sophisticated systems that
result in significant cytological or architectural dysplasia and stimulate cells
to evade mechanisms that regulate their survival, proliferation, and
migration. This malignant transformation entails a series of multistep
processes referred to as ‘cancer hallmarks’, which include evasion of
tumour suppressors, proliferation of signalling pathways, activation of
replication immortality, reversal of apoptosis, metastasis, metabolic
reprogramming, and suppression of immunity [9]. Neoplastic lesions in BC
are characterised by exhibiting different degrees of differentiation and
clinical prognosis. The lesions initially reach a pre-invasive stage that
progresses in association with tumour grading of biological, molecular, and
genetic pathways. While progressing from pre-invasive to invasive BC,
molecular modifications occur in myoepithelial and tumour stromal cells
[10]. The majority of BCs are of the invasive ductal subtype, where tumour
growth occurs in the epithelium from the nipple ends of the lactiferous
ducts, spreading to the tubules at the terminal units [11]. The different BC
types develop because the tumours initiate from different epithelial cell
subtypes (details will be discussed in Section 1.5.1.1). Some BCs can be
aggressive, rapidly metastasising to other parts of the body, while others
grow slowly and respond differently to treatments. Cellular heterogeneity
in tumours occurs when neoplastic events develop alongside genetic

modifications, epigenetic changes, and the microenvironment [11, 12].

Some reports attribute the invasiveness of BC to specific molecular
subtypes that play a role in hormonal signalling pathways [10]. It has been
shown that luminal B, which is an aggressive subtype of invasive BC, is
more common in younger patients [13]. Another report stated that, in

younger patients, invasive BC of the luminal B subtype showed a strong
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association with lymphovascular invasion (LVI) [14]. In patients with
invasive BC, the presence of LVI is an unfavourable event that has an
impact on patient survival (details will be discussed in Section 1.5.1.6). The
exact nature of LVI is not yet understood, as BC is a disease with varying
molecular and biological features. Therefore, LVI is the focus of this thesis,
and the molecular mechanisms controlling LVI are discussed later in this

chapter.
1.3 BC incidence and mortality

BC is the most common non-cutaneous malignant disease in women
worldwide. Approximately 13% of all women will be diaghosed with BC in
their lifetime [15]. BC has a much higher incidence in women than other
cancers in both transitioned (55.9 per 100,000) and transitioning (29.7 per
100,000) countries. BC among women surpassed lung cancer as the main
cause of cancer-related deaths globally in 2020, with an estimated 2.3
million new cases accounting for 11.7% of all cancer-related deaths [16].
In the UK, BC affects approximately 55,000 women and 370 men each year,
which amounts to the diagnosis of approximately 150 cases daily. Each
year, more than 11,500 women and 85 men in the UK die of BC,
representing nearly 1,000 deaths per month and 31 deaths per day [17].
By 2025, it is expected that the incidence of BC in women will rise, and 20
million cases could be reported, especially in less developed countries with

low incomes [18].

Based on the 2020 Global Cancer Statistics, BC was the most common
cancer in developed and developing countries, with 794,000 and 883,000
cases reported in these countries, respectively. In developing countries, BC
was the leading cause of death, with 324,000 deaths; in developed
countries, it was the second most prevalent cause of cancer-related deaths
among women, with 198,000 deaths [16, 18]. Early detection, avoidance
of risk factors and increasing awareness of BC could reduce the number of

new cases and improve treatment options.
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1.4 Risk factors for BC

Predisposing factors for BC vary from person to person and depend on
environmental or hereditary factors [15]. Some of these factors are
controllable, while others, such as gender, genetics and age, are not. The

risk factors for BC are discussed below.
1.4.1 Gender

Gender is the most influential predisposing factor for BC. Although men can
develop BC, it is almost 100 times more prevalent in women. This is usually
because women’s mammary tissue is more exposed to hormones, such as

oestrogen, that promote abnormal cell differentiation [15].
1.4.2 Age

Age is another important risk factor associated with an increased risk of
BC. Approximately 85% of women who develop BC are over 50 years old,
while around 5% of cases occur in women below the age of 40 years [19].
However, aggressive phenotypes of invasive BC, such as human epidermal
growth factor receptor 2 (HER2)-enriched and triple-negative (TN), are
more common in younger patients and are strongly associated with poor

outcomes [20].
1.4.3 Oestrogen exposure

The initiation and progression of BC are strongly associated with hormonal
factors. Oestrogen is the main hormone that regulates many biological
functions in women. The risk of developing carcinoma of the breast
increases with increased exposure to oestrogen from oral contraceptives or
menopausal hormonal therapies [21, 22]. A form of progesterone, which is
a combination of oestrogen and medroxyprogesterone (MPA), regulates
ovulation and has also been shown to increase the risk of invasive BC in

menopausal women [23].
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1.4.4 Family history

Women with a family history of ovarian or breast carcinoma are at a higher
risk of developing BC. One of the major causes of BC is the hereditary
germline mutation of genes, commonly those encoding breast cancer type
1 susceptibility protein (BRCA1) and breast cancer type 2 susceptibility
protein (BRCAZ2). Other genetic variations may also influence the risk of
developing BC. Family history-related risks account for about 5-10% of all
cases of BC [19].

1.4.5 Obesity, alcohol consumption, and smoking

Obesity is another risk factor for BC in postmenopausal women. This link
could be due to the production of aromatase-driven oestrogen in adipose
tissue and the increased secretion of inflammatory cytokines, such as
insulin-like growth factor I and circulating insulin, which are associated with
BC development [24, 25]. Furthermore, women who consume alcohol or
smoke cigarettes have a higher risk of developing BC than other women.
The risk of developing BC increases with the amount of alcohol consumed

and with long-term smoking [26, 27].
1.4.6 Benign breast disorders

Women who have undergone a biopsy showing ductal cell hyperplasia have
a higher risk of developing BC, especially if the cells appeared atypical.
These benign breast disorders include benign growth, mastitis, and fat

necrosis [15].
1.5 Prognostic and predictive factors of BC

Studies have defined various prognostic factors for the identification of
aggressive tumours. Any tumour feature that can predict BC patient
outcome, such as BC-specific survival (BCSS), disease-free survival (DFS),
and distant metastasis-free survival (DMFS), is defined as a prognostic
factor. Any clinicopathological BC characteristic that can estimate the

potential for a response to a particular therapy is called a predictive factor
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[28]. Identifying precise predictive and prognostic factors can be helpful in
the selection of treatment methods and can improve patient outcomes. The
following sub-sections introduce the common prognostic and predictive
factors of BC.

1.5.1 Prognostic factors

1.5.1.1 Histological type

BC has a variety of histological subtypes, each with a unique clinical course
and outcome. The most frequent type of BC is invasive ductal carcinoma
(IDC), which comprises a variety of tumours with different morphologies.
Some have distinct cytoarchitectural characteristics and are categorised as
‘special types’, such as tubular, medullary-like, invasive cribriform, and
mucinous; however, the majority of tumours (75%) are classified as IDCs
of no specific type (NST) [29]. The second most frequent type of BC,
invasive lobular carcinoma (ILC), accounts for 5-15% of all breast
carcinomas and has several histological variations [30]. Mucinous, tubular,
tubulolobular, and invasive cribriform subtypes have a good prognosis, with
survival rates of more than 80% at 10 years. In contrast, IDCs of NST, solid
lobular carcinomas, and mixed ductal and lobular carcinomas have a poor

prognosis, with survival rates of less than 50% at 10 years [31].
1.5.1.2 Tumour grade

BC and normal breast cells are described based on the extent of the
resemblance between them via a three-tier grading scheme. A prognostic
indicator for such an assessment is tumour grading, which describes how
BC cells in a cancerous lesion are organised. The tumour grading system

categorises BC into three different types [32]:

1. Grade I: BC cells are well differentiated, with slow growth, and appear
similar to normal cells.
2. Grade II: BC cells are well differentiated, with fast growth, and do

not appear similar to normal cells.
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3. Grade III: BC cells are poorly differentiated, with fast growth, and
the appearance of these cells differs markedly from that of normal
breast cells [32].

Tumour grading is calculated based on three components: tubule or acinus
formation is the primary component, nuclear pleomorphism is the second
component, and mitotic count is the third component. The scoring

measures are as follows [32, 33]:

1. Tubule or acinus formation: score = 1 (more than 75% of the
tumour), score = 2 (moderate degree, 10-75% of the tumour), score
= 3 (less than 10% of the tumour).

2. Nuclear pleomorphism: score = 1 (presence of small or regular

uniform cells), score = 2 (variability and moderate size), score = 3
(marked variability).
3. Mitotic count: score = 1 (less than 9), score = 2 (between 10 and

19), score = 3 (more than 20).
Light microscopy with a field diameter of 0.58 mm and 10 high-power fields
is a suitable method for the analysis of tumour cell mitosis. When digitally
visualising a tumour section, the image size should be 512 x 512 ym [34].
A tumour grade is assighed by adding the values of each component of a
case: an excellent prognosis is represented by a score of 3, 4, or 5, and is
assigned tumour grade I; moderate prognosis is represented by a score of
6 or 7 and is assigned tumour grade II; and poor prognosis is represented
by a score of 8 or 9 and is assigned tumour grade III [32, 33]. For ease of
evaluation and understanding of the BC level, the tumour grading system
defined above was integrated with the Nottingham prognostic index (NPI)
[34].

1.5.1.3 Tumour size

Tumour size is another essential prognostic factor for predicting the
behaviour of the BC and the patient’s survival status. It is an important
factor for studying invasive BC as there is a direct correlation between

tumour size and increased mortality in patients with invasive BC, with
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patients with smaller tumour size having a better prognosis than those with

larger tumour size [35-37]. Tumour size is also included in the NPI [34].
1.5.1.4 Lymph node (LN) stage

LN stage is also a strong prognostic factor in invasive BC. BCSS and DFS
are firmly correlated with LN staging during the early stages of BC [38, 39].
This study classifies tumours into three groups based on LN staging: when
no LN involvement is present, BC is considered LN stage I; LN stage II is
considered if there are one, two, or three LNs positive with invasive tumour
cells; and the presence of more than three positive LNs is classified as LN
stage III [40, 41]. There is a direct relationship between increased
mortality in invasive BC patients and their LN stage status, with lower LN
stage being associated with better survival and vice versa. Over a 5-year
period, it was reported that approximately 83% of BC patients with LN
stage I survived [39]. The LN staging system is also included in the NPI
[34].

However, according to recent studies, if patients are followed up for a
sufficiently long period, approximately 15-20% of LN-negative patients will
eventually develop distant metastases. [42]. Therefore, a need for
diagnostic and prognostic markers for such patients is of crucial
importance, as conventional markers (such as NPI) cannot group such
patients. Recently, numerous studies have highlighted that the evaluation
of LVI may influence the classification of such LN-negative patients [43,
44].

1.5.1.5 NPI

The NPI is a survival and prognostic stratification tool for patients with
invasive BC. The NPI also serves as a common platform for various
prognostic factors [40], including the tumour grading system, tumour size,
and LN staging. In addition to providing a strong platform for patients, NPI
values are calculated through a consensus formula based on clinical data

and the values of three significant prognostic factors for the NPI:
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NPI = 0.2 x size of tumour (cm) + LN (stage 1-3) + tumour grade (grade
1-3)

Based on the NPI value, patients are categorised into three classes: 1)
good-prognosis NPI, with an NPI value less than 3.4; 2) moderate-
prognosis NPI, with an NPI value between 3.4 and 5.4; and 3) poor-
prognosis NPI, with an NPI value greater than 5.4 [40]. An improved NPI
grouping system has also been proposed that further divides the three
aforementioned NPI prognostic groups into six groups: excellent-prognostic
group (EPG; NPI value 2.08-2.40), good-prognostic group (GPG; NPI value
2.41-3.40), moderate-prognostic group I (MPG-I; NPI value 3.41-4.40),
moderate-prognostic group II (MPG-II; NPI value 4.41-5.40), poor-
prognostic group (PPG; NPI value 5.41-6.40), and very poor-prognhostic
group (VPG; NPI value >6.40) [45].

1.5.1.6 LVI

In patients with invasive BC, LVI is an independent prognostic factor that
is strongly associated with BCSS and DMFS [46]. LVI signifies the expansion
of tumour cells towards the peritumoural region within lymphatic spaces
and/or blood vessels. LVI can be identified by the microscopic examination
of primary tumour morphology for the presence or absence of specific
endothelial markers (Figure 1.1A). Previous research identified LVI as an
independent prognostic factor and a sign of metastatic potential [46-48].
Vascular invasion (VI) can be identified by the assessment of tumour cells
within vascular spaces lined by endothelial cells in tumour sections stained
with haematoxylin and eosin (H&E) (Figure 1.1B). LVI status can also be
assessed through immunohistochemistry (IHC) by utilising CD31, CD34,
and D2-40 biomarkers [49] (Figure 1.1B).

Nevertheless, false detection of VI during assessment can occur due to
retraction artefacts or VI may be missed if tumour cells are packed tightly
within a vessel. A study by Ellis et al. highlighted a low level of concordance

(kappa=0.3) between two observers in the identification of VI by

10



Chapter 1

conventional means, and a very high level of concordance (kappa=0.9)
between observers in the implementation of immunohistochemical
markers, such as D2-40 [50, 51].

Figure 1.1 ‘True lymphovascular invasion (LVI) as (A) an illustration, and (B) on a
histological specimen stained with haematoxylin and eosin (H&E; x20), CD31, and CD34
staining (both at x40 magnification, with detail emphasising the lymphatic space
involved).’ (adapted from Zaorsky et al. [2012]) [49].

* This figure was reused according to the agreement between Mrs. Abrar Aljohani
and Mr. Seong Ouk Lee (Editorial Assistant of Journal of Breast Cancer). See

Appendix A.

Mohammed et al. found that 96.4% of 177 well-identified primary invasive
BC specimens showed lymphatic vessel involvement, while only 3.5%
showed blood vessel invasion [52]. The presence of lymphatic vessel
invasion in the abovementioned research was significantly associated with
the presence of LN metastasis, the occurrence of distant metastases,
regional or partial recurrence, shorter disease-free interval, and a
decreased overall survival (0OS). These findings are consistent with other
studies that found an association between lymphatic vessel invasion and
larger tumour size, lymph node metastasis, and distant metastasis.
Moreover, lymphatic vessel invasion is a poor independent prognostic factor
for BC [53, 54]. More details about the molecular mechanisms underlying

LVI are discussed in depth later in this chapter.
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1.5.2 Predictive factors

Predictive factors can help to predict the prognosis and response of the BC
to a certain therapy. Predictive factors are critical for the management and
stratification of BC patients, particularly when paired with the
clinicopathological data and prognostic criteria outlined previously. The
principle predictive features of a tumour that are involved in discerning
therapy-related response are oestrogen receptor (ER), progesterone
receptor (PR), and HER2 [55].

1.5.2.1 Hormone receptors: ER and PR

The College of American Pathologists (CAP) and the American Society of
Clinical Oncology (ASCO) recommend a positive detection threshold of 1%
of tumour nuclei for ER and PR in invasive BC patients [56]. ER status is a
powerful predictor of long-term response to adjuvant endocrine treatment;
however, the duration of a hormonal therapy regimen for ER* patients is
still debated [57]. The prognostic significance of ER positivity may be more
beneficial in postmenopausal BC patients, whereas younger patients are
more likely to have aggressive BC phenotypes. Nevertheless, ER status
might mitigate the influence of age as an independent prognostic factor and
allow these patients to benefit from chemotherapy [58, 59]. Clinical co-
expression of the PR in ER* cases has been used to predict a patient’s
response to adjuvant hormonal treatments. ER*PR" cases have a 50%
response rate to hormonal therapy, but this rises to 80% if the receptors
are co-expressed [58]. Hormone receptors (ER and PR) could be correlated
with the pathways of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) and the tumour necrosis factor o (TNF-a); these

pathways are associated with invasion and metastasis in BC [60].
1.5.2.2 HER2

The HER2 protein, encoded by the ERBBZ2 gene, is a receptor tyrosine-
kinase protein erbB-2. Overexpression of HER2 is found in approximately

15% of BC cases and is associated with invasive BC with poor prognosis
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[61]. HER2* cases show noncohesive BC cells undergoing epithelial-
mesenchymal transition (EMT) and demonstrating tumorigenic potential
[62]. An analysis showed a strong correlation between HER2* and LVI in
invasive ER* BC cases [63]. In invasive BC, HER2 positivity is correlated
with aggressive features, such as invasion, abnormal cellular polarity,
tumour growth, and poor outcome [64]. A monoclonal antibody,
trastuzumab, has previously been used to treat patients with HER2* BC;
however, effective therapeutic outcomes are observed only in early-stage
HER2* BC patients [65]. According to a recent study, LVI exhibits excellent
correlation with 30% of a large cohort of patients with invasive BC treated
with neoadjuvant chemotherapy. LVI is correlated with poor DMFS, BCSS,
and DFS in all invasive BC patients; remarkably, LVI has a hazard ratio of
6.21 in HER2"* patients [66].

1.6 Molecular classification of BC

BC is a heterogeneous disease in which various phenotypes and genotypes
can have clinical relevance. BC gene expression patterns have been known
to the scientific community since 2001 [67]. Deoxyribonucleic acid (DNA)
microarray and hierarchical clustering analysis have determined two
different sets of hormone receptor tumours: hormone receptor-positive
(HR*) and hormone receptor-negative (HR"). The receptors under
consideration are ER and PR. Post-clustering gene expression profiles of
HR* BC revealed two subgroups similar to those observed for luminal
epithelial cells from mammary glands [67]. HR" clustering analysis
produced three tumour classes: amplified (HER2), normal-like BC, and
basal-like BC.

Microarray-based gene expression profiling (GEP) has provided invaluable
new perspectives on the molecular heterogeneity of BC. Breast tumours
have been categorised into different subgroups with distinct clinical
relevance based on changes in their gene expression patterns. The
Prediction Analysis of Microarray 50 (PAM50), a 50-gene classifier that

divides breast tumours into five intrinsic subtypes, is the best-known gene
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expression classification method. This approach was utilised by Perou et al.
to classify breast carcinomas into four subtypes: luminal, HER2-enriched,
basal-like, and normal breast-like tumours [68]. After further clustering
analysis, the luminal tumour subtype was further divided into luminal A and

luminal B, yielding a total of five molecular subtypes [67, 69, 70]:

1. Luminal A subtype. This subtype has low levels of the proliferation
marker Ki67 and is ER* and/or PR* and HER2-. It is the most
prevalent subtype, accounting for 50-60% of all BCs. Tumours in this
group are low grade, slow growing, and have good prognosis and
survival rates when compared with other subtypes [71].

2. Luminal B subtype. This subtype accounts for 10-20% of all BCs and
is defined by ER*, PR*, and/or HER2*. PR levels are lower in luminal
B than in luminal A tumours (79% and 94%, respectively) [72]. In
addition, luminal B tumours are more aggressive than luminal A
tumours, with a higher histological grade, higher expression of
proliferative markers, worse prognosis, and poorer outcome [69, 71,
73]. Changes in Ki67 expression levels constitute an important
distinction between the two luminal subtypes. Using an IHC assay,
Cheang et al. defined luminal A tumours as ER* and/or PR*, HERZ2,
with low Ki67, and luminal B tumours as ER* and/or PR*, HER2-, with
high Ki67 [74].

3. HER2-enriched subtype. This subtype accounts for 15-20% of all BCs
and is defined as ER", PR", and HER2*, with high proliferative gene
expression and low expression of luminal and basal-like group genes.
This subtype grows more rapidly than luminal subtypes and has a
poor prognhosis [69]. While microarray-based approaches identified
roughly 70% of clinical HER2* BC as HER2-enriched, the remaining
30% were mostly luminal B subtype [70, 75].

4. TN/basal-like subtype. This subtype accounts for about 10-20% of
all BCs and is characterised as ER", PR, and HER2". Positive

expression of the basal markers cytokeratin 5 and 6 (CK5/6) and/or
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epidermal growth factor receptor (EGFR) distinguishes basal-like BCs
from non-basal TN tumours [76]. TN tumours, in general, have a
higher histological grade and are more aggressive than other BC
subtypes [77].

. Normal breast-like subtype. This group has not been described in a

consistent manner; while some studies defined it as luminal A
tumour, others classified it as a TN (ER", PR", and HER2") tumour with
an absence of basal-like gene expression [70, 78-80]. Normal breast-
like tumours have been revealed to be technical artefacts resulting
from high contamination of samples with normal tissue [77]. These
tumours have a favourable prognosis in general, but they have a

worse prognosis than luminal A tumours [80].

A group of 10 integrative clusters (IntClust) from samples of 2,000 BC

cases was studied through comprehensive genomic and transcriptomic

profiling. The clusters had different genomic landscapes, molecular and

clinical characteristics, and unique expression profiles in terms of ER, PR,
and HER2 [81]. IntClust 3, 4, 7, and 8 demonstrated good prognosis until

10 years post-treatment in BCSS. IntClust 1, 6, and 9 demonstrated

moderate outcomes, while IntClust 2, 5, and 10 were associated with poor

outcomes [82]. IntClust possesses distinct molecular features at the

chromosome level, as listed below:

1

2.

. IntClust-1: amplification of 17923

IntClust-2: amplification of 11q13/14

. IntClust-3: inadequacy in copy number changes
. IntClust-4: lack of copy number

. IntClust-5: amplification of HER2

. IntClust-6: amplification of 8p12

. IntClust-7: gain in 16p, loss in 17q, and amplification in 8q
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8. IntClust-8: gain in 1q, loss of 16q
9. IntClust-9: gain of 8q, amplification of 20q
10. IntClust-10: loss of 5q, gain of 8q, gain of 10p, and gain of 12p [82].

1.7 Molecular mechanisms underlying LVI in invasive BC
1.7.1 Introduction to LVI

While the minority (<10%) of BC patients have metastatic disease, 20-
30% of patients diagnosed with early-stage disease will develop distant
metastases later in their lives [71, 83, 84]. For a tumour cell to
metastasise, a series of consecutive steps must occur, collectively called
the ‘metastatic cascade’: (a) detachment from the primary tumour mass,
(b) invasion and migration through the extracellular matrix (ECM), (c)
penetration into the local blood and/or lymphatic vessels, (d) evasion of
the host immune response, (e) extravasation into the new organ, and (f)
adaption into a new tumour site and division to form the new tumour [86].
Distant metastases, identified as poor prognostic events in cancers,
progress and develop via balanced and highly selective biological processes
and related pathways that integrate many connected mechanisms,
including cell proliferation, interaction with the cell matrix, stromal

invasion, migration, and LVI [85-87].

In a study involving 3,812 BC cases [46], it was revealed that LVI could be
used not only as an independent prognostic variable in all the BC cases,
but also in different prognostic subgroups involving LN-negative cases.
Within this subgroup, LVI is a high risk factor with a survival disadvantage
equivalent to the involvement of one or two lymph nodes and to that
provided by one higher size category (pT1 to pT2) [46]. At the molecular
level, tumour cells can use several biological interactions to facilitate their
metastatic development via vascular and lymphatic channels [47, 88-90].
Identification of these signalling pathways is important for discovering the

molecules driving the vital steps of LVI.
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The hallmarks of cancer have been thoroughly studied, and they indicate
that a tumour cell’s genes are controlled by its intrinsic and extrinsic
characteristics [9]. A high level of protein expression, resistance to
apoptosis, high proliferation rate, adhesion, invasion, and cellular motility
resulting in cellular migration are features that characterise malignant cells
[91]. Although there is no direct association between these features and
the occurrence of LVI—as they can be found in both LVI- and LVI* cancers—
they are important features of its development and of the molecular
mechanisms that characterise these processes. The aforementioned factors
must be active, at least in some cellular clones within the carcinogenic
pathway, from the initiation to the development of vascular metastasis.
This section focuses on the clinicopathological features of LVI in BC and the

features of molecular modification in invasion and LVI.
1.7.2 Morphological assessment of LVI

Histomorphological characteristics have been used to distinguish LVI from
blood vascular invasion (BVI). BVI is distinguished from LVI by the presence
of tumour emboli, including fibrin clots and/or erythrocytes, inside the
endothelium-lined region [44]. Several vascular markers have been found
and successfully used to identify VI and distinguish between BVI and LVI;
however, their sensitivity and specificity vary. Published research evaluated
VI in 177 specimens using four vascular markers: podoplanin, D2-40,
CD31, and CD34. D2-40/podoplanin has been demonstrated to be
lymphatic-specific and blood vessel-negative. CD34 expression was found
to be high in blood vessels but low in lymphatic vessels [44, 92]. CD31
expression was observed in a fraction of lymphocytes in some tumours and
blood vessels, but its expression varied in lymph vessels. LVI was
differentiated from BVI by evaluating the differential expression of these
four markers [44, 93].

Morphological evaluation of LVI has been conducted in peritumoural areas.
This achievement is mostly due to the simplicity with which LVI can be

detected outside the tumorous tissue, hence avoiding the controversy
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around the existence of intratumoural lymphatics, the existence of tumour
retraction artefacts, the prognostic importance of peritumoural over
intratumoural LVI, and the presence of a rare, pure intratumoural LVI [44,
94-96]. The significance of peritumoural LVI in BC prognosis is that it has
been reported to facilitate the spread of tumour cells (LN metastasis)
compared with intratumoural LVI, which has been found to be associated
with  tumour growth [44]. Therefore, both peritumoural and
intratumoural LVI are predictive of poor prognosis in BC. In our laboratory,
LVI was detected in both peritumoural and intratumoural vessels [44]. In
an evaluation of LVI-positive cases, 75% had peritumoural LVI and 25%
had intratumoural LVI; furthermore, only a few (4%) of the intratumoural
LVI-positive cases had LVI in the intratumoural compartment alone.
Focusing only on the cases in which intratumoural LVI is present with a
positive LN status, it is possible that the presence of intratumoural LVI could
explain the metastatic cascade. When such node involvement is not
evident, however, caution is warranted in disregarding the value of
intratumoural LVI. The pragmatic approach posits that the foundational
mechanism of tumour cell progression is in the vasculature; as a result,
clinical vigilance is warranted. Based on several pieces of evidence, it is
possible that the occurrence of LVI in breast tumours lacks the
morphological features of LVI, such as the presence of circulating tumour
cells [97], bone marrow micro-metastases [98], and LN positivity [99]. This
may have an indirect impact on our ability to understand the molecular
mechanisms underlying LVI in BC, as determining metastatic potential in
patients without LVI is challenging. The challenge of understanding the
molecular mechanisms driving LVI and their association with the metastatic
process of invasion and the lack of a model to identify and scrutinise
intravasation in BC complicate the investigation of driver molecules,
biological and molecular pathways, and potential treatment targets
correlated with LVI in BC.
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1.7.3 Tumour histological characteristics and LVI

There is a direct correlation between tumour morphological characteristics
and the occurrence of LVI, including tumour type, grade, and size. An
example of such a tumour type is invasive micropapillary carcinoma (IMPC),
which is characterised by the frequent development of LVI [100]. Genomic
aberrations in several protein-encoding genes could play a role in
cytoskeletal organisation, abnormal cellular polarity, and primary cilium
biogenesis involving formin 2 (FMNZ2), dynein heavy chain 9 (DNAH9),
translocation protein SEC63 (SEC63), and zinc finger FYVE domain-
containing protein 26 (ZFYVEZ26) [101]. This discovery was possible due to
a comparison between the exome and RNA sequencing of IMPC compared
with IDC. Additionally, it is important to note that IMPCs show a high
frequency of LVI despite the number of micropapillary elements in an
invasive tumour [102], which suggests the presence of an essential
biological characteristic of this tumour type that promotes the development
of LVI. On the contrary, ILC has been shown to demonstrate a low
frequency of LVI, even when the LVI was identified using lymphatic
endothelium-specific biomarkers [103], despite having a similar frequency
of nodal involvement and the tendency to spread to more nodes than
grade-matched IDC [104]. There is an imbalance between the metastatic
rate and the frequency of morphologically identified LVI in ILC; this can be
explained by the discohesive single-cell infiltration of ILC with the inherited
loss of E-cadherin, leading to intratumoural or peritumoural intravasation
of uniform small cells rather than the easily detected cohesive clusters of
IDC cells. In the rare case of a pleomorphic variant of ILC, LVI can be easily
identified, although it shares similar molecular alterations with classical ILC
[105-107]. LVI can be observed in benign papillary lesions of the breast,
which are a unique type of benign breast tumour. This phenomenon may
be related to their inherent friability, which leads to epithelial intravascular
displacement after needle instrumentation procedures, rather than the

biological characteristics correlated with their metastatic potential [108].
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Furthermore, there is an association between LVI and both tumour grade
and size. For example, LVI is rarely found in grade I tumours; however, up
to one-half of grade III tumours are correlated with LVI [46, 109, 110],
and similar correlations are often observed with tumour size [111]. Despite
its rarity, the presence of LVI in small BC is an independent predictor of
node metastasis and short survival [111, 112], which may suggest that

these tumours can be aggressive.

There is also an association between LVI and the BC molecular subtype.
There are many molecular subtypes, such as TN or basal-like BC, that are
less correlated with LVI despite their poor prognosis and high tendency for
local recurrence [113]. On the contrary, luminal and HER2* molecular
subtypes demonstrate a greater incidence of LVI [114]. An explanation for
this difference is a lower level of expression of tight junction proteins,
claudins, and higher levels of proteins that are essential for transforming
the malignant epithelial cells to mesenchymal cells in TN and basal-like
tumours compared with luminal and HER2* BC subtypes [115, 116].
Therefore, studies regarding the molecular determinants of LVI should
endorse the best choice of cohorts and control samples for more robust

identification of drivers controlling LVI.
1.7.4 Vascular or lymphatic invasion

Invasive BC can spread via blood vessels or lymph vessels. Evidence from
current studies reveals that lymph vessels, rather than blood vessels, are
critical to the initial spread of BC due to the intrinsic tropism of malignant
cells to lymphatic channels [44]. According to one recent study, BVI, rather
than LVI, was significantly correlated with the recurrence of endometrial
cancer [117]. Based on the structural differences between lymphatics and
blood vessels, it is possible to determine the initial route of spread.
Lymphatic capillaries do not have the sufficient number of tight junctions
typically present between endothelial cells lining blood capillaries [118];
moreover, this lack of tight junctions renders lymphatics more dilated and

leakier than blood vessels, thereby facilitating tumour cell intravasation.
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Therefore, peritumoural lymphatic vessels may represent the primary route
of intravasation for invasive BC cells that cannot overcome the physical
barriers of vascular endothelial cells [119]. It has also been highlighted that
interstitial fluid pressure controls the directional motility of metastatic
tumour cells in the direction of the lymphatics at the periphery of a tumour,
passively increasing the likelihood of their intravasation into lymphatic
channels [120]. Another plausible explanation involves active molecular
mechanisms that attract malignant cells to either type of vessel [121].
Lymphangiogenic factor expression may exert an influence on the route of
metastatic spread via lymphatics because of their specific structure, and
this may enhance tumour growth [118, 122]. For example, the expression
of vascular endothelial growth factor receptor 3 (VEGFR3) exclusively on
lymphatic endothelial cells and its ligand vascular endothelial growth factor
C (VEGFC), which is overexpressed in tumour cells, can influence
lymphangiogenesis. However, based on some studies, there is a lack of
correlation between VEGFC and LVI or node metastasis; this can be
explained by the potential role of numerous factors in addition to VEGFC
and vascular endothelial growth factor D (VEGFD), and the possibility of
heterogeneity in the study samples [123]. Despite the nature of the vessels
involved—whether blood, lymphatic, native, or newly formed—it is of
crucial importance to wunderstand that neither angiogenesis nor
lymphangiogenesis is equivalent to LVI, despite their strong correlation.
Angiogenesis is the process of neovasculature development that supports
tumour growth and invasion, while LVI involves the process by which
tumour emboli become lodged in vascular or lymphatic channels in the

initial stages of the metastatic cascade.

1.7.5 Tumour invasiveness, tumour microenvironment (TME), and
LVI

Before BC cells reach the vascular lumen, initial detachment from the
tumour cell mass must occur accompanied by invasion and migration

through the ECM to the vascular walls; these processes are considered
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prerequisites for the development of LVI. Infiltration into the surrounding
ECM occurs as single malignant cells or as groups of cells. BC tumour cells
upregulate many genes, such as SNAIL, zinc finger E-box binding
homeobox 1 (ZEB1), SLUG, and other transcriptional factors that facilitate
the potential evolution of malignant epithelial cells to the mesenchymal
phase via suppression of E-cadherin and other cell-cell adhesion molecules,
increasing cell motility [124, 125]. The mechanobiological interactions
between stromal components and tumour cells can be controlled by the
TME [126]. Through genetic and epigenetic regulation studies, the
interactions between tumour cells and the components of the TME have
been shown to alter adhesion and enhance invasion and migration of
tumour cells through the adjacent ECM, leading to an increase in their

penetration into vascular channels [9].

Proteolytic degradation occurs with the assistance of stromal cells via
matrix metalloproteinases (MMPs) and it is caused by malignant cells and
their epigenetic regulation. LVI is strongly correlated with the expression of
MMP1 and MMP9 [127-129]. Degradation of the vascular basement
membrane and cancer cell intravasation can be induced by BC cells and
their overexpression of cancer cell-related membrane type 1 (MT1)-MMP or
MMP14 [130]. The expression of MMP14 in cancer cells induces its
expression in vascular endothelial cells and results in remodelling of the
vascular basement membrane and cancer cell invasion into blood vessels,
but not into lymphatic vessels. MMP14 can also act as a predictive factor
and therapeutic target for haematogenous metastasis in BC patients with
the TN subtype [131]. Podoplanin, a glycoprotein encoded by the PDPN
gene, is expressed in the lymphatic endothelium. In combination with other
markers, such as LYVE-1 and Prox-1, podoplanin is considered a specific
lymphatic endothelial marker. Cancer-associated fibroblasts (CAFs) also
express podoplanin, which has been shown to have a role in increasing
cellular motility and reducing cellular adhesion. The expression of

podoplanin by CAFs in BC is associated with aggressive characteristics,
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including node metastasis, LVI, and short survival [132]; podoplanin
expression is also associated with the expression of VEGFC in BC cells and
the number of intratumoural microvessels [133]. Interestingly, increased
podoplanin expression at the invasive front of BC plays an essential role in
invasion and metastasis by facilitating the development of invasive
protrusions and filopodia, but not by activating endothelial-mesenchymal
transition [132]. This phenomenon could represent a powerful synergy
between metastasis-related paracrine signalling from CAFs and epigenetic

regulation by malignant cells to enhance lymphatic vascular invasion.

C-C chemokine receptor type 7 (CCR7), a lymphatic-homing chemokine
receptor, demonstrates the concert between tumour cells, dendritic cells,
and the vascular endothelium in LVI. CCR7 and VEGFC expression by
tumour cells has been reported to promote the development of LVI [134].
Transcellular lymphatic drainage that occurs as a result of increased
interstitial flow of lymphatic fluids may also polarise tumour cells towards
the adjacent lymphatic vessel via the autologous release of CCR7 [120].
The ligand of CCR7 (C-C motif chemokine 21 [CCL21]) is located on the
vascular endothelial surface, and its expression by the vascular
endothelium is increased due to VEGFC secreted by malignant cells and due
to the upstream signalling of its receptor VEGFR3. Consequently, CCR7*
tumour cells will migrate to lymphatic vessels and the possibility of
developing LVI will increase. This phenomenon demonstrates how tumour
cells can increase their invasiveness and how they use the chemokinetics
of lymphangiogenesis to direct themselves to their preferred invasion

target.

The existence of macrophages in primary tumours is correlated with the
development of LVI and the tumour’s metastatic potential; however, the
exact mechanism is unknown. A study reported that tumour cell and
macrophage interactions play a role in the process of migration [135]. The
expression of EGF and/or colony-stimulating factor 1 (CSF-1) can enhance

the accumulation of tumour cells and macrophages into microneedles. The
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inhibition of either EGF- or CSF-1-stimulated signalling decreases migration
of these cell types [135]. EGFR overexpression by mammary malignant
cells renders cells chemotactic to EGF secreted by the macrophages that
line blood vessels [135]. These findings provide evidence that a synergistic
interaction between macrophages and malignant cells in the process of cell
migration in vivo can partially explain the rise in the tendency of basal-like
BCs—which increase the expression of the EGFR—to be more node negative
and demonstrate haematogenous dissemination to viscera and bone rather
than lymphatic dissemination [136, 137]. Macrophages are known to
release interleukin 10 and angiogenic indicators [138]. Under hypoxic
conditions, there is upregulation of angiogenesis and lymphangiogenesis
stimulated by the growth factors released by tumour cells [139], which act
as chemo-attractants for macrophages. Another study demonstrated a
correlation between the presence of perivascular macrophages and
malignant cell intravasation [140]. Invasion and metastasis are promoted
by recruited macrophages via a dual-direction reaction loop of paracrine
signalling with tumour epithelial cells; therefore, intravasation into vascular
channels and migration occur through the vessel lumen [141]. Accordingly,
immunomodulatory drug therapy may inhibit tumour-induced
immunosuppression processes and may provide beneficial adjuncts

regarding non-specific cytotoxic drugs [142].

The term ‘vasculogenic mimicry’ or ‘vascular mimicry (VM) describes the
formation of new microvascular channels without the involvement of
endothelial cells and is independent from angiogenesis. Initially, VM was
demonstrated in vitro in highly aggressive and metastatic melanoma cells
[143]. The development of these highly patterned microvascular channels
by aggressive, genetically dysregulated tumour cells occurs independently
of endothelial cells and fibroblasts [144]. The findings were further
confirmed in a xenograft inflammatory BC (IBC) model and cell lines [145,
146]. A study showed that the presence of VM in tumour tissues was

correlated with node metastasis and poor outcome [147]. The poor
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prognosis associated with VM was found to be related to the possibility of
aggressive tumour cells surviving longer and the potential for metastatic
tumour cells to reach the bloodstream and distant organs [148]. Various
molecular biomarkers are overexpressed in VM in BC cells, such as VEGF,
twist-related protein 2 (TWIST2), and cyclooxygenase 2 (COX2), as well as
molecules conferring the cancer stem cell phenotype and those involved in
the process of EMT [149].

1.7.6 Gene signatures, gene expression profiling, and LVI

To identify key genes and pathways promoting LVI, genes that are
differentially expressed between LVI-positive and LVI-negative BC must be
identified. Through the advances in high-throughput molecular and
bioinformatic techniques, analysing genes associated with LVI on a large
scale becomes possible [150]. One of the challenges in identifying the
genes associated with LVI in genome-wide profiling studies is the nature of
the cohorts under exploration (as described above) and the use of archival
frozen tissue with inaccurate or incomplete LVI data. According to a
previous study of endometrial carcinoma with an LVI gene signature, 18
genes were correlated with LVI [151] and were further demonstrated in BC
using 11 open-access gene expression datasets focusing on data collected
from more than 2,400 BC patients [152]. An association was found between
the 18-gene signature and morphologically detected LVI and other poor
prognostic characteristics of BC, such as advanced stage, high grade, HER2
receptor positivity, hormone receptor negativity, and the basal-like
phenotype [152]. Candidate genes comprised 11 downregulated genes and
7 upregulated genes, both groups including a diverse array of genes
controlling ECM proteolysis, ECM collagens, angiopoietin, interleukins,
tumour necrosis index, and fibroblast growth factor receptors. Although this
gene signature is correlated with LVI in BC, it reflects features of aggressive
tumour cell behaviour and interactions with the surrounding
microenvironment rather than specific molecular mechanisms controlling

the development of LVI. Our efforts to study LVI mechanisms in invasive
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BC have found that Myxovirus resistance 1 (MX1), isocitrate dehydrogenase
2 (IDHZ2), high mobility group box 3 (HMGB3), cyclin B1 (CCNB1), cyclin
B2 (CCNBZ2), and ribonucleotide reductase enzyme 2 (RRM2) are novel LVI-
associated genes. The rationale for selecting these genes will be discussed
in Chapter 3.

Another study aiming to develop the gene signature analysed 214
hepatocellular carcinomas that predicted the presence of LVI among
patients who were surgically treated for hepatocellular carcinoma [153]. It
is necessary to mention that 14 genes were identified as upregulated and
21 genes as downregulated in correlation with LVI, but no overlap was
found with the 18-gene signature discussed above [152], although this
could be due to the different cancer types. Some genes, such as CDKN3,
CD24, PIK3R1, and UBE2C, are important in BC development and
progression [153]. In one study, array comparative genomic hybridisation,
quantitative reverse transcription-polymerase chain reaction (RT-qPCR),
and complementary DNA (cDNA) microarray were used to identify DNA
copy number aberrations (CNAs) and the gene expression profile associated
with LVI in a cohort of invasive BCs [129]. Although the authors did not
find a significant correlation between LVI and increased genomic instability
(even taking into consideration the total number of chromosomal changes),
they found that there was an increase in the frequency of certain alterations
that correlated with LVI, including gains at 5p, 16p, 17q12, and 19, and
losses at 8p, 11qg, 18q, and 21. They also found three novel small-scale
rearrangements in LVI-positive grade III tumours that integrated putative
BC genes involving amplicons at 11p11.2, harbouring G1/S-specific cyclin-
E1l (CCNE1), zinc finger protein 217 (ZNF217), 19912, very-long-chain 3-
oxoacyl-CoA reductase (HSD17B12), 20q13.2, and 4q13.3, and covering a
disinterring and metalloproteinase with thrombospondin motifs 3
(ADAMTS3). In addition to these findings, a deletion at 12p12.3 was
detected that integrated Ras-related and oestrogen-regulated growth
inhibitor-like protein (RERGL) and phosphatidylinositol 4-phosphate 3-
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kinase C2 domain-containing subunit gamma (PIK3C2G). Gene expression
analysis revealed networks outlining interstitial collagenase gene MMP1,
protein S100-A8 (S100A8), and an intermediary of RNA polymerase II
transcript subunit 1 (MED1) as potential genes involved in LVI-positive
grade III tumours [129]. Several genes demonstrated a concordant pattern
of copy number gains and an upregulation of gene expression in the LVI-
positive samples, including uromodulin (UMOD), MYCBP-associated protein
(MYCBPAP), arylsulfatase G (ARSG), and MED1 [129]. Although the results
of this study were promising, it is important to note that the BC cohort used
was small (n=57) and frozen tissue was utilised with no further

confirmation of LVI status.

Despite the controversy surrounding microRNAs (miRNAs) and their role in
BC, some researchers have shown a correlation between LVI and levels of
mMiRNAs, such as miR-9-3 [154], miR-10b [155], and miRNA-205 [156].
Applying bioinformatic analytical approaches to finding target genes in a
well-defined BC cohort, classified according to stringent histopathological
criteria for LVI, may represent a promising strategy. Ideally, such tools
should be considered in the discovery and validation of exclusively sets of
cases with definite LVI and, as a control, the LVI-negative cases should
have no morphological or biological patterns associated with LVI (e.g.,
positive LN or circulating tumour cells). Candidate genes require specific
analysis based not only on their differential expression but also on their
biological features and the involvement of certain molecular pathways. This
approach can help to narrow down the humber of possible genes for further

testing using in vivo models and in vitro functional studies.
1.7.7 Proteomics and LVI

To date, the association of LVI with proteins has been indirect or incidental.
An THC-based analysis of 177 stained and paraffin-embedded BC tissue
sections with CD34, podoplanin, VEGFA, VEGFC, VEGFD was performed.
High expression of VEGFA and VEGFC, but not VEGFD, was correlated with

higher microvessel and lymph vessel density, the occurrence of both nodal
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and distant metastases, and poor outcomes [51]. This finding suggests that
high levels of VEGFA and VEGFC expression predicts a poor prognosis, due
to increased lymphangiogenesis and angiogenesis, and is associated with
LVI. In an IHC-based study that focused on 77 patients, the expression of
VEGFC and VEGFD in BC was correlated significantly with peritumoural
lymph vessel density, which was associated with the development of LVI
and nodal metastases [157]. Another study indicated that stained IHC
sections of 70 BCs showing high expression of VEGFC and COX2 were
correlated with higher lymph vessel density and D2-40-positive LVI [158].
Therefore, despite the existence of other studies with more controversial
findings [123], there is enough evidence for the significance of the VEGF
pathways in the initial stages of the metastatic cascade and LVI. VEGF and
its autocrine functions include tumour cell adhesion, migration, invasion,
and survival [159]. Deconstruction of the pathways and their members
would help to elucidate the pathomechanisms of LVI. The attempts of some
studies to discover proteins related to LVI have led to further gene analyses
[160].

Another approach using the artificial neural network (ANN) assessed gene
expression arrays of 91 BC patients and detected 89 transcripts related to
LVI. Low expression levels of one of the transcripts, an inhibitor of the
calpain proteases called calpastatin, was correlated with intratumoural LVI
on PCR and was detected by IHC platforms. Calpain-1 and calpain-2,
however, which have a role in tumourigenesis and the proteolysis of
substrates, such as inhibitors of NF-kB and focal adhesion proteins, were
found to be unrelated to LVI [161]. Therefore, calpastatin is the main
regulator of LVI in this pathway. Other proteins related to LVI have been
discovered as incidental findings while exploring the roles of novel proteins
in BC. For example, a study that identified phosphorylated extracellular-
regulated kinase 1/2 (pERK1/2) indicated that members of the mitogen-
activated protein kinase family in BC could be correlated with LVI negativity

[162]. This association is also viable for the ER* subgroup in this series.
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LVI has been revealed to have an inverse correlation with hormone receptor
expression (ER and PR) [54], and molecules, such as pERK1/2 may provide
evidence of the biological processes underlying LVI. The analysis of DNA
repair proteins in BC has also demonstrated an association between the
proteins and LVI. High expression of X-ray repair cross-complementing
protein-6/X-ray repair cross-complementing protein-5 (KU70/KU80) was
highly correlated with LVI positivity [163]. A member of the family of small
ubiquitin-like modifier proteins (SUMO) also demonstrated an association
with LVI. Despite positive correlations between LVI and loss of SUMO
nuclear expression, LVI was positively correlated with the cytoplasmic
expression of E3 SUMO-protein ligase PIAS1 (PIAS1), E3 SUMO-protein
ligase PIAS4 (PIAS4), and SUMO-conjugating enzyme UBC9 (UBC9) [164].
This finding demonstrates the significance of SUMO pathways in LVI.
Poly(ADP-ribose) polymerase-1 (PARP1), the main facilitator of DNA repair,
was not correlated with LVI in either cleaved or non-cleaved forms [165],
nor was the serine/threonine-protein kinase Chkl (CHEK1), the main
member of the DNA damage-activated checkpoint signalling responses
[166].

Based on several innovative studies, the identification of more proteins is
needed to understand the molecular mechanisms controlling LVI.
Therefore, this study utilised weighted average difference (WAD) and ANN
approaches to elucidate the proteins controlling LVI in BC. Details on the
WAD and ANN analyses and the selection criteria for the genes is discussed
in Chapter 3.

1.7.8 Unified mechanism of LVI

The various important mechanisms underlying LVI cooperate under the
influence of tumour genetic, transcriptomic, and proteomic profiles, and the
resulting interactions between these biological processes guarantee tumour
cells’ invasion of vascular spaces and metastasis. ECM is the medium for
vibrant interactions between tumour cells and stromal non-tumoural cells

in LVI. When tumour cells induce molecular modifications in the ECM, they
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secure their progressive pathways of invasion and thus ensure metastasis.
Synthesis, crosslinking, alignment, and degradation of the ECM represent
remodelling activities, and tumour cells will select a combination of
remodelling activities to establish the ideal ECM microenvironment and
conditions for invading the target vessels and metastasising to other body
sites [167]. Endothelial cells, macrophages, fibroblasts, and other immune
cells are perceived as LVI mediators due to their various contributions to
LVI mechanisms. Angiogenesis and lymphangiogenesis are important
biological processes managed by many chemokines and cytokines in the
TME. High interstitial fluid pressure, growing tumour mass, and hypoxia all
contribute to the formation of new lymphatic and blood vessels; these
vessels are not only required to maintain access to nourishment and to
exchange damaged intratumoural vessels, but also to increase the contact

surface area and subsequent likelihood of developing LVI.
1.7.9 Conclusions

Many molecular factors controlling the development of LVI have been
elucidated, and other key contributors remain on the verge of discovery.
To date, there are questions regarding the drivers of molecular mechanisms
that cause BC tumour cells to invade vascular spaces and metastasise.
Large-scale genomic and transcriptomic profiling of histologically confirmed
LVI in BC may result in a high output of genes and pathways containing LVI
master regulators. The candidate genes comprise these signatures and
pathways, which could be further investigated by utilising various research

approaches to identify new therapeutic targets.

1.8 Hypothesis and aims
1.8.1 Hypothesis

Using bioinformatic analyses, key genes of LVI-positive and LVI-negative
settings in BC can be identified, and some of the identified genes show
prognostic value, are potential therapeutic targets, and play a role in

various mechanisms involved in the development of LVI.
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1.8.2 Aims
The aims of this thesis are as follows:

1. To identify genes associated with LVI in patients with early-stage BC
using bioinformatic analyses, including ANN and WAD approaches.

2. Evaluate the clinicopathological and prognostic significance of the genes
at the messenger ribonucleic acid (mRNA) and protein levels using large,
well-characterised invasive BC cohorts with long-term follow-up.

3. Evaluate and confirm the general functions of the selected genes using
in vitro experimental studies (evaluate the impact of gene knockdown on
tumour cell proliferation, migration, cell cycle, and apoptosis using a panel
of relevant BC cell lines).

4. Assess the functional roles of the selected genes in LVI by conducting an
in vitro investigation of BC cell lines with lymphatic and vascular endothelial
cell models to mimic in vivo interactions and assess BC cell adhesion and

transmigration with endothelial cells.
1.8.3 Significance of the project

Despite the use of conventional methods for the assessment of LVI in
routine clinical practice, the identification of more factors is needed to
determine whether cancer cells will potentially invade vascular or lymphatic
channels and thereby spread to distant organs. The lack of targeted therapy
to inhibit LVI and prevent metastasis typically stems from the complex
underlying molecular mechanisms of LVI, which interact with other
carcinogenic pathways. Deciphering the mechanisms of LVI and identifying
key genes is likely to improve patient outcomes and could produce potential
therapeutic targets. This thesis provides a unique insight into the key
proteins involved in the development of LVI in invasive BC patients by
assessing the roles of the main cell cycle regulators and other pathway
regulators; these regulators will provide valuable insight into which
molecular pathway could represent a potential molecular mechanism
controlling LVI in BC.
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Chapter 2: Material and methods
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2.1 Study cohorts
2.1.1 Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC) cohort

The METABRIC study cohort consisted of 1,980 samples from invasive BC
patients, and information regarding the validated clinicopathological,
genomic, and transcriptomic data was readily available [81]. Primary fresh-
frozen BC specimens were collected from tumour repositories in the United
Kingdom and Canada. For copy number and genotype analysis and
transcriptional profiling, DNA and RNA were extracted from the primary
tumours of patients. The integrity of the extracted RNA was tested using
the Agilent 2100 Bioanalyser Nanochip and the quality of the isolated DNA
was assessed using agarose gel electrophoresis (Agilent Technologies,
Wokingham, UK). AROS Applied Biotechnology (Aarhus, Denmark)
hybridised DNA probes to Affymetrix SNP 6.0 arrays (Affymetrix, Santa
Clara, CA). The Illumina Totalprep RNA amplification kit (Ambion,
Warrington, UK) was used to generate biotin-labelled cRNA from total RNA,
which was then hybridised on Illumina Human HT-12 v3 platforms to
evaluate mRNA expression. As previously indicated, the raw gene
expression data were pre-processed and normalised [81]. Differential
expression analysis was performed using the linear models of microarray
data (LIMMA) Bioconductor software package. LVI status had previously
been assessed for 1,565 patients, including the Nottingham subset (n=288)
from the METABRIC cohort, through histological analysis of H&E-stained
paraffin-embedded tissues. LVI status was also defined in the Nottingham
subset through the use of IHC staining for CD31, CD34, and D2-40 [44].

The median age of the patients at diagnosis was 61 years, with a range of
74 years. Patients with grade I tumours accounted for 9.0% of the whole
cohort, whereas patients with grade II and grade III tumours represented
40.7% and 50.3% of the cohort, respectively. Positive regional LN
metastasis was observed in 47.5% of the patients, with LN involvement in

stage II and stage III tumours being 31.5% and 16.0%, respectively. LVI

33



Chapter 2

status was histologically evaluated on slides stained with H&E and was
positive in 635 of the 1,565 patients (41.0%) and negative in 930 patients
(59.0%). The BCSS for each patient was calculated in months (up to a
maximum of 300 months) from the date of the primary surgical treatment
to the time of death due to BC. Follow-up status revealed that 505 (25.5%)
of the patients in the cohort died of BC, while 1,071 (54.1%) survived the
disease. The overall distribution of intrinsic BC subtypes in this cohort was
assessed via prediction analysis of 50 genes using the PAM50 method, a
technique based on RT-qPCR. The normal subtype accounted for 10.4% of
the sample cohort, with the luminal A subtype present in 36.3%, luminal B
subtype present in 24.6%, HER2-enriched subtype present in 12.1%, and
the basal-like subtype present in 16.6% of the sample cohort. The clinical
characteristics of the METABRIC cohort are presented in Table 2.1.

2.1.2 Nottingham subset from METABRIC cohort

The Nottingham subset (n=288) of the METABRIC cohort was used in this
study to assess the correlation between mRNA and protein expression. As
mentioned above, LVI status for this subset was assessed histologically by
reviewing H&E-stained slides and through immunohistochemical
biomarkers including CD31, CD34, and D2-40. The clinicopathological

features of the Nottingham subset are presented in Table 2.1.
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Table 2.1 Frequency of clinical characteristics of the METABRIC cohort (n=1,980) and
Nottingham subsets from the METABRIC cohort (n=288).

Clinicopathological features METABRIC Nottingham subset
cohort Number cohort Number (%)
(%)
Age
<50 years 424 (21.4) 94 (32.6)
>50 years 1556 (78.6) 194 (67.4)
Tumour size
<2 cm 622 (31.7) 131 (45.5)
>2 cm 1338 (68.3) 157 (54.5)
Grade
I 171 (9.0) 36 (12.7)
II 770 (40.7) 101 (35.7)
111 952 (50.3) 146 (51.6)
Nottingham prognostic index (NPI)
Good prognostic group (GPG) 680 (34.3) 103 (35.8)
Moderate prognostic group (MPG) 1101 (55.6) 166 (57.6)
Poor prognostic group (PPG) 199 (10.1) 19 (6.6)
Lymph node stage
I 1035 (52.5) 164 (56.9)
II 622 (31.5) 97 (33.7)
111 316 (16.0) 27 (9.4)
Lymphovascular invasion (LVI) (H&E/IHC: CD31, CD34, and D2-40)
Negative 930 (59.0) 168 (59.1)
Positive 635 (41.0) 117 (40.9)
Follow-up status
Alive 1071 (54.1) 172 (59.9)
Died from breast cancer 505 (25.5) 72 (25.1)
Died from other causes/unknown 384 (19.4) 25 (8.7)
Lost to follow-up 20 (1.0) 18 (6.3)
PAM50
Normal-like 205 (10.4) 18 (6.3)
Luminal-A 718 (36.3) 108 (37.6)
Luminal-B 488 (24.6) 80 (27.9)
HER2-enriched 240 (12.1) 30 (10.4)
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Basal-like 329 (16.6) 51 (17.8)

Oestrogen receptor (ER) (IHC)
Negative 474 (23.9) 71 (24.6)
Positive 1506 (76.1) 217 (75.4)

Progesterone receptor (PR) (IHC)
Negative 940 (47.5) 133 (46.2)
Positive 1040 (52.5) 155 (53.8)

Human epidermal growth factor receptor 2 (HER2) (IHC)
Negative 1733 (87.5) 247 (85.8)
Positive 247 (12.5) 41 (14.2)

2.1.3 The Cancer Genome Atlas (TCGA) cohort

The Genomic Data Commons Data Portal and cBioPortal Websites [168,
169] were used to extract the TCGA cohort comprising female BC patients
(n=854) to further evaluate the MRNA expression of all biomarkers
included in this study [170]. The cohort was then accessed for RNASeqV2
derived mRNA expression data. De-identified clinical patient information
was also accessed for certain clinicopathological features and their
outcomes. cBioPortal was used to extract digital H&E-stained slides for the
TCGA breast carcinoma cohort. The median age of the patients at diagnosis
was 59 years. Among the entire cohort, 10.9% of the patients had grade I
tumours, 45.9% had grade II tumours, and 43.1% had grade III tumours.
Approximately 72% of the cases had a large tumour size (=2 cm). In the
TCGA cohort, LVI was present in 34.5% of the cases, and 65.5% of the
cases were LVI negative. The cases were histologically evaluated using
slides stained with H&E. The BCSS for each patient was calculated in
months (up to 120 months). Survival data were also available, which
revealed that 89.7% of the patients were alive at the time the data were
accessed and 10.3% had died. Patients with HER2 positivity accounted for
19.0% of the cases, while 81.0% were HER2-negative. Hormone receptor
positivity, including ER and PR positivity, was present in 77.5% and 66.9%

of cases, respectively. Patients with ER" tumours made up 22.5%, and PR-
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tumours made up 33.1% of the cohort. The clinical characteristics for the
TCGA cohort are shown in Table 2.2.

Table 2.2 Frequency of clinical features of the TCGA cohort (n=854).

Clinicopathological features Number (%)
Age
<50 years 231 (27.1)
>50 years 623 (72.9)
Tumour size
<2cm 239 (28.0)
>2 cm 615 (72.0)
Grade
I 89 (10.9)
II 375 (45.9)
I1I 352 (43.1)
Lymphovascular invasion (LVI) (H&E)
Negative 559 (65.5)
Positive 295 (34.5)
Follow-up status
Alive 765 (89.7)
Died from breast cancer 88 (10.3)
Oestrogen receptor (ER) (IHC)
Negative 185 (22.5)
Positive 639 (77.5)
Progesterone receptor (PR) (IHC)
Negative 271 (33.1)
Positive 547 (66.9)
Human epidermal growth factor receptor 2 (HER2) (IHC)
Negative 567 (81.0)
Positive 133 (19.0)

2.1.4 Nottingham Primary Series (NPS) cohort of invasive BC

Tissue samples in this cohort were derived from the well-characterised NPS
cohort, which consisted of 3,173 unselected, operable, invasive primary
BCs from female patients. The NPS patients had previously undergone

surgery at Nottingham City Hospital between 1986 and 2006. The biopsies
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from the patients’ samples in this cohort were previously used to establish
tissue microarray (TMA) formalin-fixed paraffin-embedded (FFPE) blocks.
Robust clinicopathological profiles for each patient were readily available
that consisted of the following: age at diagnosis, primary tumour size,
lymph node stage, histological grade, NPI, and LVI status. Data on BC
molecular subtypes were also available. The BC subtypes of the Nottingham
cohort were identified using immunohistochemical profiling and the Elston-
Ellis mitotic score [33]. Four molecular subtypes were identified: ER*/HER2-
low proliferation (mitotic score 1); ER*/HER2" high proliferation (mitotic
score 2 or 3); HER2™, including HER2* irrespective of ER status and triple-
negative subtype (ER’, PR’, and HER2") [171]. The time to distant
metastasis (TTDM), from surgery to the occurrence of the first distant
metastasis, and BCSS for each patient were recorded for up to 10 years
(median 120 months). The total follow-up time for this study was 10 years.

Details of the clinicopathological factors are shown in Table 2.3.

Patient management was uniform and based on tumour features as
determined by NPI and hormone receptor status. Patients with an NPI score
<3.4, representing the excellent prognostic group, underwent no adjuvant
therapy, while patients with an NPI score >3.4 who were ER* were offered
tamoxifen (with or without goserelin [Zoladex] in premenopausal patients).
Patients who were ER" and fit enough to receive chemotherapy received
cyclophosphamide, methotrexate, and 5-flurouracil (CMF). In this study, no

patients received neoadjuvant therapy or Herceptin.
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Table 2.3 Clinicopathological features of the Nottingham Primary Series of invasive BC

(n=3,173).

Clinicopathological features

Number (%)

Age

<50 years 1042 (32.8)
>50 years 2131 (67.2)
Tumour size

<2 cm 1768 (55.8)
>2 cm 1403 (44.2)
Grade

I 543 (17.1)
II 1131 (35.7)
I1I 1496 (47.2)
Nottingham prognostic index (NPI)

Good prognostic group (GPG) 1041 (32.8)
Moderate prognostic group (MPG) 1632 (51.5)
Poor prognostic group (PPG) 496 (15.7)
Stage

I 1989 (62.8)
Il 903 (28.5)
I1I 277 (8.7)

Lymphovascular invasion (LVI) (H&E/IH
and D2-40)

: CD31, CD34,

Negative 2205 (69.8)
Positive 954 (30.2)
Oestrogen receptor (ER) (IHC)

Negative 704 (22.3)
Positive 2453 (77.7)
Progesterone receptor (PR) (IHC)

Negative 1256 (40.9)
Positive 1813 (59.1)

Human epidermal growth factor receptor 2 (HER2) (IHC)

Negative 2677 (86.9)
Positive 402 (13.1)
Triple-negative (IHC)

No 2630 (84.5)
Yes 483 (15.5)

Immunohistochemistry subtypes
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ER*/HER2" low proliferation 1051 (36.9)
ER*/HER2" high proliferation 906 (31.9)
Triple-negative 483 (17)

HER2* 402 (14.2)

2.1.5 Biomarker data

A broad panel of IHC data of biomarkers related to BC that had previously
been investigated in the Nottingham cohort was used in this study to
elucidate the molecular interactions of the genes of interest. The following
biomarkers were assessed in this cohort: HR (ER and PR) [172]; HER2
[173]; and EMT-related markers comprising epithelial cadherin (E-
cadherin), placental cadherin (P-cadherin), neural cadherin (N-cadherin),
transforming growth factor beta 1 (TGFB1), and TWIST2, as previously
published [76, 172, 174, 175]. All biomarkers were immunohistochemically
evaluated via TMA. To determine HER2 immunoreactivity, the standard
HercepTest (Dako) protocols were followed. In brief, a score of 0 or 1+
indicated that HER2 staining was negative, a score of 3+ indicated that
HER2 staining was positive, and a score of 2+ indicated that HER2 staining
was equivocal. HER2 fluorescence in situ hybridisation (FISH) pharmDxTM
and HER2 chromogenic in situ hybridisation (CISH) pharmDxTM kit (Dako)
were used to quantify HER2 gene amplification in equivocal cases and the
results were evaluated according to ASCO standards [176]. Table 2.4 lists
the antibody clones, suppliers, and cut-off values used to determine the

expression levels of all biomarkers.
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Table 2.4 Antibody clones, suppliers, and cut-off values for previously examined

biomarkers in the Nottingham cohort.

Biomarker Antibody clone Supplier Cut-off value
ER 1D5 DAKO >1%
PgR PgR 636 DAKO >1%

HER2 cerbB-2 DAKO 3+ and 2+ with amplification
E-cadherin NCH-38 DAKO >100 H-score
P-cadherin 56 BD >5%

N-cadherin C3865 Sigma >100 H-score

TGFB1 TB21 Abcam >100 H-score

TWIST2 Ab57997 Abcam >160 H-score

2.2 Determination of binding specificity for selected antibodies with
Western blotting (WB)

2.2.1 Overview

WB was performed to evaluate the binding specificity of the selected
antibodies to the target protein prior staining the tissues via IHC. The
qualitative detection of a single protein or an epitope in several BC cell
lysates was used to determine the binding specificity of the selected
antibodies. The detection of multiple bands in cell lysates might be due to
non-specific binding of the antibody or recognition of different isoforms of
a particular protein by the same primary antibody. The term ‘blotting’
denotes the transfer of an isolated protein using a separation gel medium
onto the surface of a non-reactive membrane, most often a nitrocellulose
membrane. This technique was first introduced for transferring proteins

from polyacrylamide gels to nitrocellulose membranes [177].
2.2.2 Cell line lysates

The cell lysates that were subjected to WB were obtained from different BC
cell lines (MCF-7, ZR-75-1, SK-BR-3, and MDA-MB-231) or lysates from
another cell line (HEK-293) to validate the specificity of the antibodies used
in IHC analysis. The specificity was based on the presence of a specific

protein band.
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2.2.3 Cell culture and preparation of cell lysates

MCF-7, ZR-75-1, SK-BR-3, and MDA-MB-231 cell lines were purchased from
the American Type Culture Collection (ATCC, Manassas, VA, USA). MCF-7,
ZR-75-1, and MDA-MB-231 cells were cultured in Roswell Park Memorial
Institute (RPMI 1640) medium with L-glutamine (Cytiva, SH30027.01, UK)
supplemented with 10% foetal bovine serum (FBS) (Sigma, F9665, UK);
the SK-BR-3 cell line was grown in McCoy’s 5A medium modified with L-
glutamine and sodium Dbicarbonate liquid (Sigma, M9309, UK)
supplemented with 10% FBS. Cells were cultured at 37°C in a humidified
incubator containing 5% carbon dioxide (COz). The cells were grown to
about 80-90% confluency, at which point the growth medium was removed
and the cells washed with sterile Dulbecco’s phosphate-buffered saline
(DPBS) (Sigma, D8537, UK) to eliminate the medium residue. The cells
were then trypsinised by adding trypsin ethylenediamine tetraacetic acid
(EDTA) solution (Sigma, T3924, UK) and incubated at 37°C for less than 5
min to aid in the detachment of the cells, which were then examined under
a microscope to confirm their detachment. Trypsin was neutralised by
adding fresh medium to the detached cells and centrifuged at 1,000 rpm
for 5 min. The cell pellet was then resuspended in fresh medium and
counted to a concentration of 1x10° cells/ml. A Neuber haemocytometer
was used to count viable cells, and a mixture was prepared by adding
trypan blue (a substance that stains non-viable cells blue) to the cell
suspension at a 1:1 ratio. On the haemocytometer, 20 pl of the trypan
blue/cell mixture was loaded beneath a coverslip and only viable cells were
counted in the central (5 x 5) grid using light microscopy. All counts were
performed in duplicate and the average cell count was multiplied by the
dilution factor 2 x 10% to obtain the number of cells/ml. Following the
determination of the cell count, the cell suspension was centrifuged again
for 5 min and the pellet was placed on ice. A total of 1 ml of RIPA buffer for
each 10°-cell pellet (on ice) (25 mM Tris, 150 mM sodium chloride, 1%

Nonidet P-40, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulphate
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[SDS]) (Thermo Fisher Scientific, 89900) and protease and phosphatase
inhibitor cocktail (Thermo Fisher Scientific, 04693124001, UK) were added
and the pellet was resuspended. The lysed cells were incubated for an
additional 20 min on ice with frequent gentle shaking and then centrifuged
at 4°C at 13,000 rpm for 10 min to clear cell debris. The supernatant was

removed and stored at -20°C for future use.
2.2.4 Cell lysate protein quantification (Pierce™ BCA protein assay)

To quantify proteins in the cell lysate, the Pierce™ BCA protein assay kit
was used (Thermo Fisher Scientific, 23225, UK), applying the standard
curve method of pre-determined protein concentrations of bovine serum
albumin (BSA). Standard solutions of BSA were prepared in nuclease-free
water to obtain the following concentrations: 2,000 pg/ml, 1,500 pg/ml,
1,000 pg/ml, 750 pg/ml, 500 pg/ml, 250 pg/ml, 125 pg/ml, 25 pg/ml, and
0 ug/ml, which served as the blank. A 96-well plate was pre-filled with 8 pl
of diluted protein samples (diluted 1:5 in nuclease-free water) and the
standards, and each sample was placed in the plate in triplicate. BCA
reagent (200 pl) was added to each of the wells containing the diluted
protein samples and the standards, and the plate was incubated for 30 min
at 37°C before the determination of the protein concentration using a
microplate reader (TECAN Infinite F50, UK) at a wavelength of 595 nm. The

raw data file was exported to Microsoft Excel for analysis.
2.2.5 Preparation of WB reagents and tools

Prior to processing the samples for WB, all required reagents and
experimental tools were prepared for use. The XCell SureLockTM Mini-Cell
and XCell IITM Blot Module (Invitrogen, EI0O002, UK) were assembled for
protein isolation and the transfer of proteins to the nitrocellulose membrane
(Sigma, GE10600008, UK). A Bolt™ 4-12% Bis-Tris plus 10-well protein
gel (Thermo Fisher Scientific, NW04120BOX, UK) was used for the
denatured and reduced protein separations. A working solution of the

running buffer was freshly prepared by diluting 50 ml of 20x MOPs Bolt
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running buffer (Thermo Fisher Scientific, B0O00102, UK) with 950 ml of
distilled water. The transfer buffer for one gel mixture was prepared by
mixing 50 ml of 20x Bolt transfer buffer (Thermo Fisher Scientific, BT00061,
UK) with 100 mL of methanol that had previously been diluted in 849 ml of
distilled water and 1 ml of Bolt Anti-Oxidant reagent (Thermo Fisher
Scientific, BTO005, UK). The wash solution was prepared by dissolving 1 ml
of the non-ionic detergent Tween-20 (Sigma, P2287, UK) in 1,000 ml of
phosphate-buffered saline (PBS) solution. The blocking solution was
prepared by dissolving 2.5 mg of Marvel’s dried and fat-free milk at a
concentration of 5% in 50 mL of washing solution. All primary antibodies
were prepared as needed prior to use and based on previously optimised
working conditions. The following fluorescent secondary antibodies
prepared in blocking solution at a ratio of 1:15,000 were used for the
detection of the primary antibodies: IRDye 800CW donkey anti-rabbit
immunoglobulin G (IgG) (H+L) (LI-COR Biotechnology, 926-32213,
Cambridge, UK) and IRDye® 680RD donkey anti-mouse IgG (H+L) (LI-
COR Biotechnology, 926-68072, Cambridge, UK). B-actin and GAPDH were
used as housekeeping and loading controls to ensure equal loading of all
samples in the gel. Primary rabbit anti-B-actin antibody (4970S, clone
number 13E5, Cell Signalling Technology) and primary anti-mouse B-actin
antibody (3700S, clone number 8H10D10, Cell Signalling Technology) were
used. Primary rabbit anti-GAPDH monoclonal antibody (ab181602, clone
number EPR16891, Abcam) and primary anti-GAPDH monoclonal antibody

(ab8245, clone number 6C5, Abcam) were also used as loading controls.
2.2.6 Sample preparation

Each cell line lysate and the PageRuler™ Plus Prestained 10-180 kDa
Protein Ladder (Thermo Scientific, 26616, UK) were thawed in a container
of crushed ice. Based on the protein concentration of each lysate, the
detected amount of each lysate was mixed with its corresponding amount
of Bolt LDS Sample Buffer 4x (Invitrogen, Thermo Fisher Scientific, BO0O07,
UK) and Bolt Reducing Agent 10x (Invitrogen, Thermo Fisher Scientific,
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B0009, UK). All tubes were spun lightly using a laboratory vortex mixer and

denatured on a dry block heater using a protein mixture at 100°C.

2.2.7 Loading of samples and separation of the denatured protein

mixture

A 10-well BoltTM 4-12% Bis-Tris plus protein gel (Thermo Fisher Scientific,
NW04120BOX, UK) was inserted into the XCell SureLockTM Mini-Cell
running tank (Invitrogen, EIO002, UK). The previously prepared running
buffer was then slowly poured into the running tank to the maximum fill
line and no leakage of the buffer from the running tank was observed. To
protect the protein from possible oxidation, 1 mL of the Bolt Antioxidant
reagent (Thermo Fisher Scientific, BT0005, UK) was added to the running
buffer. The prepared protein samples were loaded into the wells, starting
from the first well on either the left- or right-hand side of the gel. The
running tank was then connected to an electrical power supply (Invitrogen,
Life Technologies, UK) and set to run for 60 min at 160 V.

2.2.8 Protein transfer onto nitrocellulose membranes

After electrophoresis, the proteins were transferred onto a nitrocellulose
membrane. To ensure the proper transfer of the protein onto the
nitrocellulose membrane, the sponges and filter papers were made to fit at
the exact size and specifications of the protein separation gel and were
placed in a cassette containing the transfer buffer. The gel was then placed
into the cassette contained within an opened blotting module in the
following order: 2x sponge layered with 2x filter paper, followed by the gel,
1x nitrocellulose membrane, 2x filter paper, and 2x sponge. To prevent
distortion of the protein transfer onto the nitrocellulose membrane, air
bubbles were removed using a cylindrical roller passed over the layered gel
in filter paper. The blotting module was placed firmly in a cassette
containing a previously prepared transfer buffer in the running tank, and

electroblotting was performed at 10 V for 90 min.
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2.2.9 Blocking and antibody probing

Following the transfer of the proteins onto the nitrocellulose membrane,
the membrane was laid in a weighing boat containing a 5% blocking
solution. To prevent unspecified binding of the primary antibody, blocking
was performed for 60 min at room temperature on a rocker. The membrane
was then incubated in 5 mL of primary antibodies diluted to their respective
optimised concentrations. A 1:5,000 positive control, either monoclonal
anti-B-actin or anti-GAPDH primary antibody, was included in all
experiments and incubated overnight with the primary antibody in a Falcon
tube at 4°C in a cold room on a roller. Following incubation, the membrane
was washed three times for 5 min each on a rocker. The secondary
antibodies were diluted at a concentration of 1:15,000 by adding 1 pl of
antibody to 15 ml of blocking solution. The nitrocellulose membrane was
then immersed in the secondary antibody solution and incubated for 60 min
at room temperature with continuous rocking. To avoid bleaching the
protein signal, the membrane was shielded from direct light. To eliminate
unbound secondary antibodies, the membrane was washed for 5 min three

separate times for a total of 15 min, with each wash being 5 min in total.
2.2.10 Visualisation of protein bands

Protein visualisation was achieved using the Odyssey Fc with Image Studio
4.0 (LI-COR Biotechnology, 2800, UK). Visualisation of proteins on the
membranes by fluorescent detection was conducted at 600 nm, 700 nm,
and 800 nm wavelengths. The IRDye® 680RD secondary antibody, which
had an emission wavelength of 700 nm while the IRDye® 800CW
secondary antibody had an emission wavelength at 800 nm, were labelled
with an infrared dye. Images of both anti-rabbit and anti-mouse secondary
antibodies were digitally generated in case the molecular weight of the
overlapped with the targeted antigen of a specific biomarker. The positive
control, B-actin, had a molecular weight of ~42 kilodaltons (kDa), while
GAPDH had a molecular weight of ~36 kDa. The molecular weights of each

antibody used in this study are summarised in Table 2.5.
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2.3 Tissue handling and processing
2.3.1 FFPE block retrieval from the Nottingham Health Science
Biobank (NHSB)

All FFPE donor blocks from the BC patients in this study were retrieved from
and approved for use by the NHSB, reference number 15/NW/0685. Details

regarding the ethical approval of this study are found in Section 2.7.
2.3.2 TMA construction

TMA is a high-throughput technology that allows for representative tissue
cores from over 100 archival tissue blocks to be extracted and embedded
in a single recipient block. TMA enables simultaneous high-throughput
assessment that saves time and ensures that assay conditions are
consistent across all tissue samples, resulting in more reproducible and
consistent results. The TMAs used in this study were previously prepared

using the steps described in this section.
2.3.2.1 Sectioning in the microtome

Safety procedures and risk assessment guidelines were followed by the
researcher prior to the preparation of FFPE blocks for staining. FFPE
sections of patient tissues were used for routine histological examination
with both H&E and IHC staining. The instruments used to obtain tissue
sections included a rotary microtome (Leica Microsystems, RM2125, UK)
and a mounting bath for paraffin sections (Thermo Scientific, MH8516, UK),
which was filled with deionised water to prevent the distortion of sectioned
tissues; in addition, Leica X-tra® or Leica’s Apex adhesive slides were used
for application of H&E and IHC. Maximum adhesion occurred under
hydrophilic conditions due to the presence of positive charges on the
surfaces of both slide types. A plastic box with crushed ice, disposable
microtome blades (CellPath, S35 Feather, Wales), curved-tip forceps, and
a xylene-resistant marker pen or pencil were also made available for the

procedure.
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Prior to the cutting of the FFPE blocks, the blocks were cooled by placing
them face-up on ice. The chilled blocks were then inverted face-down onto
the ice for a maximum of 5 min. Before positioning the FFPE blocks in the
microtome, water droplets were removed from the block to facilitate the
positioning. The face of the block was placed parallel to the blade edge in
both axes and, if required, the microtome chuck was unclamped and the
block orientation was adjusted appropriately. The thickness of the sections
was set at 4 ym. The microtome handle was turned clockwise until the
sections were generated. The block face was appropriately trimmed until a
‘full-face’ section was produced. For optimisation purposes, extra sections
were generated for the TMA blocks. Forceps were used to retrieve the
ribbon of full-face sections produced by the sectioning. The sections were
then carefully placed on the surface of the water bath. Individual sections
were separated with forceps following their expansion and single sections
were then mounted onto microscope slides by immersing the slides in the
water directly beneath the tissue at an angle of about 45°. Sections were
realigned over the slide when necessary and slides mounted with tissue
sections were then placed vertically in a drying rack and dried overnight in
an oven at 37°C. Slides containing cut sections were then placed into a
labelled storage box that was subsequently stored in a cold room at 4°C
until needed.

2.3.2.2 Preparation of donor blocks and TMA construction

Archival FFPE blocks mounted with invasive BC tissue sections were
retrieved from the NHSB. Sections of H&E-stained tissues from these blocks
were then evaluated to identify invasive malignant cells for sampling.
Trained pathologists were responsible for marking representative tumour
areas on each slide alongside their corresponding locations on the FFPE
blocks. The marked blocks were then loaded onto a Grand Master®
automated TMA machine (3D HISTECH®, Budapest, Hungary) in
preparation for mounting onto paraffin blocks. Molten paraffin wax at a

temperature of 55-58°C was poured into specially designed moulds
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containing the tissue cassettes onto which the tissues had been mounted.
The paraffin was solidified on ice and the mould was removed. Moulded
paraffin blocks were then stored either at 4°C in the short term or at -20°C
in the long term. Prior to the construction of TMA blocks, the blocks were
trimmed and marked areas of the tumours from the donor blocks were
harvested using a 0.6 mm needle. Each block could hold a maximum of 150
cases and three orientation control tissue cores (kidney, liver, or tonsil)
positioned at the start of the first row and two more at the end of the last
row to ensure proper alignment and accurate core evaluation. Maps were
prepared for each TMA block to display the medical identifiers on each well.
The TMA was constructed by Mr. Glynn Donovan (an employee in the
Biobank).

2.4 Immunohistochemical staining

2.4.1 Overview

IHC is an invaluable molecular diagnostic technique that is essential in
practice for the clinical, diagnostic, and therapeutic management of BC
patients. From molecular subtyping to the identification of validated
prognostic biomarkers, IHC plays an important role in the diagnostic and
pathology reporting of many neoplastic diseases, including invasive BC. The
principles of IHC are based on the binding affinity between an antibody and
an antigen, which is most often reversible. IHC is an important biomolecular
technique that has been used to determine the distribution of a particular
protein antigen that is present on the surface of healthy or diseased tissues.
It is particularly useful in the diagnosis and staging of cancers due to the
de novo expression of cancer-specific antigens or overexpression of these
antigens in specific neoplasms. IHC is performed on tissue biopsies from
patients and the tissue is processed into sections using a microtome before
staining with antibodies suitable for IHC. Utilising the biochemical binding
between an antibody and an antigen in clinical practice has led to the

improvement of patients’ clinical profiles and more accurate prognosis by
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combining the observed histological features of a tumour with its protein

expression patterns.
2.4.2 IHC tools, chemicals, and procedures

In this study, IHC was used for the semi-quantification of protein
expression on invasive BC TMA tissue sections that were 4 um thick. A
random number (10-15) of full-face sections of samples from different
molecular BC subtypes, histological types, and tumour grades were stained
by IHC to assess their pattern of expression and to verify the staining
homogeneity before the staining of TMA sections. All tissue sections were
acquired from invasive or invasive-mixed FFPE samples. The NovolinkTM
Max Polymer Detection System (Leica Biosystems, RE7150-K, UK) was
used for the IHC procedure; this detection system is suitable for the
detection of protein epitopes on the surface of tissues using both mouse
and rabbit IgG antibodies.

2.4.2.1 Labelling of slides

The slides used for the IHC procedure were Leica X-tra® slides. These
slides were appropriately labelled to prevent the misidentification of tissue
specimens. The label on each slide contained the following information:
date of staining, symbol of the target protein, user name, dilution factor of

each antibody, and the specimen identification number.
2.4.2.2 Deparaffinisation and rehydration of tissue sections

Dewaxing of the tissues was carried out by placing the TMA sections on a
hot plate (Leica Biosystems, 14042321474, UK) to melt the paraffin. The
BC tissue was firmly fixed to the slides face-up and incubated at 60°C for
10 min. Following the heating step, the slides were allowed to cool for 5
min. The slides were then placed into a Leica’s slide rack (Leica Biosystems,
14047533750, UK) which was then immersed in a reagent vessel filled with
fresh xylene (Fisher Scientific, X/0250/PB17, UK) contained inside the
chamber of the Leica AXL. The dewaxing programme was activated and

carried out under the following conditions: impregnation of the slides for 5
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min in xylene followed by transfer of the slides into a fresh solution of
xylene and incubation for an additional 5 min. The slides were washed three
times with industrial methylated spirits (IMS) (Thermo Fisher Scientific,
M/4450/25), with the first two baths in 100% IMS for 2 min and the third
bath in 70% IMS for 2 min. Rehydration of the slides with de-ionised water

was carried out three times for 5 min each.

2.4.2.3 Heat-induced epitope retrieval (HIER) using citrate
buffer at pH 6

Formalin or aldehyde fixation and subsequent paraffin embedding may lead
to extensive physical and chemical alterations of the proteins in tissue
biopsies. Chemical modification of antigens present in FFPE tissues can take
the form of transpositions or alterations to the antigenic site. Poorly
exposed epitopes may lead to failure of IHC staining. Therefore, this study
used optimal conditions to provide the best reexposure of the epitopes
located on the surface of the FFPE tissues. Numerous HIER methods have
been tested under various conditions. The citrate buffer antigen retrieval
method was chosen as the optimal antigen retrieval method for all

antibodies used in this study, as recommended by antibody manufacturers.
2.4.2.4 Preparation of sodium citrate buffer at pH 6

Sodium citrate buffer was prepared by dissolving 2.94 mg of Tris-sodium
citrate dihydrate in 1,000 mL of distilled water. The pH was adjusted to 6
by adding 1 N of HCI solution dropwise to the buffer solution, and the pH
was determined using a calibrated pH meter. The buffer was then stored at
4°C. A total of 500 mL of pH 6 citrate buffer was then placed into a plastic
Leica AXL vessel and the rack from step 2.4.2.2 containing the slides placed
in the buffer. To prevent evaporation and to ensure homogeneous
distribution of the buffer to all slides, the Leica AXL vessel was covered with
a plastic lid with no metal handles. The slides in the citrate (pH 6) vessel
were placed inside a laboratory microwave (Whirlpool JT 359 Jet Chef 1000

W, UK) and heated at an optimum temperature for 20 min. To prevent eye
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injury, protective glasses were worn by the researcher and the vessel was
removed from the microwave using heat-resistant gloves. The lid of the
vessel was removed in the sink and flowing water was applied into the
vessel with a rubber hose for 5 min to cool the vessel and remove the

citrate buffer from the slides.

The following steps were carried out manually, using either Sequenza trays
for full-face sections or a flatbed for TMA sections. Slides were inserted into
Sequenza plates (Thermo Scientific) under running tap water, inspected for
air bubbles, and placed into Sequenza trays for staining. The slides were
washed twice with Tris-buffered saline (TBS, pH 7.6). When using flatbed
staining, the slides were placed on a flatbed tray and a hydrophobic barrier
marker was used across the breadth of the slides to limit the soaking area
and to ensure that the chemicals remained within the TMA cores. TBS (pH
7.6) containing 0.1% Tween 20 (TBS-T) was used to wash the slides twice.
The remaining steps were identical, except for the use of TBS for washing

in the Sequenza staining method and TBS-T for flatbed staining.
2.4.2.5 Blocking of endogenous peroxidases

Endogenous peroxidase activity is a biochemical feature of all tissues, with
continuous peroxidase activity occurring even after the fixation of tissues
with formalin and subsequent embedding of the tissues in paraffin. As such,
the application of horseradish peroxidase (HRP)-conjugated secondary
antibodies to the tissues may lead to the cross reaction of tissue
peroxidases causing non-specific binding and background staining. It is
therefore important to block endogenous peroxidases prior to incubation
with HRP antibodies. The importance of the endogenous peroxidase-
blocking step was tested by incubating the tissues with a 3,3’-
diaminobenzidine (DAB) substrate, the specific details of which are
provided in step 2.4.2.10. A change in the colour of the tissues to brown
demonstrated the need for the blocking of endogenous peroxidases. Then,
300 pl of Novolink peroxidase blocking reagent was added to each slide. All

slides were incubated at room temperature to permit the blocking of
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endogenous tissue peroxidases, then the slides were washed with TBS-T

three times at 5 min intervals.
2.4.2.6 Blocking non-specific reacting proteins

Non-specific staining of tissue sections may also occur due to the presence
of epitopes that display protein sequence similarity with the target protein
that might be recognised by the applied antibody. The non-specific binding
of the applied antibody on near-identical epitopes present on the tissue
surface may occur in different forms, such as charge-based and
hydrophilic/hydrophobic attractions. To prevent non-specific binding, 300
Ml of Novolink protein block reagent was added to the surface of the tissue
sections and the slides were further incubated for 5 min and washed with

TBS-T using the same washing procedures as in Section 2.4.2.5.
2.4.2.7 Applying the optimised primary antibody

Primary antibodies were optimised for IHC staining of tissue sections
(specific details of antibody optimisation will be discussed in section 2.4.3).
BondTM primary antibody diluent (Leica Biosystems, AR9352, UK) was the
universal diluent used for all primary antibodies. Using a fixed-volume
micropipette, 300 ul of the optimally diluted primary antibody was applied
to slides containing the tissues, with a few slides serving as blanks or
controls to test the user’s accuracy; the positive and negative controls are
detailed in Section 2.4.4. The primary antibodies were incubated for 15 min
or 60 min at room temperature or overnight in a cold room at 4°C. The

tissues were then washed with TBS-T, as in the previous steps.
2.4.2.8 Application of the post-primary antibody

A total of 300 pl of the post-primary antibody was applied to all slides. The
slides were incubated for an additional 30 min, then washed three times in
TBS-T for 5 min each.
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2.4.2.9 Application of NovolinkTM polymer

The Novolink™ polymer functions by binding to the epitope, and detecting
the post-primary and monoclonal or polyclonal primary antibodies. Each
slide was incubated at room temperature for 30 min with 300 ul of the
Novolink™ polymer solution containing the primary antibody solution. Each

slide was then washed three times with TBST for 5 min.
2.4.2.10 Detection with DAB

A solution of DAB peroxidase substrate was prepared by diluting DAB
chromogen with Novolink™ DAB substrate buffer polymer. The dilution ratio
was 1:20 and the solution was freshly prepared for each experiment. The
diluted DAB solution was always kept in the dark until use. A total of 300
Ml of the solution was applied to each slide and incubated for 5 min, and
excess chromogen was removed by washing with TBS-T three times for 5

min.

2.4.2.11 Counterstaining of tissue slides with haematoxylin and

tissue dehydration

Counterstaining of slides is essential to provide clear and sharp nuclear
stained images to facilitate semi-quantification of the IHC-stained protein.
Each of the slides was incubated with 300 pl of haematoxylin reagent for 6
min at room temperature. The cover plates on each slide were then
removed in a water tank, and the excess haematoxylin solution was
removed from the slides. The slides were reassembled in the Leica AXL rack
and placed into a plastic vessel filled with distilled water. The slides were
then dehydrated using the Leica AXL system: washing of the slides with
IMS three times for 2 min each time, and clearing the slides with xylene
twice for 5 min each time. For proper visualisation, dibutylphthalate
polystyrene xylene (DPX) medium (BDH, Leica Microsystems, Newcastle,
UK) was used to mount the stained tissues, and transparent coverslips were
used to seal the slides. The slides were stored at room temperature

overnight to dry.
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2.4.3 Optimisation of primary antibodies

Antibody optimisation was carried out on the BC TMA sections before
staining the whole series; this process was carried out through the
modification of different variables in the protocol of the staining until
optimal staining with the primary antibodies was observed. The variation
in protocol steps included three dilutions of the stock solution obtained from
the manufacturer. Optimisation of the conditions used for the staining was
based on the dilution recommended by the supplier in addition to three or
more dilutions above and below the recommended dilution. Optimisation
was also performed by alteration other staining conditions, such as

incubation time.
2.4.4 Negative and positive controls

Negative and positive controls were included in all IHC experiments.
Negative control slides were used to test the binding specificity of the
secondary antibody together with the fragment crystallisable region (Fc
region) of the primary antibody. Specific tissues that showed no expression
of the target from the human protein atlas (http://www.proteinatlas.org/)
were chosen as a negative control. BC tissue with no applied primary
antibodies was used when specific negative control tissues were not
available. As advised by the antibody manufacturer, or by the selection of
a specific tissues from the human protein atlas, specific positive controls
were included in the experiments. Positive and negative controls, the
dilution factor, and the incubation time for each primary antibody are

shown in Table 2.5.
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Western blot (WB)

Immunohistochemistry (IHC)

monoclonal

Antibody | Supplier Species Product Dilution | Molecular | Dilution | Incubation Negative | Positive
code weight time control control
(kDa)
MX1 Abcam Rabbit Ab95926 1:1,500 ~64 1:100 1h BC tissue Kidney
polyclonal
IDH2 Abcam Mouse Ab55271 1:500 ~47 1:500 1h BC tissue Tonsil
monoclonal
HMGB3 Sigma- Rabbit HPA06258 1:1,000 ~30 1:500 1h Kidney Ovary
Aldrich polyclonal 3
CCNB1 Abcam Mouse Ab72 1:1,000 ~40 1:5,000 15 min Liver Tonsil
monoclonal
CCNB2 Abcam Rabbit ab185622 1:1,000 ~42 1:50 Overnight Kidney Colon
monoclonal
RRM2 Abcam Mouse Ab57653 1:1,000 ~39 1:1,000 15 min Liver Stomach
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2.5 Imaging of tissue sections and the histological scoring (H-
score) system

2.5.1 Whole-slide imaging

Storage of IHC-stained tissues for a prolonged time in sub-optimal
conditions, such as with direct exposure to light, can lead to a decrease in
the intensity and the quality of the IHC staining. Modern clinical practices
utilises digitalisation of histological tissue sections, which has aided
pathologists in adequately storing pathological information from FFPE
tissues of cancer patients for longer periods of time. Digitalisation also
allows for sharing of the sections with healthcare colleagues and the editing
of the patient’s clinical data when necessary. In this study, all IHC-stained
tissue sections were imaged at the electron microscopy and imaging unit
of the Cellular Pathology Department, Queen’s Medical Centre (QMC), A
Floor, West Block, NUH. A specific request form for the scanning and
imaging of the slides was made and completed by the researcher. A
Nanozoomer Digital Pathology scanner (Hamamatsu Photonics, Welwyn
Garden City, UK) was used to obtain high-resolution digital images (0.45
Hm/pixel) of whole slides. Images were obtained for scoring of the IHC-
stained tissues using a magnification power of 20x. Aperio ImageScope
software (Aperio Technologies, Milton Keynes, UK) or Xplore 5.1.0 software

(Philips, UK) was used to view digital slides.
2.5.2 H-score

The selected scoring method for interpretation of IHC-stained slides and for
the results needed to be credible and reproducible. The semi-quantitative
scoring method used to quantify the results from IHC-stained tissues also
required expert and well-trained observers to score the TMA cores with a
high degree of concordance. The H-score test is a common method that
was used to score IHC-stained tissue sections in this study. The H-score is
generated using four different scoring intensities from randomly scanned

TMA sections from different slides: negative intensity (0), weak intensity
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(1), moderate intensity (2), and strong intensity (3) [178]. The H-score is
defined as the sum of individual IHC-stained intensities multiplied by the
total percentage of positively stained invasive BC cells that are observed to
express the protein of interest. The H-score can be obtained according to

the following formula:

[0 x (% cells expressing intensity 0)] + [1 X (% cells expressing intensity

1)] + [2 x (% expressing intensity 2)] + [3 X (% expressing intensity 3)].

All non-representative cores were removed from scoring, including cores
that had <15% tumour cells relative to the total core area, cores that
included only stroma or normal breast tissue, and cores that had become
folded during processing or staining. Scoring of IHC TMA slides was blind
and performed individually by a trained pathologist alongside the main
researcher for at least 20% of the cohort under investigation. The scoring
results were analysed only upon completion of the H-scoring of each slide
by the principal researcher. A threshold agreement of >75% was set for
concordance and intra-class correlation between the scores for each slide.
In the event of a lower scoring concordance, the slides were rescored, and
the differences between the scores were discussed by the main researcher
and a clinical pathologist. If a heterogeneous pattern of protein expression
was observed in IHC-stained tissues, the results could be presented as a
single TMA core; in this case, IHC tissues with a heterogeneous IHC staining
pattern could not be scored. As such, a small panel of full-face tissue
sections were stained by IHC to assess whether TMA was suitable for this

study.
2.5.3 Identification of the cut-off points of IHC staining

All biomarker expression data were dichotomised at the mRNA and protein
levels to determine a cut-off point that allowed the cohort to be divided into
two categories: expression greater than the defined cut-off point (high-
expression group) and expression less than or equal to the identified cut-

off point (low-expression group). One method used to detect appropriate
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dichotomisation for biomarkers was dependent on the distribution of mRNA
or protein expression. The cut-off points for IHC data were determined
based on either the mean or median of the data, and this was dependent
on the normal or skewed distribution of the data. Frequency histograms
were also used to visualise the distribution of the samples and to determine
apparent cut-off points. The antibody expression used for IHC staining and
the respective cut-off points applied to these antibodies will be discussed

in the following chapters.
2.6 Cell culture (in vitro)

In vitro assessment was carried out to investigate the potential role of the
key targeted proteins (HMGB3 and CCNB2) in LVI and other biological

functions using the following cell lines and assays.

2.6.1 Cell lines, general growth conditions, and media
2.6.1.1 BC cell lines

Based on the expression level, three BC cell lines were used in this study
for in vitro assessments: MCF-7 (ER*/PR*/HER2"), ZR-75-1
(ER*/PR*/HER2"), and SK-BR-3 (HER2*). MCF-7 and ZR-75-1 represent
luminal molecular classes, while SK-BR-3 represents the HER2-enriched
class. These two molecular classes are associated with the highest
incidence of LVI [179]; furthermore, they were chosen based on the
findings of an IHC investigation of the key targeted proteins (HMGB3 and
CCNB2) in various BC subtypes. The cells were initially acquired from the
American Type Culture Collection (ATCC, Manassas, VA USA). These cells
were cultured at a temperature of 37°C inside a humidified incubator that
contained approximately 5% CO>. RPMI 1640 medium was used to maintain
MCF-7 and ZR-75-1, while McCoy's 5A medium was used to maintain SK-
BR-3, as described in Section 2.2.3. Table 2.6 summarises the

characteristics of the cell lines used in the in vitro experiments.
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Table 2.6 Characteristics of BC cell lines used in in vitro experiments.

Cell lines Histological Receptor Subtype Source Reference
type status
MCF-7 Human breast ER*, PR*, and Luminal A- Isolated [180, 181]
adenocarcinoma HER2" like from a
pleural

effusion of a
69-year-old
Caucasian
woman in
1970.
ZR-75-1 Human breast ER*, PR", and Luminal B- Established [180-182]
ductal carcinoma HER2" like in 1978 from

ascitic fluid
of a 63-year-
old
Caucasian
woman.
SK-BR-3 Human breast ER-, PR", and HER2- Established [180, 181,
adenocarcinoma HER2* enriched in 1970 from 183]

a pleural
effusion of a
43-year-old

Caucasian

female.

2.6.1.2 Endothelial cell lines

Endothelial cell monolayers have been used to study tumour-endothelium
interactions. Primary human umbilical vein endothelial cells (HUVECs) and
dermal lymphatic endothelial cells (DLECs) were used in this study as in
vitro models of tumour-endothelium interactions. HUVECs and DLECs were
purchased from Promocell (C12218, Heidelberg, Germany) and cultured in
MV2 endothelial cell growth medium (Promocell, C-22022, Germany).
HUVECs and DLECs were used between passages 2 and 10. Being primary
cell lines, short passage windows were used due to accelerated senescence

and spontaneous apoptosis.

60



Chapter 2

All tissue culture procedures were carried out in a Class II biological safety
cabinet, and 70% ethanol was used to clean the cabinet before and after
use. T75 75 cm? tissue culture flasks (Corning, Fisher Scientific, UK) were
used for routine cell culturing. Other sizes of flasks and plates were used
based on the specific requirements of various experiments. The reagents
that were used for tissue culture had to be pre-warmed in a water bath
maintained at the temperature of 37°C. Routine monthly mycoplasma
testing for all BC cell lines in this study using the PlasmoTest™ mycoplasma
detection test (InvivoGen, rep-ptrk) was conducted by a team of

researchers from the Bio-Discovery Institute.
2.6.1.3 Subculturing of adherent cell lines

Pre-warming was carried out in a 37°C water bath for 15-30 min before
the reagents could be used. The first steps of sub-culturing were identical
to those described in section 2.2.3. Tissue culture flasks were used to
culture adherent cells using standard culture media until 80% to 90%

confluence was reached.

Following centrifugation and removal of the remaining trypsin, cells were
resuspended in fresh culture medium and the desired proportion was plated
onto new flasks. The cells in the flasks were labelled with their name,
passage number, and date of subculturing and carefully placed in a 37°C
humidified incubator with 5% CO». The total number of passages for all cell

lines was no greater than 25.
2.6.1.4 Cryopreservation and thawing of cell lines

To maintain low passage numbers for the cells, they were stored in liquid
nitrogen for future experiments. Adherent tumour cells were trypsinised,
as previously described, and resuspended in freezing media (10% dimethyl
sulfoxide [DMSO]; Sigma Life Science, SHBK2703, USA) with complete cell
growth medium for cryopreservation. The steps for freezing endothelial

cells were identical to those used to freeze tumour cells, except the Cryo-
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SFM freezing medium (Promocell, C29910, Germany) was used instead of

DMSO with cell growth medium.

The final cell concentration in every cryovial was 1 x 10° cells/ml. The cells
were placed into pre-labelled cryovials and frozen at -80°C overnight using
CoolCell alcohol-free cell-freezing containers. Of note, these containers can
control the rate at which the internal temperature decreases to 1°C/min
which prevents ice crystal formation in the cells. After approximately 24 h,
the cryovials were transferred to liquid nitrogen storage at -180° C for

preservation.

To thaw the cells from the liquid nitrogen, the cryovials were exposed to
either room temperature or a water bath at 37°C immediately after removal
from storage. After thawing the cells, the DMSO residue was extracted by
moving them into a centrifuge tube containing 9 ml of media and
centrifuging for 5 min at 170 g. After centrifugation, the supernatant was
discarded, and the cell pellet was resuspended in the growth medium and

cultured under standard conditions.

2.6.2 Small interfering RNA (siRNA) transfection of HMGB3 and
CCNB2
2.6.2.1 Overview

To explore the potential functional implications of depletion of the selected
gene and to study its involvement in BC development, a siRNA-based
approach using BC cell lines was used. siRNA is a form of RNA interference
(RNAI) that causes gene silencing through the degradation of mRNA. In this
approach, gene silencing is achieved by introducing siRNA into the
cytoplasm where it is integrated into a multi-protein complex called the
RNA-induced silencing complex (RISC). When the RISC is activated, one of
the siRNA strands is cleaved and released from the complex, while the
remaining siRNA strand acts as a template for the targeted mRNA. Once

this occurs, a ribonuclease cleaves and degrades the mRNA [184]. To
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achieve transient knockdown of the targeted gene in this study, siRNA was

transfected into cells using Lipofectamine.

In this study, the forward transfection approach was used to knock down
the genes, as it is one of the standard transfection practices. This method
is effective for most adherent cell types that are seeded at least 1 day
before transfection. The aim of this approach is to produce a cell population
that is actively dividing at the time of transfection. In contrast, reverse
transfection refers to a practice in which seeding of different cells occurs at

the time of transfection.
2.6.2.2 Cell line selection

MCF-7, ZR-75-1, and SK-BR-3 cell lines were used in this study, as
discussed in Section 2.6.1.1. Before knockdown of the studied gene,
evaluation of protein expression in different BC cell lines was completed by
WB. Cell lysate of the BC cell lines was freshly prepared, as described in
Section 2.2.3, to quantify the proteins of interest in each selected cell line.
Protein quantification was performed, as described in Section 2.2.4, before
loading the cell lysate on the WB to ensure that the same amount of protein
was loaded for each cell line. After the blot image was generated by the
Odyssey Fc Imager, as explained previously in Section 2.2.9, protein band
intensity analysis was performed by drawing a rectangle around each band
using Image Studio software (LI-COR Imaging Systems) to show the
intensity of each band, representing the amount of protein in the band. The
net values of the proteins for each experimental condition were obtained
by dividing the protein intensity by the intensity of the loading control (-
actin or GAPDH) in the same lane. After plotting the net values, a graph
was generated using Excel software to evaluate the expression of the

selected protein in the selected cell line.
2.6.2.3 Subculture of the selected cell line and cell plating

After confirming the expression of the target protein in each cell line, the

cells were sub-cultured, as described in Section 2.6.1.1. Cells were

63



Chapter 2

regularly inspected prior to transfection to ensure that they were growing
well and were mycoplasma free. When the cells reached 80% confluency,
they were harvested, suspended in trypsin-EDTA, and counted using a
haemocytometer, as described in Section 2.2.3. Cells were then seeded on
6-well plates at different cell densities to determine the optimal number of
cells needed to achieve knockdown. ZR-75-1 and SK-BR-3 were seeded at
0.25 x 10° cells/well, while MCF-7 was seeded at 0.30 x 10° cells/well. The
cells were incubated with 1,250 ul/well of ordinary cell culture media. Three
6-well plates were prepared to assess the effect of the transfection on the
cells on different days (day 3, day 5, and day 7) prior the transfection. The
cells were incubated overnight at 37°C in a humidified incubator with 5%

CO: to allow for adhesion.
2.6.2.4 Preparation of transfection reagents

Pre-validated Silencer® Select siRNA constructs at a concentration of 5
nmol were used for HMGB3 (115646) and CCNB2 (S17446); the constructs
were purchased from ThermoFisher Scientific. The antisense sequences
were 5’-GCACCCUGAAACUGUAUCALtt-3’ and 5'-
GGCGAACUGUUUUAGAAGALtt-3' for HMGB3 and CCNBZ2, respectively. The
siRNAs were tested at different concentrations to determine the knockdown
efficiency. A scrambled negative-control siRNA (Silencer® Select siRNA,
AM4611, ThermoFisher Scientific) was included in all experiments. Stock
concentrations of HMGB3 and CCNB2 siRNAs were prepared at a
concentration of 100 uM by resuspending 5 nmol lyophilised siRNA in 50 pl
nuclease-free water after briefly spinning the siRNA tubes. For immediate
use, 10-uM working stock was prepared via 1/10 dilution of the 100 uM
stock using nuclease-free water. A transfection master mix of the required
reagents was created to avoid pipetting small amounts and to limit pipetting
error. Finally, these reagents were stored at -20°C freezer until use. Once
reconstituted in nuclease-free water, siRNA was transfected at the optimal

concentration. Lipofectamine® RNAIMAX (ThermoFisher Scientific,
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13778150, UK) was in its ready-to-use format and required no additional

preparation.
2.6.2.5 Adding transfection reagents

siRNAs and negative controls were optimised using different siRNA and
Lipofectamine concentrations to achieve the maximum knockdown
efficiency determined by WB. Inside the Class II biological safety cabinet,
5 UL Lipofectamine® RNAIMAX reagent was diluted in 250 yL Opti-MEM®
medium (ThermoFisher Scientific, 31985062, UK). The siRNA (10 uM) was
diluted in 250uL Opti-MEM® medium. Diluted siRNA was added to diluted
Lipofectamine® RNAIMAX reagent (1:1 ratio) to produce the siRNA-lipid
complex. The complex was then incubated for 5 min at room temperature.
A total of 250 pL siRNA-Ilipid complex per well was added to cells (the final
siRNA concentration per well was equivalent to 25 pmol, and the final
Lipofectamine® RNAIMAX volume per well was 5 pL). Transfected cells
were incubated for 3-7 days at 37°C in a 5% CO; incubator. The medium

was replaced with a cell culture medium after 3 days of transfection.

2.6.2.6 Cell lysate collection and protein quantification for

transfected cells

Cell lysates were collected at day 3, day 5, and day 7 after addition of the
transfection reagents to evaluate the effect of the transfection on cells. To
collect the cell lysate, the plate of cells was placed on wet ice and the cells
were washed with 1 ml PBS per well after the spent media was discarded.
Another 1 ml of PBS was pipetted into each well and the cells were gently
scraped off using a 1 ml syringe plunger. The cell suspension from each
well was then transferred into a corresponding, pre-labelled 1.5 ml
Eppendorf tube on ice. The cells were then centrifuged for 10 min at 4,000
rpm. The supernatant was removed from each tube without disturbing the
pellet, and 50 pl of RIPA buffer (as prepared in section 2.2.3) was added to
the pellet (on ice) for 30 min with repeated agitation. This was followed by

centrifugation of the tubes at 13,000 rpm for 10 min in a cold centrifuge.
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The supernatant was transferred into new 0.5 ml labelled tubes and stored
at -20°C.

2.6.2.7 Analysing the transfection results

The protein concentration of the collected cell lysate was quantified, as
described in Section 2.2.4. The proteins extracted from the transfected cells
were analysed by WB to verify differences in the protein expression
between the transfected and negative-control cells. Protein band intensity
analysis of the generated WB images was performed, as described in
Section 2.6.2.2. The optimal concentration of siRNA for both HMGB3 and
CCNBZ2 that showed high transfection efficiency was 10 uM and was used

to carry out the in vitro experiments.

2.6.3 CellTitre 96 Aqueous One Solution Cell Proliferation Assay
(MTS assay)

2.6.3.1 Overview and principles

The MTS assay is a colorimetric technique for determining cell viability. MTS
solution (Promega, G3580, UK) comprises a tetrazolium compound 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) and a reagent for electron coupling (phenazine
ethosulfate [PES]). By the action of dehydrogenase enzymes, metabolically
active (viable) cells degrade this compound to produce coloured formazan
that is soluble in cell culture media. This reaction produces reducing
equivalents, such as nicotinamide adenine dinucleotide phosphate
hydrogen (NADPH) and nicotinamide adenine dinucleotide hydrogen
(NADH). The amount of formazan produced is directly proportional to the

number of viable cells present [185].
2.6.3.2 MTS assay procedure

The MTS assay was used to evaluate the impact of silencing HMGB3 and
CCNB2 on cell proliferation. It is important to note that optimisation of
transfected cells and negative control seeding density were performed

before carrying out the MTS cell proliferation assay. The assay was
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conducted based on the recommendations of the manufacturer. In 100 pl
of the growth medium, approximately 500-5,000 cells were seeded into
each well of the 96-well plate. The MTS assay was carried out on the third
day of transfection, during which time the control and transfected cells were
seeded in triplicate at a density of 3,000 cells/well, and were given time to
adhere by incubation at a temperature of 37°C in a humidified incubator. A
multichannel 20-pl pipet was used to place CellTiter 96® AQueous One
Solution reagent in each of the wells at three time points post-transfection
(T24 h, T48 h, and T72 h). The plate was then incubated in the dark at
37°C and for 1 h in a humidified incubator containing 5% COa,.

The MTS reagent was added to the wells, as per the manufacturer’s
instructions, and the absorbance at 490 nm was recorded at 24-, 48-, and
72-hour time intervals. The optical density (OD) was measured using a
microplate reader (TECAN Infinite F50). The OD of this absorbance was
evaluated by comparing the results of the transfected cells to the negative
control. The assay was performed three times, and each was done in
triplicate. Graphs of the results and statistical analyses were produced

using GraphPad Prism software version 9.2.0.

2.6.4 Clonogenic survival assay

2.6.4.1 Overview

Clonogenic survival assays evaluate the survival of cells after they have
been exposed to transfection agents or other cytotoxic agents. The assay
measures viable cells that have undergone several (minimum 5-6)
replication rounds to produce a colony, which indicates their ability to

survive siRNA exposure [186].
2.6.4.2 Clonogenic assay procedure

Prior to performing the clonogenic assay, the transfected cells and negative
control seeding density were optimised at different intensities to achieve
>50 colonies/cell. On the third day of transfection, the negative-control

cells and transfected cell lines were placed in a 6-well plate at low density.
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The tissue culture plates that had been seeded with 800-1,000 cells/well
were left untouched in culture medium in the incubator for 12-14 days.
Following incubation, the media was removed and the wells were fixed for
30 min using 75% (v/v) methanol and 25% (v/v) acetic acid. Crystal violet
dye was used to stain the plates for 60 min at room temperature. The stain
was discarded, the plate was washed in running water to remove the excess
stain, and the cells were allowed to air-dry overnight. Blue-stained colonies
were visible, and approximately 50 cells/colony were counted using the cell
counter. To avoid double counting, the grid was overlaid before counting.
The assay was repeated three times, each in triplicate. The survival fraction

was then calculated as follows:

Plating efficiency (PE) = number of colonies formed/number of cells
seeded
Surviving fraction (SF) = PE of transfected cells/PE of control cells
Graphs were produced from the results, and the analysis was conducted

using GraphPad Prism version 9.2.0.

2.6.5 Wound-healing assay

2.6.5.1 Overview

Cell migration is expected to occur in various physiological processes. For
example, controlled cell migration allows for wound healing, tissue injury,
and embryonic development. Cell migration is also a hallmark of cancer
metastasis and has thus been studied in various fields. The wound-healing
assay allows for the study of cell migration in vitro. Through the procedure,
an artificial gap is created on a single cell layer; cells that appear on the
edges of this layer would have migrated in attempt to establish new cell-
cell contact. In this study, scratch wound-migration assays were performed
to investigate the impact of the knockdown of the studied genes on tumour
cells and how the knockdown affects cell migration. Control cells were used

for comparison.
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2.6.5.2 Migration assay procedure

To determine the migratory ability of the cells, a Culture-Insert 2 Well
(Thistle Scientific Ltd, IB-81176) with built-in gap was used. The insert
ensured that the gap size was defined and thus improved reproducibility.
To optimise this assay, cell seeding and culturing occurred at various
densities on the third day of transfection until a confluent monolayer was
achieved. Overall, 70 pul of cell suspension containing 7.5 x 10° cells was
seeded in each well of the Culture-Insert 2 Well. The cells were then placed
in an incubator with 5% CO> at 37°C for 24 h until a confluent monolayer
was formed. The density of the cells was evaluated after 24 h using a light
microscope. If a monolayer was not achieved in the first 24 h, then the cells
were further incubated for up to 12-24 h. When confluence was achieved,
the Culture-Insert 2 Wells were gently removed using a sterile tweezer.
Then, the cell layer was washed in a cell-free medium to remove cellular
debris and other unattached cells. To reduce the risk of cell proliferation,
which might confound the study of migration, serum starvation (low serum
concentration in the cell medium) was used, as it is the most common
method for suppressing cell proliferation [187]. Therefore, the p-Dish
contained about 2 ml of 1% serum media. Figure 2.1 illustrates the
workflow of the experiment. The wounds were observed by taking multiple
images at 10x microscopic magnification via light microscopy (Leica
Microsystems, Lecia DMI 3000B, Germany) at the following time points:
TO, T24, T48, and T72 h. Image ] software (version 1.52) was used to
measure the wound area and calculate the percentage of wound closure.
The findings were graphed and analysed using GraphPad Prism 9.2.0. Three

independent experiments were conducted for this assay.
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Figure 2.1 Experimental workflow for a wound-healing assay using the ibidi Culture-Insert
2 Well. Figure obtained from [188], courtesy of ibidi GmbH.

* Permission to reuse this figure was obtained (Appendix B).

2.6.6 Cell cycle assay

2.6.6.1 Overview and principles

Flow cytometry is a commonly used technique for determining cell cycle
distribution. The cell cycle assay used in this study was based on measuring
the cell cycle distribution via quantification of DNA content, utilising
propidium iodide (PI) as a nucleic acid staining dye followed by flow
cytometry analysis. PI dye binds in proportion to the cell’'s DNA content.
This technique identifies the distribution of cells in three distinct phases of
the cell cycle: G1, S, and G2/M. Given that PI binds to both RNA and DNA,
the kit used in this study includes RNaseA (ribonuclease A) to degrade
cellular RNA and therefore reduces background RNA staining. Due to the
membrane impermeability of PI, ethanol was employed to fix and

permeabilise the cells.
2.6.6.2 Cell cycle assay procedure

The manufacturer’s instructions and recommendations were followed to
conduct this assay. Briefly, 100,000 cells were harvested on the fifth day
after transfection to identify and analyse the cell cycle distribution using a
PI flow cytometry kit (Abcam, ab139418, UK). To produce a cell
suspension, trypsinisation of the harvested cells was performed, as
described in section 2.2.3. However, the culture media and PBS were not
discarded form the suspension as they contained loosely adherent cells.

The cell suspension containing culture medium, PBS, and trypsinised cells
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was then centrifuged. The cell pellet was then resuspended in 1x PBS and
centrifuged again. The cells were then fixed with 66% ethanol on ice and
stored at 4°C for at least 2 h to allow for fixation. Prior to flow cytometry
analysis, the fixed cells were allowed to reach room temperature before
gentle resuspension and centrifugation. After centrifugation, the cells were
washed with 1x PBS and centrifuged again to pellet them. The cell pellet
was resuspended in 1x PI and RNase staining solution and incubated in the
dark at 37°C for 30 min. Samples were analysed using a MACSQuant® flow
cytometer analyser (Miltenyi Biotec, Bergisch Gldbach, Germany). At least
50,000 cells were analysed from each cell suspension. This assay was
performed three times. The data were analysed using Flow]o software
(version 14.0.0.0., USA). GraphPad Prism software version 9.2.0 was used

to create graphs and perform statistical analysis.

2.6.7 Apoptosis assay

2.6.7.1 Overview and principles

Apoptosis (i.e., programmed cell death) is a common type of cell death that
also occurs during embryonic development in eukaryotes. It is
characterised by chromatin condensation, cell volume changes, and the
translocation of membrane phosphatidylserine (PS) from the inside to the
outside of the plasma membrane. Annexin V is a phospholipid-binding
protein that is Ca2*-dependent and has a high affinity for PS. For the
identification of early and late apoptotic cells, the conjunction of Annexin V
with a second dye, such as PI, is used for staining. Dead cells with damaged
membranes are positive (permeable) to PI, whereas viable cells with intact
membranes are negative to PI. Therefore, early apoptotic cells are Annexin
V-positive and PI-negative, late apoptotic cells are Annexin V- and PI-
positive, viable cells are both Annexin V- and PI-negative, and necrotic cells

are Annexin V-negative and PI-positive (Figure 2.2) [189, 190].
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Figure 2.2 Illustration of staining with Annexin V and propidium iodide (PI) by flow

cytometry. Illustration created using BioRender.

2.6.7.2 Apoptosis assay procedure

The detection of apoptosis was performed using an Annexin V detection kit
(Abcam, ab14082, UK) based on the manufacturer’s recommendations. On
the fifth day after transfection, 100,000 cells were harvested by
trypsinisation and centrifugation. Resuspension of the cell pellet was
performed in 1x PBS and centrifuged. The pellet was then resuspended
with 1x binding buffer. Annexin V and PI were then added to the cell
solution on ice and incubated in the dark for 5 min at room temperature.
Three independent assays were performed. The samples were analysed
using a MACSQuant® flow cytometer analyser (Miltenyi Biotec, Bergisch
Gldbach, Germany), and the data were analysed using Flow]o software
(version 14.0.0.0., USA). Graphs were produced and statistical analyses

were performed using GraphPad Prism software version 9.2.0.
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2.6.8 In vitro models of tumour—-endothelium interactions

2.6.8.1 Overview

Endothelial cell monolayers have been used in vitro as a model system to
study tumour—-endothelium interactions to mimic in vivo interactions [191].
In this study, HUVECs and DLECs were used to investigate BC tumour cell
adhesion to the endothelium and the transmigration of tumour cells across
vascular and/or lymphatic endothelial cells. This in vitro model is useful in
understanding the role of HMGB3 and CCNBZ2 in tumour cell adhesion and
the transmigration of cancer cells across the endothelium, which ultimately

results in the initiation of the LVI process.

2.6.8.2 Adhesion assay
2.6.8.2.1 Adding a coating agent

The adhesion assay was carried out using 24-well plate. Before adding
endothelial cells (HUVECs and DLECs) to the 24-well plate, the culture
surface was coated with matrix elements to enhance cell attachment and
adhesion. The coating agent used in this assay was gelatine (0.2%) (Sigma,
G1393, UK). The wells were coated with 0.2% gelatine dissolved in PBS
and incubated at 37°C for 30 min. After 30 min, the gelatine solution was
discarded, and the well was washed twice with PBS and allowed to dry

before adding the endothelial cells.
2.6.8.2.2 Seeding endothelial cells

After coating the 24-well plate with gelatine, the endothelial cells were
cultured until confluent. Seeding density was optimised at 1.0 x 10°
cells/ml, 1.5 x 10> cells/ml, 2.0 x 10° cells/ml, and 2.5 x 10> cell/ml for
HUVECs and DLECs cells to achieve the requisite confluent cell monolayer.
For the experiments, both HUVECs and DLECs were seeded at a density of
2.5 x 10° cells/ml and incubated for 24 h.
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2.6.8.2.3 Labelling and seeding BC tumour cells

To differentiate tumour cells from endothelial cells, tumour cells were
fluorescently labelled prior to adding them to endothelial cells. Cell Tracker
Green CMFDA (Invitrogen, C2925, USA) was used for Ilabelling.
Optimisation was carried out using different concentrations (0.5-2.0 pM)
of Cell Tracker Green CMFDA based on the manufacturer’s
recommendation. Tumour cells were trypsinised to prepare single-cell
suspensions of 1 x 10° cells/ml. The suspensions were then centrifuged,
and the supernatant was discarded. To label the tumour cells, Cell Tracker
Green CMFDA at a concentration of 1 yM was diluted in serum-free medium
at a concentration 1x10° cells/ml at 37°C for 30 min. After 30 min, labelled
tumour cells were centrifuged at 170 g for 10 min, and the supernatant
was discarded. Cells were then resuspended in 1 ml of media containing
serum. Endothelial cell media was then removed and 0.5 x 10° tumour cells
per well were cultured on the endothelial cell monolayers and incubated for
35 min at 37°C. The optimal time for tumour cell adhesion (for cell lines
MCF-7, ZR-75-1, and SK-BR-3) was also optimised between 10 and 60 min;
at the completion of the assay, the number of adherent cells was compared.
For all endothelial cells, the number of adherent BC cells lines for MCF-7,
ZR-75-1, and SK-BR-3 increased significantly to 35 min before plateauing.
Therefore, 35 min was chosen as the optimal time for the cell adhesion
experiments. Non-adherent cells were washed with tumour cell media, and
adherent tumour cells were counted at a magnification of 10x using a
fluorescent microscope (Lecia DMI 3000B, Leica Microsystems, Germany).
Five fields of view were counted in the well’s core area which was manually
determined using the grid lines on the bottom of the plate. Three
independent experiments were conducted, all in triplicate. The results were
expressed as the absolute number of cells adhering to the endothelial layer
and as the percentage of cells adhering to the endothelial layer, compared
to the control. GraphPad Prism software version 9.2.0 was used for graph

creation and statistical analysis.
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2.6.8.3 Transmigration assay

2.6.8.3.1 Adding a coating agent

Millicell® hanging cell culture insert (MERCK, MCEP24H48, UK) with
polyethylene terephthalate membrane filters of 8-um pore size that were
used to divide a 24-well tissue culture plate into two compartments were
used for the transmigration experiment. Hanging cell culture inserts are
made of polyethylene terephthalate membrane, making it difficult to
culture endothelial cells to obtain a monolayer of cells. Therefore, to
enhance the attachment of cells to the hanging cell culture insert, gelatine
(0.2%) was added to the insert, as described in Section 2.8.8.2.1. The only
difference in the procedure between the adhesion and transmigration
assays was that, in the adhesion assay, the gelatine was added directly to
the 24-well plate, while in the transmigration assay, the gelatine was added

to the hanging cell culture insert.
2.6.8.3.2 Seeding endothelial cells

Prior to conducting the transmigration assays, the total number of
endothelial cells (HUVECs and DLECs) added to each insert was optimised
at different seeding densities (7.5 x 104, 1 x 10°, 2 x 10°, and 2.5 x 10°
cells/ml) to create the intact, confluent cell monolayer required for this
experiment. HUVEC and DLEC cells (2.5 x 10° cells/ml) were added to the
coated insert with 600 pl of complete media in the lower compartment and
incubated at 37°C for 24 h; the medium was then removed, and the cells
were washed twice with PBS. Before conducting the transmigration assay,
the intact cell monolayer was assessed by adding 100 pg/ml of Lucifer
yellow (Invitrogen, L453, UK) to the inserts and the empty inserts as a
control. PBS (600 ul) was added to the bottom of the control well. The plate
was incubated at 37°C for 30 min. The fluorescence leakage of each well
was assessed using a plate reader (Fluorostar Optima, BMG LabTech) at an
excitation of 458 nm and emission of 520 nm with Fluorostar Optima
software version 1.30 R3. For an intact cell monolayer, the Lucifer yellow

leakage range is typically 0.3-2.0% of the control; a leakage value >2% of
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the control value indicates that the cell monolayer was possibly
compromised during the assay. The transmigration experiment proceeded

if a monolayer of intact endothelial cells was observed.
2.6.8.3.3 Labelling and seeding BC tumour cells

The labelling process of the tumour cells (MCF-7, ZR-75-1, and SK-BR-3)
was similar to the adhesion assay described earlier in Section 2.8.8.2.3,
with the only difference being that 1 x 10> tumour cells were seeded in
each well on top of the endothelial cell monolayer and the lower
compartment was supplemented with 600 pl of tumour cell medium (Figure
2.3). The cells were allowed to transmigrate for 16 h at 37°C (the time for
tumour cell transmigration was optimised between 8 h and 24 h). After 16
h, the upper chamber, which contained the endothelial cells and the non-
migrated tumour cells, was cleaned with a cotton swab. Tumour cells that
had transmigrated to the lower compartment were assessed by counting
the cells on the bottom of the chamber using a fluorescence microscope
(Lecia DMI 3000B, Leica Microsystems, Germany). Five fields were counted
in each well at a magnification of 10x. Experiments were conducted three
times, each in duplicate. The results were expressed in terms of both the
absolute number of transmigrated cells and the percentage of
transmigrated cells relative to the control. GraphPad Prism software version

9.2.0 was used for graph production and statistical analysis.
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Figure 2.3 Illustration of the transwell migration model. This image was created using

BioRender.

2.7 Statistical analysis
2.7.1 Introduction

Several statistical parameters were calculated in this study. The presence
of nominal variables, including categorical and ordinal variables, continuous
scale data, and independent or dependent variables required the use of
multiple statistical tests, which were performed using the Statistical
Package for the Social Sciences (SPSS) Version 24.0 (SPSS IBM Corp,
Chicago, IL, USA). To plot graphs and analyse data collected in the in vitro
experiments, GraphPad PRISM software Version 9.2.0 (GraphPad Prism
Inc., San Diego, CA, USA) was used. In this study, the threshold of

significance (p-value) was set at <0.05.
2.7.2 Descriptive statistics

The analysis of the H-scores of IHC TMA in this study was important for
identifying the features of a specific dataset. For example, histograms were
used to represent the calculated H-scores for the population, mean,
median, and mode, with the acquisition of a normal distribution curve. The
central tendency statistics of the datasets of these studies could best be

represented with these three statistical tests (mean, median, and mode).
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For continuous variables, cut-off points were obtained based on their
normal distribution status. The mean was used to determine the cut-off
values if the data were normally distributed; in cases where the samples
were not normally distributed, the median was designated as a suitable
cut-off point. Descriptive analysis involved the use of other variables, such

as percentages and total number of cases.
2.7.3 Intra-class correlation coefficient (ICC)

Quality control and H-score assessment were performed using the ICC test,
which was based on continuous H-score data for an immune-stained protein
obtained by two individual researchers. This test sought to quantitatively
measure the similarity between the two datasets and assignh a degree of
scoring reliability between the two scorers. The ICC agreement test was

used to score at least 20% of all valid TMA cores and the stained IHC slides.
2.7.4 Univariate and correlation analyses

For normalised continuous variables, a one-way analysis of variance
(ANOVA) with post-hoc Tukey multiple comparison test (for parametric
data) or Kruskal-Wallis test (for non-parametric distribution) was used to
investigate differences between three or more groups. Analysis of
differences between the two groups was conducted using either Student’s
t-test (parametric data) or the Mann-Whitney U test (non-parametric data
distribution). For non-normalised continuous variables, univariate analysis
of data that constituted clinicopathological variables from specific

biomarkers was conducted using the Mann-Whitney-Wilcoxon (MWW) test.

The strength of the linear correlation between the two normalised
transcripts of continuous variables was established using the Pearson
correlation coefficient (r). The Spearman rank test was used to evaluate
patterns of correlation in non-normalised data. The value of ris in the range
of +1 to -1, a value of 0 indicates that there was no correlation between
the two variables; an r value closer to +1 indicates a strong correlation for

IHC of the target protein between the two slides, whereas a negative r
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value suggests an inverse association of co-expression. An r value between
-1.0 and -0.5 denoted a strong correlation, while an r value between -0.5
and -0.3 or 0.3 and 0.5 denoted a moderate correlation, and the correlation
was considered weak if the r value was between -0.3 and -0.1 or 0.1 and
0.3. The correlation of the IHC results of a target protein between two slides

was deemed non-existent if the r value was between -0.1 to 0.1.
2.7.5 Survival analysis

The survival distribution of the two populations of BC patients was obtained
using the log-rank test. Kaplan—-Meier curves were used to represent the
survival of BC patient. SPSS was used to obtain the survival curves of the
BC patients, and patients whose survival status (dead due to the disease)
was validated were denoted as ‘1’ to indicate this event. The Cox regression
model was used for multivariate analysis of confounders and the prognostic
independency of biomarkers. Tumour grade, LN stage, tumour size, and
LVI are the predictive factors used in this study. The endpoints of this study
were 10-year BCSS or TTDM.

2.8 Ethical approval

This study was approved by the Nottingham Research Ethics Committee 2
under the title ‘Development of a molecular genetic classification of breast
cancer’ and the North West - Greater Manchester Central Research Ethics
Committee under the title ‘Nottingham Health Science Biobank (NHSB)’,
reference number 15/NW/0685. The study was conducted in compliance

with the current ethical and legal guidelines of the United Kingdom.
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Chapter 3: Bioinformatic analysis for
gene selection
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3.1 Introduction

Patients with early-stage BC have experienced better outcomes in recent
decades as a result of enhanced diagnostic accuracy, targeted drug
therapies, and early cancer detection [192]. Despite the major
improvement in outcomes, metastasis remains the leading cause of BC-
related mortality, affecting approximately 20% of BC patients [193].
Various histopathological characteristics have been investigated as
prognostic factors in BC, including tumour size, lymph node status and
histology grade, all of which are strongly correlated with mortality [194,
195]. LVI is considered an early event in the development of metastasis
and represents a significant prognostic factor [46]. While the molecular
profiles involved in tumour differentiation, such as histological type, grade,
and the development of lymph node metastasis, have been well studied
[196, 197], the molecular mechanisms underlying LVI and its associated
genes, which may serve as therapeutic targets or biomarkers, remain
unknown. Therefore, targeting LVI is a promising approach for detecting

tumour dissemination in early-stage BC.

METABRIC [198] and TCGA [170] are now the largest genomic and
transcriptomic datasets of early-stage BC patients with clinical follow-up.
In addition to employing these large transcriptome datasets in combination
with thorough histological examination of LVI, this study used WAD and
ANN bioinformatic analyses to identify the drivers of LVI. Based on the fold-
change (FC) method, the target gene list was ranked for the WAD analysis
and the gene list was generated for the ANN analysis based on the root-
mean-square error (RMS) method. It was attempted to reduce the target
gene list below 100 genes; however, validating such a large number of
genes and determining which of them were key genes remained a
challenge. Therefore, the key molecular determinants identified by the WAD
and ANN approaches were further investigated at the protein level using
IHC of a well-annotated series of early-stage BCs with long-term follow-up

and in vitro mechanistic studies using a panel of BC cell lines.
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3.2 WAD analysis for ranking the differential gene expression of

transcriptomic cohorts

Identifying key genes across a variety of experimental conditions is a
critical task for many microarray studies. Based on a previous study, a new
FC-based method known as *‘WAD’ was used to rank differentially expressed
genes (DEGSs), and it outperformed other approaches in terms of accuracy
[199]. Based on a previous study, WAD surpassed other FC approaches,
such as average difference and rank products methods in terms of both
sensitivity and specificity. Furthermore, WAD yielded consistent findings for
various preprocessing algorithms [199]. Therefore, WAD was the first
approach used in this study to identify key genes in both LVI-positive and
LVI-negative cases [199, 200].

3.3 ANN analysis of the transcriptomic cohorts

Machine learning (ML) is an innovative field with various applications
including the bioinformatical analysis of large datasets (e.g., proteomic and
transcriptomic data). ML is based on the use of a set of algorithms to
analyse such data to reach specific conclusions that address a given
question [201, 202]. ANNs serve as the framework for a variety of ML
algorithms that process large datasets [201]. ANNs are a type of artificial
intelligence that can model complicated systems with high predictive
accuracy using blind data [203]. ANNs can learn and model non-linear and
complicated associations between input variables. Previously published
research has demonstrated that ML can be used to successfully identify
novel biomarkers linked to specific clinical outcomes in different cancers
[204, 205], including BC [206]. Therefore, an ANN method was the second
approach used in this study to overcome the challenges in analysing and
profiling the transcriptomic data set for identification of key molecular

determinants potentially controlling LVI.
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3.4 Hypothesis

Key genes involved in the development of LVI can be discovered using WAD

and ANN methodologies.
3.5 Aims

1. To identify the key molecular determinants driving LVI in early-stage
BC using WAD- and ANN-based bioinformatic analysis of large
transcriptomic data derived from BC cases with histologically and
immunohistochemically determined LVI status.

2. To validate the association between the genes identified in the
bioinformatic analysis and the presence of LVI at the mRNA level in
both METABRIC and TCGA data.

3.6 Methods
3.6.1 Study cohorts
3.6.1.1 METABRIC cohort

In the METABRIC cohort, the Illumina TotalPrep RNA Amplification Kit and
Illumina Human HT-12 v3 Expression BeadChips (Ambion, Warrington, UK)
were used to extract mRNA from the primary tumours of female patients
[198]. Using H&E-stained slides of 1,565 patients from the METABRIC
cohort, the LVI status of patients was histologically assessed. LVI status
was further examined using IHC with D2-40 for the Nottingham subset
(n=288/1,565) [44]. The final LVI status was validated using a combination
of several H&E tumour sections and IHC. The METABRIC cohort is detailed
in Section 2.1.1.

3.6.1.2 TCGA cohort

The Genomic Data Commons Data Portal and cBioPortal [168, 169]
websites were used to extract data from the TCGA cohort of female BC
patients [170]. Briefly, the RNASeqV2 mRNA expression datasets were
accessed together with de-identified clinical data for several

clinicopathological variables and outcomes. The cBioPortal website provided
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access to digital H&E-stained slides from the TCGA BC cohort, while an
expert breast pathologist (Dr. Leslie Dalton) assessed LVI status. Details of
the TCGA cohort are presented in Section 2.1.3.

3.6.1.3 WAD bioinformatic analysis for DEGs

WAD analysis in this study was performed by Dr. Sasagu Kurozumi, a
clinical research fellow at the University of Nottingham. The METABRIC
cohort was used as a discovery dataset, while the TCGA cohort was used
as a validation cohort. Briefly, DEGs between LVI-positive and LVI-negative
cases were identified using WAD methodology and subsequently identified
based on WAD rankings [199, 200]. Overall, 41% and 35% of cases were
LVI-positive in the METABRIC and TCGA cohorts, respectively. Moreover,
59% and 65% of cases were LVI-negative in the METABRIC and TCGA
cohorts, respectively. Both the Nottingham cases in the METABRIC cohort
and other METABRIC cases were analysed in the WAD test. The resulting
genes from the METABRIC cohort were subsequently investigated using
hierarchical clustering based on expression similarity. Hierarchical
clustering was also performed on the TCGA cohort using the genes
identified from the METABRIC cohort to confirm the findings [200]. Figure

3.1 represents WAD bioinformatic analysis for DEGs.
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Figure 3.2 Schematic diagram represents WAD bioinformatic analysis for DEGs.

3.6.1.4 ML for biomarker set enrichment

In two large BC datasets (METABRIC and TCGA), ANN was used to
determine the DEGs between LVI positivity and LVI negativity. These data
were studied using bioinformatic analysis via ANN software in collaboration
with Prof. Graham Ball from Nottingham Trent University (NTU). Regarding
the genomic expression data obtained from both datasets, ANN-based
neural data mining was performed to identify an enriched set of concordant
biomarkers associated with LVI. In this case, an ML strategy was
implemented based on an ANN and was integrated it with a concordance
analysis performed across many splits of Monte Carlo data using the
previously described methodology [206]; this method has shown to be
effective in reducing over-fitting and erroneous discovery while improving
the generalisability of the discovered biomarkers. Specifically, a sparse

Multilayer perceptron architecture comprising a single input connecting to
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a single hidden layer with two hidden nodes and initial weights, and bias’s
constrained to a Standard deviation of 0.1 was used. The utilisation of a
sparse network was our first strategy used to prevent overfitting and
reduce the risk of false discovery. The hidden nodes and the output node
used a sigmoid activation function. The output classes used binary
annotation and one hot encoding. The weights of the network were
updated with a feed-forward - backpropagation algorithm. Early stopping
based on a test data set utilising Monte-Carlo cross-validation (60% train:
20% test and 20% validation) as a second strategy to prevent overfitting
and eliminate false discovery was implemented. Using this strategy, each
transcript was considered singly in the above process, and a model
developed for each one in the data set. The rank order of these inputs was
then determined based on the RMS error of the predictions for the unseen

validation set.

Based on the LVI status, the data were divided into five random groups and
the ANN algorithm was run individually for each group, with each run
consisting of 20 loops. In this approach, the samples were classified into
three subsets: training, test, and validation. The samples were randomly
reshuffled for the next training cycle. The training was run for a maximum
of 3,000 epochs and stopped when there was no further improvement in
the RMS value of the test subset at a threshold of 0.01. The results were
sorted (for each loop) based on the lowest predictive error of the test
subset. The subset with the lowest test error was placed at the top of the
list. Then, integrative analysis was performed using Microsoft Excel to
identify the top 100 predictors that were common between the 20 loops.
Figure 3.2 represents the workflow of machine learning strategy grounded

in an artificial neural network.
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Figure 3.2 Workflow of machine learning strategy grounded in an artificial neural network.
Based on the genomic expression data obtained from mRNA datasets, ANN-based neural
data mining was used to identify an enriched set of concordant biomarkers associated with
LVI.

3.6.1.5 Pathway analysis using an accessible online resource

Functional enrichment analysis is crucial for evaluating the results of high-
throughput experiments, which usually yield a list of novel genes or
proteins. WebGestalt (Web-based GEne SeT AnalLysis Toolkit) is one of the
most extensively used tools for the enrichment analysis of gene sets; it
assists users in deriving biological insights from their target genes [207].
WebGestalt (http://www.webgestalt.org/) is an accessible web-based
resource that was used in this study to explore the common pathways of
the identified genes via bioinformatic analyses. WebGestalt was chosen
because it is continuously updated with expanding functionality, a new R
package and web APIs to meet the demands of biologists working in a

variety of research fields [207, 208]. WebGestalt also includes many
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databases, such as KEGG, Panther, Reactome, and WikiPathways [207].
The pathway analysis was based on transcripts that were differentially

expressed at the p<0.05 level using the KEGG pathway database.

3.7 Results
3.7.1 Genes associated with LVI from WAD analysis

Based on the WAD bioinformatic analysis, a group of 99 genes was
discovered to have significantly different expression between LVI-positive
and LVI-negative cases. Of those 99 genes, 42 were significantly
upregulated and 57 were downregulated in the METABRIC cohort. The 99
genes identified in the METABRIC cohort were then subjected to hierarchical
clustering to validate the results of the TCGA cohort; similar results were
obtained in both cohorts [200]. Table 3.1 presents the 99 genes identified

as being significantly associated with LVI status.

Table 3.1 List of 99 genes correlated with LVI status in the METABRIC cohort.

Genes with high expression Genes with low expression
APOC1 KRT7 ACTG2 FCGBP SERPINA3
APOE KRT8 ANG FGD3 SERPINE2
CALML5 LAPTM4B ANXA1 FOS SGCE
CCNB2 LRRC26 Cis FST SLC40A1
CDCA5 LY6E CDC42EP4 GAS1 SLC44A1
coxeC MMP11 CEBPD GSTP1 SRPX
DNAJA4 MX1 CFB HBA2 STC2
EEF1A2 NME1 CFD HBB SUSD3
ELF3 NOP56 CLIC6 HLA-DQA1 TNS3
ERBB2 PGAP3 CXCL12 IL17RB TPM2
GNAS PITX1 CXCL14 MAOA TXNIP
HMGA1 PTTG1 CYBRD1 MFAP4 UBD
HMGB3 S100P CYP4X1 MGP VIM
HSPB1 SCD DCN MTI1E VTCN1
IDH2 SLC52A2 DKK3 NDP ZBTB20
IFI27 SLCY9A3R1 DPYSL2 NINJ1
ISG15 SPDEF DUSP1 PDGFRL
KRT18 TM7SF2 EEF1B2 PLGRKT
KRT18P55 UBE2C FBLN1 PYCARD
KRT19 UBE2S FCER1A RPL3
uce2 YWHAZ S100A4 SELENOM

88




Chapter 3

3.7.2 ANN analysis of transcriptomic cohorts to discover genes
associated with LVI

The ANN findings were ranked according to their predicted error for the
unseen cohort in the Monte Carlo cross-validation, with the lowest
predictive error ranked higher. As a result, a final model containing the top
100 transcripts that most accurately categorised LVI status (positive or
negative) was created. Table 3.2 lists the top 100 concordant genes
associated with LVI status, which were identified by ANN analysis of the
METABRIC and TCGA cohorts.
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Table 3.2 Top 100 concordant genes from the METABRIC and TCGA cohorts associated
with LVI, based on ANN analysis.

Top 100 concordant genes
DSCC1 AK124197 ATAD2
CCNE2 TCTN3 ATP2A2
YWHAZ GPR34 ATP6V1C1
CCNB2 TNRC6A AURKA
LRCH3 AGAP6 AZIN1
BX116720 AK129555 BBS5
EIF4H LIN52 BDHZ2
CCNB1 ACIN1 BRI3BP
AK022140 CLASP1 Clorf91
DPRXP4 AL359560 CI1RL
AK130741 PHKAZ2 CASC5
AK130706 ANAPC10 CCDC130
AK025793 BX093900 CDC25A
BX101409 DA572426 CDCé6
BX111162 EBLNZ2 CDCA5
AL133627 PTBP1 CENPI
AX747098 ZNF493 CKAP5
RRM2 TYK2 CLK1
MLL4 BU624523 CLK4
SPTLC1 PUM1 CPNE3
MLL DLC1 CSE1L
ERP29 CXorf56 DCAF13
NKTR DNAH1 DERL1
PML DR979451 DFNB59
RBM33 ARPC3 DTL
ASXL2 TRPV1 ECHDC2
CD237904 EPG5 ESRP1
CRYGS AP1S1 FAM83D
BROX Cllorf73 FANK1
SLC25A3 CIR FBXW4
ALDOB SOLH FES
MAT2A AI655567
AK129699 ADC FLVCRI
SRRT ANKRD10
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3.8 Validation of identified gene signatures from the bioinformatic
analysis
3.8.1Validation of identified gene signatures from the WAD

bioinformatic analysis

For the 99 genes identified from the WAD analysis, further validation of the
42 upregulated genes was conducted to confirm their association with LVI
status in both the METABRIC and TCGA cohorts. In this study,
downregulated genes were excluded because they cannot be targeted like
upregulated genes can in therapy, due to their lack of oncogenic effect.
Validation of the WAD analysis for the 42 upregulated genes was performed
by analysing the association of each individual gene with LVI status. Of the
42 upregulated genes, 32 genes were significantly overexpressed with the
presence of LVI in both the METABRIC and TCGA cohorts (p<0.05). Of the
remaining upregulated genes, 8 were significantly associated with the
presence of LVI in the METABRIC cohort (p<0.05), but their association
was weak in the TCGA cohort (p=0.05). In both cohorts, two genes were
overexpressed in LVI-negative cases (p<0.05). Table 3.3 presents the

association between LVI status and the 42 upregulated genes.
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Table 3.3 Validation of the association between 42 upregulated genes identified via WAD
analysis and the presence of LVI.

Top 42 highly expressed genes in the METABRIC
and TCGA cohorts
Presence of LVI Absence of LVI
APOC1 KRTS8 ERBB2
APOE LAPTM4B KRT7
CALML5 LRRC26
CCNB2 LY6GE
CDCA5 MMP11
COX6C MX1
DNAJA4 NME1
EEF1A2 NOP56
ELF3 PGAP3
GNAS PITX1
HMGA1 PTTG1
HMGB3 S100P
HSPB1 SCD
IDH2 SLC52A2
IFI27 SLC9A3R1
ISG15 SPDEF
KRT18 TMZ7SF2
KRT18P55 UBE2C
KRT19 UBE2S
UCcpP2 YWHAZ

Genes in bold are significantly associated with the presence of LVI in both the
METABRIC and TCGA cohorts (p<0.05)

3.8.2Validation of gene identified from ANN

sighatures

bioinformatic analysis

The top 100 genes generated by ANN analysis were further analysed to
validate their association with LVI status in both the METABRIC and TCGA

cohorts.

In both cohorts, 22 genes were significantly associated with the presence
of LVI (p<0.05), while 11 genes were associated with the absence of LVI
(p<0.05). However, 8 of the top 100 genes were associated with the
presence of LVI in only the TCGA cohort (p<0.05). In addition, 2 genes in
the METABRIC cohort and 17 genes in the TCGA cohort exhibited a

significant association with the absence of LVI (p<0.05).

The remaining genes showed a weak association with the presence of LVI
in both cohorts; 22 genes were weakly associated with the presence of LVI

and 18 genes were weakly associated with the absence of LVI (p=0.05).
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Table 3.4 summarises the associations of 100 genes identified by ANN
analysis with LVI status.

Three genes overlapped between the WAD and the ANN analyses: CCNB2,

CDCA5, and YWHAZ. Figure 3.3 presents the overlap of DEGs from the WAD

and ANN analyses. The overlapping genes were all significantly associated

with the presence of LVI in both transcriptomic cohorts (p<0.05).

Table 3.4 Validation of the association between the 100 genes identified via ANN analysis
and LVI status.

METABRIC and TCGA METABRIC and TCGA METABRIC TCGA cohort
cohorts cohorts cohort
Genes Genes Genes Genes Genes Genes Genes
significantly | significantly weakly weakly significantly | significantly significantly
associated associated associated associated associated associated associated
with the with the with the with the with the with the with the
presence of absence of presence of absence of absence of presence of absence of
LVI LVI (p<0.05) LVI LVI LVI LVI (p<0.05) | LVI (p<0.05)
(p<0.05) (p=0.05) (p=0.05) (p<0.05)
DSCC1 TYK2 LRCH3 BX116720 EIF4H SLC25A3 TNRC6A
CCNE2 CCDC130 DPRXP4 AK130706 SPTLC1 ANAPC10 AGAP6
YWHAZ ECHDC2 AK130741 ERP29 ARPC3 ACIN1
CCNB2 FES AK025793 CD237904 ATP2A2 PHKAZ2
CCNB1 MLL4 BX101409 BROX AZIN1 ZNF493
AK022140 BDH2 BX111162 AK129699 CKAP5 DNAH1
RRM2 CI1RL AL133627 SRRT FAM83D TRPV1
ATAD2 NKTR AX747098 AK124197 FLVCR1 SOLH
ATP6V1C1 RBM33 MLL TCTN3 ADC
AURKA CRYGS PML GPR34 ANKRD10
BRI3BP CIR ASXL2 LIN52 BBS5
CASC5 ALDOB EBLNZ2 Clorfo1
CDC25A MAT2A BU624523 CLK1
CDC6 AK129555 PUM1 CLK4
CDCA5 CLASP1 DLC1 DFNB59
CENPI AL359560 CXorf56 FANK1
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CPNE3 BX093900 DR979451 FBXW4
CSE1L DA572426 Cllorf73
DCAF13 PTBP1
DERL1 EPG5
DTL AP1S1
ESRP1 AI655567
WAD analysis ANN analysis

Figure 3.3 Overlapping differentially expressed genes (DEGs) from the weighted average
difference (WAD) and artificial neural network (ANN) analysis. The numbers in each circle
represent the total number of genes within each analysis, while the overlap represents the

genes that were expressed in both analyses (n=3).

3.9 Pathway analysis results

Based on the pathway analysis, the cell cycle, oocyte meiosis, progesterone
mediated oocyte maturation and p53 signaling pathway were common
pathways of the identified genes in both bioinformatic analyses. Table 3.5
presents the pathway analysis for the 42 upregulated genes and the top
100 genes.
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Table 3.5 Pathway analysis results from WebGestalt, used to identify differentially
regulated pathways in 42 upregulated genes and the top 100 concordant genes (adapted

from http://www.webgestalt.org/).

Description Size Expect Ratio P value FDR
Gene set
hsa04110 Cell cycle 124 0.49806 14.055 4.3488e-7 0.00014177
hsa04114 Oocyte meiosis 124 0.49806 12.047 | 0.0000079466 | 0.0012953

hsa04914 Progesterone mediated 99 0.39764 12.574 0.000040500 0.0044010
oocyte maturation

hsa04115 P53 signaling pathway 72 0.28920 13.831 0.00018001 0.014670

3.10 Gene selection criteria for protein expression studies

The genes in this study were carefully selected. This study aimed to
discover a set of novel genes whose expression might be essential in the
function of candidate genes that represent potential key drivers of LVI.
These distinct candidate genes were chosen based on WAD and/or ANN
analysis of the METABRIC and TCGA cohorts using the following criteria:
only genes that were highly expressed and significantly associated with LVI
positivity in both transcriptomic cohorts were chosen, and genes that
exhibited low expression or were associated with LVI negativity were
excluded. Genes that exhibited high expression with LVI-positive cases in
one cohort were also excluded. Association of these genes with other poor
prognhostic characteristics of BC, such as advanced stage, high grade, HER2
receptor positivity, and hormone receptor negativity were also considered
in the selection. These genes were prioritised based on review of the
literature. The rationale for selecting these biomarkers from the myriad of
literature while excluding others was based on their role in tumour
progression or involvement in the carcinogenic cascade, such as in
adhesion, migration, or invasion. In addition, the selection of these genes
was based on their novelty, as their role in regulating LVI in invasive BC
had not yet been studied or published. The selected genes were validated
by performing statistical analyses for each gene at the mRNA level in both
transcriptomic cohorts. Based on these criteria, MX1, IDH2, and HMGB3
were selected from the WAD analysis, while CCNB1 and RRM2 were selected
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from the ANN analysis. In addition, CCNB2 was selected because it
overlapped both the WAD and ANN analyses. Although CDCA5 and YWHAZ
also overlapped both analyses, they were excluded from this study as they
had been studied by other groups conducting research on LVI regulatory
genes. Further details on the selected genes are presented in subsequent

chapters.

3.11 Discussion

The molecular determinants of LVI remains unknown and key genes and
proteins driving LVI have yet to be discovered. The availability of large,
robust, and well-characterised cohorts of invasive BC patients, such as the
METABRIC, TCGA, and NPS cohorts, encourage the investigation of the
unknown molecular mechanisms and genes underlying LVI in invasive BC
patients. The primary aim of this study was to identify the key transcripts
associated with LVI in invasive BC patients. Various strategies were applied
to search for the key molecular determinants of LVI, including a
combination of robust cohorts, bioinformatic analysis, and gene selection

criteria.

In previous studies, gene sets associated with VI were identified in other
cancer types, such as hepatocellular carcinoma [153] and endometrial
cancer [151]. Mannelqvist et al. discovered an 18-gene signature
associated with vascular involvement in endometrial cancer using
microarray and gPCR studies [152]. In the current study, WAD analysis of
the METABRIC dataset was used to identify a 99-gene set associated with
LVI status in invasive BC; moreover, the findings were confirmed using the
TCGA dataset. WAD employs the average difference and relative average
signal intensity to ensure that highly expressed genes are ranked highly on
average among different conditions [199]. From the 99-gene set generated
in this study by WAD analysis, only distinct isoforms of MMP and serpin
family E member (SERPINE) were common to the 18-gene set discovered
by Mannelqvist et al. [152]. There is thus a need to develop novel

approaches for identifying LVI drivers. Among the ML-based methods,
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ANNs have proven to be valuable for this purpose. ANN is a collection of
algorithms that attempt to mimic the human brain and identify associations
between sets of data. ANN contains several layers, including an input layer,
a hidden layer, and an output layer, and each layer performs a specific
function [201, 202]. In this study, an ANN methodology was also used to
overcome the challenges faced when analysing large genomic and
transcriptomic datasets (i.e., METABRIC and TCGA). A target gene list

containing the top 100 genes was generated using this approach.

Of those 100 genes generated by the ANN analysis, only three overlapped
with the WAD analysis: CCNB2, CDCA5, and YWHAZ. Additionally, some of
the 100 genes were found to be significantly associated with the presence
of LVI in only one cohort, while others were found in both cohorts.
Ultimately, different genes were identified using disparate (statistical)
approaches, and multiple factors can contribute to these differences. For
example, regarding the diverse methods used to quantify and statistically
analyse gene expression and evaluate LVI status, the comparison of
METABRIC and TCGA cohorts was a limiting factor in this investigation. A
method was previously devised for accurately detecting LVI using D2-40
immunostaining [44]. In the Nottingham cases, rigorous criteria based on
morphology and IHC were applied to determine LVI status; in the TCGA
cohort, however, H&E-stained slides from the cBioPortal database were
used to assess LVI status. Although H&E-stained slides can be used to
evaluate LVI, it can be challenging to clearly identify LVI-negative cases
[209]. Despite the use of different LVI evaluation methods, the LVI
positivity rates in the Nottingham cases, remaining METABRIC cases, and
TCGA cases were very similar in this study. Although the findings suggest
that LVI evaluation using a single H&E-stained slide is adequate, larger
cohorts must be studied to assess LVI status utilising both H&E-stained and
IHC slides to accurately report LVI status. Another factor that may have
contributed to these variations was the use of microarrays to assess mRNA

expression in the METABRIC study, while RNA-seq with next-generation
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sequence (NGS) was used in the TCGA analysis. Microarray systems have
been utilised and validated for nearly two decades, and this approach is
frequently employed for analysing multi-gene expression. In contrast, the
unbiased, genome-wide RNA-seq approach allows for the analysis of all
identified transcripts in addition to the discovery of novel transcripts, splice
junctions, and noncoding RNAs. These technological and methodological
variations may contribute to the well-documented difficulties associated
with correlating microarray and RNA sequencing results across research
[210, 211]. For example, the different techniques may have varying
detection thresholds or may cover only specific genetic areas. As a result,
it is difficult to assume that the methods are interchangeable as this would
necessitate extensive cross-assay comparison [212]. While statistical
agreement exists between multiple cohorts in this study, additional analysis
using equivalent technologies (e.g., microarray and/or NGS tests) may
provide more definitive validation of the LVI gene signature. Increasing the
number of target genes to over 100 could also increase the likelihood of

overlap between different bioinformatical analyses.

Although different gene sets were generated by the WAD and ANN
analyses, the efficacy of these two approaches in identifying genes has
been shown in previous studies [199, 203, 206]. Based on the criteria
mentioned in Section 3.10, MX1, IDH2, and HMGB3 were selected from the
WAD analysis, while CCNB1 and RRM2 were selected from the ANN
analysis; CCNB2 was also selected because it overlapped both the WAD and
ANN analyses. Although the roles of these genes might be understood in
certain types of cancer, their roles and prognostic significance in LVI

remains unknown.

3.12 Conclusion

Key genes associated with the development of LVI in invasive BC patients
can be identified by utilising WAD and ANN analyses. These key drivers may

clarify the complicated biological pathways regulating LVI. The results of
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this study indicate the need for further investigation of these drivers.

Several of these genes are discussed in subsequent chapters.
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Chapter 4: The prognostic significance
of MX1 and IDH2 in invasive breast
cancer
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This chapter has been published in Breast Cancer Research and Treatment (2019, 2020)
under the title ‘Myxovirus resistance 1 (MX1) is an independent predictor of poor outcome
in invasive breast cancer’ and The prognostic significance of wild-type isocitrate
dehydrogenase 2 (IDHZ2) in breast cancer’ with the corresponding DOI: 10.1007/s10549-
020-05646-x and 10.1007/s10549-019-05459-7. The copyright approval for reuse of
these materials is provided in (Appendix C/D).

4.1 Introduction

Invasive BC is one of the deadliest diseases threatening the lives of women
globally. While early detection of BC may aid in providing more effective
clinical interventions, there are still some BC-associated factors that may
affect the therapeutic responses of BC patients. Decades ago, invasive BC
was assessed morphologically, without the ability to analyse the key
molecular drivers of unfavourable impacts on invasive BC patients' survival.
However, by utilising modern genomic, transcriptomic, and proteomic
technologies, it is possible to unravel key molecular drivers of invasive BC
[9, 213].

In invasive BC, the presence of LVI is a clear indicator of whether invasive
BC cells will spread to other parts of the body. LVI is associated with
aggressive tumour behaviour, shorter patient survival, and the
development of distant metastases [46]. Identification of LVI driver genes
or proteins with independent and prognostic features could decrease BC
deaths by halting cancer spread to other parts of the body through
identification of the biological processes involved in early cancer VI and
developing strategies to block these processes. As discussed in Chapter 3,
the use of bioinformatics analysis methodologies (including WAD and ANN)
makes it possible to identify key genes that may dictate LVI mechanisms.
This study identified several potential prognostic and therapeutic
candidates for LVI. MX1 and IDHZ2 were the candidate genes selected by
WAD analysis for further investigation at the protein level using IHC in a
well-annotated cohort of early-stage BC with long-term follow-up. MX1 and
IDH2 were selected (based on the criteria mentioned in Chapter 3) because

they were among the top identified genes, their overexpression was

101


https://doi.org/10.1007/s10549-020-05646-x
https://doi.org/10.1007/s10549-020-05646-x
https://doi.org/10.1007/s10549-019-05459-7

Chapter 4

associated with the presence of LVI in both the METABRIC and TCGA
cohorts, and there were no published studies assessing their ability to drive

LVI in invasive BC.
4.1.1 MX1

The MX1 protein, also known as MXA, is an interferon (IFN)-induced GTPase
that belongs to the dynamin superfamily of large GTPases. MX1 has many
features, including the tendency to self-assemble, low affinity for guanosine
triphosphate (GTP), and a high intrinsic rate of GTP hydrolysis. The MX1
gene encodes the MX1 GTPase protein, which is mainly localised in the
cytoplasm [214] and exhibits a granular staining pattern that may be
associated with cytoskeletal structures [215]. MX1 releases GTP, which
plays a role in metabolising the protein that contributes to the antiviral

mechanism of the cell [216].

MX1 is overexpressed and appears to play a role in a number of cancers,
but its effect is still unclear. In most tissues, MX1 is highly induced by the
interferon-stimulated gene (ISG), particularly IFN-a and -B. Many ISGs can
inhibit the motility of transformed cells and the invasion of normal tissues.
MX1 plays a role in the inhibition of motility and invasiveness in some
cancers, such as in prostate carcinoma and melanoma [217, 218];
however, MX1 seems to have different effects in other cancers. For
example, it was observed that a low level of MX1 could inhibit apoptosis
during cancer development [218]. A study that measured the abundance
of over 9,000 proteins using high-resolution mass spectrometry found that
MX1 was overexpressed in lymph node metastasis in colorectal cancer and
played a significant role compared to non-metastatic colorectal cancers.
The study also demonstrated that, in colorectal carcinoma, knockdown of
MX1 in colon cancer cells inhibited tumour cell migration, invasion, and
metastasis [219]. These findings suggest that MX1 may potentially be

involved in LVI.
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MX1 is overexpressed in certain IHC subtypes of BC, such as HER2+
tumours, and is correlated with the immune response and tumour-
infiltrating lymphocytes (TILs) [220]. MX1 responds to type I IFN and acts
as a mediated signalling pathway [221]. Decreased MX1 expression leads
to lymphocyte imperfection in early and advanced stages of BC, which is a
consequence of IFN-a signalling in T and B cells [222]. According to Han,
in the advanced stage of BC, the blood is concentrated with highly tumour-
associated plasmacytoid dendritic cells that undermine the IFN-a-producing
capacity, resulting in a tumour-favouring environment [222]. Type I IFNs
influence tumour reduction and development by acting on tumour, immune,
and even endothelial cells [223]. By reacting to the tumour cells, type I
IFNs may lead to tumour regression through cell surface expression of
major histocompatibility complex 1 (MHC-1) and tumour-associated
antigen (TAAs) by instigating both apoptosis and superior immunogenicity.
In contrast, type I IFNs promote tumour progression by inducing
resistance, EMT, tumour cell stemness, apoptosis, and the inability to
control immune-inhibitory signals. However, by reacting to the lymphatic
and vascular systems, type I IFNs hinder angiogenesis through VEGF
downregulation [221]. These findings indicate that MX1 could be a key
driver of LVI, potential prognostic factor, and possible therapeutic target in

invasive BC.
4.1.2 IDH2

IDH2 is a key metabolic enzyme and a member of the isocitrate
dehydrogenase family. It is involved in cellular metabolism and serves as
an NADP*-consuming enzyme in the tricarboxylic acid (TCA) cycle,
producing NADPH. In the reverse TCA cycle, where IDH2 causes reductive
carboxylation of 2-oxoglutarate, it consumes NADPH during hypoxia to

survive lower glucose levels [224].

The TCA cycle generates cellular energy and metabolic intermediates that
are upregulated in metastasised cancer cells. Additionally, cancer cells

upregulate glycolysis to produce the biosynthetic intermediates and energy
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required for cell proliferation and survival. Circulating tumour cells are
predisposed to anoikis as a result of impaired glucose uptake; therefore,
metastasised tumour cells prevent anoikis by upregulating the TCA cycle
[225]. Previous studies have shown that wild-type IDHZ2 is upregulated in
lung cancer, ovarian cancer, endometrioid carcinoma, and advanced
colorectal cancer [226]. Gain-of-function mutations in IDH2 result in an
increase in the onco-metabolite 2-hydroxyglutarate (2-HG), which is
believed to link aberrant metabolism, aberrant epigenetics, and gene
regulation in cancer [227] . A well-known function of mutant IDH2 has been
demonstrated in cancers, such as glioma, cholangiocarcinoma, and breast
solid papillary carcinoma with reverse polarity (SPCRP) [228]. Wild-type
IDH?2 overexpression is an indicator of poor outcome in lung cancer due to
its stimulation of the Warburg effect to aid in the maintenance of cancer
cells via activation of hypoxia inducible factor 1a (HIF1a), which promotes
tumour growth in hypoxic environments [229]. However, the role of wild-

type IDHZ2 in invasive BC and LVI remains unknown.
4.2 Hypothesis

The identified genes, MX1 and IDHZ2, are overexpressed in invasive BC and

have potential LVI involvement and prognostic implications.
4.3 Aims

1. To evaluate the expression of MX1 and IDH2 at the mRNA and protein
levels in large, well-characterised, annotated cohorts of invasive BC, and
to investigate the association of the genes with clinicopathological

parameters and several relevant biological markers.

2. To assess the prognostic significance of MX1 and IDH2 at the mRNA and

protein levels in different BC molecular subtypes.
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4.4 Methods
4.4.1 Study cohort
4.4.1.1 METABRIC cohort

The METABRIC cohort was utilised to assess the expression of MX1 and
IDH2 at the mRNA level. This cohort included 1,980 patients with primary
operable invasive BC. Clinical history, outcome data, and tumour
characteristics, including tumour size, grade, LN stage, NPI, and LVI, were
available in the METABRIC cohort. In this study, the Nottingham subset
(n=288) of the METABRIC cohort was used to evaluate the association
between mRNA and protein expression. The characteristics of the
METABRIC cohort are detailed in Section 2.1.1, and details of the

Nottingham subset are found in Section 2.1.2.
4.4.1.2 TCGA cohort

The TCGA breast carcinoma cohort (n=854) was also used to evaluate MX1
and IDH2 mRNA expression. De-identified clinical patient information was
available, including patient age, tumour size, histological grade, LVI, and
outcome data. The expression of ER, PR, and HER2 was also available. The
characteristics of the TCGA are detailed in Section 2.1.3.

4.4.1.3 Nottingham BC cohort

MX1 and IDH2 protein expression were evaluated using the Nottingham BC
cohort. This is a well-characterised cohort of patients with early-stage,
primary operable invasive BC. The clinicopathological profile of the
Nottingham BC cohort included patient age, tumour size, LN stage, tumour
grade, NPI, and LVI status. The hormone receptor expression profile and
outcome data (BCSS and TTDM) were also available. Section 2.1.4

describes the clinicopathological characteristics of the Nottingham cohort.

The expression of MX1 and IDHZ2, with clinicopathological characteristics,
molecular subtypes, relevant biological markers, and the patient outcomes

were evaluated at the mRNA and protein levels.
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4.4.2 WB

The specificity of MX1 and IDH2 primary antibodies was validated using
WB. Whole-cell lysates from MCF-7 and HEK cell lines were used for MX1,
and lysates from MCF-10A, MCF-7, and MB-MDA-231 cell lines were used
for IDH2. The methodology, antibody concentrations, and incubation times
for MX1 and IDH2 are described in Section 2.2 and Table 2.5.

4.4.3 THC

MX1 and IDH2 protein expression were assessed using the Nottingham BC
cohort. To assess the pattern of MX1 and IDH2 expression, a representative
full-face tissue section of invasive BC for each of the different molecular BC
subtypes, histological types, LVI statuses, and tumour grades were stained
to verify the staining homogeneity prior to staining of TMA. The staining
pattern was demonstrated to be homogeneous, verifying the applicability
of the immunohistochemical detection method in TMAs. Antigen retrieval
was performed according to the manufacturer’'s recommendations (pH 6
citrate buffer at 1,000 W for 20 min using a microwave). The Novolink
polymer detection system was used to stain TMA sections, as described in
Section 2.4. Details regarding MX1 and IDH2 concentrations, incubation

times, and positive and negative controls are found in Table 2.5.
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4.5 Results
4.5.1 Validation of MX1 and IDH2 antibodies by WB

WB analysis detected specific bands at the predicted molecular weights of
~64 kDa and 47 kDa, corresponding to MX1 and IDH2 proteins, respectively
(Figure 4.1A/B).

.
A) B I
KDa KDa | :
—
«— MX1 0
40 B-actin <« Wild-type IDH2
— 40— — B-actin
25— 25—

Figure 4.1 Western blot (WB) reflecting antibody specificity of A) MX1 and B) IDH2. B-

actin was used as a positive control.

4.5.2 Expression of MX1 and IDH2 in BC

MX1 and IDH2 gene expression were evaluated using the METABRIC and
TCGA cohorts. The MX1 and IDH2 mRNA expression data were normally
distributed in the METABRIC cohort and were dichotomised using cut-off
points generated from the mean, while the MX1 and IDH2 mRNA expression
data were right-skewed in the TCGA cohort and were dichotomised using
cut-off points generated from the median (Figure 4.2A-D). High MX1 and
IDH2 mRNA expression was observed in 990/1,980 (50%) of the METABRIC
BC cases. High MX1 and IDHZ2 expression was observed 427/854 (50%) of
the TCGA cases.

MX1 and IDH2 proteins were expressed in the cytoplasm of the invasive

tumour with no discernible membranous or nuclear staining, with varying
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degrees of intensity, from absent to high (Figure 4.3C/D, Figure 4.3G/H).
A total of 901 and 859 cases were considered valid for evaluating MX1 and
IDH2 proteins, respectively. MX1 and IDH2 protein expression data were
not normally distributed, but were multimodal, and the cut-off points for
MX1 and IDH2 positivity were set using their respective medians (Figure
4.2E/F). A strong concordance was found between the scorers (Abrar
Aljohani, Mohammed Aleskandarany, and Islam Abdelaziz) regarding MX1
and immunoscoring (ICC=0.959, p<0.0001) and IDH2 immunoscoring
(ICC=0.855, p<0.0001). High MX1 protein expression (H-score >90) was
observed in 411/901 (45.6%) of invasive BC cases, while 385/859 (44.8%)

of cases were high for IDH2 protein expression (H-score >90).
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Figure 4.2 The distribution of the expression of A) MX1 mRNA in the METABRIC cohort,
B) IDH2 mRNA in the METABRIC cohort, C) MX1 mRNA in the TCGA cohort, D) IDH2 mRNA
in the TCGA cohort, E) MX1 protein in the Nottingham BC cohort, and F) IDH2 protein in
the Nottingham BC cohort.
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Figure 4.3 Cytoplasmic expression of MX1 and IDH2 protein in invasive breast cancer. A)
Positive control normal kidney tissue with MX1 staining, B) negative control breast tissue
verified by omission of MX1 antibody, C) MX1-positive IHC expression, D) MXI-negative
IHC expression, E) positive control tonsil tissue with IDH2 staining, F) negative control
breast tissue verified by omission of IDH2 antibody, G) IDH2-positive IHC expression, and
H) IDH2-negative IHC expression. Magnification 10x, scale bars = 200 um. Inset:

magnification 20x, scale bars = 100 pm
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4.5.3 Association of MX1 and IDH2 with clinicopathological
parameters
4.5.3.1 MX1 and IDH2 mRNA expression

Association with clinicopathological parameters was evaluated using
continuous data on MX1 and IDH2 mRNA and protein level. In the
METABRIC cohort, high MX1 mRNA expression was significantly correlated
with younger age (p=0.002), high tumour grade (p<0.0001), poor NPI
(p<0.0001), LN stage (p=0.010), and LVI positivity (p=0.016). In the
TCGA cohort, high MX1 mRNA expression was significantly associated with
high tumour grade (p<0.0001) and LVI positivity (p=0.025) (Table 4.1).

In the METABRIC dataset, overexpression of IDH2 mRNA was significantly
associated with younger age (p=0.016), large tumour size (p=0.001), high
histological grade (p<0.0001), poor NPI (p<0.0001), LN stage (p<0.0001),
and LVI positivity (p=0.002). In the TCGA dataset, high IDH2 mRNA levels
were associated with high histological grade and LVI positivity (both
p=0.002) (Table 4.2).

4.5.3.2 MX1 and IDH2 protein expression

High MX1 protein expression was significantly associated with high
histological grade, high mitotic count, high pleomorphism (all p<0.0001),
and high tubule formation (p=0.007) (Table 4.3). No significant
associations were observed at the protein level between MX1 protein
expression and other clinicopathological parameters, including patient age,
tumour size, LN stage, NPI, or LVI status (all p>0.05). Based on
Spearman’s rank correlation coefficient, a weak correlation between MX1
MRNA and MX1 protein expression was observed in the Nottingham subset
(n=288) of the METABRIC cohort (r=0.120, p=0.042). Regarding IDH2
protein expression, in the line with the mRNA, high IDH2 protein expression
was associated with younger age (p=0.034), large tumour size (p=0.009),
high histological grade (p<0.0001), high mitotic count (p<0.0001), high
pleomorphism (p<0.0001), high tubule formation (p=0.011), positive LVI
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status (p=0.001), and high NPI (p<0.0001) (Table 4.4). No significant
association was observed between IDH2 protein expression and LN stage
(p>0.05). There was a weak positive linear correlation between IDHZ2
MRNA expression and IDH2 protein expression (r=0.240, p=0.002) in the
Nottingham subset of the METABRIC cases (n=288).

4.5.4 MX1 and IDH2 expression in molecular BC subtypes

In the METABRIC cohort, high expression of MX1 or IDH2 mRNA was
significantly correlated with hormone receptor (ER/PR) negativity (all
p<0.0001) and HER2 positivity (p=0.002 for MX1 and p<0.0001 for IDH?2).
In the TCGA cohort, high MX1 and IDH2 mRNA levels were significantly
associated with hormone receptor negativity: high MX1 with ER negativity
(p<0.0001), PR negativity (p=0.004), and HER2 positivity (p=0.004); and
high IDH2 with hormone receptor negativity and HER2 positivity (all
p<0.0001) (Tables 4.1 and 4.2). Investigation of MX1 mRNA in the
METABRIC cohort in the intrinsic (PAM50) subtypes showed that
overexpression was observed in normal-like, basal-like, HER2*, luminal B,
and luminal A subtypes, in descending order (all p<0.0001, Table 4.1).
Evaluation of IDH2 mRNA in the intrinsic (PAM50) subtypes revealed that
high level of IDH2 was associated with HER2-enriched, basal-like, luminal
B, normal-like, and luminal A subtypes, in descending order (all p<0.0001,
Table 4.2).

MX1 protein expression in the Nottingham BC cohort showed a significant
association with hormone receptor negativity (all p<0.0001). No significant
association was observed between high MX1 protein level and HER2
positivity. There was a significant association between overexpression of
IDH2 and hormone receptor negativity and HER2 positivity (both
p<0.0001). In addition, both MX1 and IDH2 protein levels were highly
expressed in TN tumours compared with non-TN tumours (p<0.0001)
(Tables 4.3 and 4.4). The results of MX1 protein level association with the
IHC subtypes were similar to the above findings, where MX1 protein

expression was highest in the ER/HER2- subtype, followed by HER2*

112



Chapter 4

tumours. Within the ER*/HER2" group, expression levels were significantly
higher in the high-proliferation class than in the low-proliferation class
(p<0.0001, Table 4.3). Among the IHC subtypes, high IDH2 protein
expression showed a significant association with HER2 positivity, followed
by the ER"/HER2" subtype. IDH2 protein expression levels were significantly
higher in the high-proliferation class than in the low-proliferation class
(p<0.0001, Table 4.4).
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Table 4.1 Statistical associations between MX1I mRNA expression and clinicopathological
parameters in the METABRIC (n=1,980) and TCGA (n=854) breast carcinoma datasets.

MX1 mRNA (METABRIC)

MX1 mRNA (TCGA)

Parameters Number Mean p-value | Number Mean p-value
(%) rank (%) rank

Patient age (years)

<50 424 (21.4) 11.21 0.002 231(27) 444 1 0.232

>50 1556 (78.6) 10.99 623 (73) 421.4

Tumour size

<2 cm 622 (31.7) 10.95 0.053 239 (28) 404.27 0.086

>2 cm 1338 (68.3) 11.07 615 (72) 436.53

Tumour grade

I 170 (9.0) 10.42 89 (11) 275.7

II 770 (40.6) 10.83 | <0.0001 | 375 (46) 379.1 <0.0001

II1 952 (50.3) 11.34 352 (43) 473.4

Nottingham prognostic

index (NPI)

Good 680 (34.3) 10.72 <0.0001 Not available

Moderate 1101 (55.6) 11.19

Poor 199 (10.1) 11.27

Lymph node stage

I 1035 (52.5) 10.95 0.010 Not available

II 622 (31.5) 11.12

111 316 (16.0) 11.15

Lymphovascular

invasion (LVI)

Negative 930 (59) 10.99 0.016 559 (65) 413.7 0.025

Positive 635 (41) 11.15 295 (35) 453.6

Oestrogen receptor (ER)

Negative 474 (23.9) 11.43 | <0.0001 | 185 (22) 475.7 <0.0001

Positive 1506 (76.1) 10.91 639 (78) 394.2

Progesterone receptor

(PR)

Negative 940 (47.4) 11.24 | <0.0001 | 272 (33) 443.5 0.004

Positive 1040 (52.6) 10.85 546 (67) 392.6

Human epidermal

growth factor receptor 2

(HER2) 1733 (87 11.01 0.002 67 (81 0-004

Negative 247 (12 55) 11.27 533 (19) 3399

Positive (12.5) : (19) 395.6

PAM50 subtype

Luminal A 718 (36.4) 10.70

Luminal B 488 (24.7) 10.76

HER2*-enriched 240 (12.1) 11.11 <0.0001

Basal-like 329 (16.7) 11.18 Not available

Normal-like 199 (10.1) 11.72

p-values in bold are statistically significant
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Table 4.2 Statistical associations between IDH2 mRNA expression and clinicopathological
parameters in the METABRIC (n=1,980) and TCGA (n=854) breast carcinoma datasets.

IDH2 mRNA (METABRIC)

IDH2 mRNA (TCGA)

Parameters Number Mean | p-value Number Mean p-value
(%) rank (%) rank

Patient age (years)

<50 424 (21.4) 9.66 0.016 231 (27) 446.1 0.180

>50 1556 (78.6) 9.55 623 (73) 420.6

Tumour size

<2 cm 622 (31.7) 9.47 0.001 239 (28) 419.9 0.575

>2 cm 1338 (68.3) 9.61 615 (72) 430.4

Tumour grade

I 170 (9.0) 9.11 89 (11) 288.9

II 770 (40.6) | 9.35 | <0.0001 | 375 (46) | 3573 | <0.0001

111 952 (50.3) 9.85 352 (43) 498.7

Nottingham  prognostic

index (NPI)

Good 680 (34.3) 9.28 <0.0001 Not available

Moderate 1101 (55.6) 9.67

Poor 199 (10.1) 10.01

Lymph node stage

I 1035 (52.5) 9.49 <0.0001 Not available

II 622 (31.5) 9.61

111 316 (16.0) 9.75

Lymphovascular invasion

(LVI)

Negative 930 (59) 9.49 0.002 559 (65) 408.4 0.002

Positive 635 (41) 9.62 295 (35) 463.7

Oestrogen receptor (ER)

Negative 474 (23.9) 10.12 | <0.0001 | 185 (22) 539.9 <0.0001

Positive 1506 (76.1) 9.40 639 (78) 375.6

Progesterone receptor

(PR)

Negative 940 (47.4) 9.83 | <0.0001 | 272 (33) 507.4 <0.0001

Positive 1040 (52.6) 9.33 546 (67) 360.7

Human epidermal growth

factor receptor 2 (HER2

Negative P ( ) 1733 (87.5) | 9.46 | <0.0001 | 567 (81) 332-4 <0.0001

Positive 247 (12.5) | 10.36 133 (19) | 427.7

PAM50 subtype

Luminal A 718 (36.4) 9.28

Luminal B 488 (24.7) 9.42

HER2*-enriched 240 (12.1) 10.43 | <0.0001 Not available

Basal-like 329 (16.7) 9.93

Normal-like 199 (10.1) 9.33

p-values in bold are statistically significant
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Table 4.3 Statistical associations between MX1 protein expression and clinicopathological
factors in the Nottingham BC cohort (n=901).

Nottingham BC cohort
MX1 protein

Parameters Number (%) Mean p-value

rank
Patient age (years)
<50 328 (36.2) 468.6 0.190
>50 578 (63.8) 444 .9
Tumour size
<2 cm 451 (50.1) 437.8 0.128
>2 cm 449 (49.9) 464.2
Tumour grade
I 144 (16 366.9
I 273 (go.%) 413.3 | <0-0001
111 485 (53.8) 498.1
Mitosis
I 289 (33) 379.1
11 149 (17) 3962 | <0-0001
111 438 (50) 492.1
Pleomorphism
I 18 (2.1 310.8
11 312 535.)7) 376.5 | <0-0001
IT1 543 (62.2) 475.9
Tubule formation
I 46 (5.4) 367.5
II 289 (32.9) 413.1 0.007
111 541 (61.7) 458.1
Lymphovascular invasion (LVI)
Negative 592 (66) 447.2 0.660
Positive 307 (34) 455.3
Lymph node stage
I 561 (62.1) 455.7
11 268 (29.6) | 449.4 0.764
111 74 (8.3) 432.9
Nottingham prognostic index (NPI)
Good 561 (62.1) 455.7 0.764
Moderate 268 (29.7) 449.5 ’
Poor 74 (8.2) 432.9
Oestrogen receptor (ER)
Negative 237 (26.2) 537.1 <0.0001
Positive 667 (73.8) 422.4
Progesterone receptor (PR)
Negative 378 (42.7) 494.1 <0.0001
Positive 507 (57.3) 404.9
Human epidermal growth factor
receptor 2 (HER2) 0.676
Negative 762 (87) 436.6 )
Positive 113 (13) 447.2
Triple-negative
No 720 (80.9) 416.5 <0.0001
Yes 169 (19.1) 566.2
Immunohistochemistry subtype
ER*/HER2- low proliferation 207 (26.5) 328.9 <0.0001
ER*/HER2" high proliferation 290 (37.2) 371.3
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Triple-negative
HER2*

170 (21.8)
112 (14.5)

491.2
397.7

p-values in bold are statistically significant
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Table 4.4 Statistical associations between IDH2 protein expression and clinicopathological
factors in the Nottingham BC cohort (n=859).

Nottingham BC cohort
IDH2 protein

Parameters Number (%) Mean p-value

Rank
Patient age (years)
<50 310 (36.2) 451.0 0.034
>50 544 (638) 414.1
Tumour size
<2 cm 440 (51.6) 405.8 0.009
>2 cm 413 (48.4) 449.6
Tumour grade
I 130 (15.2) 348.9
11 275 (32.1) | 3167 | <0-0001
111 452 (52.7) 492.9
Mitosis
I 273 (32.6) 321.1
11 161 (19.2) | 4152 | <0-0001
111 403 (48.2) 486.8
Pleomorphism
I 14 (1.6) 377.7
I 306 (36.7) | 345.1 | <0-0001
111 514 (61.7) 461.7
Tubule formation
I 42 (5) 334.8
II 281 (33.6) 401.9 0.011
111 514 (61.4) 435.2
Lymphovascular invasion (LVI)
Negative 561 (66) 406.3 0.001
Positive 289 (34) 462.8
Lymph node stage
I 540 (63) 427.4
11 248 (28.9) | 428.2 0.871
111 69 (8.1) 443.8
Nottingham prognostic index (NPI)
Good 253 (29.6) 358.8
Moderate 462 (54.2) | 450.4 | <0-0001
Poor 138 (16.2) 473.5
Oestrogen receptor (ER)
Negative 213 (25) 518.6 <0.0001
Positive 642 (75) 397.9
Progesterone receptor (PR)
Negative 347 (41.4) 468.9 <0.0001
Positive 491 (58.6) 384.5
Human epidermal growth factor
receptor 2 (HER2)
Negative 727 (87.5) | 402.1 | <0-0001
Positive 113 (12.5) 513.0
Triple-negative
No 689 (81.8) | 4055 | <0-0001
Yes 153 (18.2) 493.5
Immunohistochemistry subtype
ER*/HER2- low proliferation 204 (27.4) 299.5 <0.0001
ER*/HER2" high proliferation 280 (37.7) | 359.6
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Triple-negative 155 (20.9) 433.8
HER2+ 104 (14) 455.7

p-values in bold are statistically significant

4.5.5 MX1 and IDH2 expression and other associated biomarkers

The correlation between MX1 and IDH2 mRNA expression and other genes
related to various LVI-associated process was investigated using the
METABRIC, TCGA, and Nottingham BC datasets (Tables 4.5 and 4.6). Based
on previous publications, EMT or MMPs genes were selected that are
involved in invasion, EMT, and adhesion processes [128, 129, 172, 174,
179].

4.5.5.1 Associations with MX1

In the METABRIC cohort, there was a significant weak positive linear
association between MX1 mRNA expression and the expression of EMT-
related genes, including P-cadherin, ZEB1, ZEB2, TWIST1, TWIST2,
glycogen synthase kinase 3 beta (GSK3B), and catenin beta 1 (CTNNB1)
(all p<0.05) (Table 4.5). A similar correlation was observed in the TCGA
cohort between MX1 mRNA expression and the expression of P-cadherin,
ZEB1, ZEB2, GSK3B, CTNNB1, and TGFB (all p<0.05) (Table 4.5). In both
cohorts, there was a significant weak positive correlation between MX1
MRNA expression and other MMP-related genes, including MMP1, MMP7,
MMP9, MMP12, and MMP25 (all p<0.05). In the Nottingham cohort, there
was also a significant weak positive linear correlation between high MX1
protein expression and levels of N-cadherin, P-cadherin, and TWIST2 (all
p<0.05) (Table 4.5). No significant association was observed between MX1

expression and the other genes listed in Table 4.5 (p>0.05).
4.5.5.2 Associations with IDH2

In both the METABRIC and TCGA datasets, a weak to moderate positive
linear correlation was seen between IDH2 mRNA expression and the
expression of EMT-related genes, including P-cadherin, ZEB1, ZEBZ2,
NFKB1, and CTNNB1 (all p<0.05); however, the correlation with E-cadherin
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was negative (p<0.05). In the METABRIC cohort only, N-cadherin, TWIST2,
and GSK3B expression was positively correlated with IDH2 expression (all
p<0.05). There was also a weak to moderate significant association
between IDH2 expression and MMP1, MMP7, MMP9, MMP11, MMP12,
MMP15, and MMP25 expression in both cohorts (all p<0.05). Finally, there
was a significant positive linear correlation between high IDH2 protein
expression and N-cadherin, P-cadherin, and TWIST2 (all p<0.05) (Table
4.6). No significant association was observed between IDHZ2 expression and
the other genes listed in Table 4.6 (p>0.05).

4.5.5.3 Associations between MX1 and IDH2

The associations between MX1 and IDH2 at the mRNA and protein levels
were evaluated to explore their possible function in LVI. There was a
significant weak positive correlation between expression of these genes at
the mRNA and protein levels (all p<0.0001) (Table 4.7).
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Table 4.5 Correlations between MX1 expression and mRNA and protein expression of

epithelial-mesenchymal transition (EMT)- and matrix metalloproteinase (MMP)-related

genes.

METABRIC cohort

TCGA cohort

Nottingham cohort

Gene names (mRNA) (mRNA) (protein)
Correlation p-value Correlation p-value Correlation p-value
value value value

EMT-related genes
E-cadherin -0.013 0.550 - 0.006 0.857 - 0.044 0.194
N-cadherin 0.013 0.571 0.036 0.300 0.092 0.015
P-cadherin 0.215 <0.0001 0.112 0.001 0.093 0.009
TGFB1 0.018 0.435 0.132 <0.0001 0.005 0.972
TWISTI1 0.060 0.007 0.006 0.852 Not available
TWIST2 0.089 <0.0001 0.064 0.061 0.138 0.001
ZEB1 0.168 <0.0001 0.100 0.003
ZEB2 0.047 0.038 0.074 0.030

Not available
NFKB1 0.000 0.989 0.005 0.886
GSK3B 0.240 <0.0001 0.126 <0.0001
CTNNB1 0.168 <0.0001 0.117 0.001
MMP-related genes
MMP1 0.130 <0.0001 0.161 <0.0001
MMP7 0.096 <0.0001 0.199 <0.0001
MMP9 0.258 <0.0001 0.220 <0.0001
MMP11 0.066 0.003 0.055 0.105

Not available
MMP12 0.150 <0.0001 0.163 <0.0001
MMP15 0.109 <0.0001 0.036 0.299
MMP20 0.040 0.077 0.095 0.005
MMP25 0.146 <0.0001 0.087 0.011

p-values in bold are statistically significant
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Table 4.6 Correlations between IDH2 expression and mRNA and protein expression of

epithelial-mesenchymal transition (EMT)- and matrix metalloproteinase (MMP)-related

genes.
METABRIC cohort TCGA cohort Nottingham cohort
Gene names (mRNA) (mRNA) (protein)
Correlation p-value Correlation p-value Correlation p-value
value value value
EMT-related genes
E-cadherin -0.117 <0.0001 - 0.099 0.004 0.029 0.405
N-cadherin 0.124 <0.0001 0.018 0.594 0.146 <0.0001
P-cadherin 0.340 <0.0001 0.252 <0.0001 0.253 <0.0001
TGFB1 0.021 0.350 0.028 0.415 0.025 0.889
TWISTI1 0.006 0.803 0.026 0.447 Not available
TWIST2 0.127 <0.0001 0.042 0.225 0.198 <0.0001
ZEB1 0.228 <0.0001 0.286 <0.0001
ZEB2 0.139 <0.0001 0.207 <0.0001
Not available
NFKB1 0.036 0.005 0.199 <0.0001
GSK3B 0.506 <0.0001 0.014 0.689
CTNNB1 0.192 <0.0001 0.165 <0.0001
MMP-related genes
MMP1 0.258 <0.0001 0.299 <0.0001
MMP7 0.082 <0.0001 0.113 0.001
MMP9 0.209 <0.0001 0.188 <0.0001
MMP11 0.154 <0.0001 0.130 0.060 .
Not available
MMP12 0.229 <0.0001 0.193 <0.0001
MMP15 0.385 <0.0001 0.320 0.002
MMP20 0.044 0.052 0.014 0.677
MMP25 0.110 <0.0001 0.106 0.002

p-values in bold are statistically significant

Table 4.7 Correlations between MX1 and IDH2 in mRNA and protein expression levels.

METABRIC cohort TCGA cohort Nottingham cohort
(mRNA) (mRNA) (protein)
Correlation p-value Correlation p-value Correlation | p-value
value value value
0.195 <0.0001 0.115 0.001 0.246 <0.0001

p-values in bold are statistically significant
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4.5.6 Association of MX1 and IDH2 with patient outcome

In the METABRIC cohort, survival analyses of both MX1 and IDH2 mRNA
revealed that higher expression of MX1 and IDH2 was associated with
shorter BCSS (all p<0.0001) (Figures 4.4A and 4.5A). However, there was
no significant association between high MX1 or IDH2 mRNA expression and
BCSS in the TCGA cohort (all p=0.901) (Figures 4.4G and 4.5G). At the
protein level, poor patient outcome was associated with high expression of
IDH2 (p=0.038) but not MX1 (p>0.05) (Figures 4.4H and 4.5H). Protein
expression of MX1 and IDH2 was not associated with shorter TTDM (all
p>0.05) (Figures 4.41 and 4.5I).

When analysis was performed in the intrinsic molecular classes in the
METABRIC dataset, high expression of MX1 and IDH2 mRNA was only
associated with shorter BCSS in the normal-like subtype (p=0.003 and
p=0.013, respectively) (Figures 4.4F and 4.5F). High expression of MX1
MRNA was associated with shorter BCSS in the Iuminal A subtype
(p<0.0001, Figure 4.4B) while no significant association was observed
between MX1 and IDH2 mRNA expression and shorter BCSS in the other
subtypes (all p>0.05) (Figures 4.4C-E and 4.5B-E). Furthermore, none of
the subtypes showed a significant association between BCSS and protein
expression of either MX1 or IDH2 (all p>0.05) (Figures 4.4]J-M and 4.5]-
M).

In the METABRIC cohort, multivariate Cox regression analysis revealed that
MX1 and IDH2 mRNA expression predicted poor BCSS survival independent
of the tumour size, LN stage, tumour grade, and LVI (HR 1.3; 95%CI=1.01-
1.6, p=0.038 and HR 1.3; 95%CI=1.1-1.7,; p=0.007 respectively) (Tables
4.8 and 4.9); when the same analysis was performed in the TCGA cohort,
no significant association was observed between MX1 and IDH2Z mRNA
expression and poor BCSS survival (all p>0.05, Tables 4.8 and 4.9). At the

protein level, Cox regression analysis showed that high expression of IDH2,
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but not MX1, was a significant predictor of shorter BCSS, regardless of the
same variables (HR 1.3; 95%CI=1.0-1.8; p=0.049 and p>0.05,
respectively) (Tables 4.8 and 4.9).
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Figure 4.4 Kaplan—Meier survival plots showing the association between MX1 mRNA expression and breast cancer-specific survival (BCSS)
in A) the whole METABRIC cohort, B) luminal A (METABRIC), C) luminal B (METABRIC), D) HER2-enriched (METABRIC), E) basal-like
(METABRIC), F) normal-like (METABRIC), and G) the whole TCGA cohort. For Nottingham cohort data, associations are shown between
MX1 protein expression and H) BCSS, I) total time to distant metastasis (TTDM), J) BCSS in high-proliferation tumours, K) BCSS in low-

proliferation tumours, L) BCSS in triple-negative tumours, and M) BCSS in HER2-enriched tumours.
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Figure 4.5 Kaplan—Meier survival plots showing the association between IDH2 mRNA expression and breast cancer-specific survival (BCSS)
in A) the whole METABRIC cohort, B) luminal A (METABRIC), C) luminal B (METABRIC), D) HER2-enriched (METABRIC), E) basal-like
(METABRIC), F) normal-like (METABRIC), and G) the whole TCGA cohort. For Nottingham cohort data, associations are shown between
IDH2 protein expression and H) BCSS, I) total time to distant metastasis (TTDM), J) BCSS in high-proliferation tumours, K) BCSS in low-

proliferation tumours, L) BCSS in triple-negative tumours, and M) BCSS in HER2-enriched tumours.
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Table 4.8 Multivariate Cox regression analysis for predictors of breast cancer-specific
survival (BCSS) and MX1 mRNA expression in the METABRIC and TCGA cohorts and protein
expression in the Nottingham BC cohort.

METABRIC cohort (mRNA)
Parameters Hazard 95% confidence
ratio interval (CI) p-value
(HR) Lower Upper
MX1 mRNA expression 1.268 1.014 1.585 0.038
Tumour size 1.443 1.100 1.893 0.008
Lymph node stage 1.781 1.532 2.071 <0.0001
Tumour grade 1.355 1.109 1.655 0.003
Lymphovascular invasion (LVI) 1.377 1.088 1.741 0.008
TCGA cohort (mRNA)
Parameters Hazard 959% confidence
ratio interval (CI) p-value
(HR) Lower Upper
MX1 mRNA expression 0.891 0.572 1.390 0.891
Tumour size 1.465 0.840 2.555 0.179
Lymph node 1.205 0.712 2.041 0.487
Tumour grade 1.301 0.921 1.838 0.136
Lymphovascular invasion (LVI) 1.934 1.176 3.179 0.009
Nottingham BC cohort (protein)
Parameters Hazard 95% confidence
ratio interval (CI) p-value
(HR) Lower Upper
MX1 protein expression 1.048 0.795 1.382 0.738
Tumour size 1.345 0.999 1.810 0.051
Lymph node stage 1.869 1.525 2.289 <0.0001
Tumour grade 2.164 1.666 2.810 <0.0001
Lymphovascular invasion (LVI) 1.290 0.963 1.727 0.088

p-values in bold are statistically significant
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Table 4.9 Multivariate Cox regression analysis for predictors of breast cancer-specific
survival (BCSS) and IDH2 mRNA expression in the METABRIC and TCGA cohorts and

protein expression in the Nottingham BC cohort.

METABRIC cohort (mRNA)

Parameters Hazard 95% confidence
ratio interval (CI) p-value
(HR) Lower Upper
IDH2 mRNA expression 1.364 1.089 1.709 0.007
Tumour size 1.446 1.103 1.896 0.008
Lymph node stage 1.792 1.540 2.084 <0.0001
Tumour grade 1.302 1.061 1.597 0.012
Lymphovascular invasion (LVI) 1.374 1.085 1.738 0.008
TCGA cohort (mRNA)
Parameters Hazard 959% confidence
ratio interval (CI) p-value
(HR) Lower Upper
IDH2 mRNA expression 0.927 0.591 1.453 0.740
Tumour size 1.458 0.837 2.542 0.183
Lymph node 1.218 0.722 2.056 0.460
Tumour grade 1.297 0.914 1.840 0.145
Lymphovascular invasion (LVI) 1.929 1.174 3.169 0.010
Nottingham BC cohort (protein)
Parameters Hazard 95% confidence
ratio interval (CI) p-value
(HR) Lower Upper
IDH2 protein expression 1.339 0.990 1.828 0.049
Tumour size 1.283 0.939 1.753 0.118
Lymph node stage 2.210 1.707 2.634 <0.0001
Tumour grade 1.948 1.495 2.538 <0.0001
Lymphovascular invasion (LVI) 1.287 0.949 1.744 0.104

p-values in bold are statistically significant
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4.6 Discussion

Despite breakthroughs in genetic and molecular analysis, the mechanisms
underlying the progression of BC to invasive disease, distant metastasis,
and LVI remain unclear. Identification of the set of genes or proteins that
control LVI has thus far remained elusive. However, through stringent
bioinformatic analysis in this study, MX1 and IDHZ2 were identified using the
METABRIC and TCGA transcriptomic datasets as candidate genes
associated with LVI positivity. Studies that address the prognostic
significance of MX1 and IDHZ2 in invasive BC and their association with
aggressive tumour behaviour, including LVI, remain limited; therefore, this
study evaluated the clinicopathological and the prognostic significance of
MX1 and IDHZ2 at the transcriptomic and proteomic levels using large BC

cohorts with long-term follow-up.
4.6.1 MX1

Although MX1 protein activity is essential for the antiviral activity of the
immune system [230, 231], it is also part of a signalling pathway that
contributes significantly to cancer progression. MX1 and its association with
carcinogenesis is poorly understood. It has been shown that type I, type
IT, and type III IFNs can induce MX1 transcription [232, 233]. Both type I
and type II IFNs have been used to treat a variety of cancers, including
melanoma, chronic myeloid leukaemia, and renal cell carcinoma, but the

antitumoural mechanism of these IFNs remains unknown [234].

To evaluate mRNA and protein expression of MX1 using IHC, multiple well-
annotated BC cohorts were used to assess their association with
clinicopathological parameters and patient outcomes. The results revealed
an association between MX1I mRNA and protein expression and the
clinicopathological features characteristic of aggressive tumour behaviour,
such as high histological grade and hormonal receptor negativity; these
findings strengthen the putative role of MX1 in tumour progression. At the

MRNA level, high MX1 levels were significantly associated with LVI
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positivity, LN stage, poor NPI, and HER2 positivity, but these findings were
not reflected at the protein level. In addition, the correlation between the
MRNA and protein expression of MX1 was weak. The weak correlation
between the mRNA and the protein level could support the contradicting
results in LVI between protein and mRNA.This may have resulted from
different biological and technical factors. One of these biological factors is
the rate of mRNA translation into protein, often termed ‘translational
efficiency’, which has been shown to significantly impact mRNA and protein
levels [235]. Another reason might be attributed to the subjectivity of the
H-score method in the interpretation of expression in IHC staining sections
[236] and the fact that the METABRIC cases used whole tissue comprising

many different cell types.

ISGs are largely expressed in different types of cancers, and IFNs play a
significant role in various pathways associated with malignancies. A study
revealed that high histological grade and intense infiltration of TILs were
correlated with the expression of MX1 protein. Type I IFNs cause T-cell
exhaustion by inducing the overexpression of tumour-programmed cell
death ligand 1 (PD-L1) and the increase of PD-L1 levels, which can interact

with programmed death 1 in T-cells [222].

In this study, high MX1 mRNA and protein levels were significantly
associated with EMT markers, such as P-cadherin and TWIST-2, that
regulate migration, EMT, and invasion [237]. High MX1 level was also
associated with MMP markers, such as MMP1, MMP7, and MMP9. MMPs are
involved in numerous essential carcinogenic processes of carcinogenesis,
including migration, invasion, metastasis, and angiogenesis, which are all
tightly connected to the extracellular environment. For example, MMP-9
can cleave a large number of ECM proteins to regulate ECM remodelling; in
addition, it is capable of cleaving a large humber of plasma surface proteins,
releasing them from the cell surface [238]. Therefore, through association

with EMT and MMP markers that are important to the mechanism of
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metastasis in breast carcinoma, MX1 may play an essential role in the

regulation of tumour progression.

The results of the METABRIC cohort indicated that MX1 mRNA is a potential
prognostic biomarker of invasive BC, particularly for the luminal A and
normal-like tumour subtypes. In addition, in the same cohort, MX1
predicted poor BCSS survival independent of tumour size, LN stage, tumour
grade, and LVI. However, no significant association between BCSS and MX1
was found in the TCGA cohort at the mRNA level or in the Nottingham
cohort at the protein level. This inconsistency could be explained by the
fact that the number of events and follow-ups in each dataset may affect
the results, in addition to tumour-specific differences in MX1 mRNA/protein
stability or post-transcriptional regulation. There are also cohort-based
differences that could contribute to the inconsistency observed in some
results. For example, RNA sequencing was employed to acquire gene
expression data for TCGA, while microarray technology was used for
METABRIC. The method used to normalise the mRNA expression in each

cohort represented another difference between the cohorts.

In conclusion, MX1 may play a role in invasive BC. However, further
functional in vitro and/or in vivo studies of the biological role of MX1 in BC
cases and LVI are necessary to assess its potential as a therapeutic target
in BC.

4.6.2 IDH2

Wild-type IDH2 has been previously reported to be highly expressed in
some cancer types, including lung cancer and ovarian cancer [229];
however, the prognostic significance of IDH2 in invasive BC has not yet
been described. This is the first study addressing the role of wild-type IDH2
protein in BC using IHC and well-annotated patient cohorts. This study
included large cohorts of invasive BC in its assessment of the transcriptomic
and proteomic expression of IDH2 and the correlation with

clinicopathological parameters and patient outcomes. The analysis of IDH2
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expression in invasive BC showed that high IDH2 expression was associated
with features of aggressive tumour behaviour, including LVI, large tumour
size, high grade, and poor NPI. Furthermore, IDH2 mRNA and protein was
also highly expressed in TN and HER2* BC. TN BC is highly malignant, prone
to metastasis and recurrence, and is associated with a worse prognosis and
a higher risk of mortality when compared with other BC subtypes [239].
HER2* tumours were more likely to have IDH2 protein, which is perhaps
unsurprising as high-grade progressive LVI is significantly associated with
HER2 positivity [240]. High IDH2 expression in BC might enhance HER2
signalling pathway activity, which can induce the TME to support tumour
cell growth, stimulating invasion, LVI, and metastasis [241]. These findings
suggest that IDH2 has an oncogenic effect, plays a role in tumourigenesis,

and could be a key gene in LVI.

This study revealed that IDH2 was associated with poor prognostic
characteristics and short-term survival outcomes in invasive BC. High IDHZ2
expression was also an independent predictor of shorter BCSS in both
proteomic and transcriptomic datasets. The METABRIC and Nottingham BC
datasets supported the significance of high IDH2 expression as predictor of

poor prognosis.

Cellular energy produced by the TCA cycle is upregulated in highly
proliferative and metastasised cancer cells. Energy metabolism and
biosynthetic intermediates, such as alpha-ketoglutarate (aKG) produced in
the TCA cycle from isocitrate by IDH2, are essential in tumour progression
and metastasis. Wild-type IDH2 can reduce aKG levels and increase 2-HG
production, disrupting normal epigenetic regulation of transcription [229,
242]. For example, in hypoxic conditions in BC, IDH2 carboxylates aKG
from glutamine to citrate and elevates 2-HG levels, acting as an
oncometabolite [243]. Moreover, IDH2-mediated reduction of aKG can
have an oncogenic impact on cellular differentiation [229]. aKG may have
a role in EMT, which is a key step of metastasis. It has been shown that

blocking aKG inhibits cellular transformation and cancerous cell invasion
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through transamination or the reverse TCA cycle [227]. Research shows
that IDH2 is associated with EMT and MMP proteins, which support its role
in disease progression and metastasis. This study demonstrated that high
levels of N-cadherin were associated with high levels of IDH2 protein.
Previous studies elucidated that N-cadherin has a role in motility, invasion,
and metastasis by increasing MMP-9 production, allowing tumour cells to
penetrate matrix barriers and to adhere to the endothelium; this may also
increase the likelihood of tumour cells entering and exiting the vasculature
[237]. Therefore, the observed association between high levels of IDH2 and
N-cadherin elucidates the role of IDH2 in LVI, as N-cadherin can promote
two properties of metastasised cells: loss of cellular adhesion and invasion.
IDH2 was also associated with the TWIST2, a marker of EMT. EMT has an
important role in cancer invasion and metastasis. TWIST2 is overexpressed
in BC and lymph node metastases as it results in morphological
transformation, downregulation of epithelial markers, and upregulation of
mesenchymal markers [244]. Therefore, the interaction of IDH2 with EMT
markers suggests its role in BC cell invasion through lymphovascular
channels. EMT is a known mechanism utilised by breast carcinoma cells to
achieve basement membrane invasion and LVI [170]. Further mechanistic

studies are needed to understand the underlying molecular mechanisms.

One of the major hallmarks of cancer is the reprogramming of energy
metabolism [245]. Glucose and glutamine are taken up by cancer cells at
a high rate to produce the NADPH needed to survive and grow, and to
decrease the levels of intracellular aKG [246]. Many studies have provided
evidence that oncogenes can alter cancer cell metabolism, including
alteration of glutamine transporters, which were associated with high IDH2
in this study [246, 247]. This finding suggests that IDH2 could potentially
reprogram metabolic pathways in BC and support tumour cell survival,

highlighting its prognostic significance in the disease.

It has been reported that IDH2 plays a critical role in cell proliferation
through the alteration of NADP levels. In addition to the role of NADP as an
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antioxidant, it has been reported to have an important role in cell death.
NADP links cell survival with biological properties, such as energy
metabolism and oxidative stress, which are both factors that determine cell
death [248]. Primary tumour cells must proliferate and invade the adjacent
tissue to establish an invasion and metastasis cascade that comprises many
steps, including basement membrane degradation and LVI. Proliferation
lasts until the invasion of blood vessels or lymphatic channels occur.
Tumour cells at this stage evade apoptosis and immune responses [249].
Therefore, IDH2 may play an important role in cell proliferation, which is a
prerequisite step of the invasion and metastatic processes, and can lead to
the development of invasive cancer, subsequent LVI, and distant

metastasis.

In conclusion, high IDH2 expression is an independent poor prognostic
factor for BC. High IDH2 expression may have a key role in BC progression
and in the development of LVI and metastasis. Further functional
assessment of IDH2 in BC is warranted to detect its underlying mechanistic

roles in LVI and its therapeutic potential.
4.7 Conclusion

Altogether, this study revealed that high expression of IDH2, but not MX1,
was significantly associated with LVI positivity and poor patient outcomes,
suggesting that IDH2 might be an LVI-associated gene. In addition, high
expression of MX1 and IDH2 at both the mRNA and protein levels was
associated with poor clinicopathological parameters, such as higher tumour
grade and hormone receptor negativity. A significant association of MX1
and IDH2 with EMT and MMP markers was also observed. Therefore, these
two genes may be involved in one or more pathways of LVI development
and may play a role in BC progression, highlighting their potential as
prognostic markers. Functional assessment is essential for elucidating the
specific roles of these genes in LVI and to discover their potential as

therapeutic targets in BC.
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Chapter 5: The prognostic significance
and potential pathogenetic role of
HMGB3 in invasive BC
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5.1 Introduction

The second most abundant protein in the cell is the high mobility group
(HMG) proteins involved in the global assembly of chromatin domains. HMG
enhances transcriptional fine-tuning in response to abrupt environmental
changes by interacting with nucleosomes, transcription factors, nucleosome
remodelling complexes, and histone H1 [250]. The high mobility group box
(HMGB) family belongs to the HMG superfamily and comprises
chromosomal proteins that participate in DNA replication, transcription,
recombination, and repair [251, 252]. Abnormal expression of HMGB
members is correlated with various cancer hallmarks, including
uncontrolled replicative capacity, resistance to apoptosis, tissue invasion,
and metastasis, indicating the importance of the HMGB family in human
malignancies [250, 253]. The HMGB family includes HMGB1, HMGBZ2,
HMGB3, and HMGB4 [254]. These members have 80% amino acid
homology; however, their biological roles in cells are distinct [250, 253].
Numerous studies have revealed that HMGB1, HMGBZ2, and HMGB3 play a
significant role in a variety of malignancies, including hepatocellular
carcinoma [255], pancreatic cancer [256], and colon cancer [257].
Following WAD bioinformatic analysis, HMGB3 was determined to be one of
the highly expressed genes associated with LVI positivity (as discussed in
Chapter 3). HMGB3 is mainly distributed in the nucleus, cytoplasm and
chromosomes [255]. Normally, HMGB3 expression is high during
embryogenesis, with low or absent expression in normal adult tissue [258,
259]. It is widely expressed in mammalian cells and has roles in many
physiological and pathological pathways, including DNA repair and cell
death. Although HMGB3 has the potential to maintain homeostasis, it can
also affect disease progression [260]. High expression of HMGB3 is strongly
associated with the occurrence of numerous tumours and poor prognosis
of advanced tumours in lung [261], bladder [262], and prostate cancer
[263]. To enhance tumour development, HMGB3 can control the cell cycle

and stimulate the proliferation and invasion of cancer cells via the Wnt/-
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catenin, MAPK, and other signalling pathways. HMGB3 can also increase
reactive oxygen species (ROS) formation and tumour cell growth by
stimulating the expression of HIF-1a [260]. However, the exact role of
HMGB3 in LVI in BC is unclear as it has not been previously investigated in
BC studies. This study aimed to investigate the clinicopathological
significance of HMGB3 at the transcriptomic and proteomic levels using
large BC cohorts with long-term follow-up and to assess in vitro mechanistic
role of HMGB3 in BC cell lines.

5.2 Hypothesis

HMGB3 is a key driver for LVI in invasive BC, has prognostic importance, is
a possible therapeutic target, and is involved in a variety of LVI-related

pathways.
5.3 Aims

1. Assess the clinicopathological and prognostic significance of HMGB3 at

the transcriptomic and protein levels using well-characterised BC cohorts.

2. Assess the effect of HMGB3 suppression on tumour cell characteristics,
including cell proliferation, migration, cell cycle and apoptosis, employing
panels of relevant BC cell lines in in vitro experimental studies.

3. Assess the functional importance of HMGB3 in LVI by co-culturing BC cell
lines with Ilymphatic and vascular endothelial cell models, and by
performing adhesion and transmigration assays to investigate the

interaction of BC cells with endothelial cells.

5.4 Methods
5.4.1 Study cohort
5.4.1.1 METABRIC cohort

The METABRIC cohort was used to evaluate the expression of HMGB3 at
the transcriptomic level. This study enrolled a total of 1,980 patients with
primary operable invasive BC. The clinical history, outcome data, and

clinicopathological features of the METABRIC cohort are described in
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Section 2.1.1, and the Nottingham subgroup of the METABRIC cohort is

described in Section 2.1.2.
54.1.2 TCGA cohort

MRNA expression levels of HMGB3 were also evaluated using the TCGA BC
cohort (n=854). The features of the TCGA cohort are detailed in Section
2.1.3.

5.4.1.3 Nottingham BC cohort

The expression of HMGB3 at the protein level was assessed using tissue
samples from the well-characterised Nottingham invasive BC cohort. For
each patient, a robust clinicopathological profile and outcome data were
readily available. Section 2.1.4 discusses the clinicopathological features of
the cohort. The associations between HMGB3 and EMT-related markers,
including E-cadherin, N-cadherin, P-cadherin, TGFB1, and TWIST2, were
investigated to further understand their molecular interactions with LVI-

related process (these biomarkers are available in our database).
5.4.2 WB

WB was performed to validate the specificity of the HMGB3 primary
antibody. MCF-7 and SK-BR-3 BC cell line lysates were used for this
antibody. The methods, HMGB3 antibody concentration, and incubation

period are detailed in Section 2.2 and Table 2.5.
5.4.3 IHC

HMGB3 protein expression levels were determined using the Nottingham
BC cohort. Before staining the TMA, representative full-face tissue sections
for invasive BC were stained to analyse the pattern of HMGB3 expression.
The staining pattern was homogeneous, verifying the applicability of
immunohistochemical detection methods in TMAs. TMAs of the study cohort
were prepared using a TMA Grand Master®. Antigen retrieval was
performed according to the manufacturer's guidelines (pH 6 citrate buffer,

at 1,000 W for 20 min using a microwave). The expression of the HMGB3
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antibody was assessed by staining the TMAs with a Novolink polymer
detection systems kit, as described in Section 2.4. The HMGB3
concentration, incubation time, and positive and negative controls are
detailed in Table 2.5.

5.4.4 In vitro studies of HMGB3

Preclinical investigations using the following cells and assays were
conducted to determine the possible involvement of HMGB3 in LVI and

other biological functions.
5.4.4.1 BC tumour cells

The protein expression levels from an IHC analysis of HMGB3 were used to
select BC cell lines for in vitro investigations in this study. The BC cell lines
MCF-7 (ER*/PR*/HER2-), ZR-75-1 (ER*/PR*/HER2-), and SK-BR-3
(HER2*) were used. MCF-7 and ZR-75-1 are luminal molecular classes,
while SK-BR-3 is a HER2* molecular class. Luminal and HER2 molecular
classes have been reported to be associated with the highest incidence of
LVI [179]. WB was performed to detect relative protein expression in all BC
cell lines, and the LI-COR Odyssey machine was used for quantification.
Cells with the highest levels of HMGB3 expression were selected for the
knockdown and other in vitro assays. Chapter 2 provides further

information on maintaining cell growth and culture conditions.
5.4.4.2 Endothelial cells

To investigate the impact of HMGB3 on LVI, primary HUVECs and DLECs
were used to study the interaction between endothelial cells and BC cells.
Details on the cell growth maintenance and culture conditions of HUVECs

and DLECs are reported in Chapter 2.
5.4.4.3 Silencing HMGB3 using siRNA

An siRNA-based approach using BC cell lines was used to study the potential
functional consequences of HMGB3 knockdown and its role in BC

progression and LVI. Pre-validated Silencer Select siRNA constructs, mainly
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for HMGB3, or scrambled negative-control siRNA that did not target
HMGB3, MCF-7, ZR-75-1, and SK-BR-3 were transfected using the forward
transfection method, as described in Chapter 2. The sequence of HMGB3-
siRNA was as follows: 5'-GCACCCUGAAACUGUAUCALtt-3".

5.4.4.4 MTS assay

The effect of HMGB3 knockdown on the proliferation of tumour cells was
evaluated via the AQueous Non-Radioactive Cell Proliferation Assay, as
described in Section 2.6.3.2. Cell viability was determined at 24 h, 48 h,
and 72 h after transfection using siRNA targeted against HMGB3, and cell

vitality was assessed by measuring the OD.
5.4.4.5 Colony formation assay

BC cell lines were seeded and grown in culture medium in an incubator for
14 days. Following incubation, colonies were washed with PBS, fixed for 30
min, stained with crystal violet, and counted using a microscope. The assay

procedure and conditions are described in Section 2.6.4.2.
5.4.4.6 Wound-healing assay

In this assay, the ability of tumour cells to migrate was assessed by
measuring the wound repair rate of an HMGB3 knockdown and control at
the following time points after transfection: TOh, T24h, T48h, and T72h.

The assay procedure and conditions are described in Section 2.6.5.2
5.4.4.7 Flow cytometric analysis of the cell cycle

On the fifth day after transfection, the cell cycle distribution was analysed
by quantifying DNA content using a propidium iodide flow cytometry Kkit.

The assay procedure and conditions are described in Section 2.6.6.2.
5.4.4.8 Annexin V-based flow cytometric analysis of apoptosis

The detection of apoptosis was performed using an Annexin V detection kit
on the fifth day after transfection. Section 2.6.7.2 details the assay

procedure and conditions.
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5.4.4.9 In vitro assessment of lymphatic and blood vessel
invasion

5.4.4.9.1 Static adhesion assay

In a 24-well plate, endothelial cells (HUVECs and DLECs) were seeded to
confluence. Tumour cell adhesion was determined after cells were labelled
with 1 uM Cell Tracker Green CMFDA and incubated for 30 min at 37 °C.
Following labelling, the tumour cells were resuspended in tumour cell
medium supplemented with serum and incubated for 35 min at 37 °C with
endothelial cell monolayers. Non-adherent cells were washed away with
tumour cell medium, and adherent tumour cells were counted using a
fluorescent microscope at a 10x magnification. The assay procedure and

conditions are described in Section 2.6.8.2.
5.4.4.9.2 Transmigration assay

A confluent endothelial cell monolayer was grown on hanging transwell
inserts. Tumour cell transmigration was determined following labelling with
1 uM Cell Tracker Green CMFDA. After 16 h, transmigration was observed
using a fluorescent microscope by counting cells in the bottom of the
chamber. Section 2.6.8.3 contains more information regarding the assay

procedure.

5.5 Results
5.5.1 Validation of HMGB3 antibody by WB

WB showed specific bands with anticipated molecular weights of ~30 kDa
that corresponded to the HMGB3 protein (Figure 5.1).
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Figure 5.1 Western blot (WB) reflecting the antibody specificity of HMGB3. B-actin was

used as a positive control.

5.5.2 Expression of HMGB3 in BC

The METABRIC and TCGA cohorts were used to assess HMGB3 mRNA
expression. The METABRIC cohort data on HMGB3 mRNA expression were
normally distributed and dichotomised using mean-based cut-off points.
The data on HMGB3 mRNA expression in the TCGA cohort were right-
skewed and were categorised using cut-off values derived from the median
(Figure 5.2A/B). High HMGB3 mRNA expression was observed in 901/1,980
(46%) of the METABRIC BC cases and 427/854 (50%) of the TCGA cases.

HMGB3 protein expression ranged from negative to strong in the nucleus
of invasive BC cells (Figure 5.3C/D). A total of 1,647 cases were valid for
evaluating HMGB3 protein levels. The data on HMGB3 protein expression
showed a multimodal distribution, and therefore the median was used to
define the cut-off value for HMGB3 positivity (Figure 5.2C). High HMGB3
protein levels (H-score >50) were observed in 787/1,647 (47.8%) invasive
BC cases. There was a high degree of concordance between the TMAs
scored by both scorers (Abrar Aljohani and Sara Abuelmaaty) in HMGB3
immunoscoring (ICC=0.844, p<0.0001).
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Figure 5.2 The distribution of the expression of A) HMGB3 mRNA in the METABRIC cohort,
B) HMGB3 mRNA in the TCGA cohort, and C) HMGB3 protein in the Nottingham BC cohort.
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Figure 5.3 Nuclear expression of HMGB3 protein in invasive breast cancer. A) Positive
control ovarian tissue stained for HMGB3, B) negative control normal kidney stained for
HMGB3, C) HMGB3-positive IHC expression, and D) HMGB3-negative IHC expression.
Magnification 10x, scale bars = 200 pm. Inset: magnification 20x, scale bars = 100 um.
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5.5.3 Association of HMGB3 with clinicopathological parameters
5.5.3.1 HMGB3 mRNA expression

In both transcriptomic datasets, high expression of HMGB3 mRNA was
significantly associated with LVI positivity and high tumour grade (all
p<0.0001). In the METABRIC cohort, high expression of HMGB3 mRNA was
significantly correlated with larger tumour size (p=0.001), poor NPI
(p<0.0001), and LN stage (p=0.048) (Table 5.1).

5.5.3.2 HMGB3 protein expression

Similar to the transcriptomics results, high HMGB3 protein expression was
significantly associated with aggressive tumour features, including LVI
positivity, younger age, higher histological grade, poor NPI, high mitotic
count (all p<0.0001), high pleomorphism (p=0.005), high tubule formation
(p=0.001), and LN stage (p=0.049) (Table 5.2). A weak correlation
between HMGB3 protein and mRNA expression was observed in the
Nottingham subset (n=288) of the METABRIC cohort based on Spearman’s
rank correlation coefficient (r=0.200, p=0.016).

5.5.4 HMGB3 expression in molecular BC subtypes

In both METABRIC and TCGA datasets, ER-, PR, and HER2* tumours all
demonstrated significantly high expression of HMGB3 mRNA (all p<0.0001)
(Table 5.1). Analysis of the METABRIC cohort regarding the intrinsic
(PAM50) subtypes showed that high HMGB3 mRNA expression was
associated with HER2*, luminal B, basal-like, luminal A, and normal-like
subtypes, in descending order (all p<0.0001) (Table 5.1). The correlation
of HMGB3 protein level with IHC subtypes was comparable to previous
findings, with HMGB3 protein expression being highest in HER2* tumours,
followed by TN tumours. Within the ER*/HER2- group, the high-
proliferation class had considerably higher HMGB3 expression levels than
the low-proliferation class (p<0.0001) (Table 5.2).
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Table 5.1 Statistical associations between HMGB3 mRNA expression and
clinicopathological parameters in the METABRIC (n=1,980) and TCGA (n=854) breast

carcinoma datasets.

HMGB3 mRNA (METABRIC)

HMGB3 mRNA (TCGA)

Parameters Number Mean p-value Number Mean p-value
(%) rank (%) rank

Patient age (years)

<50 424 (21.4) 7.58 0.695 231 (27) 435.0 0.587

>50 1556 (78.6) 7.56 623 (73) 424.1

Tumour size

<2 cm 622 (31.7) 7.42 0.001 239 (28) 411.8 0.245

>2 cm 1338 (68.3) 7.62 615 (72) 433.6

Tumour grade 267.2

I 170 (9.0) 7.09 89 (11) )

II 770 (40.6) 7.43 <0.0001 | 375 (46) g‘;’gz <0.0001

III 952 (50.3) 7.77 352 (43) )

Nottingham prognostic
index (NPI)

Good

Moderate

Poor

680 (34.3) | 7.35 | <0.0001
1101(55.6) 7.67
199 (10.1) | 7.78

Not available

Lymph node stage
I

II

111

1035 (52.5) | 7.51 0.048
622 (31.5) | 7.63
316 (16.0) | 7.62

Not available

Lymphovascular invasion
(LVI)

Negative

Positive

930 (59) 7.46 | <0.0001
635 (41) 7.65

559 (65) 403.1 | <0.0001
295 (35) 437.7

Oestrogen receptor (ER)
Negative
Positive

474 (23.9) 7.82 | <0.0001
1506 (76.1) | 7.49

185 (22) | 580.9 | <0.0001
639 (78) | 363.7

Progesterone receptor
(PR)

Negative

Positive

940 (47.4) | 7.65 | <0.0001
1040 (52.6) | 7.49

272 (33) | 510.4 | <0.0001
546 (67) | 359.2

Human epidermal growth
factor receptor 2 (HER2)

1733 (87.5) 7.48 <0.0001

567 (81) | 339.9 | 0-004

Negative

Positive 247 (12.5) 8.18 133 (19) 395.6
PAM50 subtype

Luminal A 718 (36.4) 7.31

Luminal B 488 (24.7) 7.81 <0.0001 Not available
HER2*-enriched 240 (12.1) 8.15

Basal-like 329 (16.7) 7.65

Normal-like 199 (10.1) 7.04

p-values in bold are statistically significant
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Table 5.2 Statistical associations between HMGB3 protein expression and
clinicopathological factors in the Nottingham BC cohort (n=1,647).
Nottingham BC cohort
HMGB3 protein
Parameters Number (%) Mean p-value
rank

Patient age (years)
<50 574 (35) 882.3 <0.0001
>50 1070 (65) 790.4
Tumour size
<2 cm 914 (56) 815.5 0.668
>2 cm 725 (44) 825.6
Tumour grade
I 206 (13) 697.9
I 584 (52) 779.4 | <0.0001
II1 854 (35) 882.0
Mitosis
I 622 (38.3) 715.66
II 312 (19.2) 838.60 <0.0001
II1 686 (42.5) 883.71
Pleomorphism
I 21 (1.3) 674.48
11 465 (28.7) | 759.01 | ©0-005
II1 1135 (70) 834.83
Tubule formation
I 83 (5.1) 619.11 0.001
II 472 (29.1) 814.69
II1 1066 (65.8) | 824.31
Lymphovascular invasion (LVI)
Negative 1096 (67) 790.1 <0.0001
Positive 541 (33) 877.6
Lymph node stage
I 975 (60) 799.5
II 500 (31) 843.9 0.049
II1 167 (9) 882.7
Nottingham prognostic index
(NPI)
Good 462 (28) 733.2 <0.0001
Moderate 880 (54) 853.1
Poor 295 (18) 851.8
Oestrogen receptor (ER)
Negative 386 (23) 895.1 0.001
Positive 1262 (77) 802.9
Progesterone receptor (PR)
Negative 673 (41) 834.7 0.108
Positive 951 (59) 796.8
Human epidermal growth factor
receptor 2 (HER2)
Negative 1402 (86) | 784.5 | <0-0001
Positive 225 (14) 997.9
Triple-negative 1359 (83) 811 1
No ) 0.185
Yes 276 (17) 852.2
Immunohistochemistry subtype
ER*/HER2- low proliferation 528 (34) 655.6 <0.0001
ER*/HER2" high proliferation 522(33.7) | 802.2
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Triple-negative 275 (17.7) 809.2
HER2* 225 (14.6) 953.5

p-values in bold are statistically significant

5.5.5 HMGB3 expression and other associated biomarkers

To further assess the role of HMGB3 in BC and its relationships with other
genes involved in LVI processes, the METABRIC and TCGA datasets were
analysed for correlations between HMGB3 mRNA and other genes related
to invasion, EMT, and adhesion. A significant weak to moderate positive
linear correlation was observed between HMGB3 and N-cadherin, P-
cadherin, GSK3B, TWIST1, TWIST2, ZEB1, ZEB2, NFKB1, and CTNNB1
while the correlation was negative with E-cadherin (all p<0.05). Moreover,
there was a significant weak to moderate positive linear correlation
between HMGB3 and MMPs, including MMP1, MMP7, MMP9, MMP12, MMP15,
and MMP25 (all p< 0.05) (Table 5.3).

The correlation between HMGB3 and EMT-related markers, such as E-
cadherin, N-cadherin, and P-cadherin was further studied at the protein
level using the Nottingham BC cohort. There was a significant weak
negative correlation between HMGB3 and E-cadherin (p=0.001), while the
correlation was positive with N-cadherin (p=0.023), and P-cadherin
(p=0.002) (Table 5.3).
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Table 5.3 Correlations between HMGB3 expression and mRNA and protein expression of

epithelial-mesenchymal transition (EMT)- and matrix metalloproteinase (MMP)-related

genes.
METABRIC cohort TCGA cohort Nottingham cohort
Gene names (mRNA) (mRNA) (protein)
Correlation p-value Correlation p-value Correlation p-value
value value value
EMT-related genes
E-cadherin -0.252 <0.0001 -0.197 <0.0001 -0.128 0.001
N-cadherin 0.118 <0.0001 0.169 <0.0001 0.099 0.023
P-cadherin 0.064 0.005 0.196 <0.0001 0.125 0.002
TGFB1 0.001 0.947 0.216 <0.0001 0.052 0.827
TWIST1 0.149 <0.0001 0.149 <0.0001 Not available
TWIST2 0.282 <0.0001 0.217 <0.0001 0.062 0.186
ZEB1 0.202 <0.0001 0.347 <0.0001
ZEB2 0.231 <0.0001 0.197 <0.0001
Not available
NFKB1 0.114 <0.0001 0.150 <0.0001
GSK3B 0.286 <0.0001 0.121 <0.0001
CTNNB1 0.138 <0.0001 0.074 0.032
MMP-related genes
MMP1 0.188 <0.0001 0.382 <0.0001
MMP7 0.056 0.013 0.104 0.002
MMP9 0.133 <0.0001 0.184 <0.0001
MMP11 0.138 <0.0001 0.016 0.640
Not available
MMP12 0.137 <0.0001 0.273 <0.0001
MMP15 0.315 <0.0001 0.214 <0.0001
MMP20 0.023 0.299 0.031 0.367
MMP25 0.051 0.023 0.069 0.043

p-values in bold are statistically significant
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5.5.6 Association of HMGB3 with patient outcomes

Survival analysis of HMGB3 mRNA showed that high expression was
associated with shorter BCSS in both the METABRIC and TCGA cohorts
(p<0.0001 and p=0.003, respectively) (Figure 5.4A/G). At the protein
level, there was a significant association between the high expression of
HMGB3 and shorter BCSS and TTDM (both p<0.0001) (Figure 5.4H/I).
When the analysis was performed on intrinsic molecular classes in the
METABRIC dataset, high expression of HMGB3 was associated with shorter
BCSS in the normal-like subtype (p=0.002) (Figure 5.4F). No significant
association of HMGB3 mRNA and protein levels with the other subtypes was
observed (all p>0.05) (Figure 5.4B-E/J-M). In all cohorts, multivariate Cox
regression analysis showed that HMGB3 mRNA and protein levels predicted
poor BCSS survival independent of the tumour size, LN stage, tumour
grade, and LVI (HR 1.4; 95%CI=1.1-1.7; p=0.004 for METABRIC cohort,
HR 1.7; 95%CI=1.1-2.8; p=0.028 for TCGA cohort, and HR 1.4;
95%CI=1.1-1.7; p=0.003 for Nottingham cohort) (Table 5.4).
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Figure 5.4 Kaplan—Meier survival plots showing the association between HMGB3 mRNA expression and breast cancer-specific survival
(BCSS) in A) the whole METABRIC cohort, B) luminal A (METABRIC), C) luminal B (METABRIC), D) HER2-enriched (METABRIC), E) basal-
like (METABRIC), F) normal-like (METABRIC), and G) the whole TCGA cohort. For Nottingham cohort data, associations are shown between
HMGB3 protein expression and H) BCSS, 1) total time to distant metastasis (TTDM), J) BCSS in high-proliferation tumours, K) BCSS in low-

proliferation tumours, L) BCSS in triple-negative tumours, and M) BCSS in HER2-enriched tumours.
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Table 5.4 Multivariate Cox regression analysis for predictors of breast cancer-specific
survival (BCSS) and HMGB3 mRNA expression in the METABRIC and TCGA cohorts and

protein expression in the Nottingham BC cohort.

METABRIC cohort (mRNA)

Parameters Hazard 95% confidence Significance

ratio interval (CI) p-value
(HR) Lower Upper

HMGB3 mRNA expression 1.391 1.113 1.739 0.004

Tumour size 1.474 1.126 1.928 0.005

Lymph node stage 1.969 1.538 2.520 <0.0001

Tumour grade 1.456 1.192 1.779 <0.0001

Lymphovascular invasion (LVI) 1.469 1.159 1.862 0.001

TCGA cohort (mRNA)

Parameters Hazard 959% confidence Significance
ratio interval (CI) p-value
(HR) Lower Upper

HMGB3 mRNA expression 1.728 1.061 2.816 0.028

Tumour size 1.523 0.873 2.656 0.138

Lymph node 1.196 0.712 2.010 0.498

Tumour grade 1.092 0.761 1.567 0.634

Lymphovascular invasion (LVI) 1.878 1.149 3.070 0.012

Nottingham BC cohort (protein)

Parameters Hazard 959% confidence Significance
ratio interval (CI) p-value
(HR) Lower Upper

HMGB3 protein expression 1.350 1.104 1.650 0.003

Tumour size 1.383 1.116 1.714 0.003

Lymph node stage 1.708 1.478 1.973 <0.0001

Tumour grade 1.649 1.375 1.977 <0.0001

Lymphovascular invasion (LVI) 1.620 1.307 2.009 <0.0001

p-values in bold are statistically significant
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5.5.7 Preclinical studies (in vitro investigation of the mechanistic
role of HMGB3 in LVI-related biological processes)
5.5.7.1 Silencing of HMGB3 expression using siRNA

The expression of the HMGB3 protein was determined in a variety of BC cell
lines, including luminal A-like (MCF-7), luminal B-like (ZR-75-1), HER2-
enriched (SK-BR-3), and triple-negative (MDA-MB-231) (Figure 5.5A).
HMGB3 expression varied among these cell lines, with the highest levels
seen in SK-BR-3, ZR-75-1, and MCF-7, and the lowest levels in MDA-MB-
231 (Figure 5.5B). Depending on the level of protein expression and the
IHC results, the following BC cell lines were employed in this study: MCF-7
(ER*/PR*/HER2-), ZR-75-1 (ER*/PR*/HER2-), and SK-BR-3 (HER2").
When HMGB3 knockdown expression was compared to B-actin expression
in MCF-7, ZR-75-1, and SK-BR-3 cells at post-transfection days 3, 5, and
7, complete reduction of HMGB3 protein expression was found using WB

analysis (Figure 5.5C-H).

159



24

~

]

Chapter 5

> A N Nt
3 g N
g’eg’ O o
KDa
A) B) 25+
— c
- \ 2 20
- z % 15
55— » °
o - . 5 104
o < [}-actin -
S e————— «— HMGB3 -g 5]
°
25— y =
-3 / e o]
i S A N N
& & P
= & Vg S
MCF-7 ZR-75-1 ® SK-BR-3
\ » A \ D Ay
S & & S & ¢ > & Q@
S 3 N R & &L &
F Q& &S NS & NP $
O SO O D) ST ETE 5 & S & 38
KDa KDa KDa
- -
—
= an
- ] = s
5 - . 5— 55—
e ¢ [7110 . ~
= = NS pctin T« pactin
- __ == = < HMGB3 -
S— -= Coand ~ 2;H Lo ] -~
=, . e Bt « HMGBS™ = «——HMGB3
Da‘j DayS Dﬂ}-7 Da)3 Da\S Da\7 Da)s Da)S Da)7
MCF-7 mm Negative control ZR-75-1 ecat | SK-BR-3
25- =1 HMGB3 KD G) 0451 Hl Negative control  H) 08+ ‘
g g = HMGB3 KD 5 mm Negative control
# 204 ? 8 &= HMGB3 KD
0 - 4 $ 06
a & 0.10- -
s 157 5 :
- - < 0.4-
[ ) g
3 1.0 3 3
< = 0.05 -
£ E £ 024 2
Q . Q -
8 0.5 5 E
o o
0.0- 0.00- 0.0-
Day3 Day5 Day7 Day3 Day5 Day7 Day3 Day5 Day7
Day Day Day

Figure 5.5 HMGB3 protein expression in breast cancer (BC) cell lines. A) Evaluation of

the differential expression of HMGB3 in BC cell lines by Western blotting and B)
quantification of HMGB3 protein expression level in SK-BR-3, MCF-7, ZR-75-1, and MDA-

MB-231 cell lines. Using pre-validated Silencer Select siRNA constructs (mainly for HMGB3)

or scrambled negative-control siRNA, silencing of HMGB3 using the forward transfection

method showed complete knockdown relative to non-targeting, scrambled control siRNA
in C) MCF-7, D) ZR-75-1, and E) SK-BR-3. Quantification of HMGB3 protein expression in

the transfected cells and negative control by densitometry and normalisation to B-actin

levels revealed complete loss of HMGB3 protein expression in F) MCF-7, G) ZR-75-1, and

H) SK-BR-3 cell lines. Each bar represents the mean * standard error of the mean (SEM)

of three or more independent experiments. B-actin was included as a loading control.
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5.5.7.2 HMGB3 silencing suppresses cell proliferation and cell

growth among the selected BC cell lines

Deletion of HMGB3 resulted in a considerable decrease in proliferation rate
in MCF-7 (p=0.0120 at T24h, p=0.0247 at T48h, and p=0.0160 at T72h),
ZR-75-1 (p=0.8382 at T24h, p=0.0044 at T48h, and p=0.0117 at T72h),
and SK-BR-3 (p=0.0027 at T24h, p<0.0001 at T48h, and p<0.0001 at
T72h), as compared with the control (Figure 5.6A-C). In addition, a
clonogenic experiment was performed to examine how HMGB3 knockdown
affected cell growth and survival. The capacity of a single cell colony to
survive after being transfected was much lower than the control in MCF-7
(p<0.0001), ZR-75-1 (p=0.0022), and SK-BR-3 (p<0.0001) (Figure 5.6D-
F).

5.5.7.3 HMGB3 silencing suppresses cell migration among the

selected BC cell lines

The knockdown of HMGB3 resulted in a significantly larger unhealed wound
in comparison to the negative controls in MCF-7, ZR-75-1, and SK-BR-3
(p<0.0001, p=0.0389, and p=0.0040, respectively) (Figure 5.7A-C).
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Figure 5.6 The effect of HMGB3 knockdown (KD) by siRNA on cell proliferation in A) MCF-

7, B) ZR-75-1, and C) SK-BR-3 cells. (A-
after KD in BC cell lines, as detected by the

C) Cell proliferation was significantly reduced
MTS assay. HMGB3 siRNA transfection reduced

the colonisation capacity of BC cell lines in D) MCF-7, E) ZR-75-1, and F) SK-BR-3, as

detected by the colony formation assay. Results are presented as mean + standard error

of the mean (SEM) of three independent experiments. The p-values are * =< 0.05, ** =<

0.01, *** =< 0.001, and **** =< 0.0001.
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Figure 5.7 The effect of HMGB3 knockdown (KD) by siRNA on cell migration in A) MCF-7,
B) ZR-75-1, and C) SK-BR-3 cells. The wound repair rate of HMGB3 KD and control cells
was observed by measuring the width of the unhealed gap at TOh, T24h, T48h, and T72h.
(A-C) Silencing HMGB3 significantly reduced the migration rate in BC cell lines, as detected

by the wound-healing assay. Results are presented as mean % standard error of the mean

(SEM) of three independent experiments. The p-values are * =< 0.05, ** =< 0.01, ***

=< 0.001, and **** =< 0.0001.
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5.5.7.4 HMGB3 silencing arrests cells in the G1 phase

HMGB3 knockdown triggered G1-phase arrest in MCF-7, ZR-75-1, and SK-
BR-3 cells, preventing the cell cycle from progressing to the S phase. The
percentage of MCF-7 cells with HMGB3 knockdown in the G1 phase
increased (63.6% G1, 14.35% S, and 27% G2/M) compared with the
negative control (53.6% G1, 29.86% S, and 22.6% G2/M) (p=0.0333 in
G1l, p=0.0112 in S, and p=0.0106 in G2/M). Similar observations were
made in ZR-75-1 (73.8% G1, 12.5% S, and 29.65% G2/M) compared with
the control (45.95% G1, 22.5% S, and 14.8% G2/M) (p=0.0278 in G1,
p=0.0430 in S, and p=0.0359 in G2/M). Similarly, the percentage of SK-
BR-3 cells in the G1 phase significantly increased in the HMGB3 knockdown
cells (65.45% G1, 18.3% S, and 27% G2/M) compared with the negative
control (40% G1, 27.46% S, and 35.3% G2/M) (p=0.0118 in G1, p=0.0062
in S, and p=0.0372 in G2/M) (Figure 5.8A-C).

5.5.7.5 HMGB3 silencing enhances cell apoptosis

In both early and late apoptosis, the number of apoptotic cells in the HMGB3
knockdown population rose dramatically when compared with the control.
In early apoptosis, the knockdown vs control values were 3.40% vs 2.36%
in MCF-7 (p=0.0223), 0.62% vs 0.32% in ZR-75-1 (p=0.2457), and
1.10% vs 0.58% in SK-BR-3 (p =0.0424), respectively. In late apoptosis,
the knockdown vs control values were 2.10% vs 1.76% in MCF-7
(p=0.0457), 5.92% vs 3.90% in ZR-75-1 (p=0.0202), and 6.92% vs
1.08% in SK-BR-3 (p=0.0163), respectively (Figure 5.9A-C).

164



Chapter 5

A Control HMGB3KD
& : ' - Gi
- | ‘ 809 McF7 B S
Gle ‘ 61+ . = GIM
. o | o 50
| % -
| | 1 ‘ | = 40+ :
& < | Q
i | ‘ ‘ = 20
| +G2IM | G2 M R
S 0-
2 | ‘.‘I'J o\s"\fglg (9%549 ‘p‘:b,gt-o
SF SF IS
N N N
ks & L
= - " [} » . B .9 o o b4
BRA PerCPVIOTODA BYFA - POCP-VIOTO0-A
B) m Gl
' » 80 , RIS O s
| ’ = G2M
: \‘ - 1+ o 60
% Q
. . ‘ g
| | - = 40
{ Q
2w ‘ - | Q
|| = 204 .
| |
| | 1 od
‘ ‘ M | SO o0 &P
| LS f | \ || «G2/m 00«*;.{,‘:* 096%55*' 00&*99’5*
A ' 3 &
L +G2im | 1
B;-P\ Perc P-\ﬂofﬂﬂ:\ ' ' ® ;}-A PHCP-VIO Fl): A = =
q
- b | - Gl
| ‘ 30+ SK-BR3 o
J .
‘. . Gl+" . = GaM
" Gl | T
S f o o 60
|| 2
¥ I E " H : 40
‘| | S g "
| - # 204 i
| ;|
' : - 15 [l
“‘ ili "II"GHM Sy S Y
*G2/M | & A & A & R
| | & Q@ © Q‘b ® 0@
| N & N
1 . & By {

BRAC POICPVIOTO0A B34 POrCPMVIOTO0A

Figure 5.8 The effect of siRNA knockdown (KD) of HMGB3 on the cell cycle. BC cells
showed arrest in the G1 phase of the cell cycle in A) MCF-7, B) ZR-75-1, and C) SK-BR-3
cells. (A-C) Silencing HMGB3 prevented all BC cell lines from entering the S phase, as
detected by flow cytometry. Results are presented as mean £ standard error of the mean
(SEM) of three independent experiments. The p-values are * =< 0.05, ** =< 0.01, ***
=< 0.001, and **** =< 0.0001.
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Figure 5.9 The effect of siRNA knockdown (KD) of HMGB3 on apoptosis. BC cell data
showed that KD of HMGB3 enhanced apoptosis in A) MCF-7, B) ZR-75-1, and C) SK-BR-3

cells. (A-C) More apoptotic cells were observed in the transfected cells than in the control

ones, as detected by flow cytometry. Results are presented as mean + standard error of
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0.01, *** =< 0.001, and **** =< (0.0001.
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5.5.7.6 The role of HMGB3 in the adhesion of BC cells to

endothelial cells

Higher adherence to HUVECs in the HMGB3-untransfected cells than
HMGB3-transfected cells was observed in cell lines MCF-7 (p=0.0002) and
SK-BR-3 (p=0.0068), but not ZR-75-1 (p=0.2722); higher adherence to
DLECs than HMGB3-transfected cells was observed in cell lines MCF-7
(p=0.0205) and SK-BR-3 (p=0.0006), but not ZR-75-1 (p=0.2899) (Figure
5.10A-C).

5.5.8.7 The role of HMGB3 in the transmigration of BC cells

through endothelial cells

Tumour cell transmigration through HUVECs was higher in the control than
in the knockdown group in cell lines MCF-7 (p=0.0208) and SK-BR-3
(p=0.0260), but not ZR-75-1 (p=0.0955); transmigration through DLECs
was higher in the control than in the knockdown group in cell lines MCF-7
(p=0.0307) and SK-BR-3 (p=0.0006), but not ZR-75-1 (p=0.4226) (Figure
5.11A/B).
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Figure 5.10 Representative photomicrographs of tumour cell adhesion across vascular
and lymphatic endothelial cells (HUVECs and DLECs). A) MCF-7, B) ZR-75-1 and C) SK-
BR-3 cells. (A-C) Silencing HMGB3 decreased the number of BC cell lines that adhered to

HUVECs and DLECs. Results are presented as mean *+ standard error of the mean (SEM)

of three independent experiments. The p-values are * =< 0.05, ** =< 0.01, *** =<

0.001, and **** =<0.0001.
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Figure 5.11 Representative photomicrographs of tumour cell (MCF-7, ZR-75-1 and SK-
BR-3) transmigration across A) HUVECs and B) DLECs. (A/B) The number of tumour cells
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5.6 Discussion

HMGB3 is a multifunctional protein that performs a variety of functions in
many cellular compartments and has been identified as a critical regulator
of tumour development [264]. Recently, aberrant HMGB3 was identified as
a pro-carcinogenes, promoting tumour development, proliferation,
invasion, and metastasis in a variety of tumour types, including gastric
[265], lung [266], colorectal [254], and urinary bladder [262]. Although
HMGB3 has previously been associated with cancer cell proliferation and
migration [254], no studies have been performed to date to investigate the
potential role of HMGB3 in the development of LVI.

In Chapter 3, bioinformatic analysis determined that HMGB3 was a gene
associated with LVI positivity. Subsequent research employing
bioinformatic and co-expression analyses revealed a link between HMGB3
and the development of human cancers, including gastric cancer [250].
This study aimed to investigate the clinicopathological significance of
HMGB3 at the transcriptomic and proteomic levels using large BC cohorts
with long-term follow-up, and to study the in vitro mechanistic role of
HMGB3 in BC cell lines.

This study evaluated the clinicopathological and prognostic significance of
HMGB3 expression using large, well-annotated BC cohorts. High expression
of HMGB3 at the mRNA and protein levels was associated with aggressive
BC features, including LVI positivity, high histological grade, poor NPI,
ER/PR negativity, and HER2 positivity. Kaplan—-Meier survival analysis
revealed that high HMGB3 expression at the mRNA and protein levels was
significantly associated with poor BCSS survival and TTDM. Further analysis
using the Cox regression model indicated that HMGB3 expression was an
independent predictor of BCSS in patients with invasive BC, which is
consistent with previous studies [257, 266]. A weak correlation between
the IHC data and mRNA expression data was observed in the Nottingham
subset (n=288) of the METABRIC cohort. This weak association could be

explained by the rate at which mRNA is translated into protein, which is
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often referred to as ‘translational efficiency’. Translational efficiency has
been shown to have a significant influence on both mRNA and protein levels
[235]. The subjectivity of the H-score method in the interpretation of
expression in IHC staining sections was another reason [236], in addition
to the use of whole tissue, including different cell types, in the METABRIC

cases.

The preclinical experiments conducted in this study showed that silencing
HMGB3 suppressed cell proliferation and growth; as expected, suppressing
HMGB3 also induced cell cycle arrest in the G1 phase of BC cells, and
silencing HMGB3 increased cell apoptosis in BC cell lines. These findings
were consistent with those of previous studies [258, 262, 267]. A study
reported that HMGB3 overexpression might be related to cell cycle and DNA
replication pathways [264]. After silencing HMGB3, both p53 and p21
protein expression levels increased significantly. It is widely known that p53
regulates cell cycle arrest, senescence, apoptosis, and autophagy [268].
p21 is a p53 transcriptional target and is required for cell cycle arrest [269].
Silencing HMGB3 resulted in GO/G1 phase cell cycle arrest, likely via
modification of the p53 and p21 signalling pathways [258]. In addition, the
levels of anti-apoptotic factor Bcl-2 and pro-apoptotic factor Bax were
assessed following HMGB3 knockdown, and revealed that Bax levels
increased while Bcl-2 levels decreased when compared with the control
group [258]. The balance of anti-apoptotic and pro-apoptotic factors is an
important determinant of cell survival [270]. HMGB3 knockdown decreased
proliferation, triggered G1 phase arrest, and enhanced apoptosis by
altering the p53 and p21 pathways and decreasing the Bcl-2/Bax ratio.
Tumour cells must proliferate and evade apoptosis to penetrate
surrounding tissues and develop metastatic cascades; proliferation
continues until tumour cells invade the vascular or lymphatic channels.

In vitro functional assays showed that silencing HMGB3 in BC cell lines
reduced migration. This finding supports a study that evaluated the

expression of B-catenin, a major Wnt pathway protein, to determine that

171



Chapter 5

HMGB3 stimulated colorectal cancer migration via the Wnt/-catenin
pathway. HMGB3 can increase the expression of B-catenin and the

downstream genes c-Myc and MMP7 [254].

The malignant features and mechanism of action of HMGB3 in LVI remain
unknown. Importantly, in this study, HMGB3 knockdown reduced adhesion
and transmigration across endothelial cell lines in SK-BR-3 and MCF-7; the
positive associations between EMT- and MMP-related markers support
these results. Although the association between HMGB3 and these
biomarkers ranged from weak to moderate correlation, it was statistically
significant which indicates that these markers are contributing to the same
oncogenic pathway in the context of LVI process. N-cadherin is associated
with EMT, which is required for cell invasion and intravasation into the
bloodstream and for ECM destruction induced by protease synthesis.
Increased N-cadherin expression thus results in loss of the connection
between the BC cell epithelium and other epithelial cells, leading to invasion
into the stroma [271]. Additionally, P-cadherin, a critical protein that may
activate integrin molecules, enables cancer cells adherence to the ECM and
initiates invasion [272]. The microenvironment of tumours exhibiting LVI is
closely associated with the expression of MMPs, notably MMP9 and MMP1.
The expressions of these MMPs is involved in the intravasation and
metastasis of BC cells [179]. This finding also corroborates a previous study
reporting that, by limiting the activity of MMP9, downregulation of HMGB3
expression decreased the invasion of gastric cancer cells [260]. Although
the in vitro studies revealed that overexpression of HMGB3 aided migration,
adhesion, and transmigration via endothelial cell lines, triggering the LVI
process in the MCF-7 and SK-BR-3 cell lines, further studies are needed to
determine why the ZR-75-1 cell line is unable to adhere to and transmigrate
across endothelial cells. Therefore, more mechanistic investigations into

how HMGB3 triggers LVI and in vivo animal experiments are warranted.

The findings suggest that HMGB3 has an oncogenic role in BC and that it

may be involved in the pathogenesis of LVI. By influencing the cell cycle
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pathway, HMGB3 may enhance the proliferation of BC cells and could
represent one of the factors contributing to LVI in BC. This study showed
the impact of HMGB3 silencing on several processes of tumour
development, including cell cycle, migration, adhesion, and transmigration,
but did not investigate the molecular mechanisms involved in the
development of LVI. Although the findings of this study suggest that HMGB3
is a critical gene in LVI, especially in light of the lymphatic invasion findings,
and a precursor for the metastatic cascade, more research is required to

further substantiate these findings.
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Chapter 6: RRM2, CCNB1, and CCNB2 as
key drivers of LVI in invasive breast
cancer: prognostic significance and in
vitro investigation
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This chapter has been published in the American Journal of Cancer Research (2022) under
the title ‘Upregulation of Cyclin B2 (CCNB2) in breast cancer contributes to the
development of lymphovascular invasion’. Am J Cancer Res 2022; 12(2):469-489. The
copyright approval for reuse of this material is provided in Appendix E.

6.1 Introduction

LVI is a key initial event of the metastatic cascade and serves as a
prognostic factor for BC [273]. The lack of targeted therapy to inhibit LVI
and prevent metastasis typically stems from the complex underlying
molecular mechanisms of LVI that interact with other carcinogenesis
pathways, and the subjectivity of assessing LVI in clinical BC cohorts.
Therefore, deciphering the underlying molecular mechanisms of LVI and

identifying the key genes controlling LVI in BC is necessary.

Through large transcriptomic cohorts of BC and ANN algorithms, RRM2,
CCNB1, and CCNB2 were identified as genes associated with LVI positivity,
as mentioned in Chapter 3. CCNBZ2 also overlapped between the WAD and
the ANN analyses. This chapter will evaluate the clinicopathological
significance of RRM2, CCNB1, and CCNBZ2 at the transcriptomic and
proteomic levels using BC cohorts with long-term follow-up to evaluate the
in vitro mechanistic role of CCNB2 using a panel of BC cell lines to

understand their potential role in LVI development.
6.1.1 RRM2

Human ribonucleotide reductase (RNR) is the enzyme that converts
ribonucleotide 5’-diphosphates to the 2’-deoxyribonucleotides necessary
for DNA synthesis. RNR consists of two subunits: RRM1 and RRM2 [274].
RRM1 protein expression is largely consistent throughout the life of a cell,
but RRM2 protein expression fluctuates dynamically in response to stimuli
[275, 276]; therefore, RRM2 levels influence the cell cycle-dependent
action of RNR [277]. Many types of cancer have been associated with an
unregulated cell cycle [278]. RRM2 is the catalytic subunit of RNR that
regulates the enzymatic activity required for DNA replication and repair

[279]. Abnormal degradation of RRM2 results in an imbalanced dNTP pool
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and subsequent genomic instability [280]. Recent data indicate that RRM2
acts as an oncogene and plays a role in the progression of several types of
cancer [281], including glioma, bladder cancer, and colorectal cancer [282,
283]. According to bioinformatic analysis, the RRM2 gene is overexpressed
in BC patients [281]. RRM2 is also involved in various important biological
processes, including cell proliferation, invasion, migration, angiogenesis,
and ageing [279]. Suppression of RRM2 in human neuroblastoma cells
hinders cell growth, causes cell cycle arrest, and enhances apoptosis [284].
In addition, RRM2 has been shown to promote atypical EMT by increasing
the expression of E-cadherin and P-cadherin [285]. Although RRM2 levels
have been studied in numerous tumour types, nothing is known about the

RRM2 levels in invasive BC and its potential role in LVI development.
6.1.2 CCNB1

Cyclins are proteins that activate certain cyclin-dependent kinases (CDKs)
necessary for cell cycle progression [286]. CCNB1 is a member of the cyclin
family and a critical initiator and with quality control function in in cellular
division [287]. CCNB1 plays a critical role in regulating and complexing with
CDK1 to promote transition from the G2 to the mitotic phase of the cell
cycle [288]. From GO/G1 through the mid-S phase, CCNB1 is relatively
undetectable in cells; it becomes apparent in the cytoplasm in the late S
phase. CCNB1 levels rapidly increased in the perinuclear region of the
cytoplasm as cells progressed through the G2 phase, and it then appears
in the nucleus during the mitotic phase [289, 290]. CCNB1 is essential in
checkpoint regulation, as its dysregulation is an early event in
carcinogenesis [291]. High expression of CCNB1 results in the continuous
cell cycling and division of cancer cells, promoting their migration and
metastasis to distant sites [292]. Increasing evidence indicates that CCNB1
is overexpressed in a variety of human malignancies, including colorectal
cancer, BC, and prostate cancer [288, 293, 294]. Inhibition of CCNB1
causes cell cycle arrest in various colorectal cancer cell lines by altering the

expression of G2/M cell cycle regulators [288]. CCNB1 is also involved in
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the proliferation, migration, apoptosis, chemoresistance, and metastasis of
tumours [295-297]. However, the role of CCNB1 in LVI is unknown.

6.1.3 CCNB2

Cyclins are crucial elements of the cell-division cycle, and various studies,
including a study by Stamatakos et al. [298], have discovered that defects
in the functionality of cyclins can lead to carcinogenesis. Although evidence
is still emerging, recent studies have revealed more information regarding
the mechanistic pathways through which cyclins can influence the
oncogenic potential of cells [299, 300]. Cyclins are active at different parts
of the cell cycle and contribute to various functions. One of these cyclins is
CCNB2. The CCNB2 gene, a member of the cyclin B family, has a role in
the G2/M transition through activation of cell division control (CDC2), and
its inhibition leads to cell cycle arrest [301, 302]. CCNBZ2 is critical to cell
cycle regulation; it is one of the central protein kinases, and when
activated, it becomes a master regulator in M-phase transition,
phosphorylation, and the activation of other protein kinases [303, 304].
The expression of CCNBZ2 is normally strictly regulated [299]; however,
high expression of CCNB2 has been observed in human tumours, including
lung [305], liver [299], bladder [306], and BC [300]. CCNB2 may act as an
oncogene and could represent a potential biomarker for unfavourable
outcomes [300, 307]. For example, reduced CCNB2 expression in vivo and
in vitro dramatically inhibited bladder cancer, migration, invasion, and
metastasis [306]. The role of CCNB2 in LVI in BC is unclear; to my
knowledge, this is the first study to report on the role of CCNB2 in LVI.

6.2 Hypothesis

RRM2, CCNB1, and CCNB2 are key drivers of LVI in BC, have a prognostic
significance, are potential therapeutic targets, and are involved in various

mechanisms controlling LVI.
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6.3 Aims

1. Evaluate the clinicopathological and prognostic significance of RRMZ2,
CCNB1, and CCNBZ2 at transcriptomic and protein levels using well-
characterised BC cohorts.

2. Evaluate the impact of silencing CCNB2 on tumour cells using panels of
relevant BC cell lines in in vitro experimental studies, including cell
proliferation, migration, cell cycle, and apoptosis.

3. Assess the functional role of CCNB2 on LVI by conducting an in vitro
study of BC cell lines with lymphatic and vascular endothelial cell models to
elucidate the interaction between BC cells and endothelial cells by

performing adhesion and transmigration assays.

6.4 Methods
6.4.1 Study cohort
6.4.1.1 METABRIC cohort

The METABRIC cohort was used to evaluate the expression of RRMZ2,
CCNB1, and CCNB2 at the mRNA level. A total of 1,980 patients with mainly
operable invasive BC were included in this study. Clinical history, outcome
data, and clinicopathological parameters, including tumour size, grade, LN
stage, NPI, and LVI, were all available for this cohort. PAM50 was used to
establish the intrinsic subtypes of BC, including luminal A, luminal B, HER2-
enriched, normal-like, and basal-like. A Nottingham subset (n=288) of the
METABRIC cohort was utilised to assess the correlation between mRNA and
protein expression. The features of the METABRIC cohort are described in

Section 2.1.1, and the Nottingham subgroup is described in Section 2.1.2.
6.4.1.2 TCGA cohort

RRM2, CCNB1, and CCNB2 mRNA expression were also assessed using the
TCGA breast carcinoma cohort (n=854). Patient age, tumour size,
histological grade, LVI, and outcome data were all available as de-identified

clinical information, in addition to information about the expression of ER,
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PR, and HER2. The characteristics of the TCGA cohort are described in
Section 2.1.3.

6.4.1.3 Nottingham BC cohort

The expression of RRM2, CCNB1, and CCNB2 was evaluated at the protein
level using the Nottingham BC cohort. Tissue samples in this cohort were
derived from the well-characterised Nottingham invasive BC cohort. A
robust clinicopathological profile was readily available for each patient,
including age at diagnosis, primary tumour size, LN stage, histological
grade, NPI, and LVI status. Data on the hormone receptor profile, BCSS,
and TTDM were also available. Section 2.1.4 describes the
clinicopathological characteristics of this cohort. To further understand the
molecular interactions of RRM2, CCNB1, and CCNB2, their associations with
EMT-related markers, including E-cadherin, N-cadherin, P-cadherin, TGF1,
and TWIST2, were investigated (these biomarkers are available in our

database).
6.4.2 WB

WB was used to validate the specificity of the RRM2, CCNB1, and CCNB2
primary antibodies. An array of BC cell line lysates was used for these
antibodies, including MCF-7, SK-BR-3, and MB-MDA-231. Section 2.2 and
Table 2.5 describe the methods, antibody concentrations, and incubation
periods used for RRM2, CCNB1, and CCNB2.

6.4.3 IHC

To assess the expression patterns of RRM2, CCNB1, and CCNB2 before
staining of the TMA, a representative full-face tissue section for invasive BC
was stained to verify the staining homogeneity. It was confirmed that the
staining pattern was homogeneous, verifying the applicability of
immunohistochemical detection methods in TMAs. TMAs of the study cohort
were prepared using a TMA Grand Master®. Antigen retrieval was
performed (pH 6 citrate buffer at 1,000 W for 20 min using a microwave)

following manufacturer recommendations for these antibodies. Expression
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of these proteins was evaluated by staining the TMAs with a Novolink
polymer detection systems kit, as described in Section 2.4. RRM2, CCNB1,
and CCNB2 concentrations, incubation times, and positive and negative

controls are detailed in Table 2.5.
6.4.4 In vitro assessment of CCNB2

Preclinical studies were carried out to investigate the potential role of
CCNBZ2 in LVI and other biological processes using the following cells and

assays.
6.4.4.1 BC tumour cells

BC cell lines were chosen for in vitro experiments based on the protein
expression levels from IHC analysis of CCNB2. MCF-7 (ER*/PR*/HER2"),
ZR-75-1 (ER*/PR*/HER2~), and SK-BR-3 (HER2*) BC cell lines were used.
MCF-7 and ZR-75-1 represent luminal molecular classes, whereas SK-BR-3
represents a HER2* tumour; these two molecular classes are associated
with the highest incidence of LVI [179]. WB was used to determine relative
protein expression in all BC cell lines, and quantification was performed
using the LI-COR Odyssey machine. The cells with the highest CCNB2
expression levels were chosen for the knockdown and other in vitro
experiments. MCF-7 and ZR-75-1 were cultured in RPMI 1640 medium with
L-glutamine supplemented with 10% FBS. McCoy’s 5A medium modified
with L-glutamine, and sodium bicarbonate liquid supplemented with 10%
FBS were used to culture SK-BR-3. More details regarding the maintenance

of cell growth and conditions are in Chapter 2.
6.4.4.2 Endothelial cells

Primary HUVECs and DLECs were used to investigate the role of CCNBZ2 on
LVI by mimicking the interactions that occur in vivo between endothelial
and BC cells. HUVECs and DLECs were cultured in endothelial cell growth

medium, as described in Chapter 2.
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6.4.4.3 Transfection of CCNB2 using siRNA

An siRNA-based approach using BC cell lines was used to investigate the
possible functional consequences of CCNB2 depletion and to study its role
in BC progression, with emphases on its role in LVI. Using pre-validated
Silencer Select siRNA constructs (designed for CCNB2) and scrambled
negative control siRNA, MCF-7, ZR-75-1, and SK-BR-3 cells were
transfected with a mixture of Opti-MEM medium, 25 pmol siRNA, and
Lipofectamine™ RNAIMAX using the forward transfection method and
according to the manufacturer’s protocol (Chapter 2). The sequence of the
CCNB2-siRNA was 5-GGCGAACUGUUUUAGAAGALtt-3'.

6.4.4.4 Proliferation assay

The effect of CCNB2 knockdown on the proliferation of tumour cells was
assessed via 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium (MTS)

assay, as described in Section 2.6.3.2.
6.4.4.5 Clonogenic assay

The cells were seeded in six-well plates for MCF-7, ZR-75-1, and SK-BR-3.
Cells were left in the incubator in the cultured medium for 14 days.
Following incubation, colonies were washed with PBS, fixed for 30 min, and
stained with crystal violet. Finally, the cloned cells were counted using a
microscope. The assay procedure and conditions are described in further
detail in Section 2.6.4.2.

6.4.4.6 Wound-healing assay

In the scratching assay, a Culture Inserts 2 well, which contains a built-in
gap, was used to assess the cell migration by measuring the wound repair
rate of the CCNB2 knockdown group and a control at the following time
points: TOh, T24h, T48h, and T72h. The assay procedure and conditions

are described in further detail in Section 2.6.5.2.
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6.4.4.7 Cell cycle assay

The cells were harvested on the fifth day after transfection to detect and
analyse the cell cycle distribution by quantifying DNA content using a
propidium iodide flow cytometry kit. More details on the assay procedure

and condition are presented in Section 2.6.6.2.
6.4.4.8 Apoptosis assay

On the fifth day after transfection, cells were stained to detect apoptosis
using an Annexin V detection kit. Section 2.6.7.2 contains more information

on the assay procedure and conditions.
6.4.4.9 Static adhesion assay

Endothelial cells (HUVECs and DLECs) were seeded to be confluent in a 24-
well plate. Tumour cell adhesion was assessed following cell labelling with
1 uM Cell Tracker Green CMFDA and incubation at 37 °C for 30 min. After
labelling, tumour cell medium supplemented with serum was used to
resuspend the tumour cells, which were incubated with endothelial cell
monolayers for 35min at 37 °C. Non-adherent cells were washed with
tumour cell media, and the adherent tumour cells were counted using a
fluorescence microscope at 10x magnification. More details on the assay

procedure and conditions are presented in Section 2.6.8.2.
6.4.4.10 Transmigration assay

A confluent endothelial cell monolayer was grown on hanging transwell
inserts. Tumour cell transmigration was assessed after labelling with 1 uM
of Cell Tracker Green CMFDA. After 16 h, transmigration was monitored by
counting cells on the bottom of the chamber using a fluorescence
microscope. The assay procedure and conditions are described in further
detail in Section 2.6.8.3.
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6.5 Results
6.5.1 Validation of RRM2, CCNB1, and CCNB2 antibodies by WB

WB was used to detect specific bands at the predicted molecular weights of
~39 kDa, 40 kDa, and 42 kDa, which corresponded to the RRM2, CCNB1,
and CCNB2 proteins, respectively (Figure 6.1A-C).
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Figure 6.1 Western blot (WB) reflecting the antibody specificities of A) RRM2, B) CCNB1,
and C) CCNB2. GAPDH was used as a positive control.

6.5.2 Expression of RRM2, CCNB1, and CCNB2 in BC

In the METABRIC cohort, the RRM2, CCNB1, and CCNB2 mRNA expression
data were normally distributed and were categorised as either ‘low’ or *high’
expression using cut-off points generated from the mean. In the TCGA
cohort, the RRM2, CCNB1, and CCNB2 mRNA expression data were right-
skewed and were categorised using cut-off points generated from the
median (Figure 6.2A-F). High RRM2, CCNB1, and CCNB2 mRNA expression
was observed in 811/1,980 (41%), 922/1,980 (47%), and 904/1,980
(46%) of the METABRIC BC cases, respectively. High RRM2, CCNB1, and
CCNBZ2 expression was observed in 427/854 (50%), 427/854 (50%), and
319/854 (37%) of the TCGA cases, respectively.
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RRM2, and CCNB2 protein expression was observed in the cytoplasm of
invasive BC cells, with expression levels varying from absent to strong
(Figures 6.3C/D and 6.3K/L). CCNB1 protein expression was observed
mainly in the cytoplasm of invasive BC cells (Figure 6.3G/H), with
occasional cases showing minimal to weak nuclear expression, which were
not counted enough to run statistical analysis for. A total of 1,940, 2,480,
and 3,178 cases were valid for evaluating RRM2, CCNB1, and CCNB2
proteins, respectively. The RRM2, CCNB1, and CCNB2 protein expression
data had a multimodal distribution. The cut-off point for RRM2, CCNB1, and
CCNB2 positivity was set using the median (Figure 6.2G-I). A high RRM2
protein level (H-score >110) was observed in 894/1,940 (46%) of invasive
BC cases and 1,141/2,480 (46%) of cases showing high CCNB1 protein (H-
score >100). High CCNB2 level (H-score >20) was observed in 1,564/3,178
(49%) of invasive BC cases. A strong concordance was observed between
both scorers (Abrar Aljohani and Michael Toss) of the TMAs in
immunoscoring of RRM2 (ICC=0.893, p<0.0001), CCNB1 (ICC=0.880,
p<0.0001), and CCNB2 (ICC=0.861, p<0.0001).
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Figure 6.2 The distribution of the expression of A) RRM2 mRNA in the METABRIC cohort, B) CCNB1 mRNA in the METABRIC cohort, C)
CCNB2 mRNA in the METABRIC cohort, D) RRM2 mRNA in the TCGA cohort, E) CCNB1 mRNA in the TCGA cohort, F) CCNB2 mRNA in the
TCGA cohort, G) RRM2 protein in the Nottingham BC cohort, H) CCNB1 protein in the Nottingham BC cohort, and I) CCNB2 protein in the
Nottingham BC cohort.
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Figure 6.3 Cytoplasmic expression of RRM2, CCNB1, and CCNB2 proteins in invasive
breast cancer. A) Positive control normal stomach tissue stained by RRM2, B) negative
control normal liver stained by RRM2, C) RRM2-positive IHC expression, D) RRM2-negative
IHC expression, E) positive control tonsil tissue stained by CCNB1, F) negative control liver
stained by CCNB1, G) CCNB1-positive IHC expression, H) CCNB1-negative IHC expression,
I) positive control colon tissue stained by CCNB2, J) negative control normal kidney stained
by CCNB2, K) CCNB2-positive IHC expression, and L) CCNB2-negative IHC expression.

Magnification 10x, scale bars = 200 pm. Inset: magnification 20x, scale bars = 100 ym.
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6.5.3 Association of RRM2, CCNB1, and CCNB2 \with
clinicopathological parameters
6.5.3.1 RRM2, CCNB1, and CCNB2 mRNA expression

Association with clinicopathological parameters was evaluated using
continuous data on RRM2, CCNB1, and CCNB2 mRNA and protein levels. In
the METABRIC and TCGA datasets, a significant association was observed
between high RRMZ2, CCNB1, and CCNB2 mRNA expression and LVI
positivity (all p<0.0001). High RRM2, CCNB1, and CCNB2 mRNA expression
was also correlated with features of aggressive tumour behaviour; these
features included large tumour size and high histological grade (all
p<0.0001). In the METABRIC cohort, high expression of RRM2, CCNB1, and
CCNB2 mRNA was significantly associated with poor NPI and LN stage (all
p<0.0001) (Tables 6.1, 6.2, and 6.3).

6.5.3.2 RRM2, CCNB1, and CCNB2 protein expression

At the protein level, high RRM2 expression was associated with large
tumour size (p=0.021), high tumour grade (p=0.010), LN stage (p=0.035),
high pleomorphism (p<0.0001), and moderate mitotic count (p=0.008).
No significant association was observed at the protein level between the
expression of RRM2 and patient age, tubule formation, or LVI status (all
p>0.05) (Table 6.4). The Spearman’s rank correlation coefficient showed
no significant correlation between RRM2 mRNA expression in the
Nottingham subset (n=288) of the METABRIC cohort and protein level
(r=0.110, p=0.225).

High CCNB1 protein levels were significantly correlated with high tumour
grade, poor NPI, high pleomorphism, high mitotic count (all p<0.0001),
and LVI negativity (p=0.014). No significant correlation was observed
between the protein-level expression of CCNB1 and patient age, tubule
formation, and tumour size (all p>0.05) (Table 6.5). No significant

correlation was noted between CCNB1 protein expression and CCNB1
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MRNA expression in the Nottingham subset (n=288) of the METABRIC
cohort (r=0.136, p=0.080).

In a similar pattern to that of the transcriptomic results, high CCNB2 protein
expression was significantly associated with clinicopathological parameters
related to aggressive tumour behaviour, including LVI positivity (p=0.004),
younger age (p<0.0001), high histological grade (p<0.0001), high mitotic
count (p<0.0001), high pleomorphism (p<0.0001), high tubule formation
(p<0.0001), poor NPI (p<0.0001), and large tumour size (p=0.032) (Table
6.6). The Spearman’s rank correlation coefficient showed a weak
correlation between CCNB2 protein and CCNB2 mRNA expression in the
Nottingham subset (n=288) of the METABRIC cohort (r=0.127, p=0.031).
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Table 6.1 Statistical associations between RRM2 mRNA expression and clinicopathological
parameters in the METABRIC (n=1,980) and TCGA (n=854) breast carcinoma datasets.

RRM2 mRNA (METABRIC)

RRM2 mRNA (TCGA)

Parameters Number Mean p-value Number Mean p-value
(%) rank (%) rank

Patient age (years)

<50 424 (21.4) 5.99 0.114 231(27) 456.90 0.034

>50 1556 (78.6) 5.94 623 (73) 416.60

Tumour size

<2 cm 622 (31.7) 5.89 <0.0001 239 (28) 367.48 <0.0001

>2 cm 1338 (68.3) 5.98 615 (72) 450.82

Tumour grade

I 170 (9.0) 5.68 89 (11) 225.97

II 770 (40.6) 5.83 <0.0001 375 (46) 329.30 <0.0001

II1 952 (50.3) 6.12 352 (43) 539.7

Nottingham

prognostic index

(NPI) Not available

Good 680 (34.3) 5.78 <0.0001

Moderate 1101 (55.6) 6.02

Poor 199 (10.1) 6.18

Lymph node stage

I 1035 (52.5) 5.91 Not available

II 622 (31.5) 5.97 <0.0001

II1 316 (16.0) 6.06

Lymphovascular

invasion (LVI)

Negative 930 (59) 5.92 0.013 559 (65) 396.01 <0.0001

Positive 635 (41) 5.98 295 (35) 487.17

Oestrogen receptor

(ER)

Negative 474 (23.9) 6.21 <0.0001 185 (22) 577.75 <0.0001

Positive 1506 (76.1) 5.87 639 (78) 364.66

Progesterone

receptor (PR)

Negative 940 (47.4) 6.08 <0.0001 272 (33) 536.64 <0.0001

Positive 1040 (52.6) 5.84 546 (67) 346.16

Human epidermal

growth factor

receptor 2 (HER2) <0.0001 <0.0001

Negative 1733 (87.5) 5.92 567 (81) 330.16

Positive 247 (12.5) 6.20 133 (19) 437.22

PAM50 subtype

Luminal A 718 (36.4) 5.71

Luminal B 488 (24.7) 6.11 <0.0001

HER2*-enriched 240 (12.1) 6.15

Basal-like 329 (16.7) 6.25 Not available

Normal-like 199 (10.1) 5.70
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expression and

clinicopathological parameters in the METABRIC (n=1,980) and TCGA (n=854) breast

carcinoma datasets.

CCNB1 mRNA (METABRIC) CCNB1 mRNA (TCGA)
Parameters Number Mean p-value Number Mean p-value
(%) rank (%) rank
Patient age (years)
<50 424 (21.4) 6.62 0.041 231(27) 444 .66 0.216
>50 1556 (78.6) 6.55 623 (73) 421.14
Tumour size
<2 cm 622 (31.7) 6.47 <0.0001 | 239 (28) 362.98 <0.0001
>2 cm 1338 (68.3) 6.61 615 (72) 452.57
Tumour grade
I 170 (9.0) 6.20 89 (11) 204.56
11 770 (40.6) | 6.43 | <0.0001 | 375 (46) | 327.36 | <0-0001
II1 952 (50.3) 6.77 352 (43) 546.50
Nottingham
prognostic index
(NPI) <0.0001
Good 680 (34.3) 6.36 Not available
Moderate 1101 (55.6) 6.67
Poor 199 (10.1) 6.77
Lymph node stage
I 1035 (52.5) 6.51
II 622 (31.5) 6.63 0.001 Not available
II1 316 (16.0) 6.66
Lymphovascular
invasion (LVI)
Negative 930 (59) 6.53 <0.0001 559 (65) 395.47 <0.0001
Positive 635 (41) 6.66 295 (35) 488.20
Oestrogen receptor
(ER)
Negative 474 (23.9) 6.73 <0.0001 185 (22) 562.99 <0.0001
Positive 1506 (76.1) 6.52 639 (78) 368.93
Progesterone
receptor (PR)
Negative 940 (47.4) 6.65 <0.0001 | 272 (33) 511.06 <0.0001
Positive 1040 (52.6) 6.51 546 (67) 358.91
Human epidermal
growth factor
receptor 2 (HER2)
Negative 1733 (87.5) 6.54 <0.0001 | 567 (81) 340.36 0.006
Positive 247 (12.5) 6.81 133 (19) 393.73
PAM50 subtype
Luminal A 718 (36.4) 6.28
Luminal B 488 (24.7) 6.94 <0.0001
HER2*-enriched 240 (12.1) 6.79
Basal-like 329 (16.7) 6.83 Not available
Normal-like 199 (10.1) 6.03

p-values in bold are statistically significant
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expression and

clinicopathological parameters in the METABRIC (n=1,980) and TCGA (n=854) breast

carcinoma datasets.

CCNB2 mRNA (METABRIC) CCNB2 mRNA (TCGA)
Parameters Number Mean p-value Number Mean p-value
(%) rank (%) rank
Patient age (years)
<50 424 (21.4) 8.25 <0.0001 231(27) 466.3 0.005
>50 1556 (78.6) 7.95 623 (73) 413.1
Tumour size
<2 cm 622 (31.7) 7.58 <0.0001 239 (28) 362.5 | <0.0001
>2 cm 1338 (68.3) 8.09 615 (72) 452.8
Tumour grade
I 170 (9.0) 7.16 89 (11) 198.5
11 770 (40.6) | 7.66 | <0.0001 | 375 (46) | 308.3 | <0-0001
111 952 (50.3) 8.50 352 (43) 568.4
Nottingham
prognostic index
(NPI)
Good 680 (34.3) 7.51 <0.0001 Not available
Moderate 1101 (55.6) 8.26
Poor 199 (10.1) 8.41
Lymph node stage
I 1035 (52.5) 7.90
II 622 (31.5) 8.12 <0.0001 Not available
111 316 (16.0) 8.15
Lymphovascular
invasion (LVI)
Negative 930 (59) 7.93 <0.0001 559 (65) 392.5 <0.0001
Positive 635 (41) 8.10 295 (35) 493.8
Oestrogen receptor
(ER)
Negative 474 (23.9) 8.77 <0.0001 185 (22) 625.7 | <0.0001
Positive 1506 (76.1) 7.78 639 (78) 350.8
Progesterone
receptor (PR)
Negative 940 (47.4) 8.53 <0.0001 272 (33) 552.1 <0.0001
Positive 1040 (52.6) 7.71 546 (67) 338.4
Human epidermal
growth factor
receptor 2 (HER2) 1733 (875 o4 <0.0001 c67 (81 0.002
Negative 247 (12 '5) 8.52 133 (19) 339.1
Positive (12.5) ' (19) 399.1
PAM50 subtype
Luminal A 718 (36.4) 7.34
Luminal B 488 (24.7) 8.39 <0.0001
HER2*-enriched 240 (12.1) 8.52
Basal-like 329 (16.7) 9.03 Not available
Normal-like 199 (10.1) 7.20

p-values in bold are statistically significant
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Table 6.4 Statistical associations between RRM2 protein expression and
clinicopathological factors in the Nottingham BC cohort (n=1,940).
Nottingham BC cohort
RRM2 protein
Parameters Number (%) Mean p-value
Rank
Patient age (years)
<50 655 (33.7) 937.8 0.066
>50 1285 (66.30 | 987.2
Tumour size
<2cm 1141 (59) 935.4 0.021
>2 cm 799 (41) 995.1
Tumour grade
I 285 (14.7) 951.1
I 740 (38.1) | 928.5 0.010
II1 915 (47.2) 1010.5
Mitosis
I 852 (43.9) 940.1
I 378 (19.5) | 1047 0.008
II1 710 (36.6) 966.2
Pleomorphism
I 31 (1.6) 811.9
11 583 (30.1) | 847.5 | <0-0001
111 1326 (68.3) 1028.3
Tubule formation
I 125 (6.4) 1042.7
II 585 (30.1) 987.9 0.164
111 1230 (63.5) 954.9
Lymphovascular invasion (LVI)
Negative 1353 (69.7) 969.3 0.890
Positive 587 (30.3) 973.2
Lymph node stage
I 1197 (61.7) | 955.1
11 555 (28.6) | 969 0.035
II1 187 (9.7) 1068.6
Nottingham prognostic index (NPI)
Good 628 (32.4) 947.8 0.143
Moderate 1005 (51.8) 967.4 ’
Poor 306 (15.8) | 1024.2
Oestrogen receptor (ER)
Negative 426 (22) 898.6 0.003
Positive 1512 (78) 989.5
Progesterone receptor (PR)
Negative 782 (40.7) 951.1 0.558
Positive 1137 (59.3) 966.1
Human epidermal growth factor receptor 2
(HER2)
Negative 1662 (86.6) | 951.2 0.092
Positive 256 (13.4) 1013.6
Triple-negative
No 1614 (84.5) 970.9 0.004
Yes 296 (15.5) 871
Immunohistochemistry subtype
ER*/HER2" low proliferation 893 (46.7) 943 0.002
ER*/HER2- high proliferation 619 (32.4) | 1015.2
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Triple-negative
HER2*

296 (15.5)
102 (5.8)

871
948.2

p-values in bold are statistically significant
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Table 6.5 Statistical associations between CCNB1 protein expression and
clinicopathological factors in the Nottingham BC cohort (n=2,480).
Nottingham BC cohort
CCNB1 protein

Parameters Number (%) Mean p-value

rank
Patient age (years)
<50 843 (34) 1273.9 0.093
>50 1637 (66) 1223.3
Tumour size
<2 cm 1371 (55.3) | 1261.6 0.101
>2cm 1109 (44.7) | 1214.5
Tumour grade
I 371 (20) 371
11 875 (35.3) | 875 | <0-0001
ITI 1234 (44.7) 1234
Mitosis
I 971 (39) 1114.6
II 498 (20.1) | 1210.4 <0.0001
111 1011 (40.9) | 1376.2
Pleomorphism
I 51 (2.1) 1112.3
11 766 (30.9) | 1038.9 | <0-0001
I11 1663 (67) 1337.3
Tubule formation
I 167 (8.6) 1256.3 0.070
II 775 (31.3) 1191.7
ITI 1538 (60.1) | 1263.4
Lymphovascular invasion (LVI)
Negative 1703 (69) 1264.1 0.014
Positive 777 (31) 1188.8
Lymph node stage
I 1535 (61.9) | 1240.2
11 706 (28.5) | 1242.4 | 0994
111 239 (9.6) 1237
Nottingham prognostic index (NPI)
Good 769 (31) 1140.9
Moderate 1299 (52.4) | 1278.8 <0.0001
Poor 412 (16.6) | 1305.8
Oestrogen receptor (ER)
Negative 620 (25.1) 1404.5 <0.0001
Positive 1848 (74.9) | 1177.5
Progesterone receptor (PR)
Negative 1046 (43) 1281.2 <0.0001
Positive 1382 (57) | 1163.9
Human epidermal growth factor
receptor 2 (HER2)
Negative 2084 (86) | 1197.9 | ©0-011
Positive 340 (14) 1301.8
Triple-negative
No 1995 (82.4) | 1164.3 | <0.0001
Yes 426 (17.6) | 1429.9
Immunohistochemistry subtype
ER*/HER2" low proliferation 1063 (46.4) | 1078.8
ER*/HER2" high proliferation 785 (34.3) 1251.4 <0.0001



Triple-negative
HER2*

426 (18.6)
147 (0.7)

1429.9
1317.2

p-values in bold are statistically significant
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Table 6.6 Statistical associations between CCNB2 protein expression and

clinicopathological factors in the Nottingham BC cohort (n=3,178).

Nottingham BC cohort

CCNB2 protein

Parameters Number (%) Mean p-value
rank

Patient age (years)

<50 1042 (33) 1672.3 <0.0001

>50 2131 (67) 1545.3

Tumour size

<2 cm 1768 (56) 1555.6 0.032

>2 cm 1403 (44) 1624.3

Tumour grade
I

II

II1

Mitosis

I

II

II1
Pleomorphism
I

II

II1

Tubule formation

543 (17) 1314.0
1131 (36) | 1503.9 | <0.0001
1496 (47) | 1745.7

1284 (42) | 1361.82
598 (19) | 1597.05 | <0.0001
1211 (39) | 1718.63

58 (1.8) 1213.87
1084 (35) | 1368.07 | <0.0001
1949 (36.2) | 1654.48

I 205 (6.6) 1282.29

II 984 (31.7) 1510.29 | <0.0001
II1 1906 (61.7) | 1596.05
Lymphovascular invasion (LVI)

Negative 2205 (70) 1549.6 0.004
Positive 954 (30) 1650.1

Lymph node stage

I

II

I11

Nottingham prognostic index (NPI)

1989 (63) | 1563.5
903 (28) 1607.3 0.136
277 (9) 1666.6

1041 (33) | 1416.0

ﬁggirate 1632 (51) | 1659.3 | <0.0001
Poor 496 (16) 1695.0

Oestrogen receptor (ER)

Negative 704 (22) 1677.0 0.001
Positive 2453 (78) 1550.9
Progesterone receptor (PR)

Negative 1256 (41) 1585.5 0.007
Positive 1813 (59) 1500.0

Human epidermal growth factor

receptor 2 (HER2) 2677 (87) | 1513.8 | <0.0001

Negative
Positive 402 (13) 1714.3
Triple-negative (84)

2630 (84 1538.7
No 0.007
Yes 483 (16) 1656.5
Immunohistochemistry subtype
ER*/HER2" low proliferation 1051 (36.9) | 1264.1 | _4 0001

ER*/HER2" high proliferation 906 (31.9) 1497.8
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Triple-negative 483 (17) 1499.5
HER2+ 402 (14.2) 1567.4

p-values in bold are statistically significant

6.5.4 RRM2, CCNB1, and CCNB2 expression in molecular BC
subtypes

In both the METABRIC and TCGA cohorts, high expression of RRM2, CCNB1,
and CCNB2 mRNA was significantly correlated with hormone receptor
(ER/PR) negativity (all p<0.0001) and HER2 positivity (p<0.0001
[METABRIC, all]; p<0.0001 [TCGA, RRMZ2]; p=0.006 [TCGA, CCNB1];
p=0.002 [TCGA, CCNBZ2]) (Tables 6.1, 6.2, and 6.3).

Investigation of RRM2 and CCNB2 mRNA in the intrinsic (PAM50) subtypes
of the METABRIC cohort revealed that high expression was observed in
basal-like, HER2*, luminal B, luminal A, and normal-like subtypes, in
descending order (all p<0.0001) (Tables 6.1 and 6.3). Assessment of
CCNB1 mRNA in the intrinsic (PAM50) subtypes showed that
overexpression of CCNB1 was correlated with luminal B, basal-like, HER2*,
luminal A, and normal-like subtypes, in descending order (p<0.0001)
(Table 6.2).

In the Nottingham BC cohort, RRM2 protein expression showed a significant
association with ER positivity (p=0.003). No significant association was
observed between high RRM2 protein level and PR or HER2 status (p>0.05)
(Table 6.4). However, overexpression of CCNB1 was associated with
hormone receptor (ER/PR) negativity (p<0.0001) and HER2 positivity
(p=0.011) (Table 6.5). Regarding the CCNB2 protein level, there was a
significant association between overexpression of CCNB2 and ER negativity
(p=0.001), PR negativity (p=0.007), and HER2 positivity (p<0.0001)
(Table 6.6). Furthermore, protein levels of both CCNB1 and CCNB2 were
more highly expressed in TN tumours than in non-TN tumours (p<0.0001,
CCNB1; p=0.007, CCNB2) (Tables 6.5 and 6.6). RRM2 was significantly
associated with non-TN tumours (p=0.004) (Table 6.4). In the IHC

subtypes, high RRM2 protein expression showed a significant association
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with high proliferation class and the HER2* subtype, followed by low
proliferation class and ER"/HER2~ subtype (p=0.002) (Table 6.4). High
expression of CCNB1 was associated with ER/HER2~, HER2*, and a high
proliferation subtype, followed by low proliferation subtype (p<0.0001)
(Table 6.5).

The association of CCNB2 protein level with the IHC subtypes was similar
to the above findings, where the HER2* subtype had the highest levels of
CCNB2 protein expression, followed by TN tumours. Within the ER*/HER2~
group, expression levels were significantly greater in the high proliferation

class than in the low proliferation class (p<0.0001) (Table 6.6).

6.5.5 RRM2, CCNB1, and CCNB2 expression and other associated

biomarkers

To further evaluate the role of RRM2, CCNB1, and CCNBZ2 in BC and their
interactions with other genes related LVI process, the METABRIC and TCGA
datasets were interrogated for the correlation between RRM2, CCNB1, and
CCNB2 mRNA and other genes involved in invasion, EMT, and adhesion.
The genes were selected based on previous publications [128, 129, 172,
174, 179]. At the protein level, the association of RRM2, CCNB1, and
CCNB2 with EMT-related markers, including E-cadherin, N-cadherin, P-
cadherin, TGFB1, and TWIST2, that were available in the Nottingham BC

cohort were also investigated.
6.5.5.1 Associations with RRM2

In both the METABRIC and TCGA cohorts, there was a significant weak to
positive linear association between RRM2 mRNA expression and the
expression of EMT-related genes, including P-cadherin, ZEB1, ZEBZ2,
GSK3B, NFKB1, and CTNNB1 (all p<0.05). E-cadherin was negatively
correlated with RRM2 in both cohorts. In the TCGA cohort, there was a
significant weak positive correlation between RRM2 and TGFB1, TWIST1,
and TWIST2 (all p<0.05). In both cohorts, RRM2 mRNA level showed a

significant weak to moderate positive linear correlation with other MMP-
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related genes, including MMP1, MMP7, MMP9, and MMP12 (all p<0.05); in
the METABRIC cohort, a positive correlation was also observed with MMP20
and MMP25, whereas in the TCGA cohort, the same correlation was seen
with MMP15 (all p<0.05) (Table 6.7). In the Nottingham cohort, increased
RRM2 protein levels were also correlated with the absence of E-cadherin,
and the presence of N-cadherin, TGFB1, and TWIST2 (all p<0.05) (Table
6.7). No significant association was observed between RRM2 and the other
genes listed in Table 6.7 (p>0.05).

Table 6.7 Correlations of RRM2 expression with mRNA and protein expression of

epithelial-mesenchymal transition (EMT)- and matrix metalloproteinase (MMP)-related

genes.
METABRIC cohort TCGA cohort Nottingham cohort
Gene names (mRNA) (mRNA) (protein)
Correlation p-value Correlation p-value Correlation p-value
value value value
EMT-related genes
E-cadherin -0.232 <0.0001 -0.223 <0.0001 - 0.140 0.002
N-cadherin 0.044 0.051 0.158 <0.0001 0.198 <0.0001
P-cadherin 0.115 <0.0001 0.164 <0.0001 0.081 0.080
TGFB1 0.037 0.100 0.217 <0.0001 0.117 0.030
TWIST1 0.021 0.361 0.140 <0.0001 Not available
TWIST2 0.005 0.815 0.223 <0.0001 0.239 <0.0001
ZEB1 0.054 0.016 0.263 <0.0001
ZEB2 0.063 0.005 0.083 0.015
Not available
NFKB1 0.174 <0.0001 0.150 <0.0001
GSK3B 0.091 <0.0001 0.234 <0.0001
CTNNB1 0.290 <0.0001 0.116 0.001
MMP-related genes
MMP1 0.163 <0.0001 0.443 <0.0001
MMP7 0.166 <0.0001 0.067 0.050
MMP9 0.194 <0.0001 0.199 <0.0001
MMP11 0.003 0.911 0.035 0.305
Not available
MMP12 0.224 <0.0001 0.301 <0.0001
MMP15 0.036 0.106 0.099 0.004
MMP20 0.057 0.011 0.031 0.368
MMP25 0.062 0.006 0.004 0.912

p-values in bold are statistically significant
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6.5.5.2 Associations with CCNB1

Both transcriptomic cohorts showed a significant weak to moderate positive
linear correlation between CCNB1 mRNA expression and the expression of
EMT-related genes, including N-cadherin, GSK3B, TWIST1, TWIST2, ZEB1,
ZEB2, NFKB1 and CTNNB1, while a negative linear correlation was observed
with E-cadherin (all p<0.05). In the TCGA cohort, a similar correlation was
observed between CCNB1 mRNA expression and the expression of P-
cadherin and TGFB1 (both p<0.05). In addition, in both cohorts, CCNB1
MRNA expression was positively correlated with the expression of MMP-
related genes, including MMP1, MMP7, MMP9S, MMP12, MMP15, and MMP20
(all p<0.05) (Table 6.8). In the Nottingham cohort, high CCNB1 protein
level showed a negative correlation with E-cadherin and a positive
correlation with N-cadherin, P-cadherin and TWIST2 (all p<0.05) (Table
6.8). No significant association was observed between RRM2 and the other
genes listed in Table 6.8 (p>0.05).

6.5.5.3 Associations with CCNB2

Both METABRIC and TCGA cohorts showed a significant weak to moderate
positive linear correlation between CCNBZ2 and numerous genes involved in
EMT and stromal degradation biomarkers, including N-cadherin, P-
cadherin, GSK3B, TWIST1, TWIST2, ZEB1, ZEB2, NFKB1, and CTNNB1 (all
p <0.05). There was also a significant weak negative linear correlation with
E-cadherin. Moreover, there was a significant weak to moderate positive
linear correlation between CCNB2 and MMPs, including MMP1, MMP7,
MMP9, MMP11 MMP12, MMP15, MMP20, and MMP25 (all p<0.05)
(Table 6.9). At the protein level, there was a significant correlation between
levels of CCNB2 and E-cadherin (p=0.0001), N-cadherin (p=0.048), P-
cadherin, (p=0.030), TGFB1 (p=0.008), and TWIST2 (p=0.004)
(Table 6.9).

202


https://www.nature.com/articles/s41416-020-01045-7#MOESM1
https://www.nature.com/articles/s41416-020-01045-7#MOESM1

Chapter 6

6.5.6 Associations between RRM2, CCNB1, and CCNB2

To further explore the potential role of RRM2, CCNB1, and CCNBZ2 in LVI,
the correlation between these genes at the mRNA and protein levels was
investigated. There was a significant weak to strong positive linear
correlation between these genes at the mRNA and protein levels (all
p<0.0001) (Table 6.10).

Table 6.8 Correlations of CCNB1 expression with mRNA and protein expression of

epithelial-mesenchymal transition (EMT)- and matrix metalloproteinase (MMP)-related

genes.
METABRIC cohort TCGA cohort Nottingham cohort
Gene names (mRNA) (mRNA) (protein)
Correlation p-value Correlation p-value Correlation p-value
value value value
EMT-related genes
E-cadherin - 0.090 <0.0001 -0.128 <0.0001 - 0.091 0.003
N-cadherin 0.079 <0.0001 0.096 0.005 0.083 0.021
P-cadherin 0.023 0.311 0.158 <0.0001 0.145 <0.0001
TGFB1 0.014 0.522 0.300 <0.0001 0.053 0.163
TWIST1 0.153 <0.0001 0.157 <0.0001 Not available
TWIST2 0.289 <0.0001 0.252 <0.0001 0.079 0.036
ZEB1 0.203 <0.0001 0.396 <0.0001
ZEB2 0.162 <0.0001 0.259 <0.0001
Not available
NFKB1 0.264 <0.0001 0.296 <0.0001
GSK3B 0.134 <0.0001 0.122 <0.0001
CTNNB1 0.188 <0.0001 0.178 <0.0001
MMP-related genes
MMP1 0.300 <0.0001 0.357 <0.0001
MMP7 0.068 0.002 0.113 0.001
MMP9 0.116 <0.0001 0.124 <0.0001
MMP11 0.035 0.115 0.036 0.290
Not available
MMP12 0.195 <0.0001 0.291 <0.0001
MMP15 0.103 <0.0001 0.070 0.042
MMP20 0.064 0.004 0.065 0.057
MMP25 0.053 0.018 0.022 0.519

p-values in bold are statistically significant
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Table 6.9 Correlations of CCNB2 expression with mRNA and protein expression of

epithelial-mesenchymal transition (EMT)- and matrix metalloproteinase (MMP)-related

genes.
METABRIC cohort TCGA cohort Nottingham cohort
Gene names (mRNA) (mRNA) (protein)
Correlation p-value Correlation p-value Correlation p-value
value value value

EMT-related genes
E-cadherin -0.125 <0.0001 - 0.140 <0.0001 - 0.108 <0.0001
N-cadherin 0.151 <0.0001 0.133 <0.0001 0.095 0.048
P-cadherin 0.322 <0.0001 0.280 <0.0001 0.261 0.030
TGFB1 0.025 0.260 0.252 <0.0001 0.080 0.008
TWIST1 0.045 0.045 0.131 <0.0001 Not available
TWIST2 0.270 <0.0001 0.214 <0.0001 0.087 0.004
ZEB1 0.281 <0.0001 0.420 <0.0001
ZEB2 0.143 <0.0001 0.214 <0.0001

Not available
NFKB1 0.176 <0.0001 0.254 <0.0001
GSK3B 0.330 <0.0001 0.129 <0.0001
CTNNB1 0.073 0.001 0.172 <0.0001
MMP-related genes
MMP1 0.328 <0.0001 0.428 <0.0001
MMP7 0.134 <0.0001 0.190 <0.0001
MMP9 0.308 <0.0001 0.227 <0.0001
MMP11 0.051 0.022 0.064 0.060

Not available
MMP12 0.382 <0.0001 0.350 <0.0001
MMP15 0.199 <0.0001 0.104 0.002
MMP20 0.092 <0.0001 0.134 <0.0001
MMP25 0.165 <0.0001 0.073 0.034

p-values in bold are statistically significant
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Table 6.10 Correlations between RRM2, CCNB1, and CCNB2 mRNA and protein

expression levels.

METABRIC cohort TCGA cohort Nottingham cohort
Gene names (mRNA) (mRNA) (protein)
Correlation p-value Correlation p-value Correlation p-value
value value value
RRM2
CCNB1 0.330 <0.0001 0.763 <0.0001 0.279 <0.0001
CCNB2 0.585 <0.0001 0.814 <0.0001 0.157 0.048
CCNB1
RRM2 0.330 <0.0001 0.763 <0.0001 0.279 <0.0001
CCNB2 0.650 <0.0001 0.870 <0.0001 0.263 <0.0001
CCNB2
RRM2 0.585 <0.0001 0.814 <0.0001 0.157 <0.0001
CCNB1 0.650 <0.0001 0.870 <0.0001 0.263 <0.0001

p-values in bold are statistically significant

6.5.7 Association between RRM2, CCNB1, and CCNB2 and patient

outcome

In the METABRIC cohort, survival analyses of RRM2, CCNB1, and CCNB2
MRNA showed that overexpression of RRM2, CCNB1, and CCNB2 was
associated with shorter BCSS (all p<0.0001) (Figures 6.4A, 6.5A, and
6.6A). In the TCGA cohort, high CCNB1 and CCNB2 mRNA expression was
significantly associated with poor outcome (p=0.010, CCNB1; p<0.0001,
CCNB2) (Figures 6.5G and 6.6G). However, there was no significant
association between the expression of RRM2 and BCSS in the TCGA cohort
(p=0.570) (Figure 6.4G). At the protein level, there was no significant
association between the increased expression of RRM2 and CCNB1 and
patient outcome (all p>0.05) (Figures 6.4H and 6.5H). The BCSS of BC
patients with high CCNB2 protein levels was significantly shorter than
patients with a low CCNB2 protein levels in the Nottingham cohort
(p=0.042) (Figure 6.6H). RRM2 and CCNB1 protein expression was not
associated with shorter TTDM (all p>0.05) (Figures 6.41 and 6.5I).
However, increased CCNB2 protein expression was associated with shorter
TTDM (p=0.039) (Figure 6.6I).
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The analysis was also performed on the intrinsic molecular classes in the
METABRIC dataset: high expression of RRM2, CCNB1, and CCNB2 mRNA
was associated with shorter BCSS in the normal-like subtype (p=0.004,
p=0.024, and p<0.0001, respectively) (Figures 6.4F, 6.5F, and 6.6F). In
addition, overexpression of CCNB2 mRNA was associated with shorter BCSS
in the HER2-enriched subtype (p<0.0001) (Figure 6.6D); no significant
association between overexpression of RRM2, CCNB1, and CCNB2 mRNA
and shorter BCSS was observed in the other subtypes (all p>0.05) (Figures
6.4B-D, 6.5B-D, and 6.6B-C/E). When the Nottingham cohort was
stratified into molecular subtypes, no significant association between the
expression of RRM2 and CCNB1 and the molecular subtype was observed
(p>0.05) (Figures 6.4]J-M and 6.5]-M). However, high expression of
CCNB2 was significantly associated with poor outcome in luminal A tumours
(p=0.007) and HER2-positive tumours (p =0.028), but not in the TN
tumours (p=0.219) (Figure 6.6K-M).

In the METABRIC cohort, multivariate Cox regression analysis showed that
RRM2, CCNB1, and CCNB2 mRNA predicted poor BCSS survival
independent of tumour size, LN stage, tumour grade, and LVI (HR 1.3;
95%CI=1.02-1.6; p=0.030, RRM2; HR 1.5; 95%CI=1.2-1.9; p<0.0001,
CCNB1, and HR 1.7; 95%CI=1.3-2.2; p<0.0001, CCNB2) (Tables 6.11,
6.12, and 6.13). Similar results were observed when the same analysis was
performed for CCNBZ2 in the TCGA cohort (HR 2.2; 95%CI=1.3-3.7;
p=0.004), but no significant association was observed for RRM2 and CCNB1
(HR 0.8; 95%CI=0.5-1.4; p=0.627, RRM2; HR 1.6; 95%CI=0.9-2.8;
p=0.061, CCNB1) (Tables 6.11, 6.12, and 6.13). In the Nottingham cohort,
Cox regression analysis showed that high expression of CCNB1, but not
RRM2, was a significant predictor of shorter BCSS regardless of LVI status,
tumour size, LN stage, and tumour grade (HR= 1.3; 95% CI=1.1-1.5;
p=0.010, CCNB1;HR= 0.8; 95% CI=0.7-1.0; p=0.097, RRM2) (Tables 6.11
and 6.12). Moreover, multivariate survival analysis revealed that high

expression of CCNB2 was an independent marker of shorter survival,
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regardless of the same variables (HR= 1.2; 95% CI=1.1-1.3; p=0.045)
(Table 6.13).
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Figure 6.4 Kaplan—-Meier survival plots showing the association between RRM2 mRNA expression and breast cancer-specific survival (BCSS)
in A) the whole METABRIC cohort, B) luminal A (METABRIC), C) luminal B (METABRIC), D) HER2-enriched (METABRIC), E) basal-like
(METABRIC), F) normal-like (METABRIC), and G) the whole TCGA cohort. For Nottingham cohort data, associations are shown between
RRM2 protein expression and H) BCSS, I) total time to distant metastasis (TTDM), J) BCSS in high-proliferation tumours, K) BCSS in low-

proliferation tumours, L) BCSS in triple-negative tumours, and M) BCSS in HER2-enriched tumours.
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Figure 6.5 Kaplan—-Meier survival plots showing the association between CCNB1I mRNA expression and breast cancer-specific survival
(BCSS) in A) the whole METABRIC cohort, B) luminal A (METABRIC), C) luminal B (METABRIC), D) HER2-enriched (METABRIC), E) basal-
like (METABRIC), F) normal-like (METABRIC), and G) the whole TCGA cohort. For Nottingham cohort data, associations are shown between
CCNB1 protein expression and H) BCSS, I) total time to distant metastasis (TTDM), J) BCSS in high-proliferation tumours, K) BCSS in low-

proliferation tumours, L) BCSS in triple-negative tumours, and M) BCSS in HER2-enriched tumours.
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Figure 6.6 Kaplan—Meier survival plots showing the association between CCNB2 mRNA expression and breast cancer-specific survival
(BCSS) in A) the whole METABRIC cohort, B) luminal A (METABRIC), C) luminal B (METABRIC), D) HER2-enriched (METABRIC), E) basal-
like (METABRIC), F) normal-like (METABRIC), and G) the whole TCGA cohort. For Nottingham cohort data, associations are shown between
CCNB2 protein expression and H) BCSS, I) total time to distant metastasis (TTDM), J) BCSS in high-proliferation tumours, K) BCSS in low-

proliferation tumours, L) BCSS in triple-negative tumours, and M) BCSS in HER2-enriched tumours.
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Table 6.11 Multivariate Cox regression analysis for predictors of breast cancer-specific
survival (BCSS) and RRM2 mRNA expression in the METABRIC and TCGA cohorts and

protein expression in the Nottingham BC cohort.

METABRIC cohort (mRNA)

Parameters Hazard 95% confidence interval (CI) Significance
ratio p-value
(HR) Lower Upper

RRM2 mRNA expression 1.280 1.024 1.601 0.030

Tumour size 1.410 1.071 1.856 0.014

Lymph node stage 1.757 1.510 2.045 <0.0001

Tumour grade 1.337 1.093 1.637 0.005

Lymphovascular invasion (LVI) 1.384 1.093 1.753 0.007

TCGA cohort (mRNA)

Parameters Hazard 95% confidence interval (CI) Significance
ratio p-value
(HR) Lower Upper

RRM2 mRNA expression 0.886 0.543 1.444 0.627

Tumour size 1.473 0.884 2.570 0.173

Lymph node 1.210 0.715 2.046 0.478

Tumour grade 1.329 0.914 1.934 0.137

Lymphovascular invasion (LVI) 1.944 1.180 3.201 0.009

Nottingham BC

cohort (protein)

Parameters Hazard 95% confidence interval (CI) Significance
ratio Lower Upper p-value
(HR)

RRM2 protein expression 0.849 0.699 1.030 0.097

Tumour size 1.522 1.237 1.871 <0.0001

Lymph node stage 1.757 1.530 2.018 <0.0001

Tumour grade 1.714 1.447 2.031 <0.0001

Lymphovascular invasion (LVI) 1.602 1.302 1.973 <0.0001

p-values in bold are statistically significant
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Table 6.12 Multivariate Cox regression analysis for predictors of breast cancer-specific
survival (BCSS) and CCNB1 mRNA expression in the METABRIC and TCGA cohorts and

protein expression in the Nottingham BC cohort.

METABRIC cohort (mRNA)

Parameters Hazard 95% confidence interval Significance
ratio (CI) p-value
(HR) Lower Upper

CCNB1 mRNA expression 1.514 1.209 1.895 <0.0001

Tumour size 1.448 1.104 1.899 0.007

Lymph node stage 1.788 1.537 2.080 <0.0001

Tumour grade 1.304 1.066 1.595 0.010

Lymphovascular invasion (LVI) 1.393 1.100 1.764 0.006

TCGA cohort (mRNA)

Parameters Hazard 95% confidence interval Significance
ratio (CI) p-value
(HR) Lower Upper

CCNB1 mRNA expression 1.641 0.977 2.758 0.061

Tumour size 1.416 0.812 2.467 0.220

Lymph node 1.279 0.757 2.158 0.357

Tumour grade 1.079 0.740 1.573 0.692

Lymphovascular invasion (LVI) 1.836 1.118 3.014 0.016

Nottingham BC cohort (protein)
Parameters Hazard 95% confidence interval Significance
ratio (CI) p-value
(HR) Lower Upper
CCNB1 protein expression 1.300 1.101 1.500 0.010
Tumour size 1.439 1.217 1.701 <0.0001
Lymph node stage 1.754 1.565 1.965 <0.0001
Tumour grade 1.750 1.524 2.009 <0.0001
Lymphovascular invasion (LVI) 1.423 1.200 1.688 <0.0001

p-values in bold are statistically significant
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Table 6.13 Multivariate Cox regression analysis for predictors of breast cancer-specific
survival (BCSS) and CCNB2 mRNA expression in the METABRIC and TCGA cohorts and

protein expression in the Nottingham BC cohort.

METABRIC cohort (mRNA)

Parameters Hazard 95% confidence interval Significance
ratio (CI) p-value
(HR) Lower Upper

CCNB2 mRNA expression 1.719 1.342 2.202 <0.0001

Tumour size 1.367 1.035 1.805 0.028

Lymph node stage 1.810 1.551 2.113 <0.0001

Tumour grade 1.237 0.996 1.538 0.050

Lymphovascular invasion (LVI) 1.373 1.080 1.745 0.010

TCGA cohort (mRNA)

Parameters Hazard 95% confidence interval Significance
ratio (CI) p-value
(HR) Lower Upper

CCNB2 mRNA expression 2.164 1.278 3.664 0.004

Tumour size 1.340 0.765 2.347 0.307

Lymph node 1.258 0.747 2.119 0.388

Tumour grade 0.947 0.645 1.389 0.780

Lymphovascular invasion (LVI) 1.821 1.110 2.986 0.018

Nottingham BC cohort (protein)

Parameters Hazard 95% confidence interval Significance
ratio (CI) p-value
(HR) Lower Upper

CCNB2 protein expression 1.200 1.100 1.300 0.045

Tumour size 1.511 1.311 1.743 <0.0001

Lymph node stage 1.700 1.540 1.876 <0.0001

Tumour grade 1.533 1.377 1.708 <0.0001

Lymphovascular invasion (LVI) 1.491 1.291 1.721 <0.0001

p-values in bold are statistically significant
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6.5.8 Preclinical studies (in vitro investigation of the role of CCNB2
in LVI-related biological processes)

6.5.8.1 Suppression of CCNB2 expression using siRNA

The expression of CCNB2 was variable among luminal A-like (MCF-7),
luminal B-like (ZR-75-1), HER2-enriched (SK-BR-3), and TN (MDA-MB-
231) cell lines, with the highest levels observed in MCF-7, followed by SK-
BR-3, ZR-75-1 lines, and the lowest levels in the MDA-MB-231 line (Figure
6.7A/B). Using WB analysis, complete loss of CCNB2 protein expression in
MCF-7, ZR-75-1, and SK-BR-3 was observed when comparing CCNB2
knockdown expression relative to GAPDH expression at post-transfection
days 3, 5, and 7 (Figure 6.7C-H).
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Figure 6.7 CCNB2 protein expression in breast cancer (BC) cell lines. A) Evaluation of
differential expression of CCNB2 in BC cell lines by Western blotting, B) quantification of
CCNB2 protein level expression in SK-BR-3, MDA-MB-231, MCF-7, and ZR-75-1 cell lines.
Using pre-validated Silencer Select siRNA constructs (mainly for CCNB2) or scrambled

negative-control siRNA, silencing of CCNB2 using the forward transfection method showed

complete knockdown relative to non-targeting, scrambled control siRNA in C) MCF-7, D)

ZR-75-1, and E) SK-BR-3. Quantification of CCNB2 protein expression in the transfected

cell and negative control by densitometry and normalisation to GAPDH levels revealed
complete loss of CCNB2 protein expression in F) MCF-7, G) ZR-75-1, and H) SK-BR-3 cell

lines. Each bar represents the mean % standard error of the mean (SEM) of three or more

independent experiments. GAPDH was included as a loading control.
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6.5.8.2 Downregulation of CCNB2 suppresses cell proliferation

and cell growth in the selected BC cell lines

CCNB2 knockdown significantly reduced the proliferation rates of the
following cell lines, compared to the control: MCF-7 cells at T24h
(p=0.7631), T48h (p=0.0003), and T72h (p=0.0343) (Figure 6.8A); ZR-
75-1 cells at T24h (p=0.0016), T48h (p<0.0001), and T72h (p=0.0015)
(Figure 6.8B); and SK-BR-3 cells at T24h (p=0.0296), T48h (p<0.0001),
and T72h (p=0.0202) (Figure 6.8C). The ability of a single cell colony to
survive after exposure to the transfection agent was significantly weaker
than the control in MCF-7 (p=0.0075), ZR-75-1 (p=0.0034), and SK-BR-3
cells (p=0.0198) (Figure 6.8D-F).

6.5.8.3 Downregulation of CCNB2 suppresses cell migration in

the selected BC cell lines

Knockdown of CCNBZ2 resulted in a larger, unhealed wound than in the
negative controls in MCF-7, ZR-75-1, and SK-BR-3 cell lines (p=0.0377,
p=0.0028, and p=0.0344, respectively) (Figure 6.9A-C).
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Figure 6.8 The effect of CCNB2 knockdown (KD) by siRNA on cell proliferation in A) MCF-
7, B) ZR-75-1, and C) SK-BR-3 cells. (A-C) Cell proliferation was significantly reduced
after KD in BC cell lines, as detected by MTS assay. CCNBZ2 siRNA transfection reduced the
ability of BC cell lines to colonise in D) MCF-7, E) ZR-75-1, and F) SK-BR-3, as detected
by the colony formation assay. Results are presented as mean + standard error of the
mean (SEM) of three independent experiments. The p-values are * =< 0.05, ** =< 0.01,
*** =< 0.001, and **** =< 0.0001.
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Figure 6. 9 The effect of CCNB2 knockdown (KD) by siRNA on cell migration in A) MCF-
7, B) ZR-75-1, and C) SK-BR-3 cells. The wound repair rate of CCNB2 KD and control cells
was observed by measuring the width of the unhealed gap at TOh, T24h, T48h, and T72h.
(A-C) Silencing CCNB2 significantly reduced the cell migration rate of BC cell lines, as
detected by the wound-healing assay. Results are presented as mean % standard error of
the mean (SEM) of three independent experiments. The p-values are * =< 0.05, ** =<
0.01, *** =< 0.001, and **** =< 0.0001.
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6.5.8.4 Downregulation of CCNB2 arrests cells in S phase

Knockdown of CCNB2 caused S-phase arrest in MCF-7, ZR-75-1, and SK-
BR-3 lines, inhibiting the transition to G2/M phase. The percentage of MCF-
7 cells in the S phase significantly increased in the CCNB2 knockdown cells
(50.5% G1, 22% S, and 25.4% G2/M) as compared with the negative
control (69.2% G1, 10.5% S, and 13.4% G2/M) (p=0.032). Similar
observations were noted with ZR-75-1, where the percentage of cells in the
S phase significantly increased in the CCNB2 knockdown cells (70.3% G1,
15% S, and 14% G2/M) as compared with the control (68.3% G1, 8.7% S,
and 12.3% G2/M) (p=0.9916 in G1, p=0.0248 in S, p=0.0309 in G2/M).
Similarly, the percentage of SK-BR-3 cells in the S phase significantly
increased in the CCNB2 knockdown cells (46% G1, 35.2% S, and 18.5%
G2/M) as compared with the negative control (51% G1, 26.5% S, and
15.7% G2/M) (p=0.6413 in G1, p=0.0102in S, p=0.0299 in G2/M) (Figure
6.10A-C).

6.5.8.5 Downregulation of CCNB2 enhances cell apoptosis

The number of apoptotic cells in CCNB2 knockdown cells increased
significantly when compared with the scramble control in early and late
apoptosis. In early apoptosis, knockdown vs negative control values were
5.23% vs 2.80% in MCF-7 (p=0.0307), 23.2% vs 5% in ZR-75-1
(p<0.0001), and 4.55% vs 0.88% in SK-BR-3 (p=0.0035). In late
apoptosis, the knockdown vs control values were 2.87% vs 0.91% in MCF-
7 (p=0.0241), 12.1% vs 4.93% in ZR-75-1 (p=0.0132), and 9.77% vs
5.86% in SK-BR-3 (p=0.0100) (Figure 6.11A-C).
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Figure 6.10 The effect of siRNA knockdown (KD) of CCNBZ2 on the cell cycle. BC cells

showed arrest in the S phase of the cell cycle in A) MCF-7, B) ZR-75-1, and C) SK-BR-3
cells. (A-C) Silencing CCNBZ2 inhibited all BC cell lines from entering the G2/M phase, as

detected by flow cytometry. Results are presented as mean £ standard error of the mean

(SEM) of three independent experiments. The p-values are * =< 0.05, ** =< 0.01, ***

=< 0.001, and **** =< 0.0001.
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cells. (A-C) More apoptotic cells were observed in the transfected cells than in the control
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6.5.8.6 CCNB2 enhances BC cell adhesion to endothelial cells

All MCF-7, ZR-75-1, and SK-BR-3 cells lines showed higher percentage
adherence to both HUVECs (p=0.0003, p=0.0298, and p=0.0377,
respectively) and DLECs (p=0.0003, p=0.0026, and p=0.0171,
respectively) than to the CCNBZ2 transfected cells (Figure 6.12A-C).

6.5.8.7 CCNB2 enhances BC cell transmigration to endothelial

cells

The number of the tumour cells that transmigrated across endothelial cells
in the control group was higher than in the knockdown group for MCF-7
cells transmigrating across HUVECs (p=0.0240) and DLECs (p=0.0170),
ZR-75-1 cells across HUVECs (p=0.0471 and DLECs (p=0.0002), and SK-
BR-3 cells across HUVECs (p=0.0077) and DLECs (p=0.0091) (Figure
6.13A/B).
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6.6 Discussion
6.6.1 RRM2

In clinical practice, prognostic or predictive criteria, such as LVI, tumour
size, LN stage, histological grade, and hormone receptor status, are
frequently utilised to predict outcomes and guide the selection of systemic
therapy. LVI develops in BC through complicated molecular processes that
include both the surrounding milieu and endothelial cells lining the
lymphovascular spaces, and alterations in the malignant epithelial cells with
the acquisition of invasive and migratory capabilities [308]. Evidence in the
literature suggested that, despite the existence of stromal invasion, LVI
could be targeted in BC [308]. Therefore, key drivers that may control the
mechanism underlying LVI could be identified as targets of LVI, which was
the main aim of this study. Through ANN analysis, RRM2, CCNB1, and
CNNB2 were associated with the presence of LVI in both the METABRIC and
TCGA cohorts, as described in Chapter 3. Several preclinical studies have
demonstrated the potential role of RRM2 in cancer progression in many
type of cancers, including multiple myeloma [309], glioblastoma [310], and
BC [311]; however, this is the first study to date conducting a
comprehensive analysis of the correlation between RRM2 and
clinicopathological parameters and patient outcomes at the transcriptomic

and protein levels, with emphases on whether RRM2 is correlated with LVI.

The results of RRM2 evaluation in this study revealed that RRM2 mRNA and
protein expression was associated with poor prognostic variables, including
large tumour size, high tumour grade, and LN stage, demonstrating its
critical role in the progression of BC. At the mRNA level, there was a
significant association between high expression of RRM2 and LVI-positive
tumours, poor NPI, hormone receptor negativity, and HER2 positivity.
However, investigation at the protein level using a well-characterised
invasive BC cohort showed no significant association between RRM2 and

the LVI status, NPI, hormone receptor negativity, and HER2 positivity.
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Many studies describe factors that might explain the differences between
MRNA and protein levels. One of these factors is the cellular steady state,
which describes the average protein and/or mRNA level in a cell that
remains largely constant through time [312]. Because mRNA levels
principally determine protein levels, if cells are going through long-term
dynamic processes, such as continual proliferation and differentiation, there
will be variation between cellular mRNA and protein levels [312]. Previous
evidence has stated that RRM2 induces increased proliferation in cancer
cells and has the potential to function as a proliferation-related oncogene
[313]. Therefore, the lack of significance between LVI status and RRM2 at
the protein level could be explained by the long-term proliferation
processes induced by RRM2. Another factor related to the variation between
MRNA and protein levels is the possible delay during state transition in the
synthesis of MRNA and protein; stimulated transcription does not instantly
result in higher protein levels due to the time required for mRNA
maturation, export, and translation [312]. In addition, the abundance of
transcript isoforms that may be produced from a single gene through
alternative splicing significantly complicates comparisons of protein and
MRNA levels [312, 314]. Other factors that could contribute to the
difference in the significance between LVI and RRM2 at the mRNA and
protein level is the methodologies used for quantifying and statistically
analysing gene expression in the METABRIC and TCGA cohorts, as well as
the methods for determining LVI in the transcriptomic and proteomic
cohorts, as described in Chapter 3. For example, in the Nottingham cohort,
LVI status was determined using morphology and IHC; in contrast,
cBioPortal H&E-stained slides were used to determine LVI status in the
TCGA cohort. Although H&E slides can be used to evaluate LVI, it might be
difficult to distinguish LVI-negative cases [209]. High RRM2 protein levels
were not significantly associated with BCSS or TTDM; however, there was
a significant association with BCSS in the METABRIC cohort, which could be
explained by the aforementioned factors. In addition to these factors, the

lack of prognostic significance of RRMZ2 could be rationalised by the
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subjectivity of the H-score approach in interpreting expression in IHC
staining sections [236] in addition to the fact that the METABRIC cohort
employed whole tissue with many distinct cell types, including stromal cells,
which are in the tumoural compartment. This was not the case in the IHC

scoring method, as tumour cells only and not stromal cells were scored.

EMT is governed by a complex network of genes, although the exact
mechanism by which it is regulated remains unknown [315]. In this study,
the correlation between RRM2 mRNA and protein levels and MMP-related
biomarkers, such as MMP9 and EMT-related markers including E-cadherin,
N-cadherin, and TWIST2, was explored to elucidate the potential role of
RRM2 in BC development and metastasis. Although the results showed a
weak correlation between RRM2 and MMP- and EMT-related markers, the
correlation was statistically significant which indicates that these markers
are contributing to the same oncogenic pathway, which corroborates
previous studies; these multiple associations could collectively play a
biological role in LVI process. It has been reported that overexpression of
RRM2 is associated with tumour invasiveness, malignant transformation,
and metastatic potential in many human cancer cells [316]. Studies of
pancreatic cancer cells revealed that overexpression of RRM2 may promote
invasion via NF-kB, whereas RNA interference-mediated knockdown of
RRM2 reduced cell invasion and MMP9 activity [317]. E-cadherin
dysregulation is regarded as the initiating event of EMT. Han et al.
discovered that overexpression of RRM2 induced EMT in nasopharyngeal
carcinoma (NPC) cells, which lead to E-cadherin downregulation and

promoted NPC cell motility and invasion [318, 319].

This study also revealed a correlation between the EMT biomarkers, such
as ZEB1 and ZEB2. Increased ZEB1 and ZEB2 expression may facilitate
EMT-dependent invasion and cancer stem cell activity, which are critical for
metastatic cancer dissemination [320, 321]. It has been shown that RRM2-
induced EMT in NPC cells results in the overexpression of many downstream

genes, including ZEB2, and the downregulation of E-cadherin [318]. In

233



Chapter 6

addition, RRM2 in vivo experiments induced lung and lymph node
metastases in naive mice [318]. Decreased expression of E-cadherin in
prostate cancer RRMZ2 cells may contribute to the more aggressive

phenotype [285].

All these findings suggest that RRM2 may play a critical role in the
metastatic process. The findings, which partly corroborated those of the
preceding investigations, suggest that RRM2 associated with aggressive
clinicopathological parameters in invasive BC could drive the underlying
mechanism of LVI development, leading to metastatic processes, such as
invasion and migration. Such mechanisms, however, warrant more
comprehensive mechanistic research to thoroughly investigate the
potential role of RRMZ2 in LVI. Although the findings of the current study did
not show a significant association between RRM2 protein levels and LVI,
they suggest that RRM2 promotes EMT and invasion. More studies are
needed to investigate how RRMZ2 regulates critical downstream biological

processes and signalling to govern tumour initiation and LVI development.
6.6.2 CCNB1

One of the hallmarks of human cancer is abnormal cell cycle regulation
[322]. Uncontrolled cell division is a necessary step in the progression of
cancer. Several studies have found that cyclins, which orchestrate normal
cell cycle, have abnormally increased expression in a variety of human
malignancies [323]. Cyclins are required to activate distinct CDKs at
different stages of the cell cycle. Among the several cyclin/CDK complexes
involved in cell cycle regulation, CCNB1/cdc2 is a well-studied complex that
regulates G2/M phase checkpoint surveillance and is required for mitotic
initiation [324, 325]. CCNB1 has been extensively studied in many solid
tumours, such as lung cancer [326], hepatocellular carcinoma [327], and
pancreatic cancer [294]. However, this is the first study to date
investigating the association between CCNB1, LVI, and LVI-related

biomarkers in invasive BC.
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In this study, CCNB1 expression was observed in the cytoplasm in a large
number of cases, while only a small number of cases were in the
nucleus. CCNB1 cytoplasmic localisation has been previously identified in
some types of cancer, including BC [328]. During the late S/G2 phase of
normal human cells, CCNB1/cdc2 complexes accumulate in the cytoplasm
and must be translocated into the nucleus to initiate mitosis [329].
However, when DNA is damaged, CCNB1/cdc2 complexes are preserved in
the cytoplasm, most likely to avoid premature mitosis [330]. On the other
hand, cytoplasmic CCNB1 accumulation has been demonstrated to initiate
mitosis by passing a p53-mediated G2/M checkpoint [331]. Cytoplasmic
CCNB1 expression causes abnormal cell cycle progression at the G2/M
checkpoint, enhancing genomic instability and malignant transformation
[332]. This support the potential role of the cytoplasmic expression of
CCNB1 in BC.

Tumour metastasis is a multistep process that begins with the separation
of cancer cells from the initial tumour mass and proceeds with
intravasation, extravasation, and the formation of new foci in a distant
organ [333, 334]. The siRNA knockdown approach showed significantly
reduced cell proliferation, colony formation, and invasion when an
endogenous CCNB1 was disrupted in oesophageal squamous cell carcinoma
(ESCC) cells. Furthermore, the findings from animal models suggest that
high expression of CCNB1 enhances invasive tumour growth in vivo and
most likely leads to lung metastasis [295]. A study found that CCNB1I
overexpression provided cells with a greater capacity for transmigration
through oesophageal carcinoma endothelium cells and human lung
endothelium cells, which may have altered the cytoskeletal structure and
promoted extravasation [295]. High expression of CCNB1 resulted in
decreased E-cadherin expression and increased N-cadherin expression,
which induced EMT, an important mechanism in the metastatic cascade
[295, 335]. High CCNB1 levels are associated with TWIST2 in ESCC,
suggesting that TWIST2 might play a role in CCNB1-induced EMT [295].
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This study showed that LVI-related biomarkers, such as E-cadherin, N-
cadherin, P-cadherin, and TWIST2, were significantly associated with
CCNB1 at both mRNA and protein levels, which is consistent with the
abovementioned findings. Furthermore, CCNB1 was correlated with MMPs
biomarkers, such as MMP1, MMP7, and MMP9. The production of MMP ECM-
degrading enzymes increases cell escape from the main tumour tissue and
subsequent invasion into tumour-adjacent tissues, such as epithelial cell
strata and eventually lymphatic vessels [336]. Although the association
between CCNB1 and other migration and invasion biomarkers ranged from
weak to moderate correlation, it was statistically significant which indicates
that these markers are contributing to the same oncogenic pathway in the
context of the LVI process. High expression of CCNB1 results in the
continuous cell cycle and division of cancer cells, promoting their migration
and metastasis to distant sites [292]. Uncontrolled cell division promoted
by CCNB1 could lead to gaining extracellular genetic instability and
mutations that could affect other key genes for cellular migration and
invasion that ultimately lead to LVI. Therefore, blocking this cascade from
the early prolifartive phase can stop these processes. These findings
demonstrate that overexpression of CCNB1 may control one of the

mechanisms driving LVI.

High expression of CCNB1 mRNA in both the METABRIC and TCGA cohorts
showed an association with large tumour size, high tumour grade, poor
NPI, LN stage, LVI positivity, ER negativity, PR negativity, and HER2
positivity. Similar findings were observed at the protein level; however,
high expression of CCNB1 was not associated with presence of LVI at the
protein level in contrast to the mRNA level. Such a disparity between mRNA
and protein levels can be explained by various mechanisms, as described
in Section 6.6.1. Because mRNA levels primarily determine protein levels,
there will be variation between cellular mRNA and protein levels if the cell
is undergoing long-term dynamic activities, such as continuous
proliferation, which refers to the steady state of the cell [312]. CCNB1 has
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been identified as a critical target gene for promoting tumour proliferation
[337]. As a result of the proliferation induced by tumour cells, when CCNB1
is highly expressed in a malignant cell, the cell may not be stable in the
long-term, leading to variation between mRNA and protein levels. Another
factor that could contribute to the difference in the significance between
LVI and CCNB1 at the mRNA and protein level is the methodologies that
are used for quantifying and statistically analysing gene expression in the
METABRIC and TCGA cohorts, as well as the ways of determining LVI in the
transcriptomic and proteomic cohorts, as described in Chapter 3. The weak
correlation between mRNA and protein levels could also explain the

contradictory results in LVI between protein and mRNA.

In both the METABRIC and TCGA cohorts, high expression of CCNB1 was
associated with worse outcomes. Although no significant association was
observed between CCNB1 protein level, BCSS, and TTDM following
univariate analysis, it is interesting that when multivariate Cox regression
analysis was performed, CCNB1 mRNA and protein levels represented an
independent prognostic factor of shorter BCSS, regardless of LVI status,
tumour size, LN stage, or tumour grade, which supports its prognostic
significance. These findings were consistent with numerous reports that
have shown inconsistent findings of the association between CCNB1
expression and prognosis in solid cancers [325, 326, 338]. Several studies
using RT-PCR to analyse gene expression at the RNA level discovered that
CCNB1 was highly associated with poor outcomes in solid tumours;
however, the link between increased CCNB1 expression at the protein level
and clinical prognosis in solid tumours remains unclear [325]. These
disparities indicate that more research is needed to elucidate the underlying
mechanism and function of CCNB1 in tumour development and prognosis

in various tumour types.
6.6.3 CCNB2

Metastasis is the main cause of BC-related mortality [193]. Therefore, early

detection of metastatic potential in BC patients can be critical in reducing
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cancer-related mortality. LVI is an early event in the development of
metastasis and a potent prognostic factor [339]. LVI in BC, like other
cancers, has attracted attention not only for its role in prognosis, but also
for being a potential therapeutic target. However, the complex molecular
mechanism of LVI and its overlap with other carcinogenesis pathways
contribute to the difficulty in identifying a key driver gene of LVI that can
be targeted. This study identified a strong association between LVI and
CCNBZ2 utilising large BC cohorts and ANN algorithms, as described in
Chapter 3, a powerful technique with low testing error. Likewise, recent
studies using different bioinformatic and co-expression analyses confirmed

the association of CCNB2 with human cancer progression [299, 340, 341].

This study has explored the prognostic significance of CCNB2 expression
using multiple well-annotated BC cohorts. Overexpression is associated
with aggressive clinicopathological BC features, including LVI positivity,
high histological grade, large tumour size, hormone receptor negativity and

HER2 positivity and worse clinical outcomes.

The preclinical studies revealed that knocking down CCNBZ2 significantly
inhibited cell proliferation and reduced cell growth. As expected, silencing
CCNBZ2 arrested the S phase of the cell cycle, which inhibited the BC cells
from entering the G2/M transition. Similarly, knocking down CCNBZ2
promoted cell apoptosis. Failure to remove the dead cells due to inhibited
cell apoptosis caused the malignant proliferation of cancer cells [342]. A
study showed that this occurs through the interference of proteolysis and
the obstruction of normal intracellular trafficking [306]. In Lei et al.’s
investigation of the role of CCNBZ2 in bladder cancer, the gene’s
tumourigenic function was linked to the dysregulation and abhorrent
expression of cell cycle-associated proteins [306]. Li et al. investigated the
effect of CCNNB2 in liver cancer and arrived at a similar conclusion, stating
that CCNB2 may promote cell apoptosis by causing S phase arrest and
instigating the functional failure of the G2/M DNA and genetic damage

checkpoint during cell division [299]. Checkpoints are important in
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repairing damaged DNA and maintaining genomic integrity; defects in this
domain can lead to mutations and oncogenesis [343]. It is essential that
the primary tumour cells proliferate so that they can invade the surrounding
tissue and establish metastatic cascades, leading to the degradation of the
basement membrane and LVI. Proliferation continues until the invasion of
vascular or lymphatic channels occur; at this stage, tumour cells can
successfully evade apoptosis [249]. Therefore, CCNB2 is one of the
essential regulators of cell proliferation and a prerequisite step in the

development of LVI and distant metastasis.

Although the role of CCNBZ2 in the cell cycle and proliferation is well known,
its role in driving LVI in BC has not yet been characterised. The results of
this study revealed that the silencing of CCNB2 suppressed migration and
reduced the number of tumour cells that adhered to and transmigrated
across vascular and lymphatic endothelial cell lines. This finding was
supported by the positive correlation between EMT- and MMP-related
markers. N-cadherin is associated with EMT, which plays a vital role in the
invasion and intravasation of cells into the bloodstream and in the
degradation of the ECM via production of proteases. Therefore, stromal
invasion is a result of loss of the linkage between the epithelial layer of the
BC cell and other epithelial cells due to the upregulation of N-cadherin
[344]. Moreover, P-cadherin is an important molecule that can activate
integrin molecules, allow cancer cells to attach to the ECM, and activate the
invasion of cancer cells [345], which could explain the role of CCNB2 in LVI
as CCNBZ2 has a positive correlation with P-cadherin. To invade the tissue,
tumour cells must penetrate the tissue boundaries by breaking down the
ECM with MMPs and the urokinase plasminogen activator (uPA) system.
Inhibition of uPA halts the invasion and expression of MMP9 [42]. The LVI
TME is strongly correlated with the expression of MMPs, specifically MMP9
and MMP1; this expression is responsible for cancer cell intravasation and
metastasis in BC [179]. The in vitro assessment indicated the contribution

of upregulated CCNB2 expression to migration, adhesion, and
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transmigration through endothelial cell lines, which induced the LVI
process. This finding is also consistent with a previous bladder cancer study
that reported that silencing CCNBZ2 could restrain migration and invasion,
leading to inhibition of tumour metastasis and prolonged survival time
[306].

Because CCNBZ2 is a cell cycle regulator, the cell cycle may be one of the
mechanisms contributing to LVI in BC. However, the molecular mechanisms
that cause BC tumour cells to invade and disseminate in vascular spaces
are still largely unknown and require more research. Cancer treatment
strategies that induce cell cycle arrest in cancer cells are effective [346].
This observation suggests that CCNB2 is a key gene in BC, particularly
given the findings regarding lymphatic invasion, which is a prerequisite for
the metastatic cascade. Therefore, CCNB2 may represent a potential target
for LVI in BC patients.

This study provides evidence that CCNBZ2 is a key modulator of LVI in BC
and could be a potential therapeutic target to suppress LVI and improve
patient outcomes. However, further in vitro and in vivo experiments
investigating the differential gene expression and pathways observed in
CCNBZ2 knockdown cells are needed.

6.7 Conclusion

BC progression is a complex process. Deciphering the transcriptomics and
proteomics that govern the invasive and metastatic cascades of BC is
essential in understanding the mechanisms of cancer progression and can
lead to the discovery of novel therapeutic targets. LVI is a prerequisite step
of BC metastasis is controlled by specialised molecular pathways; however,
the drivers underlying the molecular mechanisms of LVI in BC are yet to be
defined. Understanding the molecular mechanisms underlying BC
progression (LVI in particular) and unveiling their driving molecular

pathways would ultimately improve patient outcomes.

Evidence from this chapter demonstrated that RRM2, CCNB1, and CCNB2

are important in invasive BC progression. Because RRM2, CCNB1, and
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CCNB_Z2 are significantly correlated with each other at the mRNA and protein
levels, share similar associations with several aggressive tumour features,
and are important in regulating the cell cycle, the cell cycle may be one of
the molecular mechanisms driving LVI in BC. However, the exact functional
and mechanistic role of these biomarkers in LVI might not have been
sufficiently evaluated in this study. Collectively, the significance and value
of RRM2, CCNB1, and CCNBZ2 as prognostic biomarkers in invasive BC is
apparent because they are significantly associated with migration, invasion,
and metastasis. Targeting the underlying molecular mechanisms of these

genes may present promising novel therapeutic targets.
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Chapter 7: General discussion and
conclusion
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7.1 General discussion

As previously stated, invasive BC is one of the most common cancers
diagnosed in women and a leading cause of death among women globally.
Therefore, it is essential to improve upon the existing options for invasive
BC prevention, diagnosis, prognosis, and treatment to improve patient
outcomes and quality of life. This endeavour is challenging because BC is a
heterogeneous condition involving a wide variety of morphological and
molecular entities, and it has been established that each BC case has a
uniqgue molecular architecture, with inter-tumour or even intra-tumour
heterogeneity [347, 348].

Cancer metastasis is a multistep process that begins with the separation of
tumour cells from the primary tumour mass and progresses through
intravasation, extravasation, and the development of new foci in a distant
organ [333, 334]. The progression of BC to metastatic disease is strongly
correlated with poor outcomes in invasive BC patients and requires certain
molecular conditions involving several proteins and converging pathways
[85, 86]. The main molecular drivers of BC can influence cell growth,
migration, adhesion, and invasion. LVI is one of the initial events in
metastasis and has been identified as a prognostic factor that has been
shown to be highly associated with BCSS in clinical studies [349]. BC cells
can use specific molecular-level biological processes to facilitate an invasive
and metastatic cascade of events via LVI [47, 88]. Exploration of the key
molecular determinants of LVI development is crucial to elucidating the
mechanisms underlying LVI and potentially identifying novel prognostic

factors and therapeutic targets for invasive BC.

The key genes involved in the development of LVI in invasive BC are poorly
characterised. The development of high-throughput molecular and
bioinformatic tools has enabled large-scale analysis of genes related to LVI
[150], as discussed in detail in Chapter 1, Section 1.7.6. Although previous
studies have explored genes correlated with LVI in certain types of cancer,

such as endometrial carcinoma and hepatocellular carcinoma [151, 153],
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these studies had limitations. An example of these limitations was the
nature of the cohorts used in these studies and the lack of accurate or
incomplete LVI status characterisation. To overcome these limitations, the
present study used two large transcriptomic cohorts with a well-
characterised LVI status. This study hypothesised that by performing
bioinformatic analyses, key genetic drivers of LVI in BC could be identified,
some of which may have prognostic value, serve as potential therapeutic
targets, and play a role in the mechanisms controlling the development of
LVI. To test this hypothesis, bioinformatic analyses, including ANN and WAD
methodologies, were performed to identify key genes associated with LVI
by employing two large transcriptomic datasets (METABRIC and TCGA) with
a well-characterised LVI status. Then, the association between
clinicopathological and prognostic significance of the identified genes at the
MRNA and protein levels was evaluated. To further explore the role of the
identified genes in BC progression and the development of LVI, in vitro
experimental studies were conducted using a panel of relevant BC cell lines,
along with in vitro investigations of BC cell lines with lymphatic and vascular

endothelial cell models to mimic in vivo interactions.
7.2 Major findings of the study

To date, this is the first study to use two large transcriptome cohorts with
a well-defined LVI status to generate a list of genes associated with LVI,
evaluate their association with LVI and other prognostic factors at the
protein level, and investigate their potential role in LVI development using
in vitro models. In this study, a 99-gene set associated with LVI status in
invasive BC was identified using WAD analysis; moreover, a target gene list
containing 100 genes was generated using ANN analysis. Some of the
genes identified in the WAD and ANN analyses were associated with LVI in
only one cohort, whereas others were observed in both. Only 3 of the 100
genes identified by ANN analysis overlapped with those identified by WAD
analysis: CCNB2, CDCA5, and YWHAZ. Many factors could explain this
unexpected finding. The comparability of the METABRIC and TCGA cohorts
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was a limiting factor in this study due to the varied methodologies
employed by these cohorts to measure and analyse mRNA expression and
evaluate LVI status, as discussed in Section 3.10. Another factor that may
have contributed to these variations was the methods used to measure
MRNA expression. For example, the METABRIC study employed
microarrays to measure mRNA expression, while the TCGA study used RNA-
seq with next-NGS; therefore, it is difficult to assume that that microarrays
and RNA-seq approaches are interchangeable. Although the WAD and ANN
analyses produced lists of distinct genes, their applicability for gene

identification has been previously demonstrated [199, 203, 206].

In this study, the genes MX1, IDH2, HMGB3, RRM2, CCNB1, and CCNB2
were carefully selected based on the criteria described in Section 3.10.
Although all the selected genes were significantly associated with LVI
positivity at the mRNA level in both the METABRIC and TCGA cohorts, some
candidates, such as MX1, RRM2, and CCNB1, were not associated with LVI
at the protein level. Different biological and technical factors could

contribute to these variations, as discussed in Sections 4.6.1 and 6.6.1.

In this study, MX1, IDH2, and HMGB3 were identified as candidates of
interest in the WAD analysis. MX1 was significantly associated with
aggressive tumour features at the mRNA and protein levels, including high
tumour grade and hormone receptor negativity. In addition, an association
was observed between IDH2 and high tumour grade, large tumour size,
poor NPI, hormone receptor negativity, and HER2 positivity. An association
between MX1 and poor outcome was observed at the mRNA level but not
at the protein level; however, IDH2 showed a significant association with
shorter BCSS at both the mRNA and protein levels. The number of events
and follow-up in each dataset may have affected the results. These
discrepancies may also be explained by tumour-specific variations in MX1
MRNA and protein stability or post-transcriptional regulation. Regarding
HMGB3, at the mRNA and protein levels, increased expression of this gene

was associated with aggressive tumour behaviour, such as high histological
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grade, poor NPI, ER and PR negativity, HER2 positivity, poor BCSS survival,
and TTDM. Additionally, MX1, IDH2, and HMGB3 were significantly
associated with EMT and MMP markers at the transcriptomic and proteomic
levels. In vitro assessment of HMGB3 was carried out in concert with the
aforementioned findings to elucidate the possible functional role of HMGB3
in LVI development in BC, as described in Chapter 5. These preclinical
investigations showed that knockdown of HMGB3 in BC cell lines reduced
cell proliferation, migration, and, importantly, adherence and
transmigration across endothelial cells. Knockdown of HMGB3 also
enhanced cell apoptosis and arrested the cell cycle in the G1 phase. Taken
together, these findings suggest a role for these genes in BC metastasis
and involvement in LVI development. Therefore, IDH2, HMGB3, and
potentially MX1 are driver genes of LVI.

As described in Chapter 3, ANN analysis showed that RRM2 and CCNB1
were associated with the presence of LVI in both the METABRIC and TCGA
cohorts. RRM2 mRNA and protein expression was associated with large
tumour size, high tumour grade, and LN stage. High RRM2 mRNA levels but
not protein levels were associated with poor outcomes. An association was
also noted between CCNB1 mRNA and protein overexpression and high
tumour grade, poor NPI, ER and PR negativity, and HER2 positivity.
Increased expression of CCNB1 mRNA, but not protein, was correlated with

poor outcome.

In this study, CCNB2 was one of the genes in the overlap between the WAD
and ANN analyses. High CCNB2 mRNA and protein levels were associated
with clinicopathological parameters characteristic of aggressive tumour
behaviour, including high histologic grade, large tumour size, ER negativity,
HER2 positivity, and shorter BCSS. The expression of RRM2, CCNB1, and
CCNBZ2 was significantly correlated with the expression of EMT- and MMP-
related genes, which are thought to play a role in cancer cell invasion and
intravasation into the bloodstream. To further explore the possible

functional role of CCNB2, in vitro functional assays were performed.
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Knockdown of CCNB2 in BC cell lines reduced cell proliferation, migration,
and, importantly, reduced adherence and transmigration across endothelial
cell lines. Knockdown of CCNBZ2 in BC cell lines enhanced apoptosis and
arrested the cell cycle in the S phase. These findings suggest that CCNB2
has an oncogenic role and prognostic significance in BC and may be

involved in the development of LVI.

Although there were differences between the gene lists produced by the
WAD and ANN methodologies and differences in the results at the mRNA
and protein levels, it is important to note that several factors likely
contributed to these variations, as discussed in Chapters 3, 4, and 6.
Nevertheless, this study revealed intriguing prognostic biomarkers with
clinicopathological significance and further highlighted the potential
functional role of CCNB2 and HMGB3 in LVI development in BC.

Altogether, this thesis identified potential drivers of LVI that showed
statistically significant association with LVI and other prognostic factors at
the mRNA or protein levels. As the selected genes were similarly associated
with certain aggressive tumour features, were known to be important for
cell cycle regulation, and correlated with each other in some cases, the cell
cycle may be mechanistically involved in driving LVI in BC. However, the
exact functional and molecular pathways of LVI in which these biomarkers

are involved were not sufficiently investigated in this study.
7.3 Conclusion

The present study confirmed the hypothesis that WAD and ANN
methodologies could identify key drivers of LVI that showed prognostic
significance in invasive BC. The potential roles of these genes in BC
progression and LVI development were also identified. Evidently, targeting
HMGB3 and CCNBZ2 significantly reduced the adherence and transmigration
of BC cells across lymphatic and vascular endothelial cells, suggesting that
these genes play a role in controlling LVI development. This thesis also

provided insight into the proteins involved in the development of LVI in
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invasive BC patients by examining major regulators of the cell cycle and
other pathways. These findings also pave the way for a potential novel
treatment strategy using these genes as therapeutic targets for BC that
may extend the lives of patients with aggressive BC. More in vitro and in
vivo functional investigations are recommended for further validation of this

study.
7.4 Strengths of the study

1- The use of samples from patients with invasive BC rather than cell lines
or xenografts.

2- The use of large, well-characterised BC cohorts with a well-defined LVI
status at the mRNA and protein levels in addition to clinicopathological and
pertinent biomarker data.

3- The use of two large transcriptomic LVI datasets derived from the
METABRIC and TCGA cohorts for the bioinformatic analysis.

4- The discovery of reliable prognostic biomarkers that have potential roles
in invasive BC.

5- The use of WB to confirm the specificity of the markers under
investigation.

6- The inclusion of positive and negative controls with each IHC experiment
to confirm effective staining.

7- The inclusion of in vitro experiments with several functional assays and
models, and the selection of optimal BC cell lines based on the IHC findings.

8- The publication of several articles based on this study.
7.5 Limitations of the study

1- LVI has not previously been extensively investigated in invasive BC and
other malignancies; therefore, an exploratory research approach was used
rather than focusing on only a single pathway or group of LVI-related

molecules.
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2- H-scoring for IHC-stained slides is a semi-quantitative method that relies
on the subjectivity of scorers even though standardisation was performed
to minimise this constraint.

3- Although the expression patterns of the IHC-stained proteins were
demonstrated to be homogeneous in full-face sections, it would have been
optimal to include more than one core per case to aid in their evaluation.
4- The TMA blocks utilised for IHC staining were historical and, in some
cases, TMA cores were either missing or the tumour burden was at the
margin of the slide.

5- The number of BC and endothelial cell lines used for in vitro experiments
was limited in their ability to accurately represent various BC subtypes.

6- Although the functional assays were conducted on days 3-7 after
knockdown and the WB showed that the inhibition was successful, siRNA is
transient and lentivirally transduced shRNA should have been used to
silence the RNA sequence and construct stable cell lines. Alternatively,
CRISPR-Cas9-based knockout cell lines should have been constructed to
better validate key functional assays.

7- In vivo experiments in mouse models should have been performed to

substantiate the findings.
7.6 Future work

1- Investigating the other lists of genes identified by the WAD and ANN
analyses to explore their association with LVI and prognostic significance in
invasive BC patients.

2- Utilising selective inhibitors in in vitro experiments and performing
additional functional assays.

3- Investigating the differential gene expression and pathways observed in
the candidate gene knockdown cells via in vitro and/or in vivo experiments.
4- Evaluating the current LVI genes in terms of their subcellular localisation
and co-expression in vitro.

5- Studying the predictive significance of the selected biomarkers to

evaluate their utility and predictive importance.
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6- Collaborating and publishing multiple articles on the molecular regulators
of LVI.

7.7 Impact of COVID-19

The COVID-19 pandemic, which resulted in the closure of the University of
Nottingham campus in addition to national and global lockdowns, impacted
my thesis work both directly and indirectly. Access to the labs was
restricted during the lockdown. Additionally, even when the lab was
reopened, it did not operate at full capacity and the return to campus took
place in phases. Throughout this period, I faced several moments when I
thought I would be unable to complete my thesis due to the COVID-19
pandemic. However, with the assistance of my family and supervisors, I
was able to overcome these difficult moments. The work presented in this
thesis has been influenced by the COVID-19 pandemic, and as such, its
impact should be considered when evaluating the quality and quantity of

the experiments detailed herein.
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