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ABSTRACT

BACKGROUND: Lymphovascular invasion (LVI) plays a crucial role in breast cancer (BC)
metastasis and presents as a reliable indicator of poor outcome in terms of distant metastasis
and shorter survival. Therefore, accurate and reproducible assessment of LVI and an
understanding of its molecular mechanisms can help guide management decision-making.
However, molecular mechanisms of LVI are complex and overlap with other biological
processes, such as metastasis and BC progression in general. Therefore, deciphering the
molecular mechanisms of LVI and identifying its driver genes remain challenging. This study
aimed to utilise several well-defined BC datasets, evaluating whether the LVI mechanisms in
BC are controlled by distinct transcriptome and proteomic profiles, and to assess the roles of

potential target genes using various molecular techniques.

METHODS: In an attempt to discover new targets associated with LV status, bioinformatics
analysis was applied on multiple large cohorts of patients with BC, including the Molecular
Taxonomy of Breast Cancer International Consortium (METABRIC) cohort (n = 1,980) and
The Cancer Genome Atlas Breast Carcinoma (TCGA-BRCA; n = 854) as discovery datasets
and the Breast Cancer Gene-Expression Miner (bc-GenExMiner) dataset (Affymetrix; n =
4,904) cohorts as a validation dataset. The differential mMRNA expression was performed to
identify key genes with respect to LVI status, which was previously defined based on
morphology and immunohistochemistry (IHC) for endothelial markers. In addition, mass
spectrometry of a well-defined subset of BC with well-characterised LV status was utilised to
identify target genes at the protein level. The targeted genes that were strongly associated with
LV1 at the transcriptomic levels (HSP90AAL, SLC9A3R1, NOP56 and HMGB3) were further
investigated to confirm their prognostic value and association with LVI at the protein level
utilising IHC and tissue microarrays of a large annotated early stage BC with long-term follow-
up Nottingham cohort (n = 2,497). The protein expression of (HSP90AAL, SLC9A3R1 and
NOP56) was correlated with clinicopathological parameters, a large panel of relevant
biomarkers, and patient outcomes to identify clinically reliable LVI-associated genes. Further
functional experiments followed this to explore the mechanistic insights of the most likely target
gene (HMGB3) for LVI in BC to identify novel BC prognostic and predictive value towards
personalised therapy in patients with early stage BC.



RESULTS:

Using the METABRIC and TCGA-BRCA datasets for the identification of molecular
signatures strongly correlated with identified LV, a set of 99 genes demonstrated significantly
different expression patterns between LVI+ve and LVI-ve cases. Clustering analysis with this
gene set further divided the cases into two molecular subtypes (subtypes 1 and 2), which were
significantly associated with LVI status and patient outcome. The 10-year overall survival of

subtype 2 was significantly worse than that of subtype 1.

Expression of four individual genes strongly correlated with LVI. High expression of
HSP90AA1 at both the mRNA and protein levels was significantly associated with
characteristics of poor BC prognosis, including high grade, LV1 positivity, poor Nottingham
Prognostic Index (NPI) and positive expression of p53 and phosphoinositide-3-kinase,
catalytic, alpha polypeptide (PIK3CA). In addition, outcome analysis revealed that high
HSP90AAL1 mRNA expression had significantly shorter BC-specific survival (BCSS) in the
METABRIC and TCGA-BRCA datasets (hazard ratio (HR) = 1.38; 95% confidence interval
[CI] =1.16-1.65, p = 0.0004; and HR = 1.85; 95% CI = 1.318-2.61, p < 0.0001, respectively).
The HSP90a protein expression was an independent predictor of shorter BCSS (HR = 1.38;
95% CI = 1.06-1.80, p = 0.018) and distant metastasis-free survival (HR = 1.32; 95% CI =
1.03-1.69, p = 0.027).

High SLC9A3R1 mRNA and/or SLC9A3R1 protein expression was significantly correlated
with aggressive tumour behaviour, LVI positivity, large tumour size, luminal B and human
epidermal growth factor receptor 2 (HER?2) positivity, high Ki67, and the NP1 poor prognostic
group. Both protein and mRNA expression of SLCA3R1 was significantly associated with
PIK3CA and phosphorylated AKT. The SLC9A3R1 mRNA expression was higher in those
tumours showing a copy number gain in both METABRIC and TCGA-BRCA (p < 0.0001). In
the outcome analysis, SLC9A3R1 mRNA showed poor prognosis in bc-GenExMiner (HR =
1.59, 95% CI =1.23-2.06, p = 0.0005), and high SLC9A3R1 protein expression was prognostic
of shorter survival (HR = 1.52; 95% CI = 1.14-2.04, p = 0.005).

High NOP56 mRNA and/or protein expression was significantly correlated with aggressive
tumour behaviour, including high histological grade, larger tumour size, positive nodal status,
LVI positivity, hormone receptor negativity, triple-negative BC positivity and NPl poor
prognostic group. High NOP56 protein expression was associated with high Ki67 and
significantly associated with PI3BKCA and epidermal growth factor. A significant correlation



between NOP56 protein and NOP56 mRNA was also observed (p < 0.001). High NOP56
MRNA correlated with shorter survival BCSS in the METABRIC cohort (p <0.001, HR = 1.3,
95% CI = 1.1-1.5) and bc-GenExMiner (HR = 1.38, 95% CI = 1.16-1.65, p = 0.0003), and
NOP56 protein presented a poor prognosis of BCSS (p=0.003, HR =1.4, 95% CI = 1.1-2.0).

In both the METABRIC and TCGA-BRCA cohorts, high HMGB3 mRNA expression was
significantly associated with the poor BC prognosis characteristics, including LV1 positivity,
high tumour grade, NP1 poor prognostic group, high Ki67, hormone receptor negativity, HER2
positivity and phosphorylated AKT positivity. In addition, high HMGB3 mRNA expression
was positively correlated with high level of PIK3CA. In the survival analysis, high HMGB3
MRNA was prognostic for shorter BCSS in LVI+ tumours in METABRIC (HR = 1.447; 95%
Cl = 1.023-2.05, p = 0.034) and TCGA-BRCA (HR = 2.826; 95% CI = 1.222-6.539, p =
0.015). Consistent with the transcriptomic results, HMGB3 knockdown reduced proliferation
activity and led to a significant decrease in tumour cell adhesion, migration and transmigration

ability.

CONCLUSIONS: This investigation of independent large BC patient cohorts using several
molecular techniques and bioinformatics analyses highlighted potential molecular and
biological roles of LVI and their importance in BC progression, revealing the different aspects
of BC metastasis and enhancing current knowledge. Moreover, the expression alteration of a
group of genes and proteins may be responsible for the beginning or inhibition of LVI in
invasive BC. This research showed that the clinicopathological index LV1 in BC is linked to a
unique transcriptome profile that may have prognostic significance. It identified a unique LVI
profile with prognostic utility in BC. The proteins identified participate in various pathways
manipulating the pre-LV1 biological steps in BC, including adhesion, migration and invasion.
In the future, the use of comprehensive and well-designed functional investigations with the
help of several models and techniques may help further elucidate the roles played by each
candidate target identified as controlling or inhibiting LVI status in patients with BC.
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Chapter 1

1 Chapter 1: Introduction



Chapter 1

1.1 General Background
1.1.1 Cancer

Cancer is a complex disease resulting from abnormal genetic and epigenetic alterations
involved in how oncogenic cells behave, grow and differentiate (1). Worldwide, cancer is one
of the leading causes of death, with 18.1 million new cases of cancer and 9.5 million cancer-
related deaths globally in 2018 according to the International Agency for Research on Cancer
(2). Medical research and advancement in cancer treatment have made considerable progress.
However, by 2040, 29.5 million cancer cases are expected to be diagnosed yearly, and cancer-
related deaths will take 16.4 million lives (2). Throughout carcinogenesis, mutated genes allow
cells to develop traits to avoid cellular mechanisms that normally stop cell division and
apoptosis. Therefore, these altered cells may gain uncontrolled cell division properties,
migrating to distant sites of the body’s tissues and organs. In addition, several molecular
mechanisms must alter or stop for a tumour to develop, such as DNA repair processes and
cellular systems that govern cellular division, differentiation, apoptosis and the cell cycle.
Although cellular alteration occurs before cancer development, the specific nature and order of
mechanisms that must occur before a cell turns into a malignant cell are yet to be understood
(3-5).



Chapter 1

1.1.1.1 Cancer Hallmarks

Carcinogenesis is the abnormal proliferation of cells in the body. Malignant tumours exhibit
several distinct cellular characteristics (4). Hanahan and Weinberg’s seminal framework
defined the cellular traits and characteristics that all carcinogenic cells acquire (4). These
include the ability to replicate limitlessly, resist apoptosis, sustain angiogenesis, create
independent internal growth signals, remain insensitive to growth-inhibiting signals, and
invade the proximal tissues and metastasise to other parts of the body (4). In 2011, Hanahan
and Weinberg modified their framework to incorporate the ability to elude the immune system,
thus evading discovery and death, as well as the cells’ ability to self-modulate their metabolic
activities (1) Moreover, in their 2011 review, Hanahan and Weinberg identified three
tumourigenesis-supporting characteristics common in cancer that allow a tumour to develop
the characteristics necessary for carcinogenesis (1). The characteristics include genomic
instability and DNA mutation aggregation in the microenvironment around the tumour, tumour
inflammation, and a high rates of endothelial cells, immune cells, pericytes, and stem cells. In
addition, genomic and genetic functional techniques have helped identify genes that either
guard against cancer (tumour suppressor), for example, LKB, NF2, CDH1, TP53 and RB1, or
boost cancer susceptibility (oncogenes), for example, RAS, MYC and RAF (6). During the cell
cycle, carcinogenesis is impacted by oncogenes and suppressors because it affects the cell cycle
process through either acquiring or losing functionality. Hanahan and Weinberg published a
recent update in 2022 with additional core hallmarks of cancer that were previously considered
‘emerging hallmarks’, including deregulating cellular metabolism and avoiding immune
destruction (7). Given that the mechanism of cancer pathogenesis is complex, Hanahan and
Weinberg noted that the hallmarks, on their own, cannot decipher cancer pathogenesis at the
level of molecular and cellular mechanisms that would facilitate tumour progression and
malignancy through enabling preneoplastic cells to gain an aberrant phenotype. Therefore,
Hanahan and Weinberg suggested a new concept, which they elaborated as enabling
characteristics’, resulting from the aberrant condition of neoplasia that provides a
communication key between tumour cells and functional traits. In other words, the enabling
characteristics affect molecular and cellular mechanisms by which hallmarks are acquired more
than the aforementioned eight capabilities, as genomic instability and tumour-promoting

inflammation are two examples of these (7) (Figure 1.1).
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Figure 1.1: Summary of the eight hallmarks capabilities and two enabling characteristics
of cancer. from Hanahan and Weinberg (2022) (7). Copyright of re-use this figure in
Appendix 10.1.

1.2 Overview of Breast Cancer

1.2.1 Breast Cancer Epidemiology (Incidence and Mortality)
Breast cancer (BC) is a heterogeneous disease with varying clinical outcomes, histological
presentations, and molecular and genetic profiles (8-10). Improved detection, screening
strategies and personalised treatment regimens have improved the survival rate of patients with
BC in England and Wales for over 20 years (11). However, BC is still the leading cause of
cancer-related death in women all over the world. In 2018, the World Cancer Report classified
BC as the most commonly diagnosed cancer type, with about 2.1 million new cases (~1 in 4)
of women with BC causing 627,000 deaths worldwide(2). The incidence of BC in most
countries is about 24.2% of registered cancer cases, and BC is the first cause of death in women
in over 100 countries (2). In 2014, the World Cancer Report showed a drastic increase in BC
among females worldwide, reaching a rate of 43.3 per 100,000. Comparing the number of
women affected by BC globally in 2008 (1.4 million) with that of 2012 (1.67 million), indicates
that the number has substantially increased (12). Breast cancer incidence also has overtaken
other types of cancer as the most frequent malignant carcinoma, with 2.26 million new cases
expected in 2020 globally (13). According to the World Health Organization, in 2020, in the
United Kingdom (UK), BC was the second most diagnosed cancer, with 53,889 new cases each
year, and the fourth leading cause of death, at 11,839 patients (14). Also, BC is still the most
diagnosed cancer, with 3,954 new cases each year, and the second leading cause of death
among all population in the Kingdom of Saudi Arabia (KSA) at 1,095 deaths. Thus, BC is
regarded as having the highest rate of diagnosis and death in both the UK and KSA (14). This
comes with a prediction that by 2025, the number of globally affected females will be in ~20
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million patients, with most of them being in low-income countries (15). There are several ways
BC could potentially be halted and the number of new cases controlled, such as via using early
detection tools that could enhance the treatment options and educational campaigns that could
raise awareness of how to avoid risk factors related to BC.

1.2.2 Breast Cancer Risk Factors
Genetic, environmental, and lifestyle variables may all predispose a person to the development
or progression of BC (16). However, the exact mechanism of BC’s occurrence is still unclear.

The upcoming subsections will discuss BC incidence and progression risk factors.

1.2.2.1 Patient Age

The occurrence of BC and other human malignancies primarily depends on age (17). Moreover,
it has been indicated that BC prognosis can be independently indicated by age at diagnosis.
Females over the age of 50 contribute to 80% of the total BC cases. At age 40, the 10-year
probability of developing invasive BC is less than 1.5%; at age 50, it is approximately 3%. At
age 70, it is greater than 4%. Accordingly, an increased lifetime risk of 13.2% occurs, and
women over 50 have a chance of developing cancer about nine times higher than those younger
than them (18, 19). Within the UK, those aged 65-69 make up about 48% of all patients with
BC; most of the incidence rates involve women between 85 and 89 (20). Furthermore, the
tendency of BC to be in aggressive advanced-stage molecular subtypes, such as (human
epidermal growth factor receptor 2 [HER2]) enriched tumours and triple-negative BC (TNBC),
are more common in young women, which are highly correlated with poor prognosis. (21, 22).
Thus, in addition to age, genetic abnormalities are one of the primary causes of BC.

1.2.2.2 Family History and Genetic Alteration

Of the total BC incidence, approximately 10% of cases are considered hereditary (23). The risk
of developing BC increases in women with a close family member diagnosed with BC, such
as a mother, daughter or sister, or with more than one relative previously affected by ovarian
cancer. Furthermore, the risk of BC development is linked to inheriting multiple coding region and
splice variants in BC type 1 (BRCAL), BC type 2 susceptibility protein (BRCA2), p53,
phosphatase and tensin homolog (PTEN) and ataxia-telangiectasia mutated (24-26). A large
number of total germline mutations are correlated with BRCA1/BRCA2 mutation, which,
according to a recent study, accounts for about 25% of familial risk (27). Interestingly, people
with BRCA1/BRCA2 mutations are not only at risk of BC but are also vulnerable to the ovarian,

gastric, colon and pancreatic carcinomas (28-30). Nonetheless, BC as a disease is regarded as
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multifactorial cancer that can be initiated by a polygenic mode of inheritance (31). For
example, multiple studies have identified numerous loci associated with BC angiogenesis and
metastasis (32). Polygenic factors are believed to increase BC risk factors by 18% in patients
with high levels of polygenic risk (33). For instance, various variants which have been
identified act through a wide range of critical molecular pathways and play essential roles in
biology, such as maintaining the integrity of DNA repair processes (34). Polygenic testing has
the potential to enhance health care by delivering personalised risk assessments to women at
high risk for BC and within-population breast screening programmes (35, 36).
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1.2.2.3 Lifestyle-Related Factors

Lifestyle factors, such as tobacco smoking, alcohol intake, obesity, , can be linked to BC
initiation. Among smokers, both active and passive smokers are vulnerable to BC, with a high
risk of invasive BC (IBC) (37). Moreover, in a previous study, BC development increased by
<10% when individuals consumed ~10 g of alcohol daily (38). Increased incidence and
mortality of BC are also linked to elevated body mass index and obesity (39-41), with a high
risk of BC in post-menopausal women (42, 43). Several obesity-related mechanisms
could account for the raised likelihood of developing BC. For instance, adipose tissue expresses
aromatase, which is an enzyme that transforms androgen into oestrogen. In addition, obesity is
associated with higher levels of circulating insulin, secreted inflammatory cytokines, and
insulin-like growth factor I. All of these are associated with elevated probabilities of
developing BC (44). In addition, long-term BC survivors may benefit from weight control for

up to five years to improve survival and outcome (45).

1.2.2.4 The Effect of Breast Density

Breast tissue density can aid in indicating whether a woman is at higher risk of developing BC.
Considering dense breast tissue, it is known that it is associated with an accumulation of
glandular and supportive fibrous tissue compared to fatty tissue. To distinguish between the
two, a mammogram can be used. Mammaographic breast density is a strong indicator of BC
risk. This shows that women with higher breast density risk having BC more than those with

lower densities (46).

1.2.2.5 The Effect of Oestrogen and Hormonal Therapy

One of the leading causes of BC angiogenesis and development is hormonal factors. The body
produces a sex hormone known as oestrogen involved in several biological functions. Thus,
BC risk is increased with any manipulation of this hormone, such as exposure to hormonal
therapy after menopause or taking oral contraceptives that may induce breast tissue growth
(47). For example, lobule differentiation has a protective effect that could decrease 1BC
incidence, as well as by reducing the exposure to oestrogen through pregnancy and
breastfeeding, the chance of protection will increase (48). A study showed that BC occurrence
is significantly lower in women with a full-term pregnancy and those who are lactating than in

those who are nulliparous or have never been pregnant (49).

Of note, premenopausal women may develop BC as well. They are at high risk of IBC when

their ovulation is regulated with a form of progesterone that includes oestrogen and
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medroxyprogesterone (50). Henceforth, it has been noted that the risk of BC increases with
extended hormone replacement therapy (HRT) from 1.6-2 fold with a combined or single
formula of HRT (51). For example, a study on a group of women aged 60—64 who had used
HRT for at least five years showed that they had a 2-fold risk of BC compared to those with no
history of HRT use (51). However, this high-risk factor for BC development is reduced five
years after the termination of HRT use (51).

1.2.3 Breast Cancer Prognostic and Predictive Factors
The term prognostic factor is used to refer to any characteristic of a tumour that can be used to
predict the patient’s outcome based on BC-specific survival (BCSS), distant metastasis-free
survival (DMFS) and disease-free survival (DFS). However, predictive factors are defined as
any features depending on the clinicopathology of BC that can estimate the possibility of a
patient’s response to treatment. Prognostic and predictive qualities can be elucidated through

definite clinicopathological features.

The severity and aggressiveness of the tumour and the chance of patient survival are usually
estimated by certain traits known as prognostic factors, and this estimation is called prognosis.
Thus, to obtain an overall idea of how BC cancer will affect a particular patient’s survival,
many prognostic factors should be used together. Likewise, predictive factors are tools used to
guide clinicians in determining prognoses and patients’ responses to treatment. Therefore, these
factors hold the utmost importance for stratifying patients with BC for optimal treatment
choices (52). For example, the establishment of multiple algorithmic tools such as Predict

(https://breast.predict.nhs.uk/tool), Adjuvant Online and CancerMath® paved the way for

clinicians to expand their knowledge of BC patients’ survival by incorporating
clinicopathological factors associated with BC (53). Pinpointing of precise prognostic and
predictive parameters may guide proper therapeutic selection and improve survival. The

following subsection will highlight the most important prognostic and predictive factors in BC.
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1.2.3.1 Tumour Grade

Tumour grade is a fundamental prognostic indicator consisting of three tiers to assess the
similarities between BC cells and ordinary breast cells. Furthermore, this prognosis indicator
aids in showing how BC cells are structured in a malignant lesion. this study has embraced a
tumour grading system consists of three categories with the parameters displayed in Table 1.1
(54). This tumour grading system has also been integrated into the Nottingham Prognostic Index
(NPI) (55).

Table 1.1:Tumour grading system.

Tumour grade Scale by definition

| Breast cancer cells, like normal cells, well-differentiated and grow slowly.

1 Breast cancer cells are not like normal cells, normal differentiation and grow rapidly.
Breast cancer cells are extremely different to normal cells, poorly differentiated and
11 have fast proliferation.

1.2.3.2 Tumour Size

Tumour size is important when predicting patient survival rates and BC behaviour and can aid
in patient outcome prediction. Thus, important prognostic implications within IBC can be seen
via the tumour size (56, 57). For instance, a small tumour size represents a better patient
outcome, and vice versa. Furthermore, the size of the tumour has been seen to be a solid
predictive factor of nodal metastasis in IBC (58). Within this study, the tumour size is divided
into small or large tumour groups. The scale used to define whether a tumour is small or large
is as follows: small tumour <2 cm; large tumour >2 cm (55). The size of the tumour is

incorporated into the NP1 (55).

1.2.3.3 Lymph Node Stage

A global and most widely used tumour evaluation system consists of three major components;
tumour, node and metastasis (TNM) (59). However, within IBC, lymph node (LN) stage is one
of the most vital prognostic factors. In the early BC stage, the axillary LN stage shows a strong
relationship with the DFS and BCSS (60, 61). In this study, three categories are used when
categorising BC cases; the following groupings were obtained through the applied pathological
NPI staging system for LN: 1) LN stage | (no LN is involved); 2) LN stage Il (one, two or three
LNs are involved); and finally, 3) LN stage Il (the number of LNs involved is greater than
three) (62, 63). There is a strong correlation between the LN stage status and the mortality rate
among patients. A higher LN stage represents a poorer survival rate, and a lower LN stage

shows a better survival rate. Over five years, the percentage of patients with BC who survive
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while in LN stage | is approximately 83% (61). This LN staging system is incorporated into the
NPI (55).

1.2.3.4 Nottingham Prognostic Index

For patients with IBC, the NPI is used as a prognostic stratification tool (63). The three
parameters used within the NPI are tumour size, LN stage and tumour grade. This, in turn,
enables enhanced predictive power to be provided for patients with IBC. The NPI has a unique

formula, as follows:
NPI = (tumour size in cm x 0.2) + tumour grade (1-3) + LN stage (1-3)

The first division of the NP1 grouping allocates patients into three prognostic groups. Based on
their calculated NPI, the three groups are <3.4, 3.4-5.4 and >5.4; the three groups are patients
with good, moderate and poor prognosis, respectively (55). They can be further divided into

six prognostic groups (Table 1.2) (64).

Table 1.2: NPI subgroups

Group 1 NPI range
Excellent prognostic group (EPG) 2.08-2.4
Good prognostic group (GPG) 2.41-3.40
Moderate prognostic group-1 (MPG-I) 3.41-4.40
Moderate prognostic group-11 (MPG-II) 4.41-5.40
Poor prognostic group (PPG) 5.41-6.40
Very poor prognostic group (VPG) >6.40

1.2.3.5 Lymphovascular Invasion

An independent factor within patients with IBC is lymphovascular invasion (LVI), which is
highly correlated with BCSS and DMFS (65). It refers to the presence of the tumour cells at
the peritumoural area within blood vessels (BVs), lymphatic spaces or both. The morphological
assessment of LVI is conducted by microscope with or without using endothelial-specific
markers such as CD31, CD34 and D2-40 (immunohistochemistry [IHC] and haematoxylin and
eosin [H&E]). The detection of LVI in the primary tumour of patients with BC is a known
marker of metastatic potential. In addition, a number of independent studies have shown and
demonstrated the prognostic value of LV (65, 66). Therefore, this study focuses on identifying
those molecular drivers for LVI within a large group of patients with IBC. Identification of
LV I-related genes and proteins is needed to improve therapeutic strategies in the future. Thus,

10
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if successful, these genes and proteins may provide independent prognostic information to
pinpoint those groups of patients with IBC who are within the high-risk subgroup categories.
The LVI detection methods and underlying molecular mechanisms are discussed further in this
Chapter (section 1.3).

1.2.3.6 Molecular Subtypes

Breast cancer can be classified according to histological grade and histological subtype (67) or
biomarkers (68), which will further help in tailoring treatment regimens (69). In early 2001,
the description of the gene expression patterns of BC was established (70). The classification
of BC at that time started with two different groups of hormonal receptor tumours, that is,
hormonal receptor—positive (HRE+) and hormonal receptor—negative (HRE-) tumours. Then,
DNA microarray experiments with hierarchical clustering analysis identified a genes signature
based on two sets from BC tumours using the Prediction Analysis of Microarrays of 50 genes
(PAMS50) panel. In addition, clustering analysis of HRE studies further classified BC into
luminal A, luminal B, basal-like, HER2 and normal breast-like categories (70) (Figure 1.2).
Using IHC, the positive expression of type Il cytoskeletal 5 and 6 and/or epidermal growth
factor receptor (EGFR+) helps to distinguish between the two triple-negative subtypes, that is,
basal-like and non-basal BC (71). A previous study classified 10 integrative clusters (IntClusts)
found in the studied cohort using genomic and transcriptomic profiling of 2,000 BC samples
(72). The IntClusts displayed varied clinical, molecular and genetic features, and each had its
own expression profiles of oestrogen receptor (ER), progesterone receptor (PR) and HER2
(72). The BCSS and IntClusts association is illustrated in (Table 1.3), and the molecular
features for the IntClusts are shown in Table 1.4 (73).

According to their ER, PR and HER2 expression profiles, these phenotypes are denoted as
luminal A tumours, ER and/or PR positive and HER2 negative, low cell proliferation
phenotype and good prognosis (74). On the contrary, luminal B tumours have high proliferation
rates, an aggressive histological type and a worse prognosis than luminal A tumours, with
HER?2 positive or negative (75). The basal subtype, also known as triple negative, presents ER,
PR and HERZ2 negative (76) (Figure 1.2).

It is well documented that BC molecular subtypes are related to LVI and LN metastasis (77).
The triple-negative molecular subtype is more mitotic (78), potently invasive and metastatic,
as it expresses low level of claudin protein that participate in epithelial cell to mesenchymal

transition (79, 80). Moreover, TNBC demonstrated significantly increased Ki-67 expression than
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any BC subtypes (81). The HER2-positive subgroups behave better with targeted therapies (82).

As reported, the BC molecular subtype determines the tumour properties (83).

Table 1.3:In

tClusts association

Breast cancer specific survival, up to ten years
after initial treatment

BCSS IntClust
Good 3,4,7 and 8
Moderate | 1,6 and 9
Poor 2,5and 10

Table 1.4:Molecular features for the integrative clusters IntCusts

IntClust Defect IntClust Defect
1 17923 amplification 6 8p12 amplification
2 11913/14 amplification 7 16p gain, 17q loss, 8q amplification
3 a paucity of copy number changes | 8 1q gain, 16q loss
4 copy number devoid 9 20qg amplification
5 HER2 amplification 10 5q loss, 8q gain, 10p gain, 12p gain
a \ i \ ( \ r Normal Triple
Luminal A Luminal B HER2+ breast-like e
/ N
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Figure 1.2: Breast cancer classification according to a combination of
Immunohistochemistry and microarray expression methods. Details in table adapted

from (84).
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1.2.3.7 Hormone Receptors, Oestrogen and Progesterone receptors

The recommended threshold of positive detection for ER and PR expression in patients with
IBC is set at 1% of the tumour nuclei according to the College of American Pathologists and
the American Society of Clinical Oncology (85). Oestrogen receptor is an important indicator
for extended adjuvant endocrine treatment. Nevertheless, the duration for which the hormone
thereby regimen is used for ER patients is still under discussion (86). The incidence of
aggressive BC phenotypes in younger patients is common, considering the prognostic
significance of ER-positive in these individuals is of limited utility. It is anticipated to be more
beneficial for BC patients in post-menopausal. However, ER status could aid in clarifying the
effect of patient age as an independent prognostic factor, which would allow a patient with BC

to achieve a greater benefit from the chemotherapy treatment (87, 88).

Moreover, in routine clinical practice, co-expression of PR in ER+ patients is also measured.
This status is well known for predicting response to adjuvant hormonal therapy in patients with
BC. The hormonal treatment response is predicted to reach 80% when there is co-expression
of ER and PR, whereas it is only 50% in ER+/PR- patients.(87).

1.2.3.8 Human Epidermal Growth Factor Receptor-2

The receptor tyrosine-protein kinase erbB-2 encoded by ErbB2 (HER2) has a percentage of
overexpression in patients with BC of around 15%. It has a strong correlation with an
aggressive phenotype of IBC and unfavourable outcomes (89). Additionally, HER2 positivity
is correlated with discohesive BC cells undergoing epithelial-mesenchymal transition (EMT),
an indicator of oncogenic potentials (90). EMT is a biological process that refers to the
transformation of polarised epithelial cells which form extensive cell-cell adhesions with one
another, into mesenchymal cells (91). This change results in the functional promotion of cell
migration, and invasion and evades programmed cell death.(92). Moreover, HER2 positivity
within patients with IBC is linked to tumour invasion, abnormal growth, aberrant cellular
polarity and poor survival (93). Interestingly, in a previous study of patients with IBC, HER2
positivity showed a strong relationship with LV (94). Furthermore, in all IBC subtypes, the
occurrence of LVI and HER2 positivity in BC is related to poor DFS, BCSS and DMFS (95).

In order to treat HER2 tumours, the monoclonal antibody (trastuzumab) is used to target the
HER2 receptor in BC tumours (96).
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1.3 The Molecular Pathways that Interact with Lymphovascular Invasion in

Invasive Breast Cancer

1.3.1 Cancer Metastasis Cascade (Invasiveness, Tumour
Microenvironment and Lymphovascular Invasion)
Metastasis is a complex series of events, starting from the detachment of tumour cells from the
primary tumour mass with local invasion of surrounding host tissue and invasion or
intravasation into the BV or LV through the extracellular matrix (ECM) (97, 98). Finally, the
disseminated tumour cells invade distant organs through BVs and LVs (99). The distant
metastasis process inhibits the cell cycle initially, and then the tumour cells adhere to the
capillary bed inside the affected organ, thereby enhancing angiogenesis to prepare for
extravasation into the new tissue/organ (98). At the same time, tumour cells attack the host’s
immune response and decreases apoptotic signals to survive and proliferate, forming new
tumour masses (100). These sequential steps can be repeated to produce secondary metastases
(Figure 1.3).

Breast Cancer Metastasis to other organs
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Figure 1.3: Stages of tumour metastasis; the diagram shows the sequential steps utilise by
tumour cells to metastasise from the primary site to the new organ.

14



Chapter 1

According to theories, metastasis occurs via two methods. The first method is the late-stage or
clonal selection theory; only tiny parts of tumour cells with selective advantage induce distant
metastasis via the aggregation of genetic modifications, which occurs as the tumour advances
(101). In contrast to the late-stage theory, new DNA microarray-based techniques have
revealed that cancer cells’ potential to metastasise is a pre-programmed process that gives them
an inherited general tendency for metastasis (102). Thus, each type of cancer has different
preferred metastatic organs. For example, BC tends to metastasise to the bones, lungs and liver
more than other organs (103). The role of particular organs in the metastatic dissemination of
tumours has been the subject of many different hypotheses. In 1889, Stephen Paget introduced
the seed and soil theory postulating that cancer metastases by means of an organ-specific
process in which particular organs serve as an ideal environment (soil) for the growth of cancer
cells (seeds) (104, 105). Local growth factors, specific endothelial cell surface receptors and
specific chemotactic agents differentially expressed by various organs may play a role in the
tendency for some cancers to selectively develop in particular organs (106-108), indicating that
these factors are behind metastasis distribution patterns. In contrast to the seed and soil theory,
in 1928, James Ewing suggested that the vascular system’s anatomical structure primarily
defines the pattern of metastasis distribution (109). According to his prediction, when cancer
emboli detach from the primary cancer site and intravasation into the circulation became
mechanically obstructed in the vessel of the initial organ being attacked, this increases the
chance of metastasis there (109). In 2016, an investigation on metastasis initiation done by
Massagué and Obenauf, suggested that a well-understanding of the effect of tumour
microenvironment (TME) obstacles, which is control metastasis colonisation, is the key factor

in preventing tumour metastasis and assisting in exploring metastasis treatment (110).

Furthermore, it has been suggested that BC metastasis could occur via both LVs and BVs,
indicating aggressive diseases that have poor outcomes (111). Dissemination through LVs and
BVs is considered the primary reason behind BC mortality, by which lymphangiogenesis and
angiogenesis initiate preluding for cancer invasiveness and metastasis (112-114).
Lymphovascular invasion is the mechanism by which tumour emboli find a way to penetrate
vascular/lymphatic channels at the beginning of the metastatic process, while angiogenesis is
the creation of neovasculature to support cancer growth and enhance invasion. It has been
shown that LVs are involved more often in BC initial metastasis than BVs; this might be due
to the affinity of intrinsic tropism of tumour cells to lymphatic channels (115). Even though it

has long been suggested that cancer cells spread via the lymphatics by following the lymphatic
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drainage paths, the exact mechanisms by which tumour cells enter lymphatic capillaries remain
unclear (113, 116-118). Thus, lymphangiogenic factor expression might impact the path of
metastatic dissemination via LVs due to their unique structure, promoting cancer progression
(119, 120). Despite the significant correlation between LVI and both angiogenesis and
lymphangiogenesis, none is comparable to LVI, regardless of the type of vessels engaged,
whether BVs or LVs, native or newly created (121). Although the vasculature is crucial in

creating an ideal environment for LV1 to flourish, it is not equivalent with LVI.

Moreover, malignant epithelial cells of the breast use the blood and lymph vessels to spread to
other surrounding tissues and distal organs of the body by recruiting the cellular parts of the
nearby stroma TME (122, 123). Stromal cells, including BV and LV endothelial cells, tumour-
related fibroblasts and inflammatory cells that are originate from bone marrow, operate as
stimulators of tumour cell migration and invasion and as path controllers in the ECM in many
cases (124).

The intracellular communication of malignant cells with stromal parts of the tumour, termed the
TME metastasis, could enhance migration, adhesion and invasion of the adjacent tissues.
Afterwards, the penetration of blood and lymph vessels becomes more likely to happen (125).
The controlled genome organises the biological and situated functions of the confined epithelial
cells. For instance, the alteration of the normal DNA coding of the epithelial cell due to the
oncogenic changes allows the initiation and angiogenesis of malignant epithelial cells. The
previously mentioned process could initiate embryogenesis transformation of the new malignant
cells, which plays a significant role in invading various tissues and effectively accomplishing
the resulting metastasis events (126). Epithelial-mesenchymal transition is another term for this

cellular renovation.

The cell-to-cell adhesion and cell adhesion to the ECM are changed, causing the ECM invasion.
Before BC cells penetrate into the vascular lumina, they must first separate from the developing
tumour cell mass and then invade and migrate via the ECM to the vascular walls. As a result,
these processes are regarded as prerequisites for the LVI process. According to a previous
report, the mediation of cell-to-cell adhesion and BC metastasis dramatically depends on the
cadherin family (127). The metastatic sprout BC cells result from insufficient E-cadherin,
which maintains cell—cell junctions (128). A report has also suggested a relationship between
the downregulation of E-cadherin and progression alongside poor patient outcomes (129).

There is also a strong relationship between EMT and N-cadherin (130).
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N-cadherin is associated with malignant tumour progression elements in humans, implying that
it might be a potential therapeutic target in case of tumour invasion and metastasis (131). It is
increasingly being proven that EMT, which alters the ECM, dramatically contributes to tumour
progression (132, 133). According to Kotb, mice get cysts and fibrosis in their mammary glands
because of the elevated N-cadherin switch over E-cadherin (130). In stromal invasion, tumour
cells get adhered to stromal cells and consequently invade the stroma. Moreover, stromal
invasion is also often shown to upregulate N-cadherin and downregulate E-cadherin (134, 135).
Transcription factors are proteins with a significant biological role in the upregulation or
downregulation of the transcription of tumorigenesis-associated genes. Increased motility is
achieved through the downregulation of desmosomes and by diminishing cell-to-cell adhesion
proteins. As far as invasive breast carcinoma is concerned, the malignant cells on the tumour
boundaries upregulate other genes, such as SLUG, SNAIL and ZEB1, speeding up their potential
transformation to the mesenchymal phase (136, 137). However, they downregulate their
production of adhesion molecules such as E-cadherin (138). Apparently, E-cadherin expression
levels in tumour cells could affect invasion via different processes. Therefore, downregulation
or loss of E-cadherin expression might promote the migration of cancer cells to BVs or LVs.
With an increase in the high probability of a malignant cell invading the vascular system, the

metastasis, recurrence and mortality rates will aggressively elevate (77).

It has been suggested that tumour cells can interact with the ECM, mainly due to
transmembrane receptors known as integrins (139, 140), which are found associated with ECM
components such as vitronectin (141), fibrinogen, collagen, laminin and fibronectin (142).
Integrin receptors for cell adhesion to the ECM play a key role in tumour development and
growth. They promote ECM-degrading enzymes, such as matrix metalloproteinases (MMPS),
contributing to the modulation of tumour motility (143). This can be seen in integrins a5p1 and
a3B1, both of which result in the upregulation of MMP-9 (143). Another activator that enhances
the ECM process through MMPs is urokinase plasminogen activator (UPA). After the invasion,
the degradation process of ECM is escalated due to uPA, and the penetration of MMPs and
tissue boundaries becomes possible as the ECM degrades (144). In patients with BC, uPA has
prognostic significance as a risk factor for distant metastases (145). Tumour tissue with higher
UPA concentrations progresses more aggressively, and patients are at greater risk of recurrence
and have lower survival rates (146). A recent study that transfected uPA to human umbilical
vein endothelial cells (HUVECSs) showed that uPA could promote proliferation and fibrinolytic

activity, consequently improving the invasion and angiogenesis ability of HUVECs via
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promoting their expression of MMP-2, MMP-9, VEGF (147) and MMP-1 (148). This might
explain the LVI phenomenon since studies have shown a strong positive correlation between
LVI and MMP-9 (149, 150).

Metastatic progression through BVs and LVs occurs through various biochemical and
biophysical interactions (151). Properties of malignant cells include elevated survival,
resistance to apoptosis, increased protein expression activity, higher cellular motility and
proliferation rates, adhesion, invasion and migration (152). These properties represent the
internal and external characteristics of the tumour, which regulates genes. Henceforth, finding
new ways to reduce the breast epithelium’s tumorigenicity will depend on the
activation/inhibition of these signalling pathways (153). Therefore, an urgent investigation is
needed to improve personalised treatment regimens to uncover the molecular mechanisms

underlying LVI and its driver genes.

1.3.2 Anoverview of Lymphovascular Invasion
Despite the fact that fewer than 10% of patients with BC present with metastatic tumours, up
to 30% of those with early stage disease continue to develop distant metastasis over time (154-
156). Distant metastasis is a TME indicator of poor outcome in cancer since. It develops
through particular and coordinated processes and interacting pathways. These processes
involve various mechanisms, such as proliferation, interactions with the cell matrix, stromal

invasion, migration of cells and circumvention of the host immune system (157-159).

Breast cancer cells undergo several biological interactions at the molecular level to propagate
and metastasise through lymphovascular channels (151, 160, 161). Further investigation of
these signalling cascades is essential to recognise the specific molecular entities that govern
the critical stages of LVI. Hanahan and Weinberg discussed several mechanisms for cancer
initiation and progression, indicating that there are dominant intrinsic and extrinsic
characteristics of cancer cells that control their genetic regulation (1). However, these
properties are not linked directly to the incidence of LVI and can be recognised in LVI- and
LVI+ tumours. Nevertheless, they are critical characteristics of LVI development, and the
controlling molecular mechanisms behind them must remain active, especially in some cellular

clones, during the stage of carcinogenesis from initiation to metastasis via vascular channels.
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1.3.3 Lymphovascular Invasion Assessment
Traditionally, LV is evaluated via morphological examination of the peritumoural area, which
is identified as areas outside the tumoural compartment. Intratumoural the areas are areas inside
the tumoral compartment. It’s noteworthy that pure intratumoural LV1 is very rare and its value
as a prognostic factor for BC falls behind the peritumoural LV1 (115, 162-164).

Nearly 75% of LVI+ cases develop peritumoural LVI, while (~25%) develop intratumoural
LVI, of which approximately 4% have only intratumoural compartment LVI (115). The low
prevalence of intratumoural LVI means that the evaluation regarding its implications is unclear
and generates the dilemma of whether intratumoural LVI is significant. Moreover,
intratumoural LVI might explain metastatic cascades when LN positivity is present in

intratumoural LVI cases only (115).

Nevertheless, intratumoural LVI should still be considered assiduously in the absence of
cancerous cells in LN (121). Therefore, it may be pragmatic to acknowledge that the tumour
has developed mechanisms for dissemination into the vasculature and should be placed under

close clinical observation.

Various studies indicate that LVI occurs in BC tumours despite the tumours lacking
morphological signs of LVI, such as the presence of circulating tumour cells (165), bone
marrow micrometastases (166) and LN positivity (167). The reason behind this is hypothesised
to be linked with BV and lymphatic vessel (LV) cancer cell migration. It has been documented
that cancer cells utilise several biochemical and biophysical interactions to facilitate their
metastatic progression through vascular and lymphatic channels (121). Therefore,
understanding of the molecular processes that underlie LVI in BC remains sparse, as

determining the likelihood of metastases in BC tumours lacking LVI remains a challenge.

Furthermore, molecular changes identified in tumours containing LVI compared to tumours
lacking LVI may indicate a number of underlying biological changes rather than the
histological presentation. Thus, in BC, LVI may reflect a biological spectrum comparable to
alternative morphological markers of cancer biology, such as the grade of malignancy, where
cases without LV I are on one end of the range while cases with substantial LV 1 are on the other
end. Moreover, the complicated nature of the molecular pathways underpinning LVI, their
intersection with the metastatic tumour cascade involved in tumour dissemination and the

absence of apposite models to simulate BC cells’ intravasation have increased the complexity
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of recognising the governing molecular entities, pathways and possible therapeutic targets
related to LVI in BC.

1.3.4 Lymphatic Vessels Structure, Function and LVI-related Markers
Structurally, BVs have tight junctions in contrast with LVs (119), making LVs more
susceptible to cancer cell migration than BVs; consequently, cancer cells can easily surpass
intravasation. With that in mind, peritumoural LV intravasation might be considered an
essential path for IBC cells failing to bypass the vascular endothelial cells’ physical restraints
(168).

The lymphatic system is vital for maintaining tissue homeostasis. Through a combination of
osmotic and hydrostatic pressure, the blind ending vessels of lymphatics collect intercellular
fluid from the interstitial area and return it to the blood circulation, keeping the body’s fluid
balance normal (169). In response to increased interstitial tissue pressure, overlapping
intracellular junctions can open, allowing fluid entry into the lymph vessels. When interstitial
fluid enters the lumen, it is called lymph. As the lymph fluid circulates through the lymphatic
system, it eventually enters the right lymphatic duct and thoracic duct. Lastly, it is returned to
the bloodstream via the left and right subclavian. Lymphatic vessels are also implicated in
spreading cancer cells throughout the body.

Metastatic malignant cells are also believed to migrate towards lymphatics near the tumour
periphery due to the pressure in the interstitial fluid, increasing the possibility of passive
intravasation into lymphatic channels (168, 170). Despite that, recent studies have suggested
that lymphatic endothelium may attract tumour cells. Endothelial cells release chemokines,
small molecules that attract cancer cells, to lymphatic capillaries during this process (171, 172).
The relationship between chemokine receptors and their ligands is essential for controlling the
movement of leukocytes (173). This association has been hypothesised to be utilised by cancer
cells to modify access to the lymphatic system (173). Nonetheless, active molecular processes
can attract cancer cells to both kinds of capillaries (174). Lymphatic research has not developed
as swiftly as vascular research due to a lack of histological and immunohistochemical markers
that compare blood and lymphatic endothelial cells (LECs). However, in recent years, the
identification of LVs has indeed been implemented by use of specific lymphatic markers, such
as D2-40/podoplanin (PDPN) (175, 176), vascular endothelial growth factor receptor-3
(VEGFR-3) (177) and cluster of differentiation 31(CD31)/platelet endothelial cell adhesion
molecule-1 (PECAM-1) (178).
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The antibody D2-40 and lymphatic microvascular density (LVD) parameters are widely used
in research for detecting LVI. To start, D2-40 is a monoclonal antibody that detects PDPN, a
mucin-like transmembrane glycoprotein found at the endothelium of LVs (179). It has high
sensitivity in differentiating lymphatics in BC tissue (180-182). Also, in both intratumoural
and peritumoural LECs, D2-40 exhibits the highest immunoreactivity (180). In addition,
several studies have found that the D2-40 IHC marker helps diagnose and verify LVI in IBC
(183) and increases the detection accuracy of LVI (184). Moreover, a higher density of LVs
around a tumour is associated with lymphatic metastasis in BC (185), which eventually will
lead to local recurrence (186) and shorter patient survival (187). For example, a high LVD
might indicate that the risk of tumour cell intravasation is elevated and that the tumour cells
communicate with LECs more intensively, which is essential for tumour progression (188).
According to a review of 28 studies involving 2,920 patients with BC, peritumoural LVD is
more robustly correlated with LVI and LN metastasis (LNM) than intratumoural LVD,
suggesting that the peritumoural lymphatic system may be the main path of dissemination for
BC cells. As a result, it is recommended that patients detected to have high LVD or LVI
presence, especially with peritumoural high LVD, should be treated more aggressively to
prevent BC progression and metastasis (185). Britto et al. (189) reported that despite
improvement of diagnostic accuracy of LVD and LVI using D2-40, neither can be used to
predict sentinel LN (SLN) macrometastasis. Interestingly, progressive metastasis and poor
prognosis are indicated if the SNLs have malignant breast carcinoma cells (190). Britto et al. did
not find that a correlation between LVD and SLN status might be due to the mechanistic

complexity of circulation and nesting of neoplastic cells, which could explain this dilemma.

Podoplanin is a transmembrane mucin that is highly O-glycosylated and expressed by LECs.
It is employed as a selective lymphatic endothelium marker (191). Additionally, the PDPN
cytoplasmic tail interacts with ezrin and/or moesin, which are the members of the ezrin, radixin
and moesin (ERM) protein family, and with MMP- 9 and 2. They induce EMT, or restructuring
of the actin cytoskeleton and cellular protrusions; consequently, this transmembrane
glycoprotein enhances cancer cell motility and invasion (192-194). According to Neri et al.
(295), tumours with high PDPN expression have increased local migration and invasion
compared to tumours with low PDPN expression. This implies that PDPN may be a viable
therapeutic target via migration suppression using a PDPN monoclonal antibody (NZ-1) and

maackia amurensis seed lectin inhibition (196). Positive PDPN expression is more common in
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LVI than CD31 or CD34 positivity and is related to the development of nodal metastases and
poor patient outcomes (197, 198).

Sometimes referred to as FMS-related receptor tyrosine kinase, VEGFR-3 is a tyrosine kinase
receptor expressed only on LECs in normal adult tissues (199, 200). It is believed to contribute
to metastatic spread through lymph vessels (114). When malignant cells overexpress VEGFR-
3, it affects the process of lymphangiogenesis (201). Moreover, VEGF-C and VEGF-D are new
VEGF family members that can control lymphatic channel formation through VEGFR-3, a
receptor expressed mainly by LV during growth (202-204). As a result of activated VEGFR-3,
LECs proliferate, enhancing the ability of cancer cells to metastasise into lymphadenoids and
lymph vessels. However, several studies have found no significant relationship between
VEGF-C and LVI or nodal metastases, which might be explained by the possible involvement
of many variables in addition to VEGF-C and VEGF-D and the heterogeneity of research
samples (205).

Lymphatic-specific adhesion molecules are crucial in migrating and transmigrating cancer cells
into LVs. Initially, they must form an adhesive bond with LECs. Several adhesion molecules
have been found to be expressed on LECs especially. For example, PECAM-1, also known as
CD31, is a cell-cell adhesion protein (206) encoded by the PECAM-1 gene that has been
primarily utilised to identify endothelial cells in several research works (207). Several adhesion
molecules have also been detected at intercellular connections in LN sinus-specialised
‘endothelial’ cells (208). Vascular endothelial cadherin (VE-cadherin) is the main element of
endothelial cell adherens junctions and plays a critical role in controlling vascular permeability
and angiogenesis (125, 209). Notably, CD31 colocalises partly with VE-cadherin at zipper-like
junctions and at the tip of overlapping flaps where there are less button-like junctions (210,
211). Vascular endothelial cadherin is necessary for junctional integrity preservation in
C57BL/6 mice, while PECAM-1 is not (211). This proves that gene profiling data are used by
LECs to create junctional proteins that express CD31, junctional adhesion molecule-A and
occludin in cultured cells (212, 213).
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1.3.5 Conclusion
Researchers have comprehensively characterised the molecular profiles of tumour
differentiation based on histological grade and the development of nodal dissemination (214-
216). Nevertheless, the molecular processes of LVI and driver genes, which may be used as
potential therapeutic targets or biomarkers, have yet to be fully define. Determining genes that
are differently expressed in LVI+ and LVI- BC might lead to the discovery of essential genes
and pathways that trigger LVI. However, the nature of the analysed cohorts is one of the most
significant challenges in identifying LVI-associated genes in genome-wide gene profiling
studies. Thus, identifying molecular profiles associated with LV status in BC is challenging
given the lack of LVI status in available large-scale molecular studies combined with the

inherent subjectivity of morphological assessment.

. Although LVI is well-known as a pre-requested step for BC metastasis, the key molecular
factor/s driving LV1 still needs to be detected. Bioinformatics research is required to discover
the target genes that play a crucial role in LVI mechanisms, which might help to understand
the pathways underlying BC-LVI; thus, identifying suspected biomarkers could be used as a

therapeutic target.
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1.4 Hypothesis and Aims of the Study
1.4.1 Hypothesis
This study hypothesises that specific genes and proteins can regulate LVI progression in
patients with BC through different convergent and/or parallel molecular and biological

pathways.

142 Aims

1. Toinvestigate the molecular characterisation of LVI in BC by creating a gene predictor
of LVI.

2. To investigate the role of highly significant LVI-associated gene candidates in a large,
well-characterised series of BC at the protein level, including their relevance to
molecular subtypes, response to therapy and patient outcome.

3. To build a predictive model for LVI to form a panel of markers that could be conjointly
used as a reliable tool in patient risk stratification.

4. To investigate the mechanistic and phenotypic functions of significant LV I-associated

genes in BC cells.
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2.1 Study Cohorts
2.1.1 Transcriptomic Level

2.1.1.1 Molecular Taxonomy of Breast Cancer International Consortium

The Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) series (n
= 1,980) is a microarray dataset with a large set of data consisting of well-defined genomic
clinical characteristics and patient outcome follow-ups and was used to identify the LVI
mechanisms in this study. A subset of the METABRIC cohort was originally derived from the
Nottingham Primary Series (NPS), which is composed of patients with IBC. A total of 296
primary IBC fresh frozen biopsy specimens were previously sent from Nottingham City
Hospital (UK), part of Nottingham University Hospitals, and received at Addenbrooke’s
Hospital, which is affiliated with Cambridge University Hospitals. The Nottingham
contribution was essential to build the complete METABRIC cohort of 1,980 patients and to
integrate gene expression and copy number analyses to uncover new BC subgroups based on
genomic and transcriptomic data (72, 78, 217). The decrypted and reviewed data file was
received on 5 September 2016, provided by Dr Oscar M. Rueda, senior research associate at
the Cambridge Institute, University of Cambridge. At the transcriptomic level, the differential
gene expressions (DGEs) related to the molecular regulation of LVI were determined for a

large number of patients via independent and mutual confirmation approaches.

In the METABRIC cohort, 1,980 female patients with primary operable IBC were included in
the clinicopathological profile (Table 2.1). For each patient, the BCSS was calculated in
months based on the start date of the primary surgical treatment and ending at death from BC.
By the last follow-up, 505 patients (25.5%) had died from BC, while 1,071 patients (54.1%)
had survived. Additionally, 404 (21%) patients had died because of other causes. The
histological phenotype characteristics of all patients were described as invasive ductal
carcinoma (IDC) at 84%, followed by invasive lobular carcinoma at 8%. The remaining
patients were diagnosed with a special type of BC, including tubular, medullary and mucinous
carcinoma. Moreover, PAM50 (218), a technique based on reverse transcription—quantitative
polymerase chain reaction (RT-gPCR), was used to assess the intrinsic subtype distributions of
BC in the METABRIC cohorts. Ten IntClusts were further classified according to gene
expression, somatic aberration and integration germline variants. The clusters identified new
heterogeneous gene expression landscapes for molecular subtypes classified by hormone
receptor expression. More details about the clinical characteristics of the METABRIC cohort
are listed in Table 2.1.
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Table 2.1: Characteristic of the METABRIC cohort (n = 1980).

Parameter | Frequency (%) Parameter | Frequency (%)

Age at diagnosis Menopausal status

<50 years 424 (21) Pre 436 (22)

>50 years 1556 (79) Post 1533 (78)

Tumour size Tumour grade

<2.0cm 622 (32) I 170 (9)

>2.0 cm 1338 (68) I 770 (41)
i 952 (50)

Nottingham prognostic index Lymph node-stage

Good prognostic

aroup prog 680 (34) | 987 (51)

Moderate

prognostic group 1101 (56) ] 622 (32)

Poor prognostic

groupp 9 199 (10) 1 316 (17)

Lymphovascular invasion Oestrogen receptor

Negative 930 (59) Negative 474 (24)

Positive 635 (41) Positive 1506 (76)

Progesterone receptor Human epidermal growth factor
receptor-2

Negative 940 (48) Negative 1733 (87)

Positive 1040 (52) Positive 247 (13)

Triple-negative breast cancer Follow-up status

No 1660 (84) Alive 1071 (54)

Yes 320 (16) Died from BC 505 (26)
Died from other 384 (19)
causes
Lost follow-up 20 (1)

Tumour type PAMS50

Invasive ductal 1544 (80) Normal-like 199 (10)

Invasive lobular 146 (8) Luminal-A 718 (36)

Medullary 32 (2) Luminal-B 488 (25)

Special type 206 (10) HER2-enriched 240 (12)
Basal-like 330 (17)

Chapter 2
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2.1.1.2 The Cancer Genome Atlas Breast Carcinoma

The Cancer Genome Atlas Breast Carcinoma (TCGA-BRCA) is restricted on female primary
BC patients with available H&E slides (n = 854) cohort retrieved from the Genomic Data
Commons Data Portal and cBioPortal was one of the genomic and transcriptomic datasets in
which mRNA expression was comprehensively analysed in a large number of early stage BC
cases (219-222). The TCGA-BRCA cohort contained 676 ER+/PR+ cases and 164 HER2
positive BC (223) cases; more details on the TCGA-BRCA cohort are provided in Table 2.2.
Also, normalised gene expression of chosen biomarkers was retrieved from the UCSC Xena
browser (https://xenabrowser.net/datapages/) to access the GDC TCGA BC RNA-sequencing
dataset to determine the normalised expression of chosen biomarkers in normal BC tissue
(n=113), primary tumour (n=1097) and metastatic samples (n=7). The RNA sequencing (RNA-
seq) expression level read counts were normalised via the calculation of fragments per kilo

base of transcript per million mapped reads upper quartile.

Table 2.2: Characteristic of the TCGA-BRCA cohort (n = 854).

Parameter | Frequency (%0) Parameter | Frequency (%)

Age at diagnosis Tumour size

<50 years 231 (27) <2.0cm 239 (28)

>50 years 607 (73) >2.0 cm 615 (72)

Tumour grade Lymph node-stage

| 79 (21) I 162 (19)

I 145 (38) I 499 (58)

i 155 (41) " 193 (23)

Lymphovascular invasion Oestrogen receptor

Negative 559 (65) Negative 185 (22)

Positive 295 (35) Positive 639 (78)

Progesterone receptor Human epidermal growth factor
receptor-2

Negative 272 (33) Negative 567 (81)

Positive 546 (67) Positive 133 (19)

Triple-negative breast cancer Follow-up status

No 706 (86) Alive 676 (79)

Yes 119 (14) Died from BC 88 (10)
Lost follow-up 90 (11)

PAMS50 Tumour type

Normal-like 209 (17) ?‘,\fSSTp)eC'a' WPES | 600 (70)

Luminal-A 415 (48) lobular 177 (20)

Luminal-B 141 (15) NST& Medullary | 49 (6)
NST & good

HER2-enriched 133 (14) prognostic special | 28 (4)
type

Basal-like 56 (6)
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2.1.1.3 External Validation of the Data with Online Dataset

2.1.1.3.1 Breast Cancer Gene Expression Miner

External validation was performed using Breast Cancer Gene-Expression Miner (bc-
GenExMiner v4.9; http://bcgenex.ico.unicancer.fr/BC-GEM/GEM-Accueil.php?js=1) to
examine mRNA expression with the exemption of the METABRIC and TCGA-BRCA datasets
(224). 1t contained three modules, that is, a correlation module, a prognostic module and an
expression module. The prognostic effects of a gene on the patient outcome being tested were
assessed with the prognostic module. The outcomes analysis for some of the markers in this
thesis was conducted using Affymetrix (n = 4,904), which is a platform for both gene
expression analysis (MRNA) and genetic analysis (DNA) using GeneChip technology (225).

2.1.1.3.2 Tumour, Normal, and Metastatic Tissues and the University of Alabama at

Birmingham Cancer Data Analysis Portal

The Tumour, Normal, and Metastatic tissues (TNM) (https://www.tnmplot.com/) and

University of Alabama at Birmingham Cancer data analysis portal (UALCAN) datasets

(http://ualcan.path.uab.edu/index.html) together contained 1,097 primary cancers, 7 metastatic

cancers and 113 normal tissue samples (226-228).

2.1.2 Proteomic Level

2.1.2.1 Nottingham Invasive Breast Cancer Primary Series

This study was conducted on a large, well-characterised cohort (n = 2,497) of primary IBC
cases presented to Nottingham City Hospital between 1987 and 1998 with available
clinicopathological data (Table 2.3). A tissue microarray (TMA) using formalin-fixed paraffin-
embedded (FFPE) wax blocks was conducted on all biopsy samples of the cohort. A FFPE
paraffin wax block contained 15 cores representing patients’ specimens with 0.6-mm tissue
thickness and was used to examine a variety of biological markers (229). Moreover, to avoid
using samples with heterogeneous reactions, a portion of the FFPE full-face tissue sections that
included the morphological characteristic of IBC was used. Each sample cohort was made
available along with the most important clinicopathological indicators, including the tumour
size and histological grade, nodal stage, nodal status, LVI, NPI, molecular and histological
subtypes, and distant metastasis. Treatment and outcome data included the duration, in months,
from primary surgical treatment to the time of death due to BC, BCSS, the duration (in months)
from primary surgical treatment to the occurrence of first distant metastasis, DMFS, and

regional and local metastasis were also reported (230).
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Table 2.3: Characteristic of the Nottingham IBC primary series (n = 2497).

Parameter | Frequency (%) Parameter | Frequency (%)
Age at diagnosis Menopausal status
<50 years 669 (34) Pre 916 (37)
>50 years 1285 (66) Post 1545 (63)
Tumour size Tumour grade
<2.0cm 1009 (52) I 440 (20)
>2.0 cm 932 (48) I 757 (34)
" 1017 (46)
Nottingham prognostic index Lymph node-stage
Good prognostic
aroup prog 789 (36) | 1502 (66)
Moderate
prognostic group 1072 (49) I 595 (26)
Poor prognostic | 335 (45 I 177 (8)
group
Lymphovascular invasion Oestrogen receptor
(‘haematoxylin and eosin:
Podoplanin/CD34)
Negative 1327 (69) Negative 549 (26)
Positive 602 (31) Positive 1601 (74)
Progesterone receptor Human epidermal growth factor
receptor-2
Negative 761 (41) Negative 1653 (88)
Positive 1111 (59) Positive 231 (12)
Triple-negative breast cancer Follow-up status
No 1719 (84) Alive 1356 (57)
Yes 320 (16) Died from BC 698 (29)
Died from other 314 (13)
causes
Lost follow-up 35 (1)
Distant metastasis Recurrence
No 1682 (69) No 1483 (62)
Yes 770 (31) Yes 926 (38)
Tumour type
Invasive : Special type,
_d}uctaI/Not Special | 1559 (80) Tubular/Mucinous 113 (6)
ype
Invasive lobular 215 (11) Miscellaneous 10 (1)
Medullary-like 44 (2)
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2.2 Optimisation of Antibodies Used in the Study
2.2.1 Cell Lines and Culture Media

Various human cell lysates of the BC cell lines listed in (Table 2.4) were chosen for evaluating
and confirming the specificity of biomarkers used in this study. These included TNBC MDA-
MB-231 (epithelial cells obtained from the breast mammary gland were established from a
pleural effusion of a 51-year-old Caucasian female with metastatic mammary adenocarcinoma)
(231), MCF7 (derived from the pleural effusion of a 69-year-old Caucasian with BC
[adenocarcinoma]) and SKBR3 (obtained from a patient who underwent radiation). Then,
HelLa epithelial cells derived from a patient with human cervical carcinoma (232), BT-474,
were obtained from a 60-year-old woman who suffered from advance-stage IDC of the breast
(233). The American Type Culture Collection (Rockville, MD, USA) was the source of all of
the cell lines used. All cells were incubated at 37°C in a controlled humidified atmosphere of
5% COa.

Mycoplasma contamination tests were conducted regularly using the MycoAlert Detection Kit
(CULO001B, R&D Systems, UK), and short tandem repeat profiling was used to determine the

integrity of all cell lines (Source BioSciences, UK).

Table 2.4: Cell lines used in this study.

Cell line type and origin Type of media
TNBC (ER-, PR+-, HER2-) MDA-MB-231 RPMI + 10% FBS
Luminal A (ER+, PR+, HER2- / low MCF7 RPMI + 10% FBS
Ki67)
HER2-enreched (ER-, PR-, HER2+) SKBR3 McCoys5A +10% FBS
Cervical carcinoma cell line HelLa DMEM + 10% FBS
Luminal B (ER+, PR+, HER2+) BT-474 DMEM + 10% FBS

e FBS: fetal bovine serum (F9665, Sigma, Brazil).

o RPMI: Roswell park memorial institute medium (RPMI-1640, Cytiva, UK).

e McCoys: M8403, Sigma, UK.

e DMEM: Dulbecco's modified eagle's medium (D5796, Sigma, UK).
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2.2.2 Cell Passage
2.2.2.1 Procedure

All cell lines were observed visually by phase-contrast microscope every 2—4 days to check
viability, and the media was replaced every three days. Once the confluence of the cells was
between 70% and 80%, the consumed cell culture medium was discarded from the culture
flask. Next, Dulbecco’s phosphate-buffered saline (DPBS) was used at a measurement of

approximately 2 ml/10 cm? from the culture surface area to wash the cells.

As a harvesting solution, 5 ml of room-temperature trypsin dissociation reagent (0.25% phenol
red, 100 ml: 15050065; Thermo Fisher Scientific) was added to cover a cell layer, which was
then incubated for approximately 3-5 minutes at 37°C or as required to detach a cell line from
the flask. Once the cells detached, a room-temperature complete growth medium was added
under a sterilised environment to the flasks to neutralise the trypsin solution. Afterwards, the
cells were moved to sterile tubes and centrifuged for 5-10 minutes at a rate of 1,000 rpm.
Finally, the cell pellet was re-suspended in a small amount of preheated complete growth

medium, with a small sample of 10 ul taken for counting.

To determine the total number of cells and the percentage of viable cells, the following equation
was used: number of cellssml = mean cell count x dilution factor (10) x 10% The cell
suspensions were diluted under the seeding density required for each cell line. Then, the desired
and appropriate amounts were pipetted into new cell culture flasks containing a proper amount
of fresh growth media and cultured at 37°C in an adjusted humidity atmosphere at 5% CO2 in

an incubator for further use or passaging.

2.2.3 Preparation of Cell Lysates
To ensure no disturbance to the adherent cells, the cell culture medium was detached from the
flasks carefully. The adherent cells were washed in cold DPBS. The cells were covered using
2 ml of trypsin and incubated for five minutes at 37°C. As previously mentioned, the cells were
re-suspended and moved to sterile tubes, before being centrifuged for 5-10 minutes at 1,000
rpm. The supernatant was then disposed of, and lysis of the pellets containing cells was
determined by including a radioimmunoprecipitation assay buffer (25 mM Tris, 150 mM NacCl,
1% Nonidet P-40, 1% sodium deoxycholate and 0.1% sodium dodecyl sulphate [SDS]) to a
protease inhibitor and phosphate mixture (Pierce, Thermo Fisher Scientific, UK). The cell
lysates were transferred to a microfuge tube and incubated for 30 minutes on ice, with the

incubator shaken approximately every two minutes. To ensure all cell debris was eliminated,
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the cell lysates underwent centrifugation for 20 minutes at 13,000 rpm at a temperature of 4°C.

The supernatant layer was stored away at a temperature of — 20°C until required.

2.2.4 Cryopreservation of Cell Lines
Cells were harvested, as mentioned previously, and the cryovials were labelled. Once a
percentage of 70% or more cell viability was obtained, the cells were equipped for freezing.
The freezing medium was then prepared (appropriate medium + 10% dimethyl sulfoxide;
276855, Sigma-Aldrich).

After the medium was prepared, the supernatant layer was removed to enable the freezing
medium to be added at the needed cell density of 1 x 10° cells per ml. Once this was complete,
1 ml of aliquots was moved into the cryovials and stored in a freezer at a temperature of — 80°C
for around 24 h. These cryovials were then transferred to a liquid nitrogen container to be stored
long term. Next, cell thawing was conducted by placing the cells into a 37°C water bath; after
that, complete fresh media was added to a 15-ml tube. Then, the tube was centrifuged at 1,000
rpm for five minutes, and the pellet was re-suspended in the fresh complete media, transferred
to a flask and incubated at 37°C.

2.3 Antibody Specificity and Cross-Reactivity Assay: Western Blot
To evaluate the antibody specificity, western blotting (WB) was done. This technique is based
on separating the protein mixtures according to their molecular weights (MW) under electrical
current in acrylamide gel and then transferring these separated proteins onto a nitrocellulose
membrane, as described by Towbin et al. (234). Detailed information about the antibodies,
including their manufacturers, sources, clones, concentrations and expected MWs, is presented
in Table 2.5.

Table 2.5: Western blotting details of antibodies used in this study

Antibody Supplier Species Clone Western blotting Expected
Concentration | Incubation molecular
e weight
as kDa
HSP90AAL | Abcam Mouse monoclonal | AC88 1:700 Overnight 90
SLC9A3R1 | Abcam Rabbit monoclonal EPR5562 1:500 Overnight 48
NOP56 Sigma-Aldrich | Mouse monoclonal | CL2603 1:3000 Overnight 66
HMGB3 Sigma-Aldrich | Rabbit polyclonal HPA062583 1:1000 Overnight 22
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2.3.1 Protein Quantifications
Each sample was tested for protein quantity equivalence using a Thermo Fisher Scientific
Pierce™ Bicinchoninic Acid Assay (BCA) Protein Assay Kit (catalogue number: 23225,
Invitrogen, UK). To prepare the samples, distilled water (DW) was used as a calibrator and
solvent solution and to dilute the samples at a ratio of 1 part DW (16 ul) to 8 parts of the sample
(4 ul). The working reagent BCA contained two reagents (A and B) and was performed with a
dilution ratio of 50 (40 ul) parts reagent A to 1 (1,960 ul) part reagent B. A 96-well plate
(Invitrogen, Thermo Fisher Scientific, UK) was used, and 8 pl of the diluted samples and DW
was added to each well in duplicate. Then, the working solution was added to each well at 200
pl. To prevent exposure to light, the plate was covered with foil and incubated for 30 minutes
at 37°C. To measure the absorbance, an Infinite F50 spectrophotometer (Tecan, Switzerland)

was used at a 570-nm wavelength.

2.3.2 Sample Preparation
All cell lysates were thawed on ice and prepared with sample preparation reagents in chemical-
resistant polypropylene microfuge tubes (Table 2.6). The samples were spun gently using a
vortex mixer before being digested on a dry heating block at 100°C for five minutes and then

kept on ice until use.

Table 2.6: Sample components

Cell lysate and reagents Volume
Cell lysate 13 pl
NOVEX Bolt™ LDS Sample Buffer 5ul
NUPAGE Reducing Agent (10x) 2l
Total volume 20 pl
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2.3.3 Sample Loading and Protein Separation (Electrophoresis)
The Mini Gel Tank (Thermo Fisher Scientific, UK) was used to run the gels with a previously
prepared running buffer (RB) solution that contained 3-(N-morpholino) propanesulfonic acid
SDS Running Buffer (20x) (Invitrogen by Life Technologies, UK) and DW at a dilution of
1:10 (50 ml RB to 950 ml DW). Bolt™ Anti-Oxidant (to protect the protein from possible

oxidation; Invitrogen by Life Technologies) was added to the RB.

A precast gel, Bolt 3-8% Tris-Acetate Gel, 1.0 mm x 12 well (Invitrogen by Thermo Fisher
Scientific, UK), was inserted into the tank. The gel helps in denatured and reduced protein
separations. The gel wells were loaded with a protein ladder 10-180 kDa (Thermo Fisher
Scientific, Baltics, UAB) (7 pl) at the first well and lysates (13 pl each) in the following wells.
After the lid was placed on the tank, the electrode cords were connected to the electrical power
supply (PowerEase 90W PS0091; Invitrogen, Life Technologies, UK). The power supply was

set to run for 50 minutes at 180 volts or for 60 minutes at 150 volts.

2.3.4 Protein Transferring
The blot transfer module (Thermo Fisher Scientific, USA) was prepared by making a sandwich
with sponges (Invitrogen Sponge Pad, Thermo Fisher Scientific, USA) and filter papers
(Hybond Blotting Paper, GE Healthcare, UK) in between the gel and the nitrocellulose
membrane. A cylindrical roller was passed over the layered gel in filter paper to eliminate air
bubbles. Sponges were added to maintain the pressure of the gel against the membrane. The
sponges, filter paper and membrane were pre-soaked with transfer buffer (TB) (50 mI NuPAGE
Blot 20x TB (Thermo Fisher Scientific, USA), 100 ml of 10% methanol (Sigma Aldrich, USA),
849 ml deionised water (dH20) and 1 ml NuPAGE Bolt Antioxidant. Transfer of the protein
was done at 10 volts for one hour. Ponceau stain (catalogue number: 3761-53-3, Sigma Aldrich,

UK) was used to evaluate the efficiency of the transfer before the blocking step.

2.3.5 Membrane Blocking
To reduce non-specific binding of the primary antibody, the membrane was blocked using 5%
milk (Marvel Original Dried Skimmed Milk, Premier Food Groups Ltd, UK) in DPBS and
0.1% Tween (DPBS Tween). A rocker (Stuart See-Saw Rocker, Bibby Scientific Limited, UK)
was used at 30 oscillations/min for 60 minutes at room temperature to ensure complete

blocking.
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2.3.6 Immunoblotting and Protein Reaction Detection
After blocking, the membranes were incubated with primary antibody diluted in the blocking
solution overnight at 4°C or for one hour according to the manufacturer’s instructions or by
moderating the recommended dilutions to acquire ideal results (a single band with a clean
background on the expected MW; for example, in the case of recommended 1:2,000 dilutions,
1:1,500, 1:2,500 and 1:3,000 were tried). Each antibody that was used in the study for the
different BC cell lysates had its own binding specificity. This specificity was measured
qualitatively (Table 2.5). Beta-actin (Anti-beta-actin antibody-Loading Control was used as
either anti-beta-actin antibodies were produced in mouse (catalogue number: A5441, Sigma-
Aldrich: Clone AC-15: Sigma, UK) or rabbit (catalogue number: MABT523; Sigma-Aldrich;
Clone RM112; Sigma, UK). The anti-beta-actin was diluted in a blocking solution (milk) with
a dilution ratio of 1:5,000. The membranes were washed for 10 x 3 minutes with Thermo
Scientific Pierce DPBS Tween with continuous rocking. Then, they were incubated with
fluorescent horseradish peroxidase conjugated secondary antibody IRDye® 680RD donkey
anti-mouse immunoglobulin G (1gG) (LI-COR, Bioscience, Lincoln, NE, USA) and IRDye®
800CW donkey anti-rabbit 1gG (LI-COR, Bioscience, Lincoln, NE, USA) antibodies in order
to detect housekeeping protien and AB. The dilution was prepared as 1/15,000 fluorescent
secondary antibodies in a blocking solution (5% Marvel milk). To avoid direct exposure to
light, the membrane was covered with foil and then incubated for 60 minutes on a continuous

rocker. Again, the membranes were washed with DPBS Tween for 10 x 3 minutes.

2.3.7 Protein Reaction Visualisation (the Bands)
The images were developed via chemiluminescence using an Odyssey Fc (LI-COR
Biosciences, Lincoln, NE, USA). The final image showed red and green fluorescent bands
visualised via the Image StudioTM software (Java, UK). To obtain images of the detected
protein band, the IRDye® 680RD and IRDye® 800CW secondary antibodies with wavelengths
of 694 nm and 795 nm, respectively, were used. A secure hard drive was used to store all
labelled images.

2.4 Antibody Optimisation Assay: Immunohistochemistry
Since its first description in the 1940s, IHC has become the most robust technique examining
BC and easing the prediction of targeted treatment applications. Immunohistochemistry is
involved in evaluating molecular subtyping, assessing protein morphological patterns in
tumour tissue and identifying prognostic biomarkers, which adds more reliability to pathology

reports in many oncogenic diseases, including IBC (235).
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Between 10 and 15 full-face sections, randomly representing different histological and
molecular subtypes, were stained with IHC for (HSP9OAAL, SLC9A3R1 and NOP56), which
enabled the exploration of the heterogeneity of the indicated target before the TMA staining
using 4-pum-thick TMA sections of IBC. Positive and negative controls were used for each
primary antibody as a confirmation step of antibody specificity. A positive IHC reactivity
marker (the rabbit polyclonal f2-microglobulin marker [1:2,000; Dako, USA]), with a dilution
ratio of 1:1,000 to antibody diluent (SLCB3189; Leica Bond, UK) was used as a positive
control. However, the antibody diluent was added without the antibody to represent the
negative control. Slide sections were incubated at the temperature and time recommended by

the manufacturer (Table 2.7).

Table 2.7: Immunohistochemistry evaluation of the antibodies used in the study

Antibody Immunohistochemistry Pre-treatment Expression | Control tissue
dilution and localisation
incubation
HSP90AA1L 1:200 overnight Microwave, citrate Cytoplasm Kidney
pH 6, 20 minutes
SLCY9A3R1 1:250 1 hour room Microwave, citrate Cytoplasm Kidney
temperature pH 6, 20 minutes
NOP56 1:250 overnight Microwave, citrate Cytoplasm Kidney
pH 6, 20 minutes
pH potential hydrogen.

2.4.1 Staining Method

2.4.1.1 Pre- Staining Tissue Section Slides Preparation

The labelled tissue section slides were placed on a hotplate (Leica HI 1220, Germany) at 60°C
for 10 minutes to remove the wax before being cooled for 5 minutes at room temperature. Next,
the slides were dewaxed/rehydrated by immersion in sequential xylene baths (%2, five minutes)
(Fisher Scientific. UK) and, subsequently, by immersion in 100% and 70% industrial
methylated spirit (IMS) ethanol (ethyl alcohol) (%2, three minutes) (Sigma-Aldrich, Poland)
baths, followed by a wash (x3, five minutes) in dH2O wash. The above steps were performed

by an ST5010 Autostainer XL (Leica Biosystems, Germany).
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2.4.1.2 Heat-Induced Epitope Retrieval: Citrate Buffer (pH = 6.00)

Due to their nature and storage time, surgical biopsies preserved in formalin or aldehyde and
embedded in paraffin might undergo significant physical and chemical changes. Having poor
epitope exposure may adversely affect the expression strength. Thus, multiple heat-induced
epitope retrieval (HIER) procedures were conducted under different conditions to stimulate the
FFPE tissue’s antigenic sites. Among the HIER systems, the citrate buffer antigen retrieval
procedure provided the best outcomes in stimulating the antigenic site of the FFPE in the IBC

tissues.

To prepare the 10x sodium citrate buffers, 2.94 g of trisodium citrate was dissolved in 1,000
ml of DW, and the potential of hydrogen (pH) was adjusted to pH 6.0. Heat-mediated/ citrate
antigen retrieval was performed using 1.0 M sodium citrate buffer (one part 10x citrate buffer
solution into nine parts DW) at pH 6.0 (Russel RLO60P Portable pH Meter, ThermoElect Co.,
Colorado, USA) and microwaved (Whirlpool, Jetstream, JT359) at 1,000 W (240°C) for 20

minutes. Later, it was slowly cooled under tap water for five minutes.

For staining full-face and TMA sections, sequential and flatbed methods were used,
respectively. Water-resistant boundaries (ImmEdge Hydrophobic Pen, Vector Laboratories,
Canada) were created in a suitable manner surrounding the tissue sector, which enabled the
reagents to be confined within the TMA cores. For the sequential method and after antigen
retrieval, Tris-buffered saline (TBS) with a pH of 7.6 was used to fill the sample slides to ensure
a humid environment that helped preserve the tissue from dryness and damage. Tris-buffered
saline Tween (TBS-T) (Trizma base, Sigma-Aldrich; NaCl and HCI diluted at 1:10 with dH20,
pH 7.6) with 0.1% Tween (Tween 20, Dako, Denmark) was used in the TMA cores (%2, five
minutes) after antigen retrieval and (x3, five minutes) for all other followed washing steps. The
washing steps were beneficial for removing all previous reagents and ensuring reactions had

stopped.

2.4.1.3 Staining With Novolink Max Polymer Detection System

The Novolink™ Max Polymer Detection System (RE7280-K, Leica Biosystems, UK) was
used to stain the slides with mouse and rabbit IgG (Table 2.8). The quantification of the specific
binding percentage of the primary antibody to the targeted biomarker was measured by the
development of brown colouration of the chromogenic 3,3' diaminobenzidine (DAB) against
the counterstaining haematoxylin, which gave a blue background for the non-stained

untargeted cellular component.
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Table 2.8: The contents of Novolink™ max polymer detection system Kit (236).

Reagent Composition

Peroxidase block 3-4% (v/v) Hydrogen peroxide

Protein block 0.4% Casein in DPBS, with stabilisers, surfactant, and 0.2% Bronidox L as a

Post primary Rabbit anti-mouse 1gG (<10 jig/ml) in 10% (v/v) animal serum in TBS/0.09% ProClinTM 950
Novolink™ polymer Anti-rabbit Poly-HRP-1gG (<25jig/ml) containing 10% (v/v) animal serum in TBS /0.09% ProClinTM
DAB chromogen 1.74% w/v 3,3’ - diaminobenzidine, in a stabilizer

DAB substrate Buffer A buffered solution containing <0.1% hydrogen peroxide and preservative

Haematoxylin <0.1% Haematoxylin

2.4.1.3.1 Endogenous Blocking Peroxidase and Protein Block

Endogenous peroxidase activity that remained active within the formalin-fixed tissue was
blocked by a peroxidase block for five minutes, followed by a wash with TBS-T. This step
ensured the quality of intensity of the colour produced by the antigen—antibody reactions. Non-
specific binding of the primary antibody (non-specific band) was reduced by adding Novolink
Protein Block for five minutes, which enhanced the quality reflection for the specific reaction

between the antibody and the antigen, followed by a wash with TBS-T.

Negative and positive procedures were used with different staining for the various antibodies.
There was no primary antibody encountered in the negative control. Therefore, tissue samples
were incubated in antibody diluent only. Each antibody had a known reactivity as described in
the manufacture date sheet, enabling it to react with positive control tissue when incubated

together.

2.4.1.3.2 Antibody Optimisation

All antibodies in this study were stained following the manufacturer’s instructions, including
those for the antibody dilution concentration and incubation time. Thus, according to the
manufacturer supplier’s recommendation of antibody optimisation, the concentration was
applied with four various dilutions, two higher and two lower (e.g. dilutions of 1:300, 1:400,
1:500 and 1:600), which were also used in addition to the recommended concentration of 1:500.
This procedure ensured that the best antibody concentration was met and the antibody was
selected according to their specificity, where the most specific value of the antibody is achieved
when the targeted cellular component is stained without affecting immune cells and the
background. The slides were incubated with the primary antibody diluted in protein stabiliser
and surfactant (Bond Primary Antibody Diluent, AR9352, Leica Biosystems, UK) for 30
minutes, one hour or overnight as per the manufacturer’s instructions and adjusted in

accordance with the staining results (Table 2.7).
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2.4.1.3.3 Post-Primary Antibody and Novolink™Polymer

The slides were incubated with post-primary for 30 minutes, which is used to detect mouse

antibodies, followed by washing with TBS-T. Then Novolink™ Polymer was added after that
to detect both the post-primary and any tissue-bound rabbit antibodies. The incubation time

was set for 30 minutes, and then the slides were washed with TBS-T.

2.4.1.3.4 3,3' Diaminobenzidine
A DAB working solution was prepared by the 1:20 dilution Novolink™ DAB Chromogen and

a Novolink™ DAB Substrate Buffer and applied for five minutes; then, the slides were washed
with TBS-T. The solution was always freshly made, and due to its sensitivity to light, it was
preserved in the dark during incubation until use. The chromogen reacted with the enzymes,
forming a visible brown precipitate in the presence of water, indicating the primary Ab

expression sites.

2.4.1.3.5 Haematoxylin Counter Stain

The slides were counterstained with haematoxylin (less than 1% concentration) for six minutes.
The haematoxylin stained the nuclei and aided in the IHC staining protein assessment. A plastic
container filled with water was used to remove any excess haematoxylin counterstain from the

slides.

2.4.1.4 Tissue Dehydration
The slides were dehydrated with a gradual concentration of IMS (3 x 2 min), followed by
clearing with xylene twice for five minutes using Leica Autostainer XL with program 2. In the
end, the slides were mounted with dibutylphthalate polystyrene xylene (BDH, Leica
Microsystems, UK), coverslipped (Fisherbrand Coverslips, 22 mm x 40 mm, UK) and dried
for 24 h at room temperature.

2.5 Immunoreactivity Evaluation before Scoring
The expression of proteins in normal breast tissue sections and the level of heterogeneity in
tumour tissue were analysed using full-face breast tissue sections taken from 10-15 different
patient cases representing various histological grades, stages and molecular subtypes; prior to
the TMA staining, IHC staining was done on these to manage and minimise the number of
consumed TMAs. All biomarkers in this study were selected based on their homogeneous

distribution throughout all slides and were used to stain patients” TMA sections later on.
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2.6 Slide Imaging
Slides were converted into high-resolution images through digital scanning (NanoZoomer,
Hamamatsu Photonics, Queens Medical Centre, UK). Images were observed (Aperio
ImageScope, Aperio Technologies) at 20x magnification. This helped to generate a library for
the slides to be available for editing and sharing. This was also very helpful when the quality
and reflection resolution of IHC or H&E staining slides were affected by long storage duration,
shrinking of tissue caused by light or any loss of the histological architecture within FFPE

specimens.

2.7 Scoring of Tissue Microarray Cores
Only the cores representing >15% of the invasive tumour were scored, excluding carcinoma in
situ, breast stroma, inflammatory infiltrates, and normal acini and ducts. The percentage of the
malignant cells that were stained (0-100) and the intensity of staining (0: negative, 1: weak, 2:
moderate and 3: strong) were considered in terms of their semi-quantitative evaluation H-score.
The formula used for calculating the final H-score was as follows: (0 x % stained negative) +
(1 x % stained ‘weakly’) + (2 x % stained moderately) + (3 x % stained strongly). Although
only one observer carried out all scoring, a more experienced external observer (pathologist)

performed scoring of a subset of 10%-30% of cases for added reliability.

2.8 In-House Biomarker Consortium Data

A wide spectrum of biological biomarkers with clinical relevance to BC progression was used
to examine their interaction with a chosen set of biomarkers discovered in this study and their
relation with LVI incidence and disease progression. These biomarkers play an essential role
in BC, such as EGFR, phosphoinositide-3-kinase, catalytic, alpha polypeptide (PIK3CA),
AKT, Ki67 and p53. EGFR regulates EMT and cancer invasion through its downstream
pathway (237). The high expression of EGFR is considered an independent predictor of poor
outcomes in IBC (237). PI3KCA mutation occurs in about 20-30% of BC, which enhances
cancer growth and decreases patient survival (238, 239). AKT is an essential component of the
PIBK/AKT/mTOR signalling pathway, as it regulates cell development, proliferation and
survival. This pathway is frequently dysregulated in BC (240). In BC, the rate of tumour cell
proliferation is one of the most significant prognostic markers, and Ki67 is consequently useful
for prognosis (241). P53 mutation is linked with more aggressive malignancy and poorer
overall prognosis in BC (242). In addition, the p53 mutation occurs in 70— 80% of cases of the
most aggressive subtype of BC, the TNBC (243).
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These data are illustrated in Table 2.9. For the dichotomisation of biomarkers, several methods

were used to determine the cut-off value. The median or mean was used depending on the

distribution of the data.

Table 2.9: Available biological biomarkers from the Nottingham cohort that were used

in this study.
Proteins marker Expression location Cut-off point Reference
EGFR membrane 100 (244)
PIK3CA cytoplasm 100 (245)
AKT cytoplasm 65 (246)
Ki67 cytoplasm 14 (247)
P53 nucleus 10 (248)
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2.9 Cut-Off Point Determination
The cut-off points for each biomarker were determined individually. According to the patient
follow-up time, output events (both uncensored and censored) were used for this sub-
classification. In the case of patients who developed distant metastasis (DM) or died of IBC,
the results were considered negative and uncensored. Censored patients either had not
developed DM or their data were forfeited during follow-up and they were alive. The cut-off
point was recognised as the median contained most patients, which presented as the peak pixel
in Statistical Package for Social Sciences (SPSS) version 24 (SPSS Inc., Chicago, IL, USA).
To determine the statistical significance, these cut-off points were used in conjunction with the
SPSS software, in which p-values were calculated and relative against DMFS. The localisations

and cut-off points for the biomarkers are presented in Table 2.10.

Table 2.10: Antibodies Cut-off point and localisation

Biomarker Expression Localisation Cut-off point

HSP90AA1 Cytoplasm H-score 50 using the median, with
a score >50 was considered high
expression.

SLCY9A3R1 Mainly in Cytoplasm H-score 0 using the median, with
a score > 0 was considered high
expression.

NOP56 Mainly in Cytoplasm H-score 35 H-score using the
median, with a score >35 was
considered high expression.

2.10 Differential Gene Expression Analysis and Gene Selection for Study

2.10.1 Differential Gene Expression
A DGE experiment is a statistically quantifying measurement of possible modifications in a
gene in terms of reading counts or expression levels performed between two experimental
conditions. Converting the information in the gene into a functional gene product, such as a
protein with microarray technology, offers robust data for prognostic candidates that could
ultimately contribute to BC studies which shed light on a new approach in BC personalised
treatment. In addition, such a technique improves patient survival and outcomes, consequently
helping to enhance clinical management. Based on tissue availability and integrity, the cases
involved in the analysis were used in two cohorts: Nottingham (n = 285/1,980 cases) and
Addenbrooke’s Hospital (n = 1,280/1,980 cases). The critical determination of the statistical
distribution properties of MRNA LVI status formed part of the foundation of this study. The
LVI status of the subgroup was assessed via IHC, utilising CD31, CD34 and D2-40 (115).

This enabled the end LVI status to be determined using IHC along with several H&E tumour
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sections. Of the 1,565 samples in the mMRNA microarrays, 930 were LVI-, whereas the

remainder were LV I+ based on a linear model of DGE.

As part of the TCGA-BRCA cohort, the availability of LVI information also became a critical
consideration when analysing the RNA sequence data. Therefore, identifying gene candidates
with already given prognoses using the method mentioned above was beneficial. The method
used to identify DGEs between both LVI positive and negative cases was the weighted
average difference (WAD) method. The DGEs were nominated with respect to their
determined WAD ranking (249, 250). In addition to the WAD method, the Edge-R software
was also considered in the DGE analysis. Fold changes (> £ 2) were utilised to identify DGEs
for filtering, using p < 0.05 as the maximum significance threshold. In the WAD assay results,
there were 350 genes associated with LV status in both the Nottingham cases (n = 285) and
the remaining METABRIC cases (n = 1,280), as summarised in Appendices 10.4 and 10.5,
respectively. There was an overlap between the DGEs of both groups, and they overlapped
genes have been made available (note that the set that is associated with LV1 is in Appendix
10.6). More details about the DGEs will be presented in Chapter 3.

2.10.2 Gene Selection for Study
Several approaches were followed for gene evaluation and selection for this study. First, the
markers (HSP90AAL, SLC9A3R1, NOP56 and HMGB3) were chosen according to their
strong correlation with LVI status that resulted from DGE analysis and validated by various
statistical analyses. While All of the selected genes were obtained by DGE analysis. However,
one of these genes was subsequently pursued from a previous mass spectrometry study by
Nottingham BC group member (Dr Sultan Sonbul) and validated by DGE. For example, to
verify the association between the targeted gene from the previously mentioned analysis
sources and the LVI status, the t-test method (chi-squared) was utilised. In addition, the
univariate method (Mann-Whitney test) was also used to confirm the gene expression with
LVI status. Nonetheless, chosen genes were individually examined to expand understanding of

their molecular function and biological properties.

The positive association of LVI and these genes and the correlation with clinicopathological
parameters and patient outcomes at the transcriptomic level using METABRIC and TCGA-
BRCA datasets were considered as a basis of the gene selection. The online dataset bc-
GenExMiner v4.9 (Affymetrix dataset) was also utilised to verify the correlation of each gene

with patient survival. Pearson’s correlation was used to validate the association of identified
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oncogenic and BC metastasis-related pathways and proteins, such as p53, Ki67, AKT,
PIK3CA, MYC and EGFR, with the targeted genes to investigate any relationship between
them and BC LVI. In conclusion, the genes used in this study were obtained from various
resources, including DGEs and mass spectrometry (HSP90AA1), and the 99 genes in the LVI-
associated gene signature (SLC9A3R1, NOP56 and HMGB3).

211 Statistical Analysis
2.11.1 Introduction
A number of different statistical methods were used to determine and test the significance of
the results obtained. Other nominal variables, such as ordinal and categorical, independent or
dependent, and continuous scale data, epitomised this variety. The statistical software package
SPSS was used to perform the analyses (IBM SPSS Statistics, versions 24-28, SPSS Inc.,
Chicago, IL, USA). A value of p < 0.05 (two-tailed) was set as the optimal level of significance
for all statistical tests. A histogram was produced for normality testing of the staining
distribution to determine the biomarkers’ dichotomising cut-offs. Independent analyses were

carried out regarding cytoplasmic H-scores.

2.11.2 Intra-Class Correlation Coefficient
A pathologist re-evaluated 10-30% of the whole cohort that the author previously evaluated to
confirm the reliability of the H-scoring data. This was conducted using an intra-class
correlation coefficient (ICC) test. The pathologist and the author independently assessed
sections, ensuring the individual scores were assessed blindly. A sufficient correlation of the
ICC was evaluated if the H-score threshold agreement was equal to or greater than 75%.
Visualisation differences sometimes put the ICC percentage less than 75%; in this case, and
must rescored. If any discrepancies occurred between the TMA scores (the correlation level
was less than <50), each slide would be re-assessed and scored, with each difference being
evaluated until a better level of agreement was reached. To ensure a high level of quality control

for the H-scoring level, no patient data were available throughout all scoring sessions.

2.11.3 Chi-Squared Test (Goodness of Fit)
The chi-squared non-parametric statistical test was used to enable statistical relationships to be
shown and identified between numerous nominal independent variables. The reasoning behind
using the chi-squared test was to enable a thorough mathematical evaluation of the differences
in rates regarding distribution for categorised and selected biomarkers. The assessment was

against the verified and valid equivalent data, which belonged to other nominal variables, such
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as tumour size, tumour grade, patients’ age, LVI, chemotherapy, LN stage or other stained

biomarkers that had previously been noted.

2.11.4 Kaplan—Meier Survival Analysis and Log-Rank Test
The log-rank test was used to evaluate the association between biomarker expression and
patient survival. The analysis depended on the distribution of two populations of BC patients
using the median expression of examined biomarkers to ensure censored observations. Kaplan—
Meier curves were used to plot the patients’ associated evaluation with a log-rank test for

significance.

2.11.5 Proportional Hazards Model (Cox Regression Model)
The Cox proportional hazards model was robust to evaluate standardised prognostic factors
against the prognostic independence of both proteins and differentially expressed genes
(DEGs). The ability of this test to measure the prognostic or predictive independence of
encountered genes from common prognostic/predictive factors, such as tumour grade, Ki67

expression, tumour size and LN stage, stands out the value of this test.

2.11.6 Student’s T-Test
Using the student’s t-test, an evaluation of the statistical difference between the two normally

distributed variables was achieved.

2.11.7 Mann-Whitney U Test (Median Analysis)
The Wilcoxon—Mann—-Whitney non-parametric test is an additional test that was conducted on
selected biomarkers to undertake a univariate analysis of those biomarkers. With this test being
conducted, statistical relations were identified and shown between the distributed median and

the nominal data of the continuous variables.

2.11.8 Spearman’s Rank Test (Model/Line of Best Fit)

Using the Spearman’s rank correlation coefficient, the relation of strength within the linear
association between two non-normalised continuous variables, such as protein/gene
expressions, was determined. The range of R-values went from —1 to +1, with —1 being a strong
inverse correlation, 0 indicating no relation or association between the two variables and +1
showing a solid relation/association in the same direction. Other values which fell within that
range also showed different strengths in relation/association; for example, values from —0.1 to
0.1 were regarded to not correlate; those from 0.1 to 0.3 or 0.1 to —0.3 were considered to
show a weak correlation; those from 0.3 to 0.5 or —0.5 to —0.3 were moderate; and finally,
values from 0.5 to 1 or —1 to —0.5 were regarded to have a strong correlation.
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This chapter comprises data published in the British Journal of Cancer (2019) under the title
‘A key genomic subtype with lymphovascular invasion in invasive breast cancer’ with the

corresponding DOI: 10.1038/s41416-019-0486-6 (223). The copyright approval for re-use

of these material is provided in Appendix 10.2.

3.1 Overview
As an introduction to this research, BC is a highly malignant, heterogeneous disease with
differences across patients in terms of staging, grading and the severity of the tumour which
are caused by inter-tumour heterogeneity. Early stage BC in individuals is characterised by
morphological and genomic, transcriptomic and proteomic expression complexity, and this has
been validated (251). Due to the continuous molecular alteration in patients with BC, it is
imperative to refine the present molecular categorisation systems and develop tailored therapy
approaches for patient subgroups more susceptible to invasion mechanisms. The precise
identification of crucial genetic characteristics, such as abnormal gene, mRNA or protein
expressions, could enhance BC therapeutic application and management. Moreover, discovery
of various atypically expressed biomarkers and pathways that drive BC progression and might
affect the survival of patients with BC has been made easier by recent developments in high-
throughput sequencing technologies. Concerning various clinicopathological characteristics of
BC, LVI could be accurately identified using H&E and IHC methods at the histological and

molecular levels.

Recent research has used a combinational approach of integrating DGE and protein expression
with bioinformatics to identify clusters of upregulated DEGs in cancer-related pathways. A
recently published work examined the most highly expressed and repressed genes between 113
BC and 38 in cells neighbouring normal-like tissues by importing the gene expression profiles
from an online resource called Gene Expression Omnibus (252, 253). Their findings revealed the
differential expression of 82 genes, whose roles may be connected to cellular division and
structural component receptor interaction of ECM as well as proteinaceous ECM (252). While
this study's results seemed promising for further investigation, however, this was not applied to
the association of LVI-positive BC cases. Thus, applying the same methodological approaches
to a larger and well-characterised cohort of BC to identify more reliable prognostic and predictive
biomarkers seemed promising to improve patients' outcomes. Additionally, another investigation
evaluated the DEGs across patients with BC with both unfavourable and favourable outcomes in
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luminal A BC using the TCGA-BRCA online database (254). The study found that a group of
18 prognostic biomarkers was linked to nine separate pathways (254). In a recent study, DEGs
related to LV1 were discovered in 79 LVI+ and 29 LVI- patients with BC using the significance
analysis of the microarrays and the R limma package. According to the study’s findings, the
protein—protein interactions, gene ontology (GO), gene set enrichment analysis (GSEA) and
pathways analysis suggested that the cytokine—receptor interaction pathway and the imbalance
between the components of the ECM and TME may be a reason behind the triggering of
underlying LVI mechanisms in BC (255). Using LVI implications in BC prognosis, it may be
possible to identify high-risk subgroups of patients with BC. The decisive gene/protein signatures
have yet to be uncovered entirely, and the molecular code for LVI is still unclear. This is
attributed to various factors that may contest the precise molecular signature of LVI in BC,
leading to a lack of understanding of LVI status. The sample size of an LVI representative
cohort, the various characteristic molecular expressions and clinicopathological traits of an LV1
prospective cohort, potential false LVI- despite LNM+ detection, and the inaccurate
processing and staining of tissue samples are just examples of the challenges that could hinder
the precise detection of potential LV drivers.

3.2 Aims and Hypothesis
This work aimed to explore novel DEGs influencing LVI processes in patients with BC to
designate promising prognostic and targeted treatment in transcriptomic level, as well as perhaps
proteins, for advanced investigation. In this study, several cohorts of patients with BC were
utilised, including the METABRIC and TCGA-BRCA cohorts, characterized by sufficient
clinical follow-up, and other well-defined and characterised BC cohort, to investigate the
unidentified molecular stages that may underpin LVI mechanisms in patients with BC.

3.3 Materials and Methods
3.3.1 Study Cohorts

3.3.1.1 The Molecular Taxonomy of Breast Cancer International Consortium Cohort
In total, 285 patients from Nottingham in the METABRIC cohort and the additional
METABRIC cases (n = 1,280) presented a significant number of transcriptome and copy

number (CN) alteration profiles, as discussed in Chapter 2 (section 2.1.1.1).

The METABRIC dataset, accompanied by validated clinicopathological features and several
transcriptome and CN aberration (CNA) profiles, was used as a discovery cohort in this
investigation. This cohort’s key applications included the following: 1) verifying the Linear
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Models for Microarray Data (limma) result for the DEG experiment conducted on the LVI+/—
cohort (Limma is a popular statistical software for analysing gene expression data from
microarray experiments) (256); 2) providing this study with definite LVI+/— and LN+/-
transcriptomic profiles of subsets of patients with BC and CNA data; and 3) conducting a
thorough correlation analysis of gene expression on a chosen cluster of DGEs using a large-

scale cohort of patients with BC.

In the METBARIC cohort, 55.4% of all patients had LVI- status, whereas LV I+ patients made
up 44.6%. Moreover, in 78.3% of patients, the age at diagnosis was > 50 years. Concerning grade,
50.3% of the sample size was made up of patients with grade I11 tumour IBC. While slightly more
than 50% of the cases in this group received a moderate NPI rating, 47.5% of patients had positive
nodal involvement. In this group, invasive ductal BC was the most common histological type
observed in 82.6% of patients. Each patient’s BCSS was measured in months, up to a maximum
of 300 months, with the recording of the date starting on the day when the initial surgical treatment
began and continuing until the patient passed away due to BC, as described previously in
Chapter 2 (section 2.1.2.1). According to the most recent follow-up data, IBC was the cause of
death for 25.5% of all patients.

With regard to molecular subtypes, 75.7% of patients had the ER+/IHC tumours. Moreover, 14.5%
of patients had elevated HER2 expression, while 3.3% were considered borderline. According to
the intrinsic subtyping classification of the samples, 10% of the patients in this cohort had the
normal-like subtype, 36% had the luminal A type, 25% had the luminal B type, 12% had the
HER2-enriched subtype, and 17% had the basil-like tumour subtype’. According to the IntClusts
distribution of the METABRIC dataset, 7.0% of all patients fell into IntClust-1, IntClust-2
contained 3.6%, 14.6% were categorised into IntClust-3, IntClust-4 had 17.3%, 9.6% were
included in IntClust-5, IntClust-6 had 4.3%, 9.6% were put into IntClust-7, IntClust-8 contained
15.1%, and 7.4% of all patients were put into IntClust-9, and finally data distribution revealed
11.4% of patients as IntClust-10.

3.3.1.2 The Cancer Genome Atlas Breast Carcinoma Cohort

In Chapter 2 (section 2.1.1.2), the TCGA-BRCA cohort was described in detail. In this study,
it served as a validation cohort to confirm the genes associated with LV1 status identified by
the METABRIC cohort. Even though 1,089 patients with BC formed the total TCGA-BRCA
cohort, only 854 patients, were deemed IBC cases. Overall, 35% of patients in this cohort were

classified as LVI+, whereas 65% were classified as LVI-. LV status was assessed by an expert
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breast pathologist (Leslie Dalton). Also, in this cohort, 70% of patients had a high
histopathological grade. Furthermore, in 28% of cases, significant tumour size was seen.
Patients older than 50 were found to account for two-thirds of cases. In all cases, 28% had
nodal staging positive. The patient rate of survival in the TCGA-BRCA cohort was calculated
to be 10 years of BCSS, and the time of survival was represented in months (for a total of up
to 120 months). In addition, the BCSS time recording was from the day of collection of the
primary surgical sample until the death day due to BC. In 75% of patient samples, the ER+
status was identified at the molecular level. In 65% of cases, increased PR expression was
found. Additionally, 15% of cases were found to have increased HER2 expression. Moreover,
14% of cases displayed TNBC status. The following molecular intrinsic subtypes of the patient
specimens were identified: 7% basal-like BC, 31% normal-like BC, 36% luminal A BC, 17%
luminal B BC and 16% HER2-enriched BC.

3.3.2 Bioinformatics Analysis
Using the WAD approach, the analysis was carried out a former team member (Dr Sasagu) by
counting on a reliable histological approach for analysing LVI tissues through identifying
CD34 or D2-40 on a subset of Nottingham BC cases included in METABRIC as previously
discovered (115). This subset of LVI cases from Nottingham was examined using stringent
morphological and immunohistochemical criteria. However, only H&E-stained slides from the
cBioPortal dataset were used to determine LV status in the TCGA-BRCA cohort. Thus, DEGs
in LVI+ and LVI- patients was performed , and DEGs were chosen based on their WAD
ranking. Lists of the top 350 genes correlated with LV1 as determined by the WAD analysis
are summarised in Appendices 10.4 and 10.5. These lists were generated from a subset
of the Nottingham cases in the METABRIC cohort (n = 285) and other METABRIC cases
(n = 1,280). Both Nottingham and METABRIC cases were analysed independently, and
then, overlapping DEGs between the two groups were included in the final gene set

associated with LVI.

The clustering and heat map construction was performed through the Cluster 3.0 package (257).
The clustering analysis was conducted using the METABRIC dataset as the discovery and the
TCGA-BRCA dataset as the validation. Before the clustering analysis was conducted, the
TCGA-BRCA count reads dataset was log2 transformed by a former team member (Dr. Sasagu).

Furthermore, to determine significantly enriched GOs and pathways linked with these genes, the
WEB-based Gene SeT AnaLysis Toolkit (WebGestalt) was utilised (258, 259). To manage the
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level of false discovery, the Benjamini—Hochberg procedure was adopted within WebGestalt
and consisted of an adjusted p-value <0.05. This level was considered to be statistically

significant.

3.3.3 Statistical Analysis
To assess the patient survival in both the METABRIC and TCGA-BRCA cohorts, the Kaplan—
Meier survival curves of 10-year survival data were used to investigate the correlation between
targeted genes and patient outcomes. Several clinicopathological parameters, including LVI
and LN status, tumour size, tumour grade, hormonal status (ER and PR), HER2 status and the
LVI-associated genomic subtypes and prognoses, were analysed against each other using the
Cox proportional hazards regression model with 95% confidence intervals (CIs) in both

univariate and multivariate analyses.

3.4 Results

3.4.1 Prognostic and Clinicopathological Significance of Lymphovascular
Invasion Status

A subset of 635/1,565 patients, who constituted around 41% of the METABRIC dataset,
displayed LVI positivity, while the remaining 930 (59%) were classified as LVI-. In the
Nottingham group, 41.1%, or 117/285, of the total patients were LVI+, while 40.5%
(518/1,280) were LVI+ cases, as observed in the METABRIC cohort. Meanwhile, LVI+
patients represented 35% (295) of the total cases (854), while LVI- cases represented 65%
(559) in the TCGA-BRCA cohort. Moreover, LVI positivity was strongly associated with a
high histological grade in both cohorts (both METABRIC and TCGA-BRCA cases
representing p < 0.0001; TCGA-BRCA, p = 0.00055), positive nodal status (both METABRIC
and TCGA-BRCA also representing p<0.0001) and large tumour size (METABRIC:
p<0.0001; TCGA-BRCA: p=0.00055) (Table 3.1).

In both the METABRIC and TCGA-BRCA cohorts, the LVI+ BC patient survival rate was
considerably poorer than that of the patients with LVI- BC (hazard ratio (HR) = 1.70, 95% =
Cl 1.45-2.01, p<0.0001 [Figure 3.1]; HR = 2.2, 95% CI = 1.46-3.38, p=0.00019 [Figure
3.1], respectively). The univariate and multivariate analyses of the TCGA-BRCA and
METABRIC datasets are listed in Table 3.2. Univariate analyses revealed poor prognostic
indicators of different factors in both cohorts using the Cox proportional hazards regression
model, including LVI+ status, large tumour size (METABRIC: HR = 1.82, 95% CI = 1.49-
2.21, p<0.0001; TCGA-BRCA: HR = 1.81, 95% CI = 1.08-3.04, p = 0.025), positive nodal
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stage (METABRIC: HR = 2.06, 95% CI = 1.74-2.44, p <0.0001; TCGA-BRCA: HR = 1.85,
95% CI = 1.20-2.85, p =0.0056), negative ER status (METABRIC: HR = 1.66, 95% CI =
1.38-1.99, p<0.0001; TCGA-BRCA: HR = 1.89, 95% CI = 1.19-2.98, p=0.0065) and
negative PR status (METABRIC: HR = 1.67, 95% Cl = 1.42-1.98, p < 0.0001; TCGA-BRCA:
HR =1.68, 95% Cl =1.08-2.61, p = 0.020). Moreover, positive HER2 status (HR = 1.92, 95%
Cl =1.54-2.38, p 0.0001) and high histological grade (HR = 1.63, 95% CI = 1.37-1.93, p <
0.0001) were also important prognostic variables in the METABRIC cohort. Multivariate
analysis also revealed LVI positivity to be a poor and independent prognostic factor
(METABRIC: HR =1.29, 95% CI = 1.07-1.56, p = 0.0073; TCGA-BRCA: HR = 2.19, 95%
Cl =1.32-3.62, p = 0.0023) (Table 3.2).
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Table 3.1: The association between lymphovascular invasion and other
clinicopathological factors.

METABRIC cohort

TCGA-BRCA cohort

Lymphovascular

Lymphovascular

Factors invasion status value invasion status p value
Positive Negative P Positive Negative
N (%) N (%) N (%) N (%)
Tumour size
<2cm 149 (23.5) | 332 (36.3) 61 (20.7) 178 (31.8)
<0.0001 0.00055
>2 cm 485 (76.5) | 582 (63.7) 234 (79.3) | 381 (68.2)
Nodal stage
Positive 430 (67.8) | 305 (32.9) 226 (77.1) | 197 (35.4)

- <0.0001 <0.0001
Negative 204 (32.2) | 621 (67.1) 67 (22.9) | 359 (64.6)
Histological grade
Grade 3 374 (60.7) | 399 (44.6) 155 (55.0) | 197 (36.9)

<0.0001 <0.0001
Grade 1,2 242 (39.3) | 496 (55.4) 127 (45.0) | 337 (63.1)
Oestrogen receptor
Positive 473 (74.5) | 731 (78.6) 0,058 219 (76.6) | 420 (78.1)
Negative 162 (255) | 199 (21.4) | 67(234) | 118 (21.9) | 0%
Progesterone receptor
Positive 319 (50.2) | 509 (54.7) 0.080 194 (68.6) | 352 (65.8)
Negative 316 (49.8) | 421(453) | 89 (31.4) | 183(34.2) 0.43
Human epidermal growth factor receptor-2
Positive 105 (16.5) | 83(8.9) 50 (21.2) | 83(17.9)
<0.0001 0.29
Negative 530 (83.5) 847 (91.1) 186 (78.8) | 381 (82.1)
Molecular Subtypes
Luminal A 225(35.5) | 368 (39.7) 286 (71) 119 (29)
Luminal B | 178 (28.1) | 215 (23.2) 68 (48) | 73(52) 00001
HER2 0.0021 30 (54) 26 (46)
enriched e | 87 (13.7) 94 (10.1)
Basal-like 99 (15.6) 147 (15.8) 94 (71) 39 (29)
Normal-like | 44 (7.0) 104 (11.2) 18 (60) 12 (40)

Values in bold are statistically significant.

Chapter 3
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Table 3.2: Univariate and multivariate Cox regression analysis of lymphovascular

invasion status.

METABRIC cohort
Factors Univariate Analysis Multivariate analysis
Hazard | 95% ClI p-value Hazard | 95% CI | p-value
ratio ratio
Lymphovascular invasion 1.70 1.45-2.01 | <0.001 1.29 1.07-1.56 | 0.0073
Tumour size 1.82 1.49-2.21 | <0.001 1.48 1.21-1.83 | <0.001
Nodal stage 2.06 1.74-2.44 | <0.001 1.63 1.35-1.97 | <0.001
Histological grade 1.63 1.37-1.93 | <0.001 1.16 0.96-1.40 | 0.13
Oestrogen receptor 1.66 1.38-1.99 | <0.001 1.14 0.91-1.43 | 0.25
Progesterone receptor 1.67 1.42-1.98 | <0.001 1.38 1.13-1.69 | 0.002
Human epidermal growth | 1.92 1.54-2.38 | <0.001 1.45 1.15-1.83 | 0.0019
factor receptor-2
TCGA cohort
Lymphovascular invasion 2.22 1.46-3.38 | 0.00019 | 2.19 1.32-3.62 | 0.0023
Tumour size 1.81 1.08-3.04 | 0.025 1.33 0.77-2.31 | 0.302
Nodal stage 1.85 1.20-2.85 | 0.0056 1.13 0.67-1.92 | 0.651
Histological grade 1.46 0.94-2.25 | 0.092 0.95 0.52-1.80 | 0.884
Oestrogen receptor 1.89 1.19-2.98 | 0.0065 1.70 0.82-3.50 | 0.15
Progesterone receptor 1.68 1.08-2.61 | 0.020 1.21 0.60-2.42 | 0.603
Human epidermal growth | 1.51 0.83-2.77 | 0.18 1.42 0.73-2.61 | 0.330
factor receptor-2
Values in bold are statistically significant.
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Figure 3.1: Lymphovascular invasion status-based stratification of the breast cancer
patients’ cumulative survival 10-year overall survival. In the METABRIC cases, the LVI+
group was noticeably poorer survival than the LVI- group (a); significant survival disparities
between the LVI- and positive were observed in the TCGA-BRCA cases (b).
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3.4.1.1 Genes Associated with Lymphovascular Invasion status

This analysis revealed 99 genes significantly associated with LV status. The complete names
of the targeted genes identified in this study are listed in Appendix 10.6. Moreover, the
statistically relevant details, such as the mean value, standard error of the mean (SEM),
subtraction and WAD ranking, are available in Appendix 10.7. Of these genes, 42 were
significantly upregulated, and 57 were underexpressed genes (Table 3.3) found in the
overlapping DEGs between the Nottingham cases in the METABRIC cohort (n = 285) and the
remaining METABRIC cases (n = 1,280) (Appendices 10.4 and 10.5, respectively).

Table 3.3: List of 99 genes significantly associated with lymphovascular invasion status.

Upregulated genes

APOC1 ELF3 ISG15 LYBE S100P UCP2
APQOE ERBB2 KRT18 MMP11 SCD YWHAZ
CALML5 GNAS KRT18P55 MX1 SLC52A2
CCNB2 HMGA1 KRT19 NME1 SLC9A3R1
CDCA5 HMGB3 KRT7 NOP56 SPDEF
COX6C HSPB1 KRT8 PGAP3 TM7SF2
DNAJA4 IDH2 LAPTM4B PITX1 UBE2C
EEF1A2 IF127 LRRC26 PTTG1 UBE2S

Downregulated genes
ACTG2 CXCL14 FCGBP MAOA S100A4 TNS3
ANG CYBRD1 FGD3 MFAP4 SELENOM TPM2
ANXA1L CYP4X1 FOS MGP SERPINA3 TXNIP
C1S DCN FST MT1E SERPINE2 UBD
CDC42EP4 DKK3 GAS1 NDP SGCE VIM
CEBPD DPYSL2 GSTP1 NINJ1 SLC40Al VTCN1
CFB DUSP1 HBA2 PDGFRL SLC44A1 ZBTB20
CFD EEF1B2 HBB PLGRKT SRPX
CLIC6 FBLN1 HLA-DQA1 PYCARD STC2
CXCL12 FCER1A IL17RB RPL3 SUSD3

To explore the possible pathways linked to the 99 targeted genes, the GSEA online tool was
utilised to apply the ‘molecular component” GO pathway, and the analysis revealed various
GO pathways, including ‘GO: 0031012 Extracellular matrix’, ‘GO: 0005615 Extracellular
space’ and ‘GO: 0072562 Blood micro-particle’ (Table 3.4). All significant pathways were
associated with the ‘Cellular component’ of GO (Figure 3.2).
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Table 3.4: Gene ontology pathways significantly associated with 99 genes related to
lymphovascular invasion.

Ontology Name Ceres 1 Observed | Expected | Enrichment | p-value Genes
ontology
Blood SERPINA3, HBB, APOE,
G0:0072562 microparticle 110 7 0.52 13.51 0.00043 | CFB, C1S, ACTG2,
P YWHAZ
DCN, FBLN1, ANG,
. Extracellular HSPB1, APOE, MFAP4,
G0:0031012 matrix 503 11 2.37 4.64 0.0079 MGP, MMP11, NDP,
SERPINEZ2, VIM
SERPINA3, DCN, CFD,
FBLN1, DKK3, ANG,
GSTP1, ANXA1, HBB,
GO:0005615 | Xtracellular |y 400 23 6.52 353 <0.0001 | HSPBL APOCL, APOE,

space

MFAP4, NDP, SERPINE2,
S100A4, CFB, CXCL12,
C1S, ACTG2, YWHAZ,
STC2, CXCL14

Values in bold are statistically significant.

GO:0005575
Name:cellular_component

GO0O:0005576
Name:extracellular
region

GO0:0044421
Name:extracellular
region part

GO:0005615 GO0:0031012
Name:extracellular Name:extracellular
space matrix

¢Num:23

gNum:11
FDR:6.08e-05 .

GO:0072562
Name:blood

microparticle
gNum:7
FDR:4.4e-04

Figure 3.2: Gene ontology pathways significantly associated with genes related to
lymphovascular invasion status, including ‘GO: 0031012 Extracellular matrix,” ‘GO:
0005615 Extracellular space’ and ‘GO: 0072562 Blood micro-particle.
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On the basis of similarity in expression, hierarchical clustering was performed to better
examine these 99 genes (Figure 3.3a). Cases were divided into two subtypes by clustering in
the discovery (METABRIC) cohort, as follow: subtypes 1 (n = 738 cases; 45%) and 2 (n = 827
cases; 55%) (Figure 3.3b). The METABRIC case dendrogram is depicted in Figure 3.4, where
the branches’ arrangement reveals the association for every case. Furthermore, hierarchical
clustering was done on the TCGA-BRCA cohort using the 99 genes previously mentioned to
confirm these findings. A dendrogram was used to categorise these 854 cases (Figure 3.5),
which once more divided the cases into subtypes 1 (n = 263 cases; 31%) and 2 (n = 591 cases;
69%) (Figure 3.3c). The LVI+ cases were considerably more common in subtype 2 tumours
versus subtype 1 tumours in both cohorts (TCGA-BRCA and METABRIC: p < 0.0001) (Table
3.5).

it i1\1\\T\ii‘H’\H“l‘lHHH s

Subtype 1 Subtype 2

Subtype 1 Subtype 2

Figure 3.3: Cluster analysis and heat maps of the LVI-related genes group. Using the
METABRIC cohort, a dendrogram of 99 LVI-associated genes was created, in which the
arrangement of the branches shows how each gene is related to the others (a). Heat maps in
line with LVI-related genes set for the METEBRIC (b) and TCGA-BRCA (c) cohorts
demonstrated that every case was categorically split into subtypes 1 and 2. Red colour
indicates a high association, while green indicates a low association.
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Table 3.5: Clinicopathological and prognostic significance of genomic subtypes related to
lymphovascular invasion.

METABRIC cohort TCGA-BRCA cohort
LVI-associated genomic LVI-associated genomic
Factors subtypes value subtypes p value
Subtype 1 | Subtype 2 P Subtype 1 | Subtype 2
N (%) N (%) N (%) N (%)
Lymphovascular invasion
Positive 262 (35.5) | 373(45.1) 61 (23.2) 234 (39.6)
y <0.0001 <0.0001
Negative 476 (64.5) | 454 (54.9) 202 (76.8) | 357 (60.4)
Tumour size
<2cm 279 (38.1) | 202 (24.8) 99 (37.6) 140 (23.7)
<0.0001 <0.0001
>2cm 454 (61.9) | 613(75.2) 164 (62.4) | 451 (76.3)
Nodal stage
Positive 307 (41.7) | 428 (51.9) 128 (48.9) | 295 (50.3)

- <0.0001 0.71
Negative 429 (58.3) 396 (48.1) 134 (51.1) | 292 (49.7)
Histological grade
Grade 3 187 (26.5) | 586 (72.8) 28 (11.3) 324 (56.9)

<0.0001 <0.0001
Grade 1,2 519 (73.5) | 219 (27.2) 219 (88.7) | 245 (43.1)
Oestrogen receptor
Positive 707 (95.8) | 497 (60.1) 246 (97.6) | 393 (68.7)

- <0.0001 <0.0001
Negative 31 (4.2) 330 (39.9) 6 (2.4) 179 (31.3)
Progesterone receptor
Positive 533 (72.2) | 295 (35.7) 235(94.0) | 311(54.8)

y <0.0001 <0.0001
Negative 205 (27.8) 532 (64.3) 15 (6.0) 257 (45.2)

Human epidermal growth factor receptor-2
Positive 20 (2.7) 168 (20.3) 20 (9.6) 113 (23.0)
<0.0001 <0.0001

Negative 718 (97.3) | 659 (79.7) 189 (90.4) | 378 (77.0)
Molecular Subtypes
Luminal A 467 (63.5) | 126 (15.3) 336 (83) | 69(17)

. 48 (34) 93 (66)
Luminal B 121 (16.5) 272 (32.9) <0.0001
HER2 <0.0001 | 10(18) 46 (82)
enriched gC | 10 (149 171 (20.7)
Basal-like 24 (3.3) 222 (26.9) 34 (26) 99 (74)
Normal-like | 113 (15.4) | 35(4.2) 22 (73) 8(27)
Values in bold are statistically significant.
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3.4.1.2 Prognostic and Clinicopathological Significance of the LVI-Related Genes
Subtype 2 showed a statistically significant association with the following tumour phenotypes
and genotypes in both the TCGA-BRCA and METABRIC cohorts, including large tumour size
(>2cm), high histological grade (grade 3), negative ER and PR, and HER2 positivity (p <
0.0001 for both cohorts). Notably, subtype 2 was assigned to (the METABRIC: 95%; TCGA-
BRCA: 82%) for HER2-enriched BC, (METABRIC: 90%; TCGA-BRCA: 74%) for basal-like
BC and (METABRIC: 69%; TCGA-BRCA: 66%) for the luminal B BC subtype (Table 3.5).

In both cohorts, patients who had LVI-related subtype 2 tumours had a considerably poorer
prognosis than those who did not (METABRIC: HR =1.78, 95% CI = 1.50-2.12, p <0.0001;
TCGA-BRCA: HR =2.32, 95% CI = 1.35-3.99, p = 0.0023 [Figure 3.6 c and d respectively]).
Multivariate survival analysis in both cohorts revealed that the LVI-related genomic subtype
was independent poor prognostic factor (METABRIC: HR = 1.32, 95% CI = 1.07-1.63,
p=0.0098; TCGA-BRCA: HR = 2.76, 95% CI = 1.19-6.38, p=10.018 [Table 3.2 and Figure
3.7]).
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Figure 3.6: Lymphovascular invasion status-based stratification of the breast cancer
patients' cumulative survival 10-year overall survival; In the METABRIC cases, the LVI+
group was noticeably poorer survival than the LVI- group (c); significant survival disparities
between the LVI-and positive were observed in the TCGA-BRCA cases (d).
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Figure 3.7: Survival analyses based on clinicopathological traits, including the LVI-
related genetic subtype; multivariate survival analyses' hazard ratios and 95% Cl are
presented as forest plots in the METABRIC cohort (a) and TCGA-BRCA cohort (b).

35 Discussion
This study, based on the METABRIC dataset, used WAD analysis to identify a set of 99 genes
that are significantly correlated with LVI status. The results from the discovery cohort were
confirmed using the TCGA-BRCA cohort. In the aggressive form of BC, the LV is used as a
prognostic tool that predicts the likelihood of metastasis (121). Even though similar research
(255, 260-262) has been conducted to discover target genes that play a crucial role in LVI
mechanisms, few overlapping genes have been determined due to the nature of the tumour and
the approach and cohorts used. Previous studies have revealed gene sets related to vascular
invasion (VI) in various kinds of cancer, such as endometrial cancer (EC) (260) and
hepatocellular carcinoma (HCC) (261). In their study, Mannelgvist et al. (262) found a set of
18 genes linked with VI status in patients with EC (260). The verification of these genes was
further evaluated in the BC patient cohort, which revealed a significant association with ER
and PR hormonal receptor negativity, HER2 positivity, basal-like phenotype and unfavourable
patient survival (262). In agreement with Mannelqvist and colleagues’ results, this analysis of
the METABRIC cohort indicated that the subtype 2 cases included in this cohort contained
90% basal-like, 95% HER2-enriched, 69% luminal B and 95% BC subtypes. Minguez et al.
studied 214 HCC cases for a gene signature that might predict the occurrence of LV1 in patients
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with surgically treated HCC (261). From their set, CD24, CDKN3, UBE2C (found in the
Nottingham 99-gene set) and PIK3R1 were some genes that have a role in the development and
progression of BC (261). A recent study investigated DNA CNAs and gene expression
signatures related to LV in patients with IBC using array comparative genomic hybridisation
and RT-qPCR microarrays (148). The analysis identified possible candidate genes for LVI+
grade 3 tumours, including interstitial collagenase, the mediator of RNA polymerase Il
transcription subunit-1 and protein S100-A8 (148). Despite this, it is worth noting that the BC
cohort was small (n = 57) and that frozen tissue was used without additional verification of
LVI status.

Despite the fact that LVI might be used as a prospective treatment target, the complex
molecular processes that drive LV1 in BC have not yet been discovered. The findings of this
research showed that strong associations exist between extracellular pathways and the 99 genes
that make up the LVI-related gene signature. A finding in line with a previous study by Klahan
et al. (255) using analysed microarray data from 108 patients with BC found that the ECM
component such as collagens was linked to their LVI gene set. Also, as part of their gene set,
both Endothelial PAS domain protein 1, a VEGF production stimulator, and tumour necrosis
factor ligand superfamily member 11 (TNFSF11), a receptor activator of nuclear factor kappa
B ligand, contribute to BC cell invasion, migration and dissemination. In addition, TNFSF11,
alongside interleukin 6 cytokine family signal transducer, contributes to cytokine—receptor
interaction, the most frequent enriched pathway linked to LVI (255). In addition, genes
involved in EMT in prostate cancer have also been linked to extracellular space-related
pathways (263). In the process of BC development and progression, many reconfigurations and
reorganisations take place on the protein structural network component of the ECM (264). In
addition, EMT plays a major role in tumour dissemination to distant organs and tissue, and
some EMT genes are thought to be correlated with LVI status in BC (115). Among the 99
genes in the LVI signature, several have been linked to extracellular pathways, which play a
fundamental role in BC development. For instance, heat shock protein 27 and heat shock
protein family B member 1 (HSPB1) have been previously reported for their association with
BC dissemination (265). Interestingly, the early upregulation of HSPB1 expression during cell
differentiation suggests a potential function for HSPB1 in regulating the proliferation and
migration of cancer stem-like cells (266). The next example is the apolipoprotein C1 (APOC1)
biomarker, which is used to predict patient prognosis in TNBC (267). Research performed by
Ko et al. proposed a role for APOCL1 in controlling the inflammatory response of tumour tissue
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(268), which may have a close relationship to the elimination of proliferating tumour cells
(269). Moreover, MMPs are well known as a poor prognostic factor in BC; their high
expression is associated with regulating tumour motility, invasion and EMT (270). For
instance, MMP-11 facilitates cancer progression through multiple processes, including
inhibition of the immune response and gradual reduction of tumour surveillance activities,
blocking apoptotic activities and, consequently, facilitating BC cells’ migration and invasion
(271, 272). More functional investigations of these markers are required to investigate the link
between genetic aberration function and LVI-related proteins in BC.

Associating the METABRIC and TCGA-BRCA cohorts was a limitation of this research due
to the varied methodologies utilised to measure and statistically analyse transcriptional activity
and assess LVI. A reliable histological approach for analysing LV tissues by identifying CD34
or D2-40 was previously discovered (115). The subset of LVI cases from Nottingham included
in METABRIC was examined using stringent morphological and immunohistochemical
criteria. However, only H&E-stained slides from the cBioPortal dataset were used to determine
LVI status in the TCGA-BRCA cohort. Though it is possible to evaluate LVI with only one
H&E slide, doing so may make it difficult to reliably detect LV negativity (273). In the current
analysis, the Nottingham cases, the remaining METABRIC cases and the TCGA-BRCA cases
all had nearly identical LV 1+ rates regardless of the methods of LVI evaluation used. While
these findings might imply that a single H&E-stained slide is sufficient for LVI assessment,
studies with a larger cohort assessing LVI status with both H&E and IHC slides are essential

for reliable reporting of LVI status.

The data were analysed differently between the METABRIC and TCGA-BRCA datasets. In
the METABRIC dataset, transcriptomic expression of the genes was evaluated utilising
microarrays. However, RNA-seq employing NGS was utilised to analyse genes in the TCGA.
Microarray systems have been utilised and verified for about 20 years, and this method has
seen widespread use for the purpose of assessing multiple gene expression profiles. However,
analysis of all identified transcripts, the discovery of new transcripts, splice junctions and non-
coding RNAs are specifications of an unbiased RNA-seq approach. Variations in the technical
and methodological levels may support the known difficulties in connecting microarray and
RNA sequencing results among different research works. For instance, various methods may
cover different parts of the genome or have different minimum detectable thresholds. As a
result, conducting extensive cross-assay comparisons is required since it would be erroneous

to presume that one approach may be substituted for another. While statistical concordance
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was shown across this study’s various cohorts, further investigation using the same
methodologies (microarray and/or NGS analyses) could give more definitive confirmation of

the LV gene signature.

In summary, the METABRIC and TCGA-BRCA datasets are suitable for use in the LVI
evaluation method, and this approach has significant prognostic implications. As a result of
this research, a set of genetic subtypes connected with LV1 status and patient outcomes in BC
that enhance the aggressiveness of BC has been identified. This provides an experimental tool
that might help untangle underlining gene mechanisms associated with clinically significant
LVI in BC. Using the same criteria and assessment methodologies for LVI status could
potentially increase consistency among clinical cohorts classified according to the LVI gene
signature.
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Chapter 4

This chapter comprises data published in the Journal of Clinical Pathology (2021) under the
title ‘Prognostic significance of heat shock protein 90AA1 (HSP90 a in invasive breast cancer’
with the corresponding DOI: 10.1136/jclinpath-2020-207106 (274). The copyright approval

for the re-use of this material is provided in Appendix 10.3.

4.1 Overview

In the BC overview conducted in Chapter 1, it was illustrated how IBC is a heterogeneous
group of diseases with various presentations, morphological features, outcomes and responses
to therapy (9). According to several studies, genomic and transcriptomic alterations in different
individuals lead to high invasive potential, diverse proteomic expressions (251, 275), and
including poor prognosis (276, 277). However, a number of studies have linked invasiveness of
BC to certain molecular intrinsic subtypes that regulate hormonal signals in the invasion process
(278). Younger patients with BC have a greater likelihood of having aggressive phenotypic
features of IBC, such as luminal B (279). One study identified a strong association between
younger patients with luminal B IBC and LVI (280). Considering the apparent molecular
alterations in patients with IBC, further molecular stratification to improve targeted treatment
methodologies must be applied for BC patients. In other words, medical treatments and BC control
could be enhanced if critical genetic characteristics were identified, such as genetic alteration,
MRNA and protein expression. Thus, one of the main focuses of research is to decipher the
critical role of LVI prognostic marker association in promoting tumour aggressiveness in various
cancers. An evaluation of previous in-house and external LV1 studies looking at multiple genes
involved in other types of cancer was conducted to determine which genes may be linked to BC
LVI.

Although many factors associated with BC incidence and progression have been identified,
current understanding of the diverse molecular and cellular mechanisms contributing to BC
progression remains limited. In addition, BC is considered one of the cancers that most
commonly develop distance metastasis and enhance the spreading of tumour cells to different
human tissues and organs (281), leading to an increase in the patient mortality rate. Better
knowledge of the molecular factors involved in BC progression will help in tailoring
personalised therapy and improving outcomes (73). Thus, identifying these factors, which
initiate BC progression with detachment of the primary tumour, invasion and migration until
proliferating at the secondary site, is considered essential to avoid and manage BC LVI and

metastatic cascade.
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Existing data indicate that the cellular stress response is important in cancer progression and
cancer therapy (282). Expression of heat hock proteins (HSPs) increases in response to cellular
stress (283, 284) and can enable tumour cells to survive cellular stress by evading cell death
and senescence mechanisms (285). Consistent with this, it was demonstrated that HSPs have
an essential role in multiple pro-oncogenic signalling pathways, and it is an adenosine
triphosphate (ATP) dependent protein chaperone (286, 287). Subsequently, the heat shock
protein 90 (HSP90) family has attracted considerable attention as a potential therapeutic target
(288) as these proteins are the key players involved in protein modification and have been
implicated in BC progression (289). The human HSP90 alpha family class A member 1
(HSP90a), encoded by the HSP90AAI gene, which is located at chromosome 14g32.31,
appears to be critically important in the prevention of cell death (290) and evasion of apoptosis
(291). Previous studies have indicated that HSP90a overexpression inhibits major apoptosis-
associated proteins in leukaemia, enabling the malignant cells to escape apoptosis and undergo
proliferation (292, 293). Consistent with this, mechanistic evidence from a lung cancer model

indicates HSP90a role in tumour growth (294).

Autophagy can induce genomic instability, malignant transformations and may help metastatic
cancer cells to escape from anoikis (295, 296). In vitro studies in osteosarcoma have also shown
that HSP90AA1 knockdown increased chemo-sensitivity by decreasing autophagy activity of
cancer cells (297), which raises the potential that HSP90a also contributes to pro-invasive

mechanisms.

4.2 Aim and Hypothesis
Through its varied interactions, HSP90a could play a vital role in various biological processes
such as maintaining the proper conformations of protein molecules in cells to ensure they
remain stable (298). HSP90a regulates protein synthesis and has demonstrated extracellular
functions in wound repair and malignancy (299, 300). Consequently, the roles of HSP90AA1
may confer a favourable strategy utilised by tumour cells to promote tumour invasion and
migration, which are sequential steps of LVI leading to cancer dissemination (301, 302).
HSP90AA1 was one of the 350 genes identified by our previous DGE analysis in LVI+ and
LV I- patients using the WAD approach; more details are provided in Chapter 3 (section 3.3.2).
Its importance was shown also when a set of FFPE TMA blocks (n = 352, LVI+ = 167, LVI-
= 185) were examined by high-performance liquid chromatography/mass spectrometry as a

high-throughput screening technique carried out by Dr Sultan Sonbul (Pathology, School of
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Medicine, University Hospital, Nottingham, UK) as a collaborative project to identify genes
associated with LVI status in IBC.

This resulted in the identification of HSP90a as one of the top genes associated with LV1 status in
the examined cohort. As a result, it was hypothesised that HSP90a is involved in pathways
contributing to the invasion and migration, development and metastasis of cancer cells and that
it could be used as a novel therapeutic target in IBC.

This study aimed to investigate the clinical and prognostic value of HSP90a expression at both
the mRNA and protein levels in BC LVI, relating these findings to key clinicopathological
factors and the expression of other proteins relevant to HSP90a function.

4.3 Materials and Methods

4.3.1 Study Cohort

The clinical significance of HSP90441 mRNA expression was assessed using the METABRIC
dataset of IBC (n = 1,980). The clinicopathological associations and prognostic value of
HSP904AA1 mRNA expression were further evaluated using the whole BC cohort of TCGA-
BRCA (n=1,097) to examine its association with outcome and clinicopathological parameters,
whereas the other chosen biomarkers in this study were evaluated only on a restricted cohort
of TCGA-BRCA (n = 854) due to not being able to retrieve all H&E slides for re-evaluation of
vascular invasion in the cohort. Nonetheless, the bc-GenExMiner v4.5 datasets (n = 5,056)
were also incorporated for examining HSP904A1 mRNA expression and association with
patients’ outcomes. This study included a well-characterised cohort of IBC (n=911) to validate
the prognostic significance of HSP90a protein expression using IHC. The clinicopathological
features and outcomes of patients were obtained from the patients’ medical records in Chapter
2 (section 2.1.2.1).

4.3.2 Western Blotting and Immunohistochemistry
To validate the antibody specificity, WB was performed using mouse monoclonal anti-HSP90a
antibody (ab13492; Abcam, Cambridge, UK) with a dilution of 1:700. The housekeeping
protein rabbit p-actin antibody (MABT523, clone RM112, Sigma-Aldrich, Gillingham, UK)
was used at a dilution of 1:5,000. For WB, cell lysates from HeLa, MCF7, SKBr3 and MDA-
MB231 cell lines were used. This procedure was performed in keeping with the protocol of
WB validation for specific Ab-Ab binding mentioned in Chapter 2 (section 2.3). The TMA

slides were stained using the IHC procedure previously described in Chapter 2 (section 2.4.1).
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For interobserver concordance, a subset of cores (25%) was independently scored by another
scorer (M. T) in addition to the author, and ICC was performed (ICC = 0.7). Scoring was
performed on anonymised samples of clinical variables at the time of scoring. Discordant cases

were re-scored by both observers, and a final score was agreed upon.
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4.3.3 Statistical Analysis

The SPSS 24 program (IBM, Chicago, IL, USA) was used to perform the statistical analysis.
For HSP90AA1 mRNA expression, the median value was used to dichotomise the data. For the
HSP90a protein expression, the cut-off point was determined using the median. The association
between HSP90a expression and the clinicopathological factors was evaluated using the chi-
squared test. The univariate survival analysis was conducted using Kaplan—Meier plots, and
multivariate survival analyses were conducted using the Cox regression model with adjustment
of covariates fitted to test independence from standard prognostic factors in BC. A value of p
< 0.05 (two-tailed) was considered significant. Further statistical data are detailed in Chapter
2 (section 2.11).

4.4 Results

4.4.1 Western Blot Evaluation
The anti-HSP90a primary antibody’s WB image revealed a single specific band at the predicted
MW (90 kDa;Figure 4.1), confirming the specificity of the antibody for each cell lysate.

kDa
-~180

-~130

100 HSP90a ~90kDa

- - ~70

- ~55
w— - ~40
_— - ~35

B-Actin ~42kDa

_— - ~25

- ~15

. (- ~10

Figure 4.1: Western blotting validation showed mouse monoclonal anti-HSP90a antibody
ab13492; specificity with a single band observed at approximately 90 kDa in Hela, MCF7,
SKBr3 and MDA-MB-231.
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4.4.2 Clinical Significance of HSP90AA1 mRNA Expression

High expression of HSP904A41 mRNA, and the median was used to determine the cut-off point,
was seen in 990 of 1,980 cases in METABRIC. A similar frequency of positivity was seen in
the TCGA-BRCA (549 of 1,097 cases) and the bc-GenExMiner v4.5 datasets (2,537 of 5,056
cases). High expression of HSP90441 mRNA was significantly associated with high grade,
LVI positivity, ER negativity, and HER2 positivity. The HSP904A1 mRNA expression was
significantly higher in luminal B, HER2 positive and TNBC tumours than in luminal A tumours
(Table 4.1), and it was associated with high PIK3CA and p53 (Table 4.2). These results were
seen in both METABRIC and TCGA-BRCA.

72



Chapter 4

Table 4.1: Association between HSP904A41 mRNA expression and clinicopathological
factors in the METABRIC (n =1980) and TCGA-BRCA (n =1097) invasive breast cancer

datasets.
METABRIC TCGA-BRCA
Eactors Low High Low High
HSP90AAL HSPO0AAL | p-value | HSP9OAAL HSP90AA1 p-value
N (%0) N (%) N (%) N (%)

Lymphovascular invasion
Negative 505 (54.3) 425 (45.7) 0.017 324 (58.0) 235 (42.0) <0.001
Positive 306 (48.2) 329 (51.8) ' 127 (43.1) 168 (56.9) '
Tumour size
<2.0cm 451 (52.6) 407 (47.4) 0.041 99 (55.9) 78 (44.1) 0.01
>2.0 cm 528 (47.9) 574 (52.1) ' 273 (45.7) 325 (54.3) '
Age
<50 years 197(46.5) 227(535) | 44 149 (45.2) 181 (54.8) 0.037
>50 years 793(51) 763 (49) 397 (52.0) 366 (48.0)
Nodal Status
Negative 542 (52.4) 493 (47.6) 423 (47.0) 477 (53.0)

— 0.026 0.564
Positive 444 (47.3) 494 (52.7) 10 (47.6) 11 (52.4)
Histological grade
Grade 1 and 2 534 (56.8) 406 (43.2) <0.001 158 (59.0) 110 (41.0) <0.001
Grade 3 405 (42.5) 547 (57.5) 67 (33.7) 132 (66.3)
Oestrogen receptor
Negative 215 (45.4) 259 (54.6) 0.02 100 (42.0) 138 (58.0) 0.001
Positive 775 (51.5) 731 (48.5) ' 431 (53.5) 375 (46.5) '
Progesterone receptor
Negative 459 (48.8) 481 (51.2) 0.32 148 (43.0) 196 (57.0) <0.001
Positive 531 (51.1) 509 (48.9) ' 380 (54.5) 317 (45.5) '
Human epidermal growth factor receptor 2
Negative 897 (51.8) 836 (48.2) 311 (53.2) 274 (46.8)

— <0.001 <0.001
Positive 93 (37.7) 154 (62.3) 61 (34.5) 116 (65.5)
Nottingham prognostic index
Good prognostic | 59 (57 4 200 (42.6)
group
Moderate
orognostic group 510 (46.3) 591 (53.7) <0.001
Poor prognostic 90 (45.2) 109 (54.8)
group
Molecular subtypes
Luminal A 430 (59.9) 288 (40.1) 301 (60.3) 198 (39.7)
Luminal B 169 (34.6) 319 (65.4) 59 (29.9) 138 (70.1)
HER?2 enriched 105 (43.8) 135 (56.3) <0.001 | 16 (20.5) 62 (79.5) <0.001
Basal-like 148 (44.8) 181 (55.2) 74 (43.3) 97 (56.7)
Normal-like 134 (67.3) 65 (32.7) 30 (83.3) 6 (16.7)

Values in bold are statistically significant
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Table 4.2: Association between HSP90AA1 mRNA expression and other gene of interest
in the METABRIC and TCGA-BRCA invasive breast cancer datasets.

HSP90AAL1 mRNA HSP90AAL1 mRNA
Level Mean Rank Level (TCGA- Mean Rank
Gene of (METABRIC) 7. 5 BRCA) 7. 5
Interest - score | value score | value
Low High Low High
Low | High Ry Low | High
%) | (%) %) | 0
Ki67 920 | 1060 -5.4 <0.001 443 654 -11 <0.001
PIK3CA 982 | 998 -3.15 0.002 483 614 -6.9 | <0.001
P53 990 (50) | 990 (50) | 941 | 1039 -3.8 <0.001 | 548(49.9) | 549 (50) 550 547 -0.1 0.889
AKT 981 | 999 -0.72 0.471 506 591 -4.4 | <0.001
EGFR 1011 | 969 -1.66 0.096 554 543 -0.6 0.558

Values in bold are statistically significant.

4.4.3 Outcome Analysis for HSP90AA1 mRNA Expression
The outcome analysis revealed that patients who had BC with higher HSP90441 mRNA
expression had significantly shorter BCSS than those who had low HSP90AA1 expression
(METABRIC: HR = 1.38; 95% CI = 1.16-1.65, p = 0.0004; TCGA-BRCA: HR = 1.85; 95%
Cl = 1.318-2.61, p < 0.0001; Figure 4.2a and b). Using the prognostic module of bc-
GenExMiner v4.5, HSP9044A1 mRNA was validated as a significant prognostic factor for
shorter survival (HR = 1.17; 95% CI = 1.07-1.28, p = 0.0004; Figure 4.2c).
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Figure 4.2: Cumulative survival of BC patients stratified by HSP90441 mRNA expression. Breast
Cancer Specific Survival in the METABRIC cases was significantly worse in the high HSP90AA1 group than
low HSP90AA1 expression (a) in the TCGA cases, significant differences were noted in patient survival in the
HSP90AA1 high and low groups (b). Kaplan-Meier survival plots of HSP90AA1 mRNA expression revealed
that the high expression associated with poor patient outcome (c).BCOS, breast cancer overall survival;
BCSS, breast cancer-specific survival.
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4.4.4 HSP90a Protein Expression

To validate the antibody protein expression, IHC was performed using the anti-HSP90a
antibody with a dilution of 1:200 and showed cytoplasmic immunoreactivity. Full-face BC
tissue sections (n = 14) that were selected based on LVI status, tumour grade and histological
type were stained using IHC to evaluate the pattern of HSP90a protein expression as a
mandatory prerequisite step for using the Nottingham cohort. The HSP90a staining was
homogeneously distributed within the invasive tumour cells in the full-face tissue sections. The
normal terminal duct lobular units (TDLUSs) adjacent to the tumour showed uniformly weak
HSP90a staining compared to the invasive cancer cells. The HSP90a expression in IBC and
adjacent the normal TDLUs is illustrated in Figure 4.3 a—b. The cut-off point for the HSP90a
protein expression was determined as an H-score of 50 using the median, with a score >50
considered a high expression (Table 2.10). High HSP90a protein expression was observed in
525/911 (58%) of cases, while low HSP90a protein expression was performed in 386/911
(42%) of the cases (Figure 4.3a and 4.3Db, respectively).

Figure 4.3: HSP90a immunohistochemical protein expression in tissue microarray cores
of normal and breast cancer tissue. Invasive cancer cells (strong staining in the cytoplasm of
cancer cells), (a) normal mammary gland (uniformly weak staining), (b) no staining (c),
(images are at 20x magnification).
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445 HSP90o Protein Expression and its Association with the
Clinicopathological Parameters

Here, HSP90a showed a positive linear correlation with HSP90OAA1 mRNA (Spearman’s
coefficient 0.3; p = 0.001). High HSP90a protein expression was significantly associated with
high tumour grade (p < 0.0001), positive nodal status (p = 0.0016), positive LVI (p = 0.014),
high PIK3CA (p < 0.0001) and positive p53 (p < 0.002) (Table 4.3). Moreover, HSP90o was
highly expressed in the luminal B/HER2-negative, TNBC, luminal B/HER2-positive and
HER2-enriched subtypes, while luminal A tumours showed the lowest levels of expression (p
=0.002) (Table 4.3).
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Table 4.3: Associations between HSP90a protein expression and the clinicopathological
factors of the Nottingham breast cancer cohort.

Expression of HSP90a Expression of HSP90a
Factors Low High Factors Low High
: p-value : p-value
N (%0) N (%0) N (%0) N (%0)
Tumour size Age
<2cm 190 (439) | 243(56.1) | . =50 years | 125(39.6) | 191(604)
>2cm 195 (413) | 277 (58.7) | >50 years | 261 (43.9) | 334 (56.1) | 0-210
Histological grade Nodal status
1,2 234 (50.6) | 228 (49.4) Negative 255 (45.6) | 304 (54.4)
3 150 <0.0001 — 0.016
(34.1) | 290 (65.9) Positive 130 (37.5) | 217 (62.5)
Lymphovascular invasion Oestrogen receptor
Negative 271 (45.5) 325 (54.5) 0.014 Negative 85 (37.8) 140 (62.2)

— : — 0.126
Positive 114 (37.0) 194 (63.0) Positive 296 (43.6) | 383 (56.4)
Progesterone receptor Human epidermal growth factor receptor-2
Negative 144 (39.9) 217 (60.1) 0.534 Negative 312 (41.8) | 434 (58.2)

"> : — 0.848
Positive 215 (42.0) 297 (58.0) Positive 53 (40.8) 77 (59.2)

. Phosphoinositide-3-kinase, Catalytic, Alpha
Ki67 .

polypeptide
Low 107 (41.6) | 150 (58.4) Negative | 95(55.2) | 77 (44.8)

. 0.352 <0.0001
High 163 (45.4) 196 (54.6) Positive 191 (36.1) | 338 (63.9)
Posphorylated AKT P53
Negative 59 (39.9) 89 (60.1 0.861 Negative 278 (44.8) | 342 (55.2)

Positive 182 (30.1) | 284 (60.9) | Positive | 83 (33.6) | 164 (66.4) | 0002
Epidermal growth factor receptor
Negative 300 (43.2) 395 (56.8) 0.083
Positive 66 (36.1) 117 (63.9) |
Intrinsic Subtypes Nottingham prognostic index
Good
Luminal A 115 (54.0) 98 (46.0) prognostic | 149 (53.8) | 128 (46.2)
group
Luminal B Moderate
HER2 98 (36.3) 172 (63.7) prognostic | 182 (38.6) | 290 (61.4)
negative 0.002 group < 0.0001
Luminal Poor
B/HER2 16 (39.0) 25 (61.0) prognostic | 51 (34.5) 97 (65.5)
positive group
HER2
enriched BC 57 (36.5) 99 (63.5)
TNBC 37 (42.0) 51 (58.0)

Values in bold are statistically significant.
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4.4.6 Outcome Analysis for HSP90a Protein Expression
Cases with high HSP90a protein expression had significantly shorter BCSS than those with
low HSP90a expression (HR = 1.45; 95% Cl = 1.17-1.89, p = 0.005; Figure 4.4a). In addition,
cases with high HSP90a expression displayed significantly shorter DMFS (HR = 1.35; 95% CI
1.65-1.74, p = 0.013; Figure 4.4b). High expression of HSP90a in the luminal B/HER2-
negative cohort was associated with shorter BCSS and DMFS (p = 0.002 and p = 0.009,
respectively; Figure 4.4c—d). There was a similar trend observed in the TNBC cases, while
there was no association with outcomes in the other molecular classes. The multivariate Cox
regression analysis for HSP90a, adjusting for standard prognostic parameters, including
tumour size, nodal stage and LVI, showed that high HSP90a protein expression was an
independent poor prognostic factor for shorter BCSS (HR = 1.38; 95% CI = 1.06-1.80, p =
0.018) and DMFS (HR = 1.32; 95% CI = 1.03-1.69, p = 0.027; Table 4.4).
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Figure 4.4: Cumulative survival of BC patients stratified by HSP90a protein expression.
BCSS (a) and DMFS (b) plots of cytoplasmic HSP90a revealed that high expression was
associated with poor patient outcome. Breast Cancer Specific Survival (c) and distant
metastasis-free survival (d) plots of cytoplasmic HSP90a revealed that high expression was
associated with poor patient outcome in Luminal B HER2/negative subtype.
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Table 4.4:Multivariate Cox regression analysis for predictors of BCSS and DMFS based on
clinicopathological factors and protein expression of HSP90a in the Nottingham breast cancer
cohort.

Fact Multivariate analysis BCSS Multivariate analysis DMFS
actors

Hazard Ratio | 95% CI p-value | Hazard Ratio 95% ClI p-value
RSPty 1.378 1.056-1.798 | 0.018 1.321 1.032-1600 |  0.027
expression
Tumour size 1.62 1.225-2.136 | 0.001 1.725 1.338-2.224 <0.0001
Nodal stage 1914 1.579-2.320 | <0.0001 2.723 1.919-3.864 <0.0001
L el 1.46 1.106-1.905 | 0.007 0.647 0.387-1.081 |  0.096
invasion
Values in bold are statistically significant

4.5 Discussion
Breast cancer is a group of heterogeneous diseases that differ in morphological, molecular, and
clinical behaviour. This heterogeneity poses challenges in understanding the biology and the
mechanisms underlying BC progression (73). BC risk stratification and prediction of the
usefulness of different therapeutic protocols currently depend on the tumour
clinicopathological criteria in addition to clinically validated biomarkers such as ER, PR and
HER2. However, substantial proportions of patients with apparently similar
clinicopathological features can show variable outcomes and different responses to the same
therapeutic regimens. The HSP family of proteins have essential roles in multiple oncogenic
signalling pathways through acting to maintain cellular proteins in their correct configurations
to ensure their stability (286, 287). Various previous approaches identified Hsp90 as a possible
tumour target oncogenic behaviour, and targeted cancer treatments for Hsp90 have been
developed (303-306). To date, clinical studies have investigated at least 18 potential inhibitors
with favourable pharmacological features, notably ganetespib (STA-9090); however, none has
demonstrated sufficient effectiveness to be authorised by the FDA (307). HSP90a controls
protein assembly with proven extracellular roles in wound healing and cancer (299, 300).
Therefore, the functions of HSP90a may confer a favourable mechanism used by cancer cells
to facilitate cancer cell migration and metastasis (301, 302). Thus, the expression of HSP90a
in multiple BC datasets at mRNA and protein levels was explored to correlate with
clinicopathological parameters and prognostic utility. The current study shows that high
expression of HSP90a is associated with poor prognostic parameters and an independent

prognostic marker of poor clinical outcome.
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The current study results showed that high expression of HSP904A41 mRNA was significantly
associated with clinicopathological variable characteristics of poor prognosis, including high
histological grade, higher NPI prognostic scores, and loss of hormone receptor expression.
Importantly, the expression was associated with shorter patients’ survival, independent of other
variables. These results are in line with the findings from a recent study investigating the
MRNA expression of six HSPs in BC and reported an association between HSP90AA1 and poor
prognosis (285). Patients with non-small cell lung cancer and lung adenocarcinoma showed
that high mRNA expression of HSP90AA1 is associated with poor outcome (308).

The positive correlation of HSP90a with PIK3CA and p53 expression, (309, 310) indicates that
high HSP90a. expression is associated with aggressive BC. PIK3CA is an EMT-promoting
protein that contributes to the cell cycle control and interacts with HSP90 leading to apoptosis
inhibition (283, 311). During the cell cycle, the active form of PIK3CA can phosphorylate the
regular component of the membrane PIP2 to PIP3, which in turn activates AKT protein kinase
B that interacts with HSP90 leading to inhibition of apoptosis. in vivo studies have reported the
increased sensitivity of the cells to an apoptosis-inducing stimulus by inhibiting AKT-HSP90
binding (312, 313). These results were supported by another study that showed HSP90
inhibition enhances AKT dephosphorylation process (314). In vitro and in vivo experiments
have also concluded that PISBK/AKT is a major contributing signalling pathway in Burkitt
lymphoma (309). In addition, numerous cellular processes are dependent on the PI3K
signalling pathway, which is frequently altered in BC, resulting in increased tumour
development and decreased patients survivability (238). In BC, the PI3K/AKkt, the target of the
rapamycin mTOR pathway, is linked to developing resistance to endocrine treatment, cytotoxic
treatment, and HER2-directed treatment (315). Wild-type p53 is well known as a tumour
suppressor, whereas mutant p53 seems to acquire an oncogenic phenomenon (316, 317).
Interestingly, the activation of HSP90 expression induces stabilisation of mutant p53,
consequently promoting tumour progression and metastases through the Hsp90-p53 co-binding
mechanism (310, 318).

Lymph node positivity and LVI in BC are strong prognostic factors in predicting patient
outcome (319). In this study, HSP9OAA1 mRNA and protein expression was strongly
associated with LV 1 positivity and positive nodal status. This association indicate a certain role
of HSP9OAAT in LVI, and to help us understand this role then must understand the long

journey of tumour cell during the invasion. The tumour cell journey starts when detaching from
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the origin site, migrating, and invading the neighbour tissue, and invasion into LV through the
ECM to reach the distant organ where the extravasation process occurs and establishes
metastasis (97-99). In addition, invasive tumours are known for harbouring the degradation of
ECM using MMPs. This degradation permits tumour dissemination by permitting entry to the
vascular and lymphatic systems (320). MMP expression and activation are elevated in nearly
all human malignancies. (321). Among the MMPs family, MMP-2 and MMP-9 play a critical
role in the development and progression of tumours (322, 323). Interestingly, HSP9OAA1 was
found to interact with MMP-2 and 9 in BC through localising and enhancing their proteolytic
activity in several studies (324, 325). A significant positive correlation between LV1 and MMP-
9 has also been reported (149, 150). A study demonstrated that mAb 4c¢5 prevents MMP-2 and
MMP-9 activation by inhibiting their communication with extracellular HSP90AA1 leading to
preventing metastatic BC cells aggregation (325). Considering the role of MMP-2 and 9 in the
invasion and the strong association between them and HSP90AA1 and LVI, we could assume
that MMPs are the key link between HSP90OAAL and LV in the metastatic cascade. Therefore,
inhibiting HSP90AA1 activities could aid in preventing LVI occurrence in BC patients and

improve outcomes.

Luminal B, TNBC and HER2-enriched BC molecular subtypes are biologically and clinically
aggressive subtypes compared to luminal A tumours (326-328). This study results showed that
HSP90a is less expressed in the Luminal-A BC molecular subtype than the Luminal-B / HER2-
negative, Luminal-B / HER2-positive, HER2 enriched and TNBC classes. This could reflect
the potential interaction between HSP90o expression, tumour proliferation, and HER2
signalling pathway, which may trigger invasion and LV1 resulting in BC metastasis (329). In
line with current study findings, clinical trials of HSP90 inhibitors have shown promising

results in the Luminal B and HER2-positive tumours (330).

In conclusion, the current results highlighted the significant association of HSP90a with poor
prognosis in BC patients and especially in the intrinsic subtypes of aggressive behaviour,
including Luminal B. Functional studies are required to determine the influence of aberrant
expression of HSP90a and to explore its utility as a potential therapeutic target for precision

medicine.
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5 Chapter 5: SLC9A3R], a
biomarker that was chosen from

the LVI-related gene signature set
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51 Overview
The BC overview in this study illustrated how IBC is a heterogeneous disease encompassing
different morphological and molecular characteristics, leading to a wide range of patient
prognoses, outcomes and responses to therapy (9). In addition, death from BC is often a result
of metastasis. Thus, several attempts were carried out to explore the underlying molecular
mechanisms involved in BC progression. However, a key factor responsible remains to be
elucidated (56, 331, 332): LVI occurs when the tumour emboli appear in LVs around the
primary tumour (121). Several studies have demonstrated a prognostic value of LVI,
suggesting that LVI presents a risk of axillary LNM and distant metastasis (65, 115, 333).
Therefore, LVI could act as a potential therapeutic target in BC; however, such targets

associated with LV1 status in BC have yet to be identified.

Based on mRNA expression data, our previous study identified a novel DEG signature in both
LVI+ and LVI- cases (223). Solute carrier family 9, subfamily A, member 3 regulator 1
(SLC9A3R1) was observed as one of the genes that is positively correlated with LV1 status. It
is located on chromosome 17925.1, consists of six exons and encodes Na+/H+ exchanger
regulatory factor-1. Moreover, SLC9A3R1 functions as an interface between plasma
membrane proteins and the ERM membrane-binding phosphoprotein 50 family, connecting

them to the actin cytoskeleton controlling their surface expression (334).

Whnt signalling is a critical pathway for the progression of various biological mechanisms such
as cell polarity, cell migration, and patterning throughout embryonic development, adult tissue
homeostasis and regeneration of diverse tissues and organs. (335). Genome-wide sequencing
and gene expression profile analysis have shown that Wnt signalling is primarily implicated in
the progression and dissemination of BC (336). In addition, it is reported that this pathway is
also essential for the modulation of the BC immune microenvironment, stem cell maintenance,
treatment resistance and phenotype formation (336, 337). B-catenin is a multifunctional protein
considered an adhesion molecule that plays a fundamental role in the normal physiological
microenvironment (338). It is well known as a transcriptional factor in Wnt signalling, which
plays a critical role in cell development, differentiation, stem cell renewal and apoptosis (338).
Abnormal B-catenin expression is linked to enhancing carcinogenesis, and its aberrant activity
has been seen in various cancer including BC (339, 340). In normal conditions, p-catenin is
expressed in the cytoplasm at a low level (341). However, the activation of Wnt signalling
dysregulated the B-catenin degradation components leading to an elevation of f-catenin level
in the cytoplasm (337, 342).
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Existing evidence indicates that SLC9A3RL1 is involved in the Wnt signalling pathway, which
triggers the adherens junction complex constituent B-catenin to aggregate in the cytoplasm,
subsequently translocation into nucleolus (339), promoting to carcinogenesis (343). In
addition, plasma membrane calcium ATPase-2 (PMCAZ2) which maintains mammary epithelial
cell survival and controls cell development and death, is also influenced by SLC9A3R1
overexpression in BC (344). Moreover, SLC9A3R1 has been linked to the activity of cellular
proteins, autophagy and modulation of BC proliferation (345). A correlation also exists
between SLC9A3R1 and growth factor tyrosine kinase receptors participating in cancer
progression (346-348). However, the biological and prognostic significance of SLC9A3R1

expression in BC cases is still unclear.
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5.2 Aim and Hypothesis
Several reports have suggested that SLC9A3R1 overexpression modulates tumour growth,
migration and metastasis in breast, endometrial, lung, prostate and colon cancers (346, 349-
353). However, there is a lack of evidence in all these studies regarding the combined
prognostic value of SLC9A3R1 and LVI positivity modulating BC invasiveness. Thus, the
hypothesis is that SLC9A3R1 plays an essential role in BC LVI progression through its
contribution to several vital intrinsic subtypes and pathways, consequently leading to poor
patient outcomes. Therefore, this study aimed to assess SLC9A3R1 expression, identified by
the previously mentioned gene signature (chapter 3), and evaluate its clinical significance with

related MRNA and protein biomarkers in BC and its association with LVI.

5.3 Materials and Methods

5.3.1 Study Cohorts
To explore SLC9A3R1 mRNA expression in breast tissue, gene expression TPM values from
the TNM plot database were used. The clinical significance, clinicopathological associations
and CNA of SLC9A3R1 mRNA expression were assessed using the METABRIC dataset of
IBC (n=1,980) and the BC cohort retrieved from the cBioPortal for Cancer Genomics utilising
the TCGA-BRCA cohort (n = 854) for which LV data were available. Both cohorts were used
as the discovery. In addition, the bc-GenExMiner v4.9 dataset (Affymetrix; n = 4,904) was
investigated to explore the role of SLC9A3R1 and patient outcomes for further validation.
More details about the methods and clinical materials used in this study are given in Chapter
2 (section 2.1.1). Furthermore, SLC9A3R1 protein expression was immunohistochemically
evaluated in a well-characterised BC cohort (n = 696), which was used as a validation cohort.
An overview of the clinicopathological parameters of patients from Nottingham cohort is

summarised in Chapter 2 (section 2.1.2.1).

5.3.2 Western Blotting and Immunohistochemistry

The specificity of SLC9A3R1 protein (rabbit monoclonal ab109430; Abcam, Cambridge, UK)
was validated using WB on human BC cell lysates harvested from the MCF7 and SKBr3 cell
lines. The cell lines were chosen according to the manufacturer's recommendation, protein atlas
and availability. The housekeeping protein mouse f-actin antibody (A5441, clone AC-15;
Sigma-Aldrich, Gillingham, UK) was used at a dilution of 1:5,000. This procedure was done
in keeping with the protocol of WB validation for specific Ab—Ag binding given in Chapter 2
(section 2.3).
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The TMA slides were stained according to the IHC procedure previously described in Chapter
2 (section 2.4.1). Two scorers (the author and Y. K ) calculated the inter-observer concordance
in 25% of the cores, and they scored the data blindly (ICC = 0.74), indicating an excellent

concordance between scorers.

5.3.3 Statistical Analysis
The statistical analysis was conducted via SPSS 28.0 (IBM, Chicago, IL, USA). The data
dichotomisation used for SLC9A3R1 mRNA and protein expression was based on the median.
The chi-squared test was used to evaluate the associations between SLC9A3R1 expression and
clinicopathological parameters. Moreover, Kaplan—Meier plots were employed to undertake
the univariate survival analysis with adjustment of covariates to investigate the independence
of SLC9A3R1 expression with standard prognostic factors in BC. Cox regression and log-rank
test were used in the multivariate analysis. Statistical significance was reflected by a p-value
<0.05 (two-tailed). Additionally, a subset of the Nottingham series incorporated in
METABRIC (n = 150/1,980) was used to examine the correlation between SLC9A3R1 mRNA
and SLC9A3R1 protein expression using Pearson’s correlation test. This test was also used to
validate the correlation between SLC9A3R1 mRNA expression and genes of interest. Further

statistical data are detailed in Chapter 2 (section 2.11).

54 Results
5.4.1 Western Blot Evaluation
The anti-SLC9A3R1 primary antibody’s WB images showed a single specific band at the
anticipated MW (48 kDa; Figure 5.1). Using housekeeping protein mouse B-Actin was

sufficient to provide evidence of the antibody specificity for each cell lysate.
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Figure 5.1: Western blotting validation indicated SLC9A3R1 primary antibody
specificity based on a single band observed at approximately 48 kDa.

5.4.2 SLC9A3R1 mRNA Expression and Clinicopathological Significance

To examine the prognostic value of SLC9A3R1 mRNA expression in breast tissue, this study
carried out an in-depth investigation using gene expression data from the TNM plot portal, and
high SLC9A3R1 mRNA expression was observed in tumoural and metastatic samples of BC
when compared to adjacent normal breast tissue samples (n = 403) (Figure 5.2). Furthermore,
when investigating CNA data within the METABRIC and TCGA-BRCA cohorts, SLC9A3R1
CN gain in the METABRIC cohort was observed in 214/1,891 (11.3%) cases, TCGA-BRCA
207/830 (24.9%) than in neutral and those showing a loss (p < 0.0001) (Table 5.1 and Table
5.2). High SLC9A3R1 mRNA expression in the METABRIC and TCGA-BRCA cohorts was
significantly associated with LVI+, ER+, PR+ and HER2 positive tumours. In addition, using
the PAMS0 classification of BC tumours, SLCA93R1 mRNA was significantly associated with
the luminal B subtype in the METABRIC cohort (Table 5.3). Also, high SLCA93R1 expression
was associated with high Ki67 and AKT levels (Table 5.4). High SLC9A3R1 mRNA also
showed a significant correlation with luminal B in the TCGA-BRCA dataset (p < 0.0001) using
bc-GenExMiner v4.9 (Figure 5.3).
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Figure 5.2: The SLC9A3R1 mRNA gene expression in breast cancer tissue based on
sample type in RNA-Seq Data. ( p-value is a comparison for multiple independent

samples).

Table 5.1: The SLCA93R1 copy number alteration in the METABRIC cohort.

CNA region CNA Cases with reduced Cases with High Total (%) p-value
for SLCA93R1 mRNA | SLCA93R1 mRNA

SLCA93R1 expression (%) Expression (%)

Chromosome | Loss 29 (79) 8 (21) 37 (100)

17925.1
Gain 48 (18) 214 (82) 262 (100) <0.0001
Neutral 830 (52) 762 (48) 1592 (100)
Total 907 (48) 984 (52) 1891 (100)

Table 5.2: The SLCA93R1 copy number alteration in the TCGA-BRCA cohort.

CNA region CNA Cases with reduced Cases with High Total (%) p-value
for SLCA93R1 mRNA | SLCA93R1 mRNA

SLCA93R1 expression (%) Expression (%)

Chromosome | Loss 107 (83) 22 (17) 129 (100)

17g25.1
Gain 91 (31) 207 (69) 262 (100) <0.0001
Neutral 219 (54) 184 (46) 403 (100)
Total 417 (50) 413 (50) 830 (100)
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Table 5.3: Association of SLC9A3R1 mRNA expression with clinicopathological
characteristics in the METABRIC (n = 1980) and TCGA-BRCA (n = 854) cohorts.

METABRIC TCGA-BRCA
Eactors Low High Low High
SLCY9A3R1 | SLC9A3RL | p-value | SLC9A3R1 | SLCYA3RL | p-value
N (%) N (%) N (%) N (%)
Lymphovascular invasion
Negative 494 (53.1) | 436(469) |, .10 296 (53.0) 263 (47.0) | 018
Positive 295 (46.5) | 340 (53.5) 131 (44.4) 164 (55.6)
Tumour size
<2.0cm 354 (56.9) | 268 (43.1) | 9, | 128(53.6) 111 (464) | ;195
>2.0cm 625 (46.7) | 713 (53.3) 299 (48.6) 316 (51.4)
Age
<50 years 253 (59.7) | 171(40.8) | o0 |142(548) 117 (45.2) | 4 063
>50 years 737 (47.4) | 817 (52.6) 285 (47.9) 310 (52.1)
Nodal Status
Negative 532 (51.4) | 503 (48.6) 0.154 230 (54.0) 196 (46.0) 0.026
Positive 452 (48.2) | 486 (51.8) 196 (46.3) | 227 (53.7)
Histological grade
Grade 1 and 2 472 (49.68) | 468 (49.68) | ;1.\ 200 (43.1) 264 (56.9) | _q g0t
Grade 3 478 (50.2) | 474 (49.8) | 205 (58.2) | 147 (41.8) '
Oestrogen receptor
Negative 357 (753) | 117(24.7) | o0, |157(849) 28(151) | 001
Positive 633 (42.0) | 873 (58.0) 260 (40.7) 379 (59.3)
Progesterone receptor
Negative 551 (58.6) | 389 (41.4) | oo, |195(717) 77(283) | 4001
Positive 739 (42.2) | 601 (57.8) 221 (40.5) 325 (59.5)
Human epidermal growth factor receptor 2
Negative 886 (51.1) | 847 (48.9) 0.008 306 (54.0) 261 (46.0) <0.001
Positive 104 (42.1) 143 (57.9) 47 (35.3) 86 (64.7)
Nottingham prognostic index
Good prognostic group 350 (51.5) | 330 (48.5)
Moderate prognostic group | 548 (49.8) | 553 (50.2) 0.419
Poor prognostic group 92 (46.2) 107 (53.8)
Molecular subtypes
Luminal A 336 (46.8) | 382(53.2) 178 (44) 227 (56)
Luminal B 150 (30.7) | 338 (69.3) 32 (22.7) 109 (77.3)
HER?2 enriched 94 (39.2) 146 (60.8) <0.001 | 27 (48.2) 29 (51.8) <0.001
Basal-like 281(85.2) | 49(14.8) 124 (93.2) 9(6.8)
Normal-like 128 (64.3) | 71(35.7) 24 (80) 6 (20)

PPG, poor prognostic group.

Values in bold are statistically significant, GPG, good prognostic group; MPG, moderate prognostic group;
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Table 5.4: Association between SLC9A3R1 mRNA expression and other gene of interest
in the METABRIC and TCGA-BRCA invasive breast cancer datasets.

SLCY9A3R1 SLCY9A3R1
MRNA Level Mean Rank MRNA Level Mean Rank
Gene of (METABRIC) 7. (TCGA-BRCA) 7.
p-value p-value
Interest score score
Low High . Low High .
(%) (%) Low High (%) (%) Low High
Ki67 933 1047 -4.5 <0.001 442 413 -1.757 0.079
990 990 427 427
PIK3CA (50) (50) 997 995 -24 0.018 (50) (50) 427 401 -3.143 0.002
AKT 865 1115 -10 <0.001 506 474 -5.471 | <0.001
Values in bold are statistically significant .
Box and whisker plot oE_SLTCQA.'x‘R1 expression
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Figure 5.3: The SLC9A3R1 mRNA gene expression on PAMS50 subtypes in TCGA-BRCA
data using bc-GenExMiner v4.9.
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5.4.3 Outcome Analysis for SLC9A3SRIMRNA Expression

In the outcome analysis, high expression of SLCO9A3R1 mRNA indicated a trend of poor
prognosis features in the prognostic module, High SLC9A3R1 mRNA expression cases showed
atrend of worse BCSS than low SLC9A3R1 mRNA expression cases in the METABRIC cohort
(HR = 1.053, 95% CI = 0.883-1.257, p = 0.564; Figure 5.4a) and the TCGA-BRCA cohort
(HR =1.046, 95% CI = 0.686-1-595, p = 0.835; Figure 5.4b). Even though all datasets showed
poor prognosis, bc-GenExMiner v4.9 (Affymetrix) was the only dataset with a significant
association (HR =1.23, 95% CI = 1.02-1.48, p = 0.0279; Figure 5.4c).

While the stratification of SLC9A3R1 mRNA cases based on LV status revealed that those
with high SLC9A3R1 mRNA expression favoured poor prognosis implications for the BC
patients. However, this finding did not reach statistical significance in the LVI- cases for the
METABRIC (HR = 1.269, 95% CI = 0.938-1.718, p = 0.122; Figure 5.4d) or TCGA-BRCA
cohorts (HR =0.819, 95% CI = 0.492-1.754, p = 0.819; Figure 5.4e). The LVI+ cases showed
a similar association in the METABRIC dataset (HR = 0.956, 95% CI = 0.730-1.251, p =
0.743; Figure 5.4f) and TCGA-BRCA dataset (HR = 0.995, 95% CI = 0.564-1.756, p = 0.986;
Figure 5.49).
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Figure 5.4: The Kaplan-Meier survival plots showing cumulative survival of patients with breast cancer stratified by SLC9A3R1 mRNA
expression. METABRIC (a), TCGA-BRCA (b) Breast Cancer Gene-Expression Miner (Affymetrix) (c), LVI- in METABRIC (d), LVI- in
TCGA-BRCA (e), LVI+ in METABRIC (f) and LVI+ in TCGA-BRCA (g). OS, overall survival; BCSS, breast cancer-specific survival.
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5.4.4 SLCY9A3R1 Protein Expression
The full-face invasive tumour tissue sections showed homogenously distributed staining of
SLC9A3RL1. The IHC staining was conducted on the Nottingham BC cohort TMAS using anti-
SLCY9A3RL1 primary antibody, as previously described in Chapter 2 (section 2.4.1). The
immunoreactivity of SLC9A3R1 expression was mainly observed in the cytoplasm. The
median H-score (0) (range 0-160) was used as the basis for dichotomising SLC9A3RL1 protein
expression (n = 696) (Figure 5.5a and b, respectively).

7 G
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Figure 5.5: Immunohistochemically protein expression for SLC9A3R1 in tissue
microarray cores of breast cancer tissue. Invasive cancer cells (intense staining in the cytoplasm
of cancer cells) (a); and no staining (b) (images are at 20x magnification).

5.4.5 SLCY9A3RL1 Protein Expression and its Association with the

Clinicopathological Parameters
There was a positive linear correlation between SLC9A3R1 protein and SLC9A3R1 mRNA
expression (Spearman’s coefficient: 0.5; p < 0.001). High SLC9A3R1 protein expression was
significantly associated with LV1 positivity (p = 0.001), larger tumour size (p = 0.032), ER
positivity (p < 0.001), PR positivity (p = 0.030), HER2 positivity (p = 0.015) and high Ki67
levels (p = 0.017). High SLC9A3R1 protein expression was also associated with high levels of
PIK3CA (p = 0.046) and pAKT (p = 0.018). High SLC9A3R1 expression showed a negative
correlation with triple-negative BC (p < 0.001) (Table 5.5) and showed a significant association
with intrinsic molecular subtypes, particularly with luminal B and HER2 (p < 0.001) (Table
5.5).
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Table 5.5: Relationship of SLC9A3R1 protein expression with clinicopathological
characteristics in the Nottingham cohort.

Expression of SLC9A3R1

Expression of SLC9A3R1

Factors Low High Factors Low High
p-value p-value
N (%0) N (%0) N (%0) N (%0)
Tumour size Age
<2cm 204 (59.3) 140 (40.7) 0.032 <50 years 140 (54.3) | 118 (45.7)
. 0.654
>2 cm 176 (51.2) 168 (48.8) >50 years 242 (56) 192 (44)
Histological grade Nodal status
1,2 185 (57.3) | 138(42.7) | e Negative 238 (57.9) | 173 (42.1) 0.085
3 196 (53.0) | 174 (47.0) Positive 142 (51.3) | 135(48.7) |
Lymphovascular invasion Oestrogen receptor
Negative 269 (61.3) | 177.(39.7) | (401 Negative 120 (67.4) | 58 (32.6) 0.001
— . — <0.
Positive 111 (46.3) 129 (53.8) Positive 262 (50.9) | 253 (49.1)
Progesterone receptor Human epidermal growth factor receptor-2
Negative 176 (60.3) | 116 (39.7) | 039 Negative 337 (57.6) | 248 (42.4) 0015
Positive 202 (51.9) | 187 (48.1) | Positive 38 (43.7) | 49(56.3) '
. Phosphoinositide-3-kinase, Catalytic, Alpha
Ki67 .
polypeptide
Low 119(633) |69(36.7) |, | Negative 82(63.1) | 48(36.9) 0,046
High 141 (52.0) | 130 (48.0) | Positive 209 (53.0) | 185 (47.0) |
Phosphorylated AKT Triple-negative
Negative 70 (61.9) 43 (38.1) Non-TNBC | 278 (50.1) | 277 (49.9)
0.018 <0.001
Positive 190 (49.4) | 195 (50.6) TNBC 98 (78.4) | 27 (21.6)
Intrinsic Subtypes Nottingham prognostic index
Good
Luminal A prognostic
55 (53.4) 48 (46.6) group 118 (61.1) | 75 (38.9)
Moderate 0.065
Luminal B prognostic
66 (48.9) 69 (51.1) | <0-001 | group 201 (54.5) | 168 (45.5)
Poor
':nEriRcﬁe dBC 26 (44.1) 33 (55.9) prognostic
group 61 (48.0) 66 (52.0)
TNBC 98 (78.4) 27 (21.6)

Values in bold are statistically significant.
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5.4.6 Outcome Analysis for SLC9A3R1 Protein Expression

For the BCSS outcome analysis, cases with high SLC9A3R1 expression showed significantly
shorter survival than those with low expression (HR = 1.523; 95% CI =1.137-2.040, p = 0.004;
Figure 5.6a). The categorisation of SLC9A3R1 protein expression based on LV status revealed
a results that favoured a poor prognosis association with high SLC9A3R1 expression (LVI-,
HR =1.227; 95% CIl = 0.799-1.883, p = 0.348; Figure 5.6b); however did not reach statistical
significance and a significant association with survival considering LVI+ tumours (HR =
1.593; 95% CI = 1.052-2.412, p = 0.026; Figure 5.6c).

The SLC9A3R1 multivariate Cox regression analysis, correlated with standard prognostic
parameters, including LVI, tumour size and age, revealed that high SLC9A3R1 protein
expression was a significant independent predictor for shorter BCSS (HR = 2.047; 95% CI =

1.516-2.763, p = 0.042; Table 5.6).

a) HR ~1.325(1L137-2:040) Logrankip=0.004 b) LVI-HR = 1227 (0.799-1.883) Log rank p =0.348
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Figure 5.6: Kaplan-Meier survival plots showing breast cancer specific survival of BC
patients stratified by SLC9A3R1 expression in Nottingham cohort. SLC9A3RL1 protein
expression revealed that high expression was associated with poor patient outcome. Breast
cancer specific survival in the Nottingham cohort (a), in the LVI- cases (b) and the LV I+ cases

(©).
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Table 5.6: Multivariate Cox regression analysis of clinicopathological factors and protein
expression of SLC9A3R1 to predict breast cancer specific survival.

Multivariate analysis BCSS

Factors Hazard Ratio 95% ClI p-value
SLCY9A3R1 expression 1.359 1.012-1.824 0.042
Lymphovascular invasion 2.047 1.516-2.763 0.001
Tumour size 1.822 1.334-2.489 <0.001
Age 1.320 1.012-1.824 0.072

55 Discussion

Breast cancer is a series of molecularly and histopathologically distinct conditions with
different clinical outcomes and treatment responses (68). Owing to this heterogeneity, it is
challenging to elucidate the biological processes and mechanisms that underpin the progression
of BC (73). The LVI is a critical step in BC invasiveness as it presents a risk of axillary LNM
in patients with BC (65, 115, 333). However, the molecular mechanisms associated with LV

in BC and the genes behind this phenomenon are still poorly understood.

Based on the previous gene signature study (223), SLC9A3R1 has been indicated to be
significantly associated with LVI positivity. Moreover, SLC9A3R1 overexpression has been
linked to aggressive tumour behaviours and poor outcomes in different cancers (346, 349-353).
However, data on SLC9A3R1’s prognostic value in BC have yet to be defined. Previously,
increased SLC9A3R1 expression was observed more commonly in BC as compared to normal
breast tissue using immunohistochemical evaluation, suggesting that SLC9A3R1 might
contribute to BC progression (354). However, knowledge remains limited about the correlation
between SLC9A3R1 and LVI. Therefore, the present work aimed to evaluate expression of
SLCY9A3R1 and association with established LV1+ status in a large BC cohort to assess the
viability of SLC9A3R1 for prognostic purposes.

One of the primary features of oncogenic transformation is DNA amplification; SLC9A3R1 is
located on chromosome 17g25.1. This study observed more CN gain than CN loss in the
METABRIC and TCGA-BRCA cohorts. Furthermore, the SLC9A3R1 CN gain showed a
strong positive correlation with its corresponding mRNA and protein. Thus, amplification may
be a common mechanism leading to increased expression of SLC9A3R1 in BC, and detection

of SLC9A3R1 gene amplification may also be used as a clinical marker for cancer metastasis.

In agreement with earlier studies on BC (350, 355), this study found that higher SLC9A3R1

expression in the cytoplasm was correlated not only with poor prognosis, aggressive clinical
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parameters, such as high Ki67 levels, and aggressive types of BC, such as luminal B and HER2-
enriched subtypes, but also with evidence of LVI at both the mRNA and protein levels, which
in turn is related to BC progression. Consistent with this, studies have shown an increased
reduction of proliferation and migration capacities in prostate cancer cells and HCC after the
SLCY9A3R1 knockdown (352, 356). Moreover, according to findings at the in vitro level, a
correlation exists between SLC9A3R1 overexpression and BC aggressiveness in the MDA-
MB-435 and MCDF-7 cell lines, which can promote invasion of BC cells and activate an
invasive phenotype, either on its own or alongside changes in the tumour metabolic
microenvironment, (355) which may trigger invasion and LV in accordance with current study

findings at both the transcriptomic and protein levels.

Regarding SLC9A3R1 mRNA and protein levels, the ER—ve and TNBC subtypes had the
lowest levels, whereas the ER+ and HER2 positive subtypes had higher levels. Evidence
supports a close correlation between the HER2 signalling pathway and the tumour
microenvironment (326). High-proliferating ER+ve and HER2 positive tumours is the main
characteristic of the luminal B BC subtype, associated with poor prognosis (327). Furthermore,
high SLC9A3R1 expression has been associated with high-proliferation Ki67, which is
encountered mainly in the aggressive forms of luminal B tumours with a lower sensitivity rate
to endocrine therapy (357) — a relationship that is in accordance with current study findings.
These results are compatible with other studies, which have shown that SLC9A3RL1 is
expressed in luminal B (358) and HER2 positive BC tumours (350). Interestingly, SLCO9A3R1
is located in the same chromosome as ErbB2, and this may explain the positive correlation of
SLCY9A3R1 with HER2-enriched in this study. It has been suggested that overexpression of
ErbB2 in BC cells can elevate VEGF levels and increase MMP-9 activity, promoting
angiogenesis (359, 360). Furthermore, a correlation has been found between ErbB2
overexpression and the number of LN metastases in patients with BC with positive nodal status
(361). The overexpression of ErbB2 could manipulate MMP-9 and MMP-2 protease activities,
which are correlated with LVs invasiveness, LN dissemination and tumour recurrence (359,
362-364). Clinically, detectable LV1 in the primary BC correlates dramatically with LN and
DM (365). Together, these results indicate the role of SLC9A3R1 in tumour development and

progression, which is in agreement with this study’s observations.

Additionally, HER2/neu-overexpressing breast carcinoma displays co-localisation of
SLCY9A3R1 and the oncogenic receptor HER2/neu (366). One study noted that PMCA2 and
HER?2 are expressed in lower levels after SLC9A3R1 knockdown, which also suppresses HER2
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signalling and causes HER2 detachment from HSP90 as well as HER?2 internalisation and
ubiquitination (344), a mechanism that has been identified as playing a critical role in
endocytosis and workability of the anti-HER?2 antibody-drug conjugate (367). It can thus be
deduced that HER2 signalling modulation and membrane preservation in BC likely rely on the
integrated action of SLC9A3R1 and PMCAZ2 (368). Furthermore, another study suggested an
association between HER2 and Wnt signalling pathways in promoting the proliferation of
mammary tumours (369) pathways influenced by SLC3A3R1 overexpression, as recently
mentioned. Moreover, B-catenin, a cell adhesion molecule, seems to be altered by Wnt, which
leads to B-catenin translocation to the nucleus (339) to function as an oncogene in breast tissue
(340).

Therefore, these indirect interactions between SLC9A3R1 and BC subtypes may alter cell—cell
adhesion and stimulate breast tumour development, promoting LVI and invasion. This

connection could potentially be exploited by BC treatments.

Notably, the PI3K/AKT pathway is associated with BC cancer progression and metastasis (370,
371). Therefore, PI3K/AKT deregulation is involved in tumorigenesis and maintains cellular
functions including, metabolism, autophagy, apoptosis, and pAKT and PIK3CA mutations
(372-374). The current study demonstrated that high expression of SLC9A3R1 protein is
associated with high levels of PI3K and pAKT. Furthermore, a previous study on BC showed
that SLC9A3R1 PTEN functional interaction inhibits the PI3BK/AKT pathway (375). The
SLC9A3R1 interactions above imply its vital role in manipulating the cell cycle and inducing

genomic instability to facilitate the LI mechanism.

While this study uncovered promising results indicating that SLC9A3R1 may have a possible
role in BC LVI progression depending on the data at the transcriptomic and proteomic levels,
it possesses some limitations. While this study was based on retrospective cohort data with
long clinical follow-up time, multiple data resources are needed to validate these results. Some
TMA cores were missing or had barely detectable tumours in the TMA sections used in this
study. More experimental studies should be performed in the future to uncover the molecular
mechanisms associated with SLC9A3R1 to understand its prognostic value in BC LVI+

tumours.

In conclusion, our study demonstrated the prognostic value of SLC9A3R1 BC LVI+ tumours.
It interacts with most aggressive intrinsic subtypes, including the luminal B, HER2 positive

and poor patient outcome subtypes. It contributes to BC-related pathways leading to tumour
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proliferation, adhesion, invasion, migration and, consequently, BC progression and metastasis.
Efficient studies are needed to determine the correlation of SLC9A3R1 with LVI and validate

its therapeutic efficiency.
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6 Chapter 6: NOP56, a biomarker
that was chosen from the LVI-

related gene signature set
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6.1 Overview
Breast cancer cells are controlled by highly complex mechanisms that may govern their
proliferation and viability. They exhibit multi-factorial characteristics, escaping growth
suppressors and the immune system and activating inflammation, invasion and metastasis
pathways as well as genomic instability (1). Lymphovascular invasion is a highly unfavourable
histological feature for patients with IBC, as it reduces their chances of survival. Moreover,
BC is a complex, heterogeneous disease with distinct molecular characteristics (68), which
adds more complexity to understanding its mechanisms and histological features, such as LVI.
Therefore, obtaining a deep understanding of BC’s underlying genetic pathways involved in
LVI and BC metastasis through examining the transcriptomic and proteomic expression may

be critical to uncovering BC’s molecular complexity and improving its clinical outcomes.

Nucleolar protein 5A (NOL5A/NOP56) is a protein-coding gene located on chromosome
20.p13 and engaged in pre-ribosomal RNA (rRNA) processing. Furthermore, NOP56 is
considered one of the ribonuclear proteins accompanied by NOP58, non-histone chromosome
protein 2-like 1 and fibrillarin to form and activate the core protein set of the box C/D small
nucleolar ribonucleoprotein complex (376, 377). The complex plays a fundamental role in the
ribosome assembly process by increasing the methylation process of rRNA at the 2'-O-ribose
and modulating rRNA processing (376, 377).The rRNA processing indicated extreme
influence by the small nucleolar RNAs (snoRNAs) that are considered a key factor role in the
pre-rRNAs (378). Previous studies had identified that NOP56p was accompanied by
NOP77p/NOP4p mutant strains, which were assigned to a primary ribosome assembly defect
and a secondary pre-rRNA processing defect (379, 380) Moreover, the genes mediating
ribosome synthesis are the only genes in cells that have conserved Myc/Max binding sites from
early metazoans through humans (381). A recent study made by Ryu H et al., had suggested
that the deubiquitinase USP36 promotes SUMOylation of NOP56 and NOP58 and promotes
binding of NOP58 to snoRNA, and knocking out of deubiquitinase USP36 significantly
inhibits rRNA processing (382). Interestingly, MYC directly affects the human transcription
of RNA Pol I along with other nucleolar proteins, including NOP56 (383). MY C proteins were
detected to play a pivotal role in ribosome biogenesis and protein synthesis by controlling the
expression of large numbers of proteins involved in this process (384, 385), including the
expression of the target gene NOP56 (386, 387).

High expression of NOP56 has been observed in several types of cancers, including lung cancer
(388), Burkitt lymphoma (387) and hepatic carcinoma (389). It has been reported that Burkitt
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lymphoma associated Myc mutants demands NOP56 to induce cell transformation and tumour
growth (387). Cells rely on ribosomes to synthesise proteins, making them perhaps the most
important macromolecular machine, and small nucleolar ribonucleoproteins (snoRNPSs) are
among the most important (390). The snoRNPs play an essential role in cancer transformation,
tumorigenesis and metastasis and represent potential therapeutic targets (391, 392).
Interestingly, NOP56 may have extra-ribosomal functions, but these have yet to be determined
(393).
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6.2 Aim and Hypothesis
Based on the results from Chapter 3 (223), NOP56 is one of the genes in the signature for
predicting the presence of LVI. Although NOP56 has been indicated to play a substantial role
in ribosomal biology in several types of cancers, its role in BC has yet to be defined. Thus, the
hypothesis is that NOP56 plays an essential role in BC LV1 progression through its contribution
to several vital intrinsic subtypes and pathways, consequently leading to poor patient outcomes.
Therefore, this study aimed to evaluate the expression of NOP56 in BC at both the
transcriptomic and proteomic levels in various well-characterised BC cohorts with long-term
follow-up and to investigate its correlation with patient outcomes and several

clinicopathological characteristics, including LVI.

6.3 Materials and Methods

6.3.1 Study Cohorts

As described in Chapter 2 (section 2.1.1), gene expression data were obtained from a TNM
plot to evaluate the prognostic significance of NOP56 mRNA expression in BC as well as in
the UALCAN dataset. Moreover, two transcriptomic datasets, METABRIC (n=1,980) and
TCGA-BRCA (n= 854), were used as discovery cohorts to evaluate and investigate the
prognostic value of NOP56 mRNA expression. In addition, the prognostic significance of
NOP56 mRNA expression was assessed using bc-GenExMiner v4.9 (Affymetrix; n = 4,904)
online dataset. The expression of the NOP56 protein was also evaluated by IHC in a well-
characterised BC cohort (n = 803). The data related to clinicopathological features of the cohort
series were previously outlined in Chapter 2 (section 2.1.2.1).
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6.3.2 Western Blotting and Immunohistochemistry
The specificity validation of the NOP56 protein (mouse monoclonal AMAb91013, Sigma-
Aldrich, Gillingham, UK) was carried out using immunoblotting in human BC lysates obtained
from MDA-MB-231 and BT-474, both from the American Type Culture Collection, Rockville,
MD, USA. The housekeeping protein rabbit p-actin antibody (MABT523, clone RM112,
Sigma-Aldrich, Gillingham, UK) was used at a dilution of 1:5,000. Details regarding the WB
validation procedure are available in Chapter 2 (section 2.3).

The TMAs were stained using the IHC procedure previously described in Chapter 2 (section
2.4.1). Two researchers (the author and Y. K) scored 25% of the cores independently in order
to calculate the inter-observer concordance. There was a reasonable concordance rate in
double-scored cases (ICC = 0.7, p = 0.019).

6.3.3 Statistical Analysis

The data were analysed manually and statistically using SPSS 28.0 (IBM, Chicago, IL, USA).
The NOP56 mRNA and NOP56 protein expression were classified into two distinct groups
based on the median. The chi-squared test was used to study the relationship between protein,
MRNA expression and other categorical parameters. Pearson’s correlation test was used to
evaluate the relationship between NOP56 transcriptomic and protein expression using a portion
of the Nottingham series (n = 224/286). Then, NOP56 and patient survival correlation were
investigated using Kaplan—Meier plots. In the multivariate analysis, Cox regression and log-
rank tests were employed. A p-value <0.05 (two-tailed) was used to indicate statistical
significance. All statistical data are discussed in detail in Chapter 2 (section 2.11).
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6.4 Results

6.4.1 Western Blot Evaluation
The anti-NOP56 antibody showed a specific band at the expected MW of 68 KDa (Figure 6.1),

confirming the specificity of the antibody for each cell lysate using housekeeping protein rabbit
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Figure 6.1: The NOP56 primary antibody western blotting validation indicated specificity
based on a single band observed at approximately 68 kDa.

6.4.2 NOP56 Transcriptomic Expression and Clinicopathological
Significance

High NOP56 mRNA expression was observed more in tumoural and metastatic BC as
compared to normal breast tissue samples in the TNM plot portal and UALCAN datasets
(Figure 6.2). High NOP56 mRNA expression was significantly associated with LVI+ status in
both the METABRIC and TCGA-BRCA cohorts (p < 0.001) and with positive nodal stage in
the METABRIC cohort (p = 0.001). The significant association of high NOP56 mRNA
expression was also observed with other clinicopathological parameters associated with poor
patient outcome, including larger tumour size, high grade, and ER- and PR-negative tumours
(p < 0.001), HER2 positive status in the METABRIC (p < 0.001) and TCGA-BRCA cohorts
(p =0.002) (Table 6.1) and with high levels of gene of interest (Ki67: p < 0.001) and (MYC: p
< 0.001) (Table 6.2). The expression of NOP56 mRNA was higher in TNBC and HER2-
enriched BC than in other subtypes (Table 6.1; Figure 6.3).
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Figure 6.2: The NOP56 mRNA gene expression in breast cancer tissue based on sample
type in RNA-Seq Data. ( p-value is a comparison for multiple independent samples).
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Table 6.1: Relationship of NOP56 mMRNA expression with clinicopathological
characteristics in the METABRIC (n = 1980) and TCGA-BRCA (n = 854) cohorts.

METABRIC TCGA-BRCA
B Low High Low High
NOP56 NOP56 p-va|ue NOP56 NOP56 p-\/a|ue
N (%) N (%) N (%) N (%)
Lymphovascular invasion
Negative 499 (53.8) | 428 (46.2) <0.001 303 (54.2) | 256 (45.8) <0.001
Positive 278 (44.1) | 352 (55.9) ' 124 (42.0) | 171 (58.0) '
Tumour size
<2.0cm 358 (57.8) | 261 (42.2) <0001 137 (57.3) | 102 (42.7) 0.008
>2.0 cm 602 (45.3) | 728 (54.7) ' 290 (47.2) | 325(52.8) |
Age
<50 years 253 (59.7) | 171(40.3) | 50y | 115(44.4) | 144 (556) | a0
>50 years 737 (47.4) | 817 (52.6) ' 312 (52.4) | 283 (47.6)
Nodal Stage
Negative 542 (52.6) | 489 (47.4) | ;o | 218(51.2) | 208(48.8) | oo
Positive 422 (45.3) | 509 (54.7) | 208 (49.2) | 215 (50.8)
Histological grade
Grades 1 and 2 580 (63.0) | 357 (37.0) | gy |-298(64.2) |166(358) | 0,
Grade 3 337 (35.7) | 607 (64.3) ' 105 (29.8) | 247 (70.2) '
Oestrogen receptor
Negative 152 (32.2) | 320 (67.8) | 40 |52(281) |133(71.9) | o404
Positive 815 (54.4) | 682 (45.6) ' 364 (57.0) | 275 (43.0) '
Progesterone receptor
Negative 386 (41.3) | 548 (58.7) | )0y | 92(33:8) | 180(66.2) | 0y
Positive 581 (56.1) | 454 (43.9) | 320 (58.6) | 226 (41.) '
Human epidermal growth factor receptor 2
Negative 885 (51.4) | 838 (48.6) | o, | 296(52.2) | 271(47.8) | ) oy
Positive 82(33.3) | 164 (66.7) ' 50 (37.6) | 83 (62.4) '
Nottingham prognostic index
Good prognostic group 424 (62.4) | 255 (37.6)
Moderate prognostic group 479 (43.8) | 615 (56.2) | <0.001
Poor prognostic group 64 (32.7) 132 (67.3)
Molecular subtypes
Luminal A 468 (65.5) | 246 (34.5) 263 (64.9) | 142 (35.1)
Luminal B 213 (44.1) | 270 (55.9) 56 (39.7) 85 (60.3)
HER2 enriched 84 (35.0) 156 (65.0) <0.001 16 (28.6) 40 (71.4) <0.001
Basal-like 85 (25.9) | 243 (74.1) 28 (21.1) | 105 (78.9)
Normal-like 116 (58.3) | 83 (41.7) 17 (56.7) 13 (43.3)

Values in bold are statistically significant.
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Table 6.2: Association between NOP56 mMRNA expression and other gene of interest in
the METABRIC and TCGA-BRCA invasive breast cancer datasets.

NOP56 mRNA
NIOE5D i Leve] Mean Rank Level (TCGA- Mean Rank
(METABRIC) BRCA)
Gene of Z- Z-
p-value p-value
Interest : score score
Low High Low High
Low | High by Low | High
(%) (%) @ |
Ki67 797 | 1167 | -14.4 | <0.001 362 493 -7.79 | <0.001
PIK3CA 988 982 -1.3 0.202 458 397 -3.59 | <0.001
AKT 967 (49) | 1002 (51) | 935 | 1033 -3 <0.001 | 427(50) | 427 (50) 430 425 | -0.284 | 0.776
MYC 906 | 1061 | -6.04 | <0.001 357 498 -8.4 <0.001
EGFR 972 997 | -0.97 | 0.332 449 406 -2.5 0.011
Values in bold are statistically significant; PIK3CA, Phosphoinositide-3-kinase, Catalytic, Alpha polypeptide, epidermal growth factor
receptor (EGFR).
Expression of NOP56 in BRCA based on breast cancer . .
subclasses Comparison Statistical significance
300
_ Normal-vs-Luminal 1.62436730732907E-12
250 | !
5, - Normal-vs-HER? Positive 5.10169995138199E-09
g _ i i
2 150 i . Normal-vs-TNBC 1.62436730732907E-12
Bl T ; Luminal-vs-HER2 Positive 8.203800E-02
2 : ! .
. == T L
e _ Luminal-vs-TNBC 5.5161000001025E-07
0
”'”’TCGAsamp,e;”"‘" o HER? Positive-vs-TNBC 1.377580E-01

Figure 6.3: The NOP56 mRNA expression in breast cancer tissue based on breast cancer

subclasses.
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6.4.3 Outcome Analysis for NOP56 mMRNA Expression
High NOP56 mRNA expression was significantly correlated with shorter survival BCSS in the
METABRIC cohort (HR = 1.894, 95% CI = 1.491-2.405, p < 0.001; Figure 6.4a). However,
in the TCGA-BRCA cohort, high NOP56 mRNA expression showed a poor prognosis but did
not reach statistical significance (HR = 1.439, 95% CI = 0.874-2.370, p = 0.150; Figure 6.4b).
Moreover, bc-GenExMiner v4.9 (Affymetrix) showed a similar significant association as the
METABRIC cohort (HR =1.38, 95% CI = 1.16-1.65, p = 0.0003; Figure 6.4c).

The stratification of NOP56 mRNA cases based on LVI status revealed that high NOP56
mMRNA expression was significantly associated with shorter survival in LVI- cases
(METABRIC: HR = 1.527, 95% CI = 1.006-2.317, p = 0.045 Figure 6.4d). In the TCGA-
BRCA LVI- cases, no significant association was observed (HR = 1.517, 95% CI = 0.754—
3.050, p = 0.239; Figure 6.4e). The LVI+ cases showed a highly significant association with
poor patient prognosis in the METABRIC dataset (HR = 1.979, 95% CI = 1.371-2.856, p <
0.001.; Figure 6.4f), whereas the LVI+ cases in the TCGA-BRCA dataset showed no
significant association (HR = 1.176, 95% CI = 0.575-2.407, p = 0.656; Figure 6.4Q).
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Figure 6.4: The Kaplan-Meier survival plots showing cumulative survival of patients with breast cancer stratified by NOP56 mRNA
expression. METABRIC (a), TCGA-BRCA (b) Breast Cancer Gene-Expression Miner (Affymetrix) (c), LVI-in METABRIC (d), LVI-in
TCGA-BRCA (e), LVI+ in METABRIC (f) and LVI+ in T,CGA-BRCA (g). OS, overall survival; BCSS, breast cancer-specific survival.
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6.4.4 NOP56 Protein Expression

The protein expression of NOP56 in full-face sections showed homogeneous distribution
staining in the cytoplasm of invasive tumour cells. A range of NOP56 immunoreactivity from
absent to high was observed, and the median H-score of 35 was used to dichotomise the cases
into the following two groups: negative/low and high immunoreactivity (Figure 6.5). There
was more high than low NOP56 expression among all cases (n = 803; 59%,). The correlation
between NOP56 transcriptomic and proteomic expression showed a positive uphill association
(Spearman’s coefficient: 0.21; p = 0.001).

A ‘ 3 /. F"e b b)

e,
G

Figure 6.5 Immunohistochemically protein expression for NOP56 in tissue microarray
cores of breast cancer tissue. Invasive cancer cells (intense staining in the cytoplasm of cancer
cells) (a); and no staining (b) (images are at 20x magnification).

6.4.5 NOP56 Protein Expression and its Association with the
Clinicopathological Parameters

A significant association was observed between high NOP56 expression and poor prognostic
clinicopathological parameters, including LVI positivity (p = 0.001), larger tumour size, high
tumour grade, ER negativity, PR negativity, HER2 positivity and the NPI poor prognostic
group. High NOP56 protein expression was also associated with high levels of PIK3CA (p <
0.001), pAKT (p=0.025), p53 (p <0.001) and EGFR (p=0.019) (Table 6.3). The stratification
of NOP56 expression according to intrinsic molecular subtypes showed a significant
association of high NOP56 expression with HER2 and TNBC (p < 0.001) than with other
subtypes (Table 6.3).
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Table 6.3: Relationship of NOP56 protein expression with clinicopathological
characteristics in the Nottingham cohort.

Expression of NOP56 Expression of NOP56
Factors Low High Factors Low High
: p-value : p-value
N (%0) N (%0) N (%0) N (%0)
Tumour size Age
<2 cm 288 (45.7) 342 (54.3) 0.001 <50 years 181(35.5) 329 (64.5)
<U. 0.002
>2 cm 261 (36.6) 452 (63.4) >50 years 370 (43.8) | 474 (56.2)
Histological grade Nodal status
12 322 (50.6 314 (49.4 Negative 342 (42.4) | 464 (57.6
! (50.6) 494) | g0y | N (42.4) (576) | 1o
227 (32.2) 477 (67.8) ositive 207 (38.5) | 331 (61.5)
Lymphovascular invasion Oestrogen receptor
Negative 381 (43.4) 497 (56.6) 0.01 Negative 110 (30.6) | 249 (69.4) 0.001
s . s <
Positive 166 (36.2) 293 (63.8) Positive 435 (44.4) | 544 (55.6) '
Progesterone receptor Human epidermal growth factor receptor-2
Negative Negative
ey {een [o (e e foen [,
. Phosphoinositide-3-kinase,  Catalytic, Alpha
Ki67 -
polypeptide
Low 138 (40.7 201 (59.3 Negative 135 (56.3 105 (43.8
. (40.7) (93) |45 | Neoa (56.3) (438) | oo
igh 197(38.2.) | 319 (61.8) Positive 274 (36.9) | 468 (63.1)
Phosphorylated AKT P53
Neg.a.tlve 97 (44.1) 123 (55.9) 0.025 Neg-a-'uve 399 (44.3) | 502 (55.7) <0.001
Positive 235 (35.6) 425 (64.4) Positive 125 (32.4) | 261 (67.6)
Epidermal growth factor receptor Triple-negative
Negative 425 (42.1) 585 (57.9) 0.019 Non-TNBC | 459 (43.1) | 606 (56.9) <0.001
Positive 96 (34.3) 184 (65.7) TNBC 71(29.2) | 172(70.8)
Intrinsic Subtypes Nottingham prognostic index
Good
Luminal A prognostic
73 (44.2) 92 (55.8) group 195 (52.8) | 174 (47.2)
Moderate
Luminal B prognostic <0.001
114 (44.2) | 144 (55.8) | <0-001 | groyp 276 (38.2) | 447 (61.8)
Poor
eHnIEr:?:ﬁe dBC 36 (29.3) 87 (70.7) prognostic
group 76 (31.5) 165 (68.5)
TNBC 71(29.2) 172 (70.8)

Values in bold are statistically significant.
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6.4.6 Outcome Analysis for NOP56 Protein Expression

In the outcome analysis, patients with high NOP56 protein expression showed significantly
shorter BCSS (HR =1.42, 95% CI = 1.1-2.047; p=0.003; Figure 6.6a) than patients with low
expression. The categorisation of NOP56 protein expression based on LVI status revealed no
significant association with high NOP56 expression (LVI-, HR = 1.351; 95% CI = 0.900—
2.028, p = 0.144; Figure 6.6b). Interestingly, a significant association was observed between
high NOP56 expression and poor patient outcome in (LVI+, HR = 1.593; 95% CI = 1.052—
2.412, p = 0.026; Figure 6.6c).

The multivariate Cox regression analysis showed that high NOP56 protein expression was an
independent predictor for shorter BCSS (HR = 1.434; 95% CI =1.434-1.075, p = 0.026; Table

6.4) when including LVI, LN, tumour size and age.
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Figure 6.6: Kaplan-Meier survival plots showing breast cancer specific survival of BC
patients stratified by NOP56 expression in Nottingham cohort. NOP56 protein expression
revealed that high expression was associated with poor patient outcome. Breast cancer specific
survival in the Nottingham cohort (a), in the LVI- cases (b) and the LVI+ cases(c).
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Table 6.4: Multivariate Cox regression analysis of clinicopathological factors and protein
expression of NOP56 to predict breast cancer specific survival.

Factors Mult_ivariate analysis BCSS

Hazard Ratio 95% ClI p-value
NOP56 expression 1.434 1.075-1.914 0.014
Lymphovascular invasion 1.681 1.263-2.238 <0.001
Lymph node 2.183 1.630-2.924 <0.001
Tumour size 1.785 1.314-2.425 <0.001
Age 1.272 0.963-1.680 0.091
Values in bold are statistically significant.

6.5 Discussion
Globally, BC is recognised as the most life-affecting and life-threatening disease for women
(394). Moreover, LV is one of the reasons for tumour metastasis and cancer progression (121).
It is hypothesised that primary tumours can migrate towards the LN, this process includes
detaching from the primary site, managing the connection with the tumour microenvironment,
enhancing the invasion of LVs and protecting tumour cells during circulation in LVs (395).
Even though LVI is a major metastasis event facilitating tumour progression, the exact
mechanisms and the critical molecular factors involved in this process are unclear. Thus, the
deciphering of novel molecular mechanisms associated with cancer cell migration and invasion

to enable the discovery of prognostic predictors in BC is needed.

According to our previous gene signature study (223), NOP56 mRNA significantly correlates
with LVI-positivity. It has been suggested that NOP56 and the other snoRNPs enhance cell
alteration and tumourigenesis (387, 396). NOP56 is also thought to play an essential role in

MY C regulation, which enhances BC growth and progression (387, 397).

This study identified a significant association between high NOP56 mRNA and/or protein
expression and aggressive tumour clinicopathological parameters, including larger tumour
size, high tumour grade, LVI-positivity , NPI poor prognostic groups, ER and PR negativity,
induced p53 expression, lymph node stage, and the TNBC in addition to poor patient outcomes.
Interestingly, NOP56 showed a similar significant association with LV at the proteomic level.
Furthermore, a positive correlation was also observed between NOP56 and the high expression
of the proliferative marker Ki67 and EGFR. These results link that NOP56 is associated with
poor prognosis and an undefined oncogenic role, as previously stated in several types of
research (398, 399), which might highlight the importance of NOP56 in BC development.
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MYC, the cells' metabolic and signalling pathways regulator, help BC cells to survive under
treatment stress (400-402). There is also evidence that high-grade BC tumours are more likely
to express MYC than low-grade tumours (403, 404). An in vitro study showed that Burkitt's
lymphoma tumour growth and MYC-induced cell transformation are mediated by NOP56
(387). In this research, NOP56 and MYC showed a significant positive relationship. Thus, the
positive correlation of NOP56 and LVI+, nodal status, and advanced tumour stage found in
this study might highlight NOP56 functions in cancer invasiveness through manipulating
MY C-binding sites. Nonetheless, there is an association between these poor prognostic factors
and the expression of c-Myc in muscle-invasive urethral carcinoma of the urinary bladder
(405). In addition to the correlation between MYC and NOP56. Likewise, NOP56 showed a
significant association with EGFR, PI3K and Akt, which were previously reported as MYC
regulators. It has been hypothesised that EGFR regulates MYC through enhancing specific
pathways such as PI3K-Akt and Ras/Raf/MEK/ERK (397). Another study in BC cell models
found a correlation between blocking PISK/AKT and MYC inhibition (406). In addition,
EGFR, PI3K, and AKT have a crucial role in BC cell proliferation, migration and metastasis
(407, 408). Moreover, the mammalian target of rapamycin (mTOR) signalling pathway that
controls cell growth and autophagy is regulated by P13k and AKT (409). Hence, the current
study results showed a significant association between the aforementioned biomarkers and
NOP56 expression, which requires further mechanistic examination to understand the
molecular profile underlying NOP56 and its association with LVI positivity in BC. The
correlation between mTOR and NOP56 has also been shown to play an essential role in Kirsten
rat sarcoma viral oncogene homolog (KRAS-mutant) lung cancer treatment (388). It has been
reported that KRAS-mutant cancer cells' response to oxidative stress is weakened in the
presence of low NOP56 levels, which forces these cells to depend on mTOR signalling to
survive. Therefore, knockdown of NOP56 would stimulate KRAS-mutant lung cancer death
through apoptosis. This finding supports the correlation between BC progression and invasion

cascades and the presence of high NOP56 expression.

Compared to other BC subtypes, TNBC has aggressive clinical behaviour, a worse prognosis
and a higher mortality rate (407). Furthermore, patients with TNBC have a higher incidence of
LVI than those without TNBC (20.4% vs 13.5%, p = 0.03) (408), and LVI in TNBC is
associated with early onset of relapse (409). Additionally, high NOP56 expression in this study
was associated with TNBC at both the transcriptomic and proteomic levels. Thus, targeting
NOP56 may influence the treatment of TNBC and other BC molecular subtypes.
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Even though this study revealed promising results highlighting a potential critical role of
NOP56 in BC LVI+ tumours, this study carries certain limitations. First, the semi-quantitative
H-score method was used to score the stained sections, and the reliability was increased by
double-scoring at least 10% of the cores via well-trained observers. Moreover, functional
assessment was essential in this study to uncover the molecular mechanisms that underline that
marker. However, the COVID-19 pandemic interrupted the work, which made it impossible to
proceed with further functional studies. This should be applied to NOP56 in the future to
evaluate its prognostic/predictive value in BC LVI.

In conclusion, NOP56 is an independent prognostic biomarker of poor patient survival and is
associated with LVI positivity and worse tumour prognostic characteristics. Furthermore,
NOP56 overexpression is associated with MYC and may play a critical role in tumour cell
survival, proliferation and metastasis. At both the in vivo and in vitro levels, more functional
assessments are needed such as cell cycle, apoptosis, proliferation, migration, transmigration
and survival assays to estimate the treatment abilities of NOP56 in BC and its effects on TNBC

progression in the presence of LVI.
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7.1 Overview
In the past few decades, improvements in diagnostic accuracy, early cancer detection and
personalised drug treatments have been made, which has improved patient survival for early
stage BC (410). Although outcomes have significantly improved, metastasis, which impacts
around 20% of patients with BC, is still the primary reason for deaths among patients with BC
(411). Tumour size, histologic grade of the tumour and lymph node status are only a few
histological traits that are used as prognostic factors in BC, all being strongly associated with
disease progression (412, 413). Another important prognostic factor is LV, which is regarded
as an early step towards BC progression and dissemination (65). Although the molecular
patterns associated with tumour differentiation, including tumour grade, histological type of
the tumour and progression of LN dissemination, have been thoroughly investigated (215, 216),
currently, there is a lack of knowledge about the molecular mechanisms, pathways and genes
linked to LVI status, which may be utilised as biomarkers or therapeutic targets to enhance
patient survival. Thus, targeting of LVI is needed and might be promising for identifying

tumour metastasis in patients with early stage BC.

The high mobility group (HMG) proteins, which are essential for the overall assembly of
chromatin domains, are considered the second most frequently found proteins in the cell. They
can provide more transcriptional fine-tuning in response to sudden changes in the surrounding
environment through interactions with nucleosomes, transcription factors, nucleosome
remodelling complexes and histone H1 (414). Moreover, chromosomal proteins that take part
in DNA synthesis, transcription, breaking and recombination, and repair are members of the
HMG box (HMGB) group, a subset of the HMG superfamily (415, 416). The relevance of the
HMGB family in cancer development is demonstrated by the correlation between the high
expression of HMGB family members and a number of cancer hallmarks, such as uncontrolled
replicative potential, resistance to programmed cell death, activation of tissue invasion and
metastasis (414, 417). The HMGB family contains several genes, including HMGB1, HMGB2,
HMGB3 and HMGB4 (418). Despite these members’ 80% similarity in sequences of amino
acids, they have different biological functions in cells (414, 417). Various research works have
shown that the proteins HMGB1, HMGB2 and HMGB3 play a crucial part in several cancers,
such as colon cancer (419), HCC (420) and pancreatic cancer (421). Interestingly, HMGB3 has
been identified as being among the highly DEGs correlated with LV1 positivity using the WAD
approach, a bioinformatics analysis (223). The HMGB3 gene is localised in chromosome Xg28
(416), and its protein form is mostly expressed in the cytoplasm and nucleus (420). The
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expression of HMGB3 is typically strong throughout embryogenesis; however, in adults, it is
downregulated or absent in their normal tissue (422, 423). The extensive expression of this
protein in mammalian cells highlights its wide range of contributions to several physiological
and pathological processes, including DNA damage repair and programmed cell death. While
HMGB3 may help maintain homeostasis, it may also have an impact on the development of
diseases such as HCC and benign chronic liver diseases (424). Several studies have shown a
significant correlation between high levels of HMGB3 expression and the development of
tumours as well as a poor prognosis for late-stage lung tumours (425), prostate cancer (426)
and bladder cancer (427). Through the regulation of the cell cycle and stimulation of cancer
cell proliferation and invasion via the Wnt/ B-catenin, AKT and several other signalling
pathways, HMGB3 acquires its ability to govern tumour progression. By enhancing the
expression of hypoxia-inducible factor-1, HMGB3 can also boost the production of reactive
oxygen species and the development of tumour cells (424). However, the precise involvement
of HMGB3 in LVI in BC has yet to be defined.

7.2 Aim and Hypothesis
The HMGB3 gene manipulates proliferation, invasion, and several cell processes and pathways
in various cancer types. The research hypothesis was that dysregulation of HMGB3 promotes
LV I+ status sequence steps in BC, including tumour cell proliferation, migration, adhesion and
transmigration. Thus, the objectives of this research were to (1) assess the mechanistic role of
HMGB3 in BC cell lines in vitro, with a focus on its contribution to LV progress, and (2)
evaluate the clinicopathological significance of HMGB3 at the mRNA and protein levels
utilising large, well-characterised and long-term-follow-up BC cohorts. The Nottingham Ps
cohort has been stained for HMGB3 by Abrar Aljohani and reported in her dissertation.

Therefore this study focuses on functional assessment for HMGB3.

7.3 Materials and Methods

7.3.1 Selecting and Handling Breast Cancer Tumour Cells
Breast cancer cell lines were chosen for this study’s in vitro experiments based on the HMGB3
expression levels determined by an HMGB3 WB analysis. The BC cell lines BT-474 (ER+/
PR+/ HER2+), a luminal B-HER2 positive molecular class subtype, and MDA-MB-231 (ER—-
IPR—/HER2-), a triple-negative subtype, both of which have been linked to the highest
prevalence of LVI (121), were employed in this study. All BC cell lines underwent WB to
determine the relative protein expression, and the LI-COR Odyssey machine was utilised for

quantification. Cells that expressed HMGB3 at the highest levels were chosen for the
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knockdown experiment and other in vitro experiments. More details on preserving the

environment for cell growth, culture and passaging are provided in Chapter 2 (section 2.2).

7.3.2 Endothelial Cells
Primary HUVECs and dermal lymphatic endothelial cells (DLECs) were obtained from
Promocell (Heidelberg, Germany). Both cell types were cultured in the medium used for
endothelial cell growth (C-22022, Promocell, Germany). The cell culture process was
conducted in a class Il cabinet considering sterile conditions, with an adjusted temperature of
37°C and 5% CO; as the incubation conditions. The primary HUVECs and DLECs were used
to examine the relationship between BC and endothelial cells in order to investigate the effects
of HMGB3 on LVI. Further details on the culture conditions and cell growth maintenance of

these cells are available in Chapter 2 (section 2.2).

7.3.3 Silencing HMGB3 using Transient Small Double-Stranded
Interfering RNA

The potential functional consequences of HMGB3 knockdown (KD) and its involvement in BC
development and LVI were investigated using a type of RNA interference (RNAI) known as a
small double-stranded interfering RNA (siRNA)-based method with BC cell lines, which
silences genes by causing degradation of mRNA. This KD technique is based on introducing
the RNAI (siRNA) into the cytoplasm, where it is integrated into RNA-induced silencing
complex (RISC), a multi-protein complex; this step activates RISC in preparing for a gene’s
suppression. The RISC activation results in the cleavage of one of the siRNA strands, which is
then released from the complex, while the other strand serves as a template on the mMRNA that
is being targeted. After that, a ribonuclease cleaves and degrades the mRNA (428). In this
experiment, the target gene is transiently knocked down by introducing siRNA to cells using
lipofection. This forwards transfection approach employs scrambled negative control siRNA
(does not target MDA-MB-231 and BT-474) or pre-validated silencer select SiIRNA constructs
(primarily for HMGB3). The HMGB3 siRNA is composed of the following ribonucleotide
bases: 5’-GCACCCUGAAACUGUAUCAIt-3’.

In this study, three silencer select siRNA constructs were used to target HMGB3 (56652,
115646 and 145247); all were obtained from Thermo Fisher Scientific (UK, 4392420 and
AM16708). Lipofectamine RNAIMAX Transfection Reagent (13778150, Thermo Fisher
Scientific, Lithuania) was used for transfection. The siRNAs were optimised alongside the
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negative control, scrambled siRNA (AM4611, Thermo Fisher Scientific, UK). To achieve the
highest KD efficiency, three different concentrations of IDs of HMGB3 siRNA and
lipofectamine were included in the optimisation process and then determined by applying the
WB technique. Moreover, the transfection step was accomplished using a forwards transfection
technique, where after seeding the targeted cells for 24 h, the transfection mix (SIRNA

constructs and lipofectamine) was introduced to the wells.

7.3.4 The Procedure of siRNA Transient Transfection
Transfection was performed on a six-well plate. Cells were seeded in the plate at a density of
3 x 10° per well and were then incubated overnight at 37°C and 5% CO; incubation conditions.
The next day, when the cells were about 40% confluent, transfection was performed with 10
nm of three different HMGB3 siRNA IDs. For this purpose, 1.5 pl of siRNA in Opti-MEM
Reduced-Serum Medium (31985062, Thermo Fisher Scientific) and 5 ul of Lipofectamine
RNAIMAX Transfection Reagent were diluted in the same medium. The diluted siRNA and
lipofectamine (reagent 1:1 ratio) were then combined, gently mixed and incubated at room

temperature for 15 minutes.

Then, every well that contained cells received an siRNA liquid complex. The cells were
incubated for three, five and seven days before being lysed for use in WB analysis or

trypsinised for use in functional experiments, the latter of which will be described below.

7.3.5 Cell Lysis for siRNA Samples
Luminal B-HER2 positive (BT-474) and TNBC (MDA-MB-231) cell lines were utilised in
this study. More information about the cell passaging procedure is given in Chapter 2 (section
2.2.3).

7.3.6 Assays of in vitro Studies (Preclinical)
The potential role of HMGB3 in LVI and other biological processes was investigated in

preclinical studies utilising the following cells and assays.

7.3.6.1 CellTiter 96® Aqueous One Solution Cell Proliferation Assay (MTS assay)

7.3.6.1.1 Overview Principles

Cell viability is measured using the colorimetric technique known as the MTS assay. The
proliferation assay reagent CellTiter 96® Aqueous One Solution Reagent (G3580, Promega,
UK, LTD) contains the tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-
(carboxymethoxyphenyl)-2-yl]-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H

tetrazolium, inner salt; MTS] and an electron coupling agent (phenazine methosulfate). The
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previously mentioned compound is reduced by metabolically active (viable) cells with the help
of dehydrogenase enzymes. Due to this chemical reaction, coloured formazan soluble in a cell
culture medium is generated. Nicotinamide adenine dinucleotide hydrogen and nicotinamide
adenine dinucleotide phosphate hydrogen are produced in conjunction with this chemical
reaction. There is a clear correlation between the number of living cells and the quantity of

formazan produced, as the amount of the latter reflects the number of viable cells (429).

7.3.6.1.2 Assay Procedure

The MTS assay was carried out in accordance with the manufacturer’s instructions. A 96-well

plate was seeded with cells in triplicate, with a density of 3,000 cells in each well, and the cells
were left to attach. The proliferation reagent was added at 20 pl to each well and incubated
under standard conditions away from light for an hour. With the aid of a microplate reader
(Tecan Infinite F50, Tecan, UK), the absorbance was measured at 490 nm. Every assay
condition was done in triplicate to ensure the best results, and the average was calculated. The
graphs were plotted using percent absorbance taken by comparing the untreated cells’ control

population.

7.3.6.2 Clonogenic Survival Assay

7.3.6.2.1 Overview Principles

Clonogenic survival assay is used to evaluate the viability/survival of cells after KD or
exposure to cytotoxic agents. This test method counts living cells that have been replicated at
least 5-6 times to make a colony and have thus survived (430, 431).

7.3.6.2.2 Assay Procedure
The cell lines were seeded in triplicate into six-well plates at varying densities. The incubation

period was determined to be from 12-14 days at 37°C and 5% CO>. Then, the medium was
aspirated off, and the wells were gently washed off with DPBS. Colonies were manually
counted after the plates were stained with 0.5% crystal violet (Cat#: C0775, Sigma Aldrich,
UK), which contained a mixture of 500 mg of the stain with 25 ml methanol and 75 ml DW.
Visible colonies (containing >50 cells) stained with blue dye were manually counted, while the

surviving fraction was determined using the formula described below:

No. of colonies formed
No. of cells seeded x Plating efficiency

Surviving Fraction (SF) =

Plating efficiency was calculated as follows:
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Plati , (PE) No. of colonies formed 100
= X
ating ¢fficiency No. of cells seeded

7.3.6.3 In vitro Validation of Invasion Metastatic Cascade (Adhesion, Migration and

Transmigration)

7.3.6.3.1 Overview Principle

Adhesion, migration and transmigration are major sequential processes in the tumour cell
metastasis cascade. The most important routes cancer cells utilise to spread are blood
capillaries and lymphatic circulation. However, because the LVs lack supporting structures and
have basement membrane irregularity and loose junctions caused by wide lumens, the
lymphatic vascular system has been found to engage in metastasis more than the BV system.
Therefore, the invasion process, including adhesion, migration and transmigration through
blood and lymphatic endothelium, is thought to be driving the initial metastatic stages. The
adhesive interaction of tumour cells with endothelial cells is required to facilitate this step.
Thus, adhesion is an essential step in the intravasation process to promote migration and
transmigration. These migratory stages, including the migration of tumour cells through the
ECM and the transmigration across the lymphatic endothelial cells, are critical in cancer
progression. Due to their ability to migrate and transmigrate, cancer cells can invade secondary
tissues, ultimately resulting in metastasis. Thus, cancer research needs to investigate potential

novel methods to inhibit cancer cells’ adhesion, migration and transmigration.

The purpose of using adhesion, migration and transmigration assays in vitro is to evaluate the
ability of cancer cells to invade the lymphatic and vascular endothelium. In adhesion and
transmigration assays, the interactions between tumour cells and the endothelial layer that coat
the LVs are investigated in vitro by seeding an endothelial cell monolayer in plates to mimic
the in vivo interaction. Two types of endothelial cells were used in this study, HUVECs and
DLECs. The HUVECs were obtained from umbilical cord vein endothelial cells. They have
been used extensively as a theoretical model for research into the control of endothelial activity
and the involvement of the endothelium layer in the sensitivity of the BV wall to various
physical functions. Meanwhile, DLECs, derived from skin tissue, are the essential assembly of
the LV wall and aid in controlling lymphocyte recycling and the body’s immunological
response, contributing to the maintenance of internal fluid homeostasis. More details on the

lymphatic vascular structure are given in Chapter 1 (section 1.3.4).
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In addition, a wound healing experiment is a common method for studying cell migration in
vitro by applying different environmental factors, such as gene silencing utilising siRNA or
treating cells with a particular compound. In this assay, a physical gap is made in a cell
monolayer. The cell migration process, involving filling a cell-free gap, is then recorded by
capturing pictures at various intervals. Automated software assists the measurement and

analysis of the gap closure rate (432).

7.3.6.3.2 Wound healing Assay (Migration) Procedure
The Ibidi Culture-Insert 2 Well in p-Dish 35 mm (81176, Thistle Scientific Ltd) was used to

perform a wound healing assay following the supplier’s instructions. Initially, the treated and

untreated cells were trypsinised and processed to prepare them for counting and then suspended
in (15 x 10%/140 pl of cultured medium. Each well received 70 pl of cell suspension, which
was then incubated at 37°C with 5% CO.. The cells needed at least 24 h to attach and form a
confluent layer, and once that was achieved, the dish was scratched by gently removing the
Culture-Insert 2 Well with sterile tweezers and then gently washing with DPBS. Next, 2 ml of
1% foetal bovine serum (FBS-Heat Inactivated, F9665, Sigma Aldrich, UK) cultured medium
was added to the dish. Images of the wound were taken with an inverted microscope (Leica
DMI3000B, Leica Microsystems, Germany) on the day the well was removed and over the
following days. The ImageJ (version 1.52) analysis program was utilised to quantify migrated

cells via transwell inserts.

7.3.6.3.3 Adhesion Assay Procedure
A 24-well plate was pre-marked with a grid line on the back to draw five fields before use.

Before the endothelial cells were seeded, the transwell was coated with a base mixture of
collagen gel and DPBS in a ratio of 1:9 ul and incubated for 30 minutes before being washed
gently with DPBS. This step enhanced the endothelial cell monolayer attachment. Then, the
endothelial cells were seeded and incubated for 24 h or until they became confluent. Ensuring
the confluency of the endothelial monolayer was a crucial step to avoid any confounding
factors that could affect a proper reading of the findings. The tumour cells were then harvested,
counted and labelled with 1 um CellTracker Green CMFDA Dye (C2925, Invitrogen, UK) and
incubated at 37°C for 30 minutes. Following labelling, the tumour cells were resuspended in a
medium containing 10% serum and incubated in the plate that contained endothelial cell
monolayers at 37°C for 35 minutes. To ensure better results, the cells were washed using cancer
cell media to eliminate all non-adherent cells. Then, a fluorescence microscope (Leica

DMI3000B, Leica Microsystems, Germany) was utilised to count the remaining cancer cells at
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10x magnification. With the aid of the plate’s back grid, five fields of view were counted in
the well’s centre. To express the results, the percentage of cells adhered to the endothelial layer

was calculated by ratioing their total number to the number of control cells.

7.3.6.3.4 Transmigration Assay Procedure

Hanging Transwell FluoroBlok inserts (351152, Corning Aldrich) with an 8-um pore size were
used to grow a monolayer of endothelial cells. This coloured type of transwell has a unique
design that contains a black-coloured membrane. This blocks light transmission through the
insert to enhance the detection of labelled cells migrating across endothelial cells to under the
insert and to save time by avoiding washing or manual cell scraping off the insert. Before the
endothelial cells were seeded, the transwell was coated with a base mixture of collagen gel and
DPBS inaratio of 1:9 ul and incubated for 30 minutes before being washed gently with DPBS.
After that, the endothelial cells were seeded and incubated for 24 h or until they became
confluent. Then, tumour cells were harvested and labelled with 1 um of CellTracker Green
CMFDA Dye (C2925, Invitrogen, UK) and seeded on the endothelial cells. The transwell
chamber was filled with regular tumour cell medium, and then, both cell types were incubated
for 16 h at 37°C with 5% CO>. Using a fluorescence microscope (Leica DMI3000B, Leica
Microsystems, Germany) at 10x, transmigration was assessed by counting the number of
transmigrated tumour cells on the chamber’s bottom across the endothelial cells through the
filter.

7.3.7 Clinical Methodology

7.3.7.1 Study Cohort

The transcriptome expression of HMGB3 was evaluated in breast tissue using gene expression
TPM values from the TNM plot database. As discovery cohorts, the METABRIC cohort’s (n
= 1,980) cases of primary operable invasive BC and the TCGA-BCA cohort’s (n = 854) cases
were utilised to evaluate the clinical significance of HMGB3. Additionally, HMGB3 mRNA
patient outcome significance was examined using the bc-GenExMiner v4.9 dataset
(Affymetrix; n = 4,904). The clinical history, outcome information and clinicopathological
characteristics of the cohorts are described in Chapter 2 (section 2.1.1).

7.3.7.2 Western Blot
The HMGB3 primary antibody’s (rabbit polyclonal HPA062583; Sigma-Aldrich, UK)

specificity was confirmed using WB and with the assistance of lysates from the BC cell lines
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BT-474 and MD-MB-231. More information on the procedures, concentration of HMGB3

antibody and incubation time are provided in Chapter 2 (section 2.2 and Table 2.5).

7.3.8 Statistical Analysis

The SPSS 28.0 program (IBM, Chicago, IL, USA) was used to analyse clinical data and
HMGB3 mRNA expression based on the median. The determination of the association between
HMGB3 mRNA and clinicopathological factors was performed utilising the chi-squared test.
The Kaplan—Meier curve test was utilised for the survival analysis. The GraphPad Prism
software version 9.5.0 was utilised to perform the statistical analysis. The in vitro data were
shown as the mean = SEM of three separate experiments done in triplicate. A Student’s t-test
was performed to determine the significant differences between the control non-treated and
knocked-down HMGBS3. The statistically significant value was measured as a p-value of <0.05.
More details regarding the statistical analysis were previously described in Chapter 2 (section
2.11).

7.4 Results
7.4.1 Pre-Clinical Results
To validate the potential role of HMGB3 reduction and investigate its function in survival
efficiency, proliferation, adhesion, migration and transmigration, this research utilised an

siRNA-based method in nominated BC cell lines.

7.4.1.1 Antibody Specificity Validation Utilising Western Blot

The WB image of anti-HMGB3 AB showed a single band at MW (~25 kDa; Figure 7.1). The
housekeeping mouse B-actin antibody (A5441, clone AC-15, Sigma-Aldrich, Gillingham, UK)
was used with MW of 42 KDa (Figure 7.1).
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Figure 7.1:Western blotting validation indicated HMGB3 primary antibody specificity
based on a single band observed at approximately 25 kDa.

7.4.1.2 HMGB3 Protein Expression Validation

High expression of HMGB3 mRNA showed a significant association with the luminal B,
HER2-enriched and MDA-TNBC subgroup (Figure 7.8 and Table 7.1). Therefore, the WB
method was used to validate the HMGB3 protein expression utilising the available luminal B—
HER?2 positive and MDA-TNBC cell lines. Between these cell lines, the BT-474 (ER+/ PR+/
HER2+), a luminal B-HER2 positive molecular class, and MDA-MB-231 (ER-/PR-/HER2-)
TNBC cell lines showed the highest expression of HMGB3 protein. The efficacy of HMGB3
KD was validated using three siRNA constructs targeting HMGB3 (IDs: 115646, 145247 and
$66520) compared to the non-targeting scramble control siRNA (Cat# AM4611). The KD
process shared the same results of HMGB3 protein expression loss in the BT-474 cell lines
with all of the siRNAs used to target HMGB3 (Figure 7.2). Thus, in all subsequent functional
studies, only one siRNA (115646) was utilised.
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Figure 7.2: The HMGB3 protein knockdown utilising various siRNA IDs in the BT-474
breast cancer cell line. Western blotting showed HMGB3 knockdown utilising sSiRNA (IDs:
115646, 145247 and $66520) and negative control scrambled cells.

7.4.1.3 HMGB3 Enhances Cell Viability, Survival Efficiency and Proliferation

The HMGB3 KD showed about 95%-97% reduction in the HMGB3 mRNA cells in the cell
lines MDA-MB-231 and BT-474 (p < 0.001 and p < 0.001, respectively; Figure 7.4a). In line
with the HMGB3 protein expression, the downregulation of HMGB3 reduced the capability of
the tumour cells to produce a colony and, therefore, survived in MDA-MB-231 (p < 0.001;
Figure 7.3); however, no colonisation was seen in BT-474. Moreover, HMGB3 KD showed a
significant reduction in the cells’ proliferation ability in T24 (MDA-MB-231: p = 0.0014; BT-
474: p < 0.001), T48 (MDA-MB-231: p = 0.0092; BT-474: p < 0.001) and T72 (MDA-MB-
231: p=0.0060; BT-474: p <0.001; Figure 7.4c).

7.4.1.4 HMGB3 Suppresses the Ability of Cells to Migrate

A significant result seen in the migratory assay was that KD of HMGB3 caused a large unhealed
wound compared to the control, which showed increased wound closure ability at (T24) with
MDA-MB-231: p = 0.0012; BT-474: p = 0.0208) and (T48) with MDA-MB-231: p < 0.001;
BT-474: p = 0.0171; Figure 7.4d—f).
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7.4.1.5 HMGB3 Promotes Breast Cancer Cell Adhesion and Transmigration to Monolayer
Endothelial Cells
Compared to the KD cells, a high adherence percentage to the endothelial cells was observed
in both the MDA-MB-231 and BT-474 cell lines (MDA-MB-231 with HUVECs and DLECs:
p <0.001 and p < 0.001, respectively; BT-474 with HUVECs and DLECs: p <0.001 and p =
0.003, respectively; Figure 7.5a and Figure 7.5 b, respectively). In the transmigration assay,
both BC cell lines showed a significant reduction in number of transmigrated cells across the
endothelial monolayer cells in the KD model in comparison to the negative control model
(MDA-MB-231 with HUVECs and DLECs: p < 0.001 and p < 0.001, respectively; BT-474
with HUVECs and DLECs: p = 0.0194 and p = 0.0257, respectively; Figure 7.6a and b,

respectively).
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Figure 7.3: The HMGBS3 protein expression assessed in the triple negative breast cancer
(MDA-MB-231) cell line. The ability of the tumour cells to form colonies was reduced after
HMGB3 siRNA transfection. The p-value was interpreted as ****p < 0.0001.
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Figure 7.4: The HMGBS3 protein expression in the triple negative breast cancer (MDA-MB-231) and luminal B-HER?2 positive (BT-474)
cell lines. Evaluation of the HMGBS3 expression cell lines after transfection with HMGB3 siRNA and negative control scrambled siRNA (a); the
level of protein expression of HMGB3 in the KD cell compared to the negative control quantified by densitometry and normalised to -actin levels
showed almost complete loss of HMGB3 protein expression (b); the effect of KD HMGB3 using siRNA in the proliferation ability of the cell line
compared to the non-transfected negative control (c); the migration (wound closure) assay images showed the effect of HMGB3 KD in MDA-MB-
231 (d) and BT-474 (e) cell line migration; the migration effect in TO and T48 in both the KD and negative control (f). The standard error of the
mean was calculated in all experiments. The p-values were interpreted as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Figure 7.5: The photomicrograph of the triple negative breast cancer (MDA-MB-231) and luminal B-HER?2 positive (BT-474) cell line
adhesion with vascular and lymphatic endothelial cells (HUVECs and DLECS). The number of adhering cancer cells to the endothelial cells
decreased after HMGB3 knockdown in MDA-MB-231 (a) and BT-474 (b) BC with both the HUVECs and DLECs. The standard error of the mean
was implicated in the experiments. The p-values were interpreted as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

134



Chapter 7

A) MDA-MB-231 with HUVIC MDA-MB-231 with DLEC BT- 474 with HUVIC BT-474 with DLEC
‘ . é
. g il % " o
Control TR, . e Control
: - ) -
MDA-MB-231 with HUVEC MDA-MB-231 with DLEC BT- 474 with HUVEC BT- 474 with DLEC
w 150 o 180 PRE o 150
8 H 8 3
T o T o
£ 100 £ 100 £ 100 * £ 100 *
ko) ) k) -]
E E E E
o ] 1] 7]
£ 50 £ 50 kx § 50 § 50
: : : 3
2 2 ® R
0 0 o T 0 T
Control HMGB3 KD Control HMGB3 KD Control HMGB3 KD Control HMGB3 KD

Figure 7.6: The photomicrograph of the triple negative breast cancer (MDA-MB-231) and luminal B-HER2 positive (BT-474) cell lines’
transmigration across vascular and lymphatic endothelial cells (HUVECs and DLECSs). The number of transmigrated cancer cells across the
endothelial cells decreased after HMGB3 knockdown in MDA-MB-231 (a) and BT-474 (b) BC with both the HUVECs and DLECs. The standard
error of the mean was implicated in the experiments. The p-values were interpreted as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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7.4.2 Clinical Results

7.4.2.1 Clinicopathological Significance of HMGB3 mRNA Expression

The TNM plot portal data were utilised to investigate the prognostic value of HMGB3 mRNA
expression. High HMGB3 mRNA expression was found more in tumoural and metastatic cases
than in normal breast tissue samples (Figure 7.7). High HMGB3 mRNA expression showed a
significant association with BC poor prognostic features, including LVI positivity, high
histological grade, and hormonal receptor ER and PR negativity (in both the METABRIC and
TCGA-BRCA cohorts: p <0.001) (Table 7.1). Considering molecular subtypes, high HMGB3
MRNA expression was significant in luminal B and HER2 cases in the METABRIC cohort and
luminal B and TNBC cases in the TCGA-BRCA cohort (both cohorts: p < 0.0001) (Table 7.1).
The HMGB3 mRNA expression level was higher in the luminal B, HER2-enriched and MDA-
TNBC BC subgroup compared to other BC subtypes (p < 0.0001) using bc-GenExMiner v4.9
(Figure 7.8). Moreover, a high HMGB3 level was significantly correlated with Ki67 and AKT
levels (in both the METABRIC and TCGA-BRCA cohorts: p < 0.001) (Table 7.2).
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Figure 7.7: The HMGB3 mRNA gene expression in breast cancer tissue based on sample
type in RNA-Seq Data. ( p-value is a comparison for multiple independent samples).
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Table 7.1: Association of HMGB3 mMRNA expression with clinicopathological
characteristics in the METABRIC (n = 1980) and TCGA-BRCA (n = 854) cohorts.

METABRIC TCGA-BRCA
Factors Low High Low High
HMGB3 HMGB3 | p-value | HMGB3 HMGB3 | p-value
N (%) N (%) N (%) N (%)
Lymphovascular invasion
Negative 521 (56.0) | 409 (44.0) | ;oo |306(54.7) |253(453) | 04
Positive 283 (44.6) | 352 (55.4) ' 121 (41.0) | 174 (59.0) '
Tumour size
<2.0cm 328 (52.7) | 294(473) | ogy 123 (51.5) | 116 (485) |,
>2.0 cm 649 (48.5) | 689 (51.5) 304 (49.4) | 311 (50.6)
Age
<50 209 (49.3) | 215(50.7) | 45 128 (49.4) | 131(50.6) | gos
>50 781 (50.2) | 775 (49.8) 299 (50.3) | 296 (49.7)
Nodal status
Negative 555 (53.1) | 485(469) | 04 219 (51.4) | 207 (486) | ) 41q
Positive 437 (46.6) | 501 (534) | 203 (48.0) | 220 (52.0)
Histological grade
Grades 1 and 2 566 (60.2) | 374(398) | ., |307(662) |157(338) | 0,
Grade 3 375 (39.4) | 577 (60.6) ' 96 (27.3) | 256 (72.7) '
Oestrogen receptor
Negative 170(359) |304(641) | 5,9, |-300162) 155 (83.8) | _4 001
Positive 820 (54.4) | 686 (45.6) ' 383 (59.9) | 256 (40.1) '
Progesterone receptor
Negative 433 (46.1) | 507(539) | ooy |-80(294) 192 (70.6) | _; go1
Positive 557 (53.6) | 483 (46.4) ' 329 (60.3) | 217 (39.7) '
Human epidermal growth factor receptor 2
Negative 935 (54) 798 (46) 0.008 294 (519) | 273(481) | .14
Positive 55 (22.3) 192 (77.7) ' 53 (39.8) 80 (60.2) '
Nottingham prognostic index
Good prognostic group 421 (61.9) | 259 (38.1)
Moderate prognostic group | 490 (44.5) | 611 (55.5) | <0.001
Poor prognostic group 79 (39.7) 120 (60.3)
Molecular subtypes
Luminal A 456 (63.5) | 262 (36.5) 285 (70.4) | 120 (29.6)
Luminal B 194 (39.8) | 294 (60.2) 56 (39.7) 85 (60.3)
HER2-enriched 55 (22.9) 185 (77.1) <0.001 5(8.9) 51 (91.1) <0.001
Basal-like 140 (42.4) | 190 (57.6) 15 (11.3) 118 (88.7)
Normal-like 144 (72.4) | 55 (27.6) 19 (63.3) 11 (36.7)

Values in bold are statistically significant.
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Table 7.2: Association between HMGB3 mRNA expression and other genes of interest in
the METABRIC and TCGA-BRCA invasive breast cancer datasets.

HMGB3 HMGB3 mRNA
MRNA Level Mean Rank Level (TCGA- Mean Rank
(METABRIC) BRCA)
Gene of Z-
p-value Z- score | p-value
Interest score
Low High . Low High .
%) %) Low High %) (%) Low | High
Ki67 834 1146 | -12.177 | <0.001 322 532 -12.461 | <0.001
990 990 427 427
PIK3CA (50) (50) 989 991 —0.395 | 0.693 (50) (50) 420 434 -0.810 0.418
AKT 891 1089 | —7.688 | <0.001 406 448 -2.514 0.012

Values in bold are statistically significant.
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Figure 7.8: The HMGB3 mRNA gene expression on PAMS50 subtypes using bc-
GenExMiner v4.9.
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7.4.2.2 Patient Outcome Analysis of HMGB3 mRNA Expression

A significant positive correlation was found between high HMGB mRNA expression and
shorter patient survival in METABRIC (HR =1.519, 95% CI = 1.206-1.913, p < 0.001; Figure
7.9a) and TCGA-BRCA (HR = 2.330, 95% CI = 1.382-3.927, p = 0.001; Figure 7.9b). High
HMGB3 mRNA expression was also significantly associated with poor patient outcome in bc-
GenExMiner v4.9 (Affymetrix; HR = 1.64, 95% CI = 1.137-1.96, p < 0.001; Figure 7.9c).

High HMGB3 mRNA expression was a significant predictor of shorter survival in BCSS based
on LVI status in both the METABRIC and TCGA-BRCA cohorts. However, LVI- cases
showed poor prognosis but were not statically significant in METABRIC (HR = 1.427, 95%
Cl =0.943-2.158, p = 0.092) and TCGA-BRCA (HR =1.1782, 95% CI = 0.886-3.584, p =
0.105) (Figure 7.9d and Figure 7.9e, respectively). In contrast, the LVI+ cases showed a
significant association with poor outcomes in the METABRIC dataset (HR = 1.447, 95% CI =
1.023-2.046, p = 0.034; Figure 7.9 f) and TCGA-BRCA dataset (HR = 2.826, 95% Cl = 1.222—
6.539, p = 0.015; Figure 7.9 g).
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Figure 7.9: The Kaplan—Meier survival plots showing cumulative survival of patients with breast cancer stratified by HMGB3 mRNA
expression: METABRIC (a), TCGA-BRCA (b), Breast Cancer Gene-Expression Miner (Affymetrix) (c), LVI- in METABRIC (d), LVI- in
TCGA-BRCA (e), LVI+ in METABRIC (f) and LVI+ in TCGA-BRCA (g). OS, overall survival; BCSS, breast cancer-specific survival.
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7.5 Discussion

The engagement of HMGB3 in various cellular functions is one of the characteristics of this
gene which highlights its possible role in regulating cancer progression (433). According to
recent studies, the mutant form of HMGB3 is a procarcinogen that promotes cancer growth,
proliferation, invasion and dissemination (418). This has been recorded in various cancer types,
including lung cancer (434), urinary bladder carcinoma (427), gastric cancer (GC) (435) and
colorectal carcinoma (418). However, research regarding HMGB3 potential role in BC LV I has
yet to be conducted.

In a previous study, HMGB3 was identified via a rigorous bioinformatics approach as one of
the most DEGs linked to LVI+ status (223). Likewise, a study using bioinformatics analysis
also found a connection between HMGB3 and tumour progression in GC (414). The current
study aimed to (1) conduct an in vitro examination to explore the mechanistic function of
HMGBS3 in different BC cell lines and (2) examine the clinicopathological importance of
HMGB3 at the mRNA level utilising large BC cohorts.

Tumour cell proliferation is a critical prognostic indicator throughout the cancer diagnostic
process (436). The preclinical investigations that were carried out for this research revealed
that inhibiting HMGB3 leads to a reduction in the proliferation of tumour cells. These results
support earlier reports (422, 427, 437). A previous study showed a decrease in the growth of
xenograft tumours originating from HMGB3-KD HCC cells compared to negative control
tumours, with a significant decrease in the Ki67 proliferation marker level. It proposed the
contribution of HMGB3 in cancer development in vivo by manipulating the proliferation
process in HCC cells (433). The positive correlation between high HMGB3 mRNA expression
and Ki67, a proliferation-related marker (436), in this study supports this. To invade
neighbouring tissues and initiate the process of metastasis, cancer cells must first proliferate
and then escape apoptosis. As a consequence of this process, BC cells eventually invade the
lymphatic channels.

Moreover, silencing the HMGB3 gene in vitro resulted in minimised BC cell migration. This
finding is in agreement with an earlier report showing that HMGB3 causes stimulation of
colorectal cancer cell migration through the Wnt/B-catenin signalling pathway. This effect was
observed by assessment expression of 3-catenin, a main WNT pathway protein. Moreover,
HMGBS3 increases the expression of not only B-catenin but also the downstream genes,
including MMP-7 and c-Myc (418).
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The current understanding of HMGB3 suggests it is implicated in tumour progression;
however, its carcinogenic effects and mechanism of action in BC LVI remain unclear. Notably,
HMGB3 KD in this study decreased adhesion and transmigration across endothelial cell lines
in the MDA-MB-231 and BT-474 cells. However, the MDA-MB-231 cells showed higher
affinity for all endothelial cell assays than the BT-474 cells, reflecting its invasiveness and
aggressiveness, which is in agreement with other studies (438-440). The positive correlation
between PI3K, AKT and HMGB3 at the mRNA level supports these findings. The
PI3K/AKT/mTOR pathway significantly contributes to several intracellular mechanisms, such
as cell metabolism, proliferation, angiogenesis and survival (441). Moreover, it has been shown
to play an important role in BC progression and metastasis (439) and contribute to tumour
resistance to targeted treatments (442, 443). In addition, a previous study suggested that the
PI3K/AKT signalling pathway enhances tumour cell progression by contributing to integrin
signalling, and in vivo inhibition of the PI3K/AKT pathway reduces scirrhous gastric
carcinoma cell adhesion, consequently minimising its spread to the ECM (444). Moreover,
AKT affects adhesion through regulating focal adhesion kinase (FAK), which is an AKT
upstream. Focal adhesion kinase plays a role as a regulator in cancer progression and has been
found to be linked to lymph node metastasis and shorter survival in oral squamous cell
carcinoma (445). Furthermore, AKT regulates FAK via response to extracellular pressure,
which enhances cancer cells’ adhesion, and its reduction in vitro has been found to minimise
tumour cell metastasis in colon cancer by affecting adhesion (446). In BC, PI3K regulates the
Rac pathway (447), which is critical for cancer invasion and dissemination through regulation
of the cytoskeletal remodelling, cell-cell adhesion, motility and proliferation of the cell (448,
449). Interestingly, upregulation of Racl activity is linked to lymph node metastasis and LVI
and is an independent prognostic survival factor for patients with an unfavourable prognosis of
urothelial carcinoma of the upper urinary tract (450). Another study revealed that inhibition of
Rac or PI3K reduces the adhesion and transmigration of MDA-MB-231 in both melanoma and
BC cells (438). The significant reduction seen in adhesive and transmigrated tumour cells after
HMGB3 silencing highlights the vital role of HMGBS3 in these steps, which might mean that
HMGB3 stimulates the PIK3/AKT/mTOR and Rac pathways to facilitate tumour cell invasion

and metastasis.
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Evidence exists supporting the role of HMGB3 in triggering the LV1 process in the BT-474 and
MDA-MB-231 cell lines. Such an effect has been observed by overexpression of HMGB3,
which promotes migration, adhesion and transmigration of cancer cells via endothelial cell
lines. However, in vivo confirmation of these findings and a mechanistic understanding of

HMGB3’s role in triggering LV are needed.

This research investigated the clinicopathological and prognostic significance of HMGB3
mRNA utilising well-characterised BC datasets. At the transcriptomic level, high HMGB3
MRNA expression was significantly correlated with the most aggressive BC parameters,
including LV I+ status, high histological grade, NPI poor prognostic group, hormonal receptor
negativity and HER2 subgroup positivity. The survival plot analysis showed a significant
correlation between high HMGB3 mRNA expression and unfavourable BCSS, which aligns
with prior research (419, 434). The results support the notion that HMGB3 plays an oncogenic
role in BC and raise the possibility that it contributes to LVI pathogenesis. The positive
correlation of HMGB3 and several pathways emphasises its potential role in BC cell
proliferation and might be involved in BC LVI status. The influence of HMGB3 silencing on
some tumour formation processes, such as adhesion, migration and transmigration, was
demonstrated in this study; however, the molecular mechanisms underlying LV1 development
in BC were not examined. Even though the findings on lymphatic invasion and the precursor
contributions to the metastatic cascade of HMGB3 in this research suggest that it is an

important marker associated with LV1, additional studies are needed to confirm these results.
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8 Chapter 8: General discussion
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8.1 Overview
Globally, BC is considered the leading cause of mortality in women (2). Thus, improving the
strategies of prevention, diagnosis and treatment will enhance patient survival and ensure
women’s good health. However, obstacles are always exhibited in each improvement plan, and
continuous efforts to improve patient health are always needed. Breast cancer features
heterogenicity, often accompanied by distinct morphological variations and unique molecular
characteristics for each patient (451, 452). Therefore, targeting BC cells at an early cancer stage
has become the focus of many studies to design new effective treatments that can prevent tumour
progression and metastasis. This approach could be enhanced by better understanding of BC’s

molecular, biological, and inter- and intra-tumoural mechanisms (157-159).

Interestingly, BCSS and LVI are strongly correlated in clinical studies (453). Molecularly, BC
cells can react and behave uniquely to enhance the pre-metastasis steps, including by reducing
adhesion, migration and invasion, to facilitate metastasis through LV1 (161, 454). Currently,
there is limited knowledge about LVI-driving genes. Thus, finding tumour-associated
pathways and locating clusters of DEGs through investigating transcriptomic- and proteomic-
based approaches has grabbed researchers’ attention and shown efficacy in enhancing
understanding of cancer development (455). The chance to explore new methodologies to
understand cancer’s molecular mechanisms exists. Thus, determining LV drivers that enhance
cancer cells’ aggressiveness is urgent to create novel prognostic biomarkers and treatment
possibilities for IBC in poor-outcome patients. This study aimed to create a panel of targeted
genes associated with LV status and uncover the pathways that potentially contribute to BC
LVI positivity by understanding the prognostic association between candidate genes and LVI.
Due to a lack of well-studied LV signatures in IBC, this research attempted to apply a high-
throughput technique that evaluated the association of DGEs with LVI status in patients with

BC. In this technique, both the transcriptomic and proteomic levels were investigated.

Although transcriptomic approaches to LVI candidate identification may provide a huge
number of markers from which to choose, understanding LVI pathways requires functional
proteins. Biologically, cancer cells require various cellular, biophysical and biochemical
machines to accomplish the metastasis journey through LVI. As discussed in Chapter 1
(section 1.3.1), the LVI process in IBC may be controlled and manipulated by certain gene and
protein expression patterns. Among several studies that have investigated LV gene signatures,
only a few have been performed on BC (262), HCC (261) and EC (260), and their findings

hinted at distinct groups of DEGs linked to LVI processes. However, these results were
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accompanied by a few study limitations, such as use of a small cohort or lack of LVI status
confirmation despite utilisation of advanced techniques; this has been discussed more in
Chapter 3 (section 3.5).

8.2 Hypothesis, Aim and Methodology

It was hypothesised that specific genes and proteins can activate or inhibit LV progression in
patients with BC through different converged or parallel molecular and biological pathways.
Therefore, to validate this hypothesis, this study conducted several experiments with different
aims: First, exploring the main drivers of LVI in BC was the initial aim through conducting a
robust analysis of DGEs. To uncover the underlining LVI mechanisms in IBC, LVI status was
investigated in two transcriptomic cohorts by employing high-throughput statistical analysis to
investigate DEGs associated with LVI positivity. Second, to validate mass spectrometry
analysis work previously carried out, which nominated HSP90AAL as a promising gene
associated with LVI that was later revealed to be associated with LV status based on the DGE
analysis. Lastly, the Nottingham BC cohort was stained as an external validation for identified
prognostic biomarkers to validate their role in LV positivity and IBC patient outcomes.

8.3 Chapter 3: Bioinformatics approach and differential gene expression
Efforts to investigate the underlying molecular mechanisms of BC LVI have been met with
only modest success. This is likely because most of these studies either evaluated the prognostic
expression of genes that were already known or used a small number of cases. Furthermore,
the lack of IHC evaluation of identified prognostic genes related to LV1 in the earlier efforts to
discover BC gene signatures might reflect a lack of clinical participation during such
investigations. Thus, the focus of this study was to identify a novel set of genes associated with
LV I from well-established mMRNA cohorts with the help of the DGE technique. As a result, this
study identified 42 genes that are positively and significantly associated with LVI; however,
57 genes exhibited a negative correlation with LV status (Table 3.3) (223). The molecular and
biological activities of the genes that were correlated positively with LV I+ were identified using
several online biological tools to understand the underlying molecular function of the designated
genes (Table 3.4 and Figure 3.2). Moreover, SLC9A3R1, NOP56 and HMGB3 were among the
genes with a positive association that were chosen for further validation and investigation of their

role in BC and the linked pathways between these genes and LV I+ status.
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8.4 Chapter 4: HSP90a, a gene associated with LV1 status selected from the

DGE analysis and previous mass spectrometry analysis
The mechanisms that drive BC progression and poor outcome are not fully understood.
However, LVI is known as an essential step in the progression and metastasis of various
tumours, which has encouraged many researchers to study the molecular mechanisms behind
LVI to enhance patient management and choose the most effective treatment to improve
patients’ chances of improved outcome (255, 262). In the current study, HSP90a was chosen
to explore its clinical and prognostic importance in BC. Also, HSP90a has been shown to have
a vital role in cellular responses to stress and is implicated in the development and progression
of many cancers (289), (292-294).

High HSP90AA1 transcriptomic and proteomic expression is also associated with poor
prognostic BC parameters (Table 4.1 Table 4.3). Moreover, HSP90AAL has shown significant
association with many oncogenic signalling pathways, such as PIK3CA and p53; (Table 4.2)
most of these pathways contribute to the cell cycle, apoptotic inhibition and, consequently,
tumour progression and metastasis (309, 310), which may be utilised to enhance the LVI
process. This study also showed a correlation between HSP90AAL and aggressive BC subtypes,
such as luminal B, HER2 and TNBC, which show a significant association with LVI+ status
(Table 4.1 Table 4.3). Short patient survival was observed in a high HSP90OAA1 expression
group (Figure 4.2). Therefore, the outcome analysis revealed that high HSP90a protein
expression is an independent predictor of shorter BCSS regardless of tumour size, axillary
nodal stage and LV (Table 4.4). Thus, HSP90a could be used as a potential prognostic marker
in BC. Further mechanistic studies are warranted to determine the underlying molecular
mechanisms mediated by HSP90a in BC LVI.

8.5 Chapter 5: SLC9A3R1, a biomarker that was chosen from the LVI-
related gene signature set
Lymphovascular invasion is linked with early stage BC invasiveness (121). However, the
signalling pathways that contribute to LV I have not yet been fully discovered. High-throughput
analysis of multiple BC cohorts has demonstrated a strong association between the SLC9A3R1
gene and LVI+ status (223). Thus, this study aimed to explore the prognostic significance of
SLC9A3RL1 in large cohorts of IBC and its relationship with LVI+.

In this study, high SLC9A3R1 mRNA and/or SLC9A3R1 protein expression was significantly

correlated with aggressive tumour behaviour, including LVI positivity (Table 5.3Table 5.5).
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Moreover, SLC9A3R1 showed amplification at both transcriptomic levels, which increased its
expression in BC (Table 5.1 Table 5.2). The relationship between LVI and SLC9A3RL1 is
indirect; therefore, the mechanisms accompanying SLC9A3R1 overexpression, which may
lead to LVI, were explored. For instance, SLC9A3R1 shares the same chromosome site with
ErbB2, elevating the VEGF family when overexpressed (359). When the tumour cell
overexpresses VEGFR-3, it is thought to contribute to cancer invasion, migration and
metastatic spread through lymph vessels (359). Moreover, ErbB2 overexpression could
manipulate MMP-9 and MMP-2 activities, which would enhance LNM and LVI (360).

Chapter 1 (section1.3.1) describes more details about the above mechanisms.

Nevertheless, the high expression of HER2 associated with SLC9A3RL1 in this study (Table
5.5) and the opposite KD relationship previously found between them (344) highlighted the
role of SLC9A3R in therapeutic improvement. This study’s results indicated that SLC9A3R1
plays a role in BC progression and may contribute to LV1. Consequently, poor patient survival
and high SLC9A3R1 protein expression are significant independent predictors for shorter
BCSS (Table 5.6).

8.6 Chapter 6: NOP56, a biomarker that was chosen from the LVI-related
gene signature set
The NOP56 protein is part of a nucleolus complex that plays a role in pre-rRNA processing
(376, 377), which may influence BC cell survival, proliferation and metastasis. It was selected
here according to its strong relationship with LV1+ status (223). Lymphovascular invasion is
linked with invasiveness in BC and short survival (65). This study aimed to investigate the
clinicopathological significance of NOP56 expression in multiple cohorts of BC and evaluate

its relationship with LVI.

High NOP56 mRNA and/or NOP56 protein expression was significantly correlated with
aggressive tumour behaviour, including high histological grade, larger tumour size, positive
nodal status, LV positivity, hormone receptor negativity and NPI poor prognostic group (Table
6.1Table 6.3). High NOP56 protein expression was associated with high Ki67, PI3KCA and
EGFR (Table 6.2), which all participate in BC cell proliferation, migration and metastasis (407,
408, 456), the primary mechanism utilised by BC cells to facilitate the LV process. Moreover,
NOP56 showed a significant correlation with MYC (Table 6.2), a critical signalling pathway
that induces BC cell survival during the treatment (387, 397). Also, NOP56 expressed more
TNB positivity (Table 6.3), associated with a high incidence of LVI and BC recurrence (407).
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Therefore, targeting NOP56 could help in patients’ TNBC treatment. High NOP56 protein
expression was an independent biomarker presenting a poor BCSS prognosis (Table 6.4). The
association of NOP56 with the most aggressive clinicopathological parameters and signalling
pathways points to its essential role in BC progression, taking together apoptosis inhibition,
proliferation, tumour cell migration, invasion and metastasis. Therefore, NOP56 could be

considered an independent prognostic biomarker of LVI+ IBC.

8.7 Chapter 7: Mechanistic insights of HMGB3, a biomarker that was chosen

from the LVI-related gene signature set
The contribution of HMGB3 to several intracellular mechanisms explains its role in cancer
development and metastasis (433). Its ability as a procarcinogen facilitates tumour cascade
sequence steps from tumour initiation to metastasis (418). Moreover, HMGB3 has been
identified as one of the most DEGs linked to LVI+ status (223). In addition, research into
HMGB3 mRNA expression has illustrated the possibility of HMGB3 engagement in the BC
progression process, starting from various physiological and pathological mechanisms to LVI
formation via detaching tumour cells from the primary site after losing adhesion, starting
migration, communicating with TME and, eventually, invading the lymphovascular system.
This has been seen at the transcriptomic level of HMGB3 utilising large, well-defined and
characterised BC cohorts. The current investigation revealed that high HMGB3 mRNA
expression is significantly correlated with poor prognostic clinicopathological characteristics,
including LVI positivity, high tumour grade, NPI poor prognostic group, hormonal receptor
negativity, high level of HER2 (Table 7.1), high level of proliferative marker Ki67, high level
of AKT and positive association with PI3K (Table 7.2).

According to the aforementioned clinical observations and the prognostic significance of
HMGBS3 relative to BC, this study aimed to evaluate the effect of HMGB3 in BC cell lines
utilising in vitro assays and connect this to its relevance to LVI. This study showed a significant
reduction of HMGB3 protein expression after the KD process in both the MDA-MB-231 and
BT-474 cell lines (Figure 7.2), and silencing HMGB3 enhanced survival efficiency,
proliferation, adhesion, migration and transmigration ability ( Figure 7.3, Figure 7.4,Figure 7.5
and Figure 7.6). Overall, the mentioned research will help pave the path for additional strategies
to target HMGB3 activity utilising aggressive BC cells.

This research demonstrated that HMGB3 is critical for the development of IBC tumours.

Furthermore, since a rigid preclinical framework for new therapy may be attainable, HMGB3
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may constitute a potential candidate for siRNA-targeted treatment in patients with IBC. There
are many benefits of using sSiRNA nanoparticles as therapeutic systems, including the capability
to knock genes in living cells, efficiency in suppressing genes by synthesising and optimising
siRNA and the increased accessibility of many siRNA design tools that enable siRNA length
modification, specificity and nucleotide composition utilising several online platforms (457,
458). Researchers have found that using siRNA nanoparticles to treat various tumour types
might reduce tumorigenesis, angiogenesis and distant metastasis while increasing medication
efficiency (459-463). For this to be possible, the current study’s findings of HMGB3 siRNA
suppression must corroborate through additional in vivo mechanistic research employing mice
models. When this is done, patients with IBC who will benefit from HMGB3 siRNA therapy
may be identified, taking into account strict conformity with established norms (464). This
includes demonstrating the post-transcriptional activity of the HMGB3 siRNA that was
designed, providing a high degree of specificity in the siRNA’s ability to downregulate its
target and validating the detection that HMGB3 mRNA expression is reducible through a
variety of siRNA sequencing strategies to ban non-specific impacts (465, 466) and identifying
the most effective means of siRNA delivery (465-467). Once these aims are achieved and
verified data are acquired, a preclinical proposed project including many substantial phases
may be implemented (468). In conclusion, the results showed that HMGB3 might be a potential
treatment marker in IBC, implying a possible new treatment strategy to limit the progression
of BC.

8.8 Potential Strengths

1. Thisstudy designed a gene predictor panel associated with LV I+ status in BC, revealing
a novel gene signature for patient risk stratification that could be utilised in future
investigation studies.

2. Using a robust approach, DGEs and clustering analysis to investigate LVI-related
genes, this study identified DEGs associated with LVI positivity in two large
transcriptomic cohorts (METABRIC and TCGA-BRCA). All available transcriptomic
and protein cohorts were used for further validation to confirm these findings.

3. Novel prognostic markers (SLC9A3R, NOP56 and HMGB3) were identified, all
positively associated with LV status in patients with IBC.

4. The targeted genes were validated using well-characterised primary IBC series (NPS)
with a large amount of characteristic patient data including molecular subtypes,
responses to therapy, validated tissue markers and patient outcomes.

150



Chapter 8

5. Western blotting was used to determine the specificity of targeted Abs followed by IHC
with the inclusion of positive and negative controls to achieve accurate staining results.
Also, the the reporting recommendations for tumor marker prognostic studies
guidelines (469) were considered in this study for more robust IHC data interpretation
and to perform a valid statistical association.

6. The validation of marker expression in the tissue was performed manually and optically
with the help of a qualified pathologist; this determination technique is more robust and
discriminative than the automated technique. With this method, an individual can make
better judgements than an automated program, which differentiates less among various

tissue morphologies.

8.9 Potential Limitations

1. Some TMA cores were missing or had limited tumours in the TMA blocks used in this
study, which have been ago.

2. While this study was based on retrospective cohort data with long clinical follow-up
time, multiple independent data resources are needed to validate these results. In
addition, numerous proteomic expression evaluations were unavailable because one
centre participated in providing the IHC cohort.

3. Due to insufficient clinicopathological data, the new Nottingham IBC cohort was not
used.

4. 1t took quite some time to obtain and verify LVI status in the transcriptomic cohorts
used in this study (METABRIC and TCGA-BRCA).

5. The homogeneity of protein expression was verified using a large sample size of full-
face sections. However, this was accompanied by multiple technical limitations,
including core damage. Researchers using TMAs for research purposes have approved
the single-core use of TMAs (342, 343). However, it would be better to enhance the
evaluation by utilising multiple cores for each case to eliminate any tumour
heterogeneity.

6. Eventhough double-scoring of the cores was performed, this study relied on H-scoring,
a semi-quantitative method which depends on the scorer’s subjective opinion.

7. The coronavirus 2019 restrictions (2020-2022) limited the time available for the study,
so the author could not do more experimental studies to uncover the mechanisms behind

identified genes and LV1 status in BC.
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8. The novel biomarkers identified in the study were selected according to their
association with LVI. However, it was challenging to prove their interaction, as each
has its own biological and signalling pathways. This expanded the search field and
added more complexity to the task.

8.10 Future Work

1. Research focusing on IBC should be performed, especially LVI molecular regulator
studies, using multiple available data sources and contributing to several related
articles.

2. Various mechanistic experiments should be performed including in vivo and in vitro
work, such as animal models, KD and xenograft studies utilising multiple BC cell lines.
These experiments should use the most aggressive cell lines to uncover the role of
SLCY9A3R, NOP56 and HMGB3 in LV I and explore the therapeutic capacity of the target
genes

3. Additional functional investigations are necessary to validate the functions of the
NOP56 protein. These could consist of the cell cycle, apoptosis, proliferation,
migration, transmigration and survival assays.

4. Multiple sources of patient data are required in future studies to assess the targeted
biomarker, which will ensure robust results and, consequently, improve the clinical
value and quality of the study.

5. Contribute to research by publishing multiple articles to comprehend the molecular
mechanism of LVI by deciphering the transcriptomics and proteomics of online global
LV | data.

8.11 Final Conclusions
The current study concluded that some specific molecules are essential in driving LV1 status
and its underlying molecular mechanisms at the transcriptomic and proteomic levels. With the
help of the DGE technique and IBC transcriptomic cohorts, various genes and proteins were
found to be associated with LVI. Furthermore, the statistical analysis conducted in this study
revealed SLC9A3R1, NOP56 and HMGB3 as being highly associated with LVI in IBC. The
diligent LVI analysis performed to discover new genes showed that the primary BC phenotype
plays a fundamental role during the differential control of LVI mechanisms in IBC and,
consequently, is involved in regulating several factors that activate the cancer cells’

aggressiveness. Additionally, LVI mechanisms in IBC may also be influenced by cross
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pathways depending on various ECM stromal component interactions and TME conditions.

Further validation of the current findings should be carried out using functional studies.
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10.4 List of top 350 genes significantly associated with lymphovascular

invasion in the Nottingham cohort.

WAD WAD Gene WAD WAD Gene WAD WAD Gene WAD WAD Gene
ranking | value symbols ranking | value symbols ranking | value symbols ranking | value symbols
1 —0.339 | C100rf116 89 0.114 | TFAP2A 177 -0.092 | WBP5 265 —-0.078 | XBP1
2 -0.291 | MGP 90 0.114 KRT8 178 —0.091 | ALDH2 266 0.078 EPN1
3 0.256 EEF1A2 91 -0.114 | PRRX1 179 0.091 IDH2 267 0.078 FOXA1
4 —0.236 | CFB 92 —0.113 | PPP1R1B 180 —0.091 | ACOX2 268 —0.078 | CCND2
5 0.217 | S100P 93 -0.113 | RPS20 181 —-0.091 | SERPINF1 269 -0.078 | LSM1
6 —0.217 | STC2 94 -0.113 | BEX1 182 -0.091 | CIDEA 270 0.078 | SNAR-A3
7 —0.215 | SUSD3 95 —0.112 | ANXAL 183 —0.091 | RPL27A 271 0.077 ZNF217
8 0.212 CDH1 96 0.112 RUSC1 184 0.090 MMP11 272 —-0.077 | RPSA
9 0.209 MX1 97 —0.111 | IFITM1 185 —0.090 | EFEMP1 273 —0.077 | CD36
10 —0.201 | CFD 98 -0.111 | CAP2 186 —-0.090 | ANG 274 0.077 ELF3
11 0.199 PITX1 99 —0.111 | PLAC9 187 —0.090 | CCL15 275 —0.077 | TPM2
12 —0.194 | COMP 100 —0.111 | ACTG2 188 —0.090 | HLA-DQA1 276 —0.077 | SAPS2
13 —0.190 | FABP4 101 0.111 GNAS 189 0.090 UCP2 277 —0.077 | NFIB
14 —0.187 | Clorf64 102 —0.111 | RARRES2 190 —0.089 | RPL36 278 0.077 MBOAT7
15 —0.174 | MT1E 103 —0.110 | HLA-DRA 191 —0.089 | ECM2 279 0.076 ATP5B
16 —0.173 | SERPINE2 104 —0.110 | RPL10A 192 0.089 S100A9 280 —0.076 | CT7orf41
17 —0.170 | FBLN1 105 —0.110 | RPS18 193 —0.088 | BTG1 281 0.076 ABCB9
18 —0.169 | PLIN4 106 0.110 UBE2C 194 —0.088 | C13orfl5 282 0.076 CDR2L
19 —0.167 | FCGBP 107 -0.109 | GLTSCR2 195 -0.088 | CITED2 283 —-0.076 | RPS28
20 —0.165 | CIDEC 108 0.109 | SLC9A3R1 196 0.088 HOXB2 284 0.076 LMTK3
21 —0.164 | FGD3 109 —0.109 | GFRA1 197 —0.088 | CDC42EP4 285 0.075 P4HB
22 0.164 FASN 110 0.109 CTSD 198 —0.088 | CAV1 286 0.075 ATP5C1
23 —0.162 | ESR1 111 —0.108 | AKR1C2 199 0.088 PGAP3 287 —0.075 | F13A1
24 0.161 IFI127 112 —0.108 | RPL3 200 0.087 SCD 288 0.075 ULK1
25 0.157 APOC1 113 0.107 HSP90AB1 201 —0.087 | FAU 289 —0.075 | KLHDC9
26 —0.153 | SCUBE2 114 0.107 HSPA1A 202 —0.087 | LRRC17 290 0.074 ZG16B
27 0.151 SLC7A5 115 —0.107 | ARHGEF6 203 0.087 PROM?2 291 0.074 TMED9
28 —0.150 | TFF1 116 —0.107 | AKR1C3 204 —0.087 | CCL5 292 0.074 ZMIZ1
29 —0.150 | LGALS1 117 —0.106 | RPL13AP6 205 0.087 DNAJA4 293 0.074 ATP2A2
30 0.149 ALDOA 118 —0.106 | LPAR1 206 —0.087 | IFITM2 294 -0.074 | RPL27
31 0.147 APOE 119 —0.106 | SOCS2 207 —0.087 | ARHGEF3 295 0.074 GPI
32 0.146 HSPB1 120 0.105 FLJ40504 208 —0.087 | HCST 296 —0.074 | WNK4
33 —0.145 | GSTP1 121 -0.105 | SAA1 209 -0.087 | S100A4 297 —-0.074 | RPL35
34 —0.145 | ADH1A 122 —0.105 | PYCARD 210 0.086 HIST1H4H 298 —0.074 | RSL24D1
35 0.144 LGALS3BP | 123 —0.105 | HLA-DMA 211 —0.086 | ALDH3A2 299 0.074 CYB561
36 0.143 KRT18 124 —0.105 | COL8A1 212 —0.086 | RFTN1 300 —0.073 | AK001020
37 —0.143 | TOMM7 125 0.105 LRRC26 213 0.086 YWHAQ 301 -0.073 | LUM
38 0.142 IFI6 126 —0.105 | MYB 214 —0.086 | DPYSL2 302 0.073 ACP5
39 —0.142 | GPX3 127 0.105 IRX3 215 —0.086 | RPL22 303 0.073 HMGA1
40 —0.142 | UBD 128 —0.104 | RPS17 216 0.085 PFKP 304 —0.073 | FBP1
41 —0.142 | FST 129 —0.104 | TNS3 217 0.085 NME1 305 0.073 FTH1
42 —0.141 | SFRP4 130 —0.104 | MFAP5 218 —0.085 | COMMD6 306 0.073 MELK
43 —0.141 | SHISA2 131 —0.103 | RPL24 219 —0.085 | EEF1B2 307 —0.072 | FMOD
44 —0.141 | RPS13 132 0.103 TM7SF2 220 0.085 NFKBIZ 308 —0.072 | HBA2
45 —0.140 | CXCL12 133 0.102 TMSB10 221 —0.084 | VCAM1 309 0.072 GPR172A
46 —0.139 | SLC44A1 134 —0.102 | VTCN1 222 0.084 CALM1 310 —0.072 | TIGAL
47 —0.138 | AGR3 135 0.102 HIST1IH2BK | 223 0.084 KRT7 311 0.072 GSTM2
48 0.137 abParts 136 —0.102 | AX746718 224 0.083 SLC25A5 312 —0.072 | TSPAN9
49 —0.136 | CXCL14 137 0.102 MGST1 225 —0.083 | MGC87042 313 -0.072 | POLB
50 —0.135 | CLIC6 138 0.101 ADAM15 226 0.083 BCAP31 314 —0.072 | NINJ1
51 0.135 PIP 139 —0.100 | RPS14 227 —0.083 | GAS1 315 —0.071 | RPL5
52 —0.135 | TGFBR3 140 0.100 1SG15 228 0.083 MMP9 316 -0.071 | CEBPD
53 —0.134 | C1S 141 —0.099 | MFAP4 229 0.083 FTL 317 0.071 ASNS
54 —0.134 | DKK3 142 0.099 APOD 230 0.082 MDH2 318 —0.071 | RBP1
55 —0.133 | SELM 143 0.099 | AZGP1 231 —0.082 | C8orf40 319 0.071 UBA1
56 —0.132 | DPYSL3 144 —0.099 | FCER1A 232 0.082 CDCA5 320 0.071 AKT1
57 —0.131 | VIM 145 —0.099 | MT2A 233 0.082 GLYATL2 321 —0.071 | DARC
58 0.131 DBNDD1 146 0.099 CPB1 234 —0.082 | TPSAB1 322 —0.071 | RERG
59 —0.131 | SLC40A1 147 0.098 ATP6V1B1 235 0.082 RNASE1 323 —0.071 | PALLD
60 —0.130 | MT1A 148 0.098 | S100A8 236 —0.081 | HLA-DRB6 | 324 -0.071 | OMD
61 0.129 CALMLS 149 —0.098 | RPL21 237 —0.081 | HLA-DQB1 325 —0.071 | DCN
62 0.128 | ACTG1 150 -0.098 | RPS26P11 238 -0.081 | CRYAB 326 0.071 | CCNB2
63 —0.127 | SERPINA3 151 —0.097 | DPT 239 —0.081 | CPA3 327 —0.071 | COL9A2
64 —0.127 | CYP4X1 152 —0.097 | NDP 240 —0.081 | C100rf10 328 —0.071 | SRPX
65 0.125 ERBB2 153 -0.097 | IL6ST 241 0.081 | TUBB 329 —-0.071 | CTDSPL
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66 0.124 MDK 154 —0.097 | SMARCA1 242 0.081 NOP56 330 —0.070 | ARHGEF2
67 —0.123 | PDGFRL 155 —0.096 | PDK3 243 —0.081 | FERMT2 331 —0.070 | RPS27

68 —0.123 | RPL26 156 —0.096 | TPST2 244 —0.080 | PRKCDBP 332 —0.070 | THBS2

69 0.122 TACSTD2 157 —0.096 | GAS6 245 0.080 CD24 333 0.070 HSPD1

70 0.122 UBE2S 158 —0.096 | SLC38A1 246 0.080 GRN 334 0.070 ARHGDIA
71 —0.119 | KIAA0531 159 —0.095 | RPL35A 247 —0.080 | MXRA5 335 —0.070 | ANKRD30A
72 0.118 LYGE 160 —0.095 | C9orf46 248 0.080 LASP1 336 —0.070 | PTRF

73 —0.118 | HBB 161 —0.095 | PPP1R3C 249 —0.080 | WISP2 337 —0.070 | FOX03
74 —0.118 | RPS9 162 —0.095 | CYBRD1 250 0.080 POLD2 338 0.070 GIPC1

75 —0.118 | RPS3 163 —0.095 | CNN3 251 0.080 POTEKP 339 —0.070 | CHPT1

76 —0.118 | S100A6 164 —0.095 | ITPRIPL2 252 —0.080 | ARLGIPS 340 —0.070 | IL17RB

77 —0.117 | RPS6 165 0.094 TUBA1LC 253 —0.080 | GBP2 341 —0.070 | SYBU

78 —0.116 | EIF3E 166 0.094 HMGB3 254 0.080 TSPYL5 342 0.070 TUFT1

79 0.116 YWHAZ 167 0.094 ATP6AP1 255 —0.079 | FLNB 343 —0.070 | CCDC25
80 —0.116 | CAl12 168 —0.093 | HIST1H4C 256 0.079 H2AFY2 344 —0.070 | ARID5B
81 —0.116 | HLA-DPA1 | 169 0.093 CSTB 257 0.079 PTTG1 345 —0.070 | IGFBP4
82 0.115 PHGDH 170 —0.093 | RAI14 258 0.079 COX5A 346 0.070 SPDEF

83 0.115 HSP90AAL1 | 171 —0.093 | TCEAL4 259 —0.078 | TXNIP 347 0.070 VDAC2
84 —0.115 | MAOCA 172 0.093 CLDN7 260 —0.078 | EIF3L 348 —0.070 | DUSP1

85 0.115 LAPTM4B 173 —0.092 | PLS3 261 —0.078 | ATHL1 349 —0.069 | FOS

86 0.115 ACTB 174 0.092 CR610863 262 0.078 CHCHD2 350 0.069 COPG

87 0.115 SEZ6L2 175 —0.092 | BTG2 263 0.078 COX6C

88 0.115 KRT19 176 —0.092 | SGCE 264 —0.078 | BCL2
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10.5 List of top 350 genes significantly associated with lymphovascular
invasion in the remaining METABRIC cases.

WAD WAD Gene WAD WAD Gene WAD WAD | Gene symbols WAD WAD Gene
ranking | value symbols ranking | value symbols ranking | value ranking | value symbols
1 0.191 ERBB2 89 —0.068 | FST 177 0.054 ORMDL3 265 —0.047 | CHI3L2
2 —0.170 | SERPINA3 90 —0.068 | DKK3 178 —0.054 | MAOA 266 —0.047 | GATA3
3 0.145 S100P 91 —0.068 | PAM 179 —0.053 | ANG 267 0.047 AURKA
4 0.141 TFF3 92 0.068 NME4 180 0.053 SERHL2 268 —0.047 | SCPEP1
5 -0.123 | PIP 93 -0.068 | ZAK 181 —0.053 | FBLN2 269 —0.047 | TXNIP
6 -0.120 | MGP 94 0.067 UBE2S 182 —0.053 | C9orf46 270 0.047 ZNF148
7 —0.120 | ACTG2 95 -0.066 | MFGES8 183 -0.053 | MMP7 271 —0.047 | QPCT
8 —0.120 | GSTP1 96 0.066 PUF60 184 0.053 TMEM106C 272 —0.047 | CD248
9 -0.119 | HBB 97 -0.066 | MT1X 185 0.053 ALCAM 273 —0.047 | PRDX2
10 0.116 UBE2C 98 —0.066 | EGR1 186 0.053 CCNB2 274 0.047 BOLA2
11 0.115 MMP11 99 0.065 TUBA1B 187 0.053 KRT7 275 0.047 GRINA
12 —0.112 | ACTG1 100 0.065 CDCA5 188 —0.053 | SGK223 276 0.047 hNp95
13 —-0.107 | FOS 101 —0.064 | NAT1 189 0.053 MFSD3 277 0.047 COX6C
14 0.107 LY6E 102 —0.064 | SRP9 190 —0.053 | ALOX5 278 0.047 RPL30
15 0.106 CNTNAP2 103 -0.064 | VIM 191 —0.053 | ALOX5AP 279 -0.047 | 1GJ
16 —-0.105 | HBA2 104 -0.064 | PDLIM1 192 -0.053 | CA2 280 —0.047 | TGFBR2
17 0.104 YWHAZ 105 0.064 EEF1A2 193 0.052 ATP6V0OB 281 0.047 STIP1
18 0.104 FLJ40504 106 0.064 SQLE 194 0.052 FGFR3 282 0.047 TDG
19 —0.102 | CLIC6 107 —0.064 | DPYSL2 195 —-0.052 | APOD 283 —0.047 | KRT6B
20 0.101 PGAP3 108 -0.064 | COL16A1 196 —0.052 | TGOLN2 284 0.047 CLN3
21 —0.099 | SFRP1 109 0.063 SLC9A3R1 197 —0.052 | ZDHHC8 285 —0.046 | PTGDS
22 —0.097 | HLA-A 110 0.063 NAPRT1 198 -0.052 | ZFP36L2 286 0.046 NOP56
23 0.096 SPDEF 111 0.063 RRM1 199 -0.052 | MYC 287 0.046 ELF3
24 —0.094 | CYP4X1 112 0.063 HIST1H4C 200 0.052 NCRNAOQ0152 | 288 0.046 ASAP1
25 0.093 STARD10 113 —0.063 | SLC40A1 201 —-0.052 | PCOLCE 289 —0.046 | C8orf84
26 0.093 SORD 114 —0.063 | PPAP2B 202 0.052 RPL19 290 0.046 SLC1A5
27 -0.092 | LTF 115 0.062 EZR 203 0.052 MCM4 291 0.046 MLPH
28 -0.092 | STC2 116 0.062 CYC1 204 —0.052 | NTN4 292 0.046 KIAA0182
29 0.092 C190rf33 117 0.062 BST2 205 —-0.052 | FOSB 293 —0.046 | FCER1A
30 0.091 SCD 118 0.062 WWP1 206 0.052 LASS6 294 0.046 BzZW?2
31 0.089 ATP5E 119 -0.062 | STC1 207 —0.052 | EIF3G 295 —0.046 | MAPT
32 —0.089 | abParts 120 —0.062 | JUN 208 0.052 CKMT1B 296 —0.046 | GSN
33 -0.089 | CFD 121 —0.062 | SRPX 209 —0.051 | COL6Al 297 0.046 TMED3
34 —0.087 | SELM 122 0.062 RPS26 210 -0.051 | TMEM14C 298 0.046 HMGA1
35 0.087 X64709 123 —-0.061 SERPINE2 211 —0.051 | CST3 299 0.046 ATP5H
36 0.087 TOP2A 124 0.061 TMEM97 212 -0.051 | RPL3 300 —0.046 | CSNK1E
37 0.086 MX1 125 0.061 PRC1 213 0.051 SLC38A1 301 0.046 CAMK2N1
38 -0.086 | FCGBP 126 -0.061 | TNC 214 —0.051 | FRMD6 302 0.046 ERGIC1
39 —0.086 | VTCN1 127 -0.061 | CMTM7 215 0.051 SLC5A6 303 0.045 CR613620
40 —0.086 | KRT17 128 —0.061 | CITED4 216 —0.051 | TNS3 304 —0.045 | ENPP5
41 —0.086 | GSTM2 129 —0.061 | SEZ6L2 217 -0.051 | C1S 305 0.045 GGCT
42 0.085 CALMLS5 130 —0.061 | TSC22D1 218 —0.051 | PLSCR3 306 —0.045 | C170rf97
43 0.084 KRT8 131 0.061 IDH2 219 0.050 CANT1 307 0.045 CAPS
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44 0084 | NQO1 132 ~0.060 | HNRNPALL2 | 220 0050 | PTPN1 308 0045 | KIAAL598

45 ~0.084 | SUSD3 133 0.060 | 38777 221 ~0.050 | SC5DL 309 ~0.045 | SERPINAL

16 0083 | TMBIM6 134 ~0.060 | S100A4 222 ~0.050 | ITM2B 310 0045 | RPSI9

47 —0.083 | EEF1G 135 0060 | VPS28 223 0050 | MYL6 311 0045 | SLC39A11

48 ~0.082 | DUSP1 136 ~0.060 | ZFP36 224 —0.050 | ILL7RB 312 —0.045 | SATL

49 —0.082 | CXCLI2 137 ~0.059 | CCDC130 225 —0.050 | MTLE 313 ~0.045 | ACTB

50 ~0.082 | ANXAL 138 ~0.059 | SLC44A1 226 ~0.050 | CSDA 314 —0.045 | NUCBL

51 ~0.081 | NFIX 139 —0.058 | CD24 227 0050 | DNAJA4 315 —0.045 | SEMAGA

52 0080 | BOLAZB 140 0.058 | EIFSE 228 ~0.050 | TNFSF10 316 ~0.045 | CRISPLD2

53 0080 | HSPB1 141 ~0.058 | PRNP 229 ~0.049 | NDP 317 0045 | TMEM62

54 ~0.080 | FOXCL 142 ~0.058 | PLAT 230 0049 | Cl2orf44 318 ~0.045 | CYBRD1

55 0079 | FAMS3H 143 0058 | MAL2 231 0049 | SERF2 319 ~0.045 | MT1G

56 0078 | Cl0orflle | 144 0058 | DDIT4 232 ~0.049 | CDC42EP4 320 0045 | PTTG3

57 0078 | STATL 145 ~0.058 | CGNLL 233 ~0.049 | CYP4zZ1 321 ~0.045 | GADD45A

58 0078 | NUSAP1 146 ~0.058 | PDGFRL 234 ~0.049 | LOC389493 | 322 ~0.045 | RNASEL

59 —0.078 | MYHLL 147 ~0.058 | ITM2A 235 ~0.049 | ADM 323 ~0.045 | PYCARD

60 0077 | SI00AI6 148 0.058 | ARL6IP1 236 ~0.049 | TMEM101 324 —0.045 | LPINL

61 0077 | PSMB3 149 0057 | KRT19 237 ~0.049 | HERPUDL 325 ~0.045 | PPIC

62 0076 | GINS2 150 0.057 | CRIP1 238 0.049 | DENNDI1B 326 ~0.045 | DQ893812

63 ~0.076 | COL4A5 151 ~0.057 | NINJL 239 0049 | IFI44L 327 0045 | HMGB3

64 0076 | APOCL 152 0.057 | TSPANI3 240 0.049 | MRPL27 328 0044 | ZHX1

65 ~0.076 | CXCL14 153 0057 | CPNE3 241 ~0.049 | ALPL 329 0044 | NUDTL

66 0076 | KIAADI0L | 154 —0.057 | ECHDC2 242 ~0.049 | WLS 330 ~0.044 | POLR3GL

67 0075 | NMEL 155 0.057 | CSEIL 243 0.049 | CXCLI10 331 0044 | TP53INP1

68 0075 | GRB7 156 ~0.057 | GLA 244 ~0.049 | ARMCX1 332 0044 | TUFM

69 0075 | ISG15 157 ~0.057 | SLC7A2 245 ~0.049 | KRT15 333 ~0.044 | CEBPD

70 0074 | AGR2 158 0.056 | CUEDC1 246 0049 | LAPTM4B 334 0044 | IFI27

71 —0.073 | HISTIH2AC | 159 ~0.056 | EEF1B2 247 0049 | CLDN3 335 —0.044 | SOX18

72 ~0.073 | CFB 160 0056 | PRDX1 248 ~0.049 | ZBTB20 336 0044 | RACGAP1

73 0073 | PTTGL 161 0.056 | BCAS4 249 0.048 | COPS5 337 0044 | ST3GALL

74 —0.073 | FAM129A | 162 ~0.056 | TUBB2B 250 ~0.048 | DNAIJC12 338 0044 | H2AFX

75 ~0.072 | DCN 163 ~0.056 | CSTB 251 ~0.048 | ID3 339 0044 | PTK2

76 0072 | GPR172A 164 0.055 | ATP5EP2 252 ~0.048 | UBE2E3 340 ~0.044 | SNX3

77 0072 | ATP9A 165 ~0.055 | PGM1 253 0048 | PITX1 341 ~0.044 | CCDC92

78 0072 | CLEC3A 166 0055 | GSDMB 254 0.048 | GAPDH 342 ~0.044 | AK001020

79 0071 | KRT18 167 ~0.055 | FSCN1 255 ~0.048 | HLA-B 343 0044 | FAMI110A

80 ~0.071 | GAS1 168 ~0.055 | SGCE 256 ~0.048 | SDCBP 344 ~0.044 | SCGB1D2

81 0071 | APOE 169 0.055 | STK3 257 0.048 | LRRC26 345 0044 | IFITL

82 ~0.071 | TPM1 170 0055 | TM7SF2 258 ~0.048 | TNFRSF14 346 ~0.044 | FKBPOL

83 ~0.070 | MFAP4 171 0.055 | EIF2C2 259 -0.048 | CRTAP 347 o044 | A
DQA1

84 0070 | UCP2 172 0.055 | PABPC1 260 ~0.048 | C8orfa 348 ~0.043 | TPM2

85 ~0.070 | SPP1 173 ~0.054 | FGD3 261 ~0.048 | NOSTRIN 349 0043 | CDS1

86 ~0.070 | FBLN1 174 ~0.054 | RBBPS 262 0.047 | GNAS 350 ~0.043 | CLIP3

87 0069 | CDC20 175 0054 | NCOA3 263 ~0.047 | UBD

88 0.069 | C8orfs5 176 ~0.054 | PBX3 264 20.047 | FAM127A
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lymphovascular invasion.

Genes full names list of the 99 genes significantly associated with

Gene

Gene

symbol Gene name symbol Gene name

ACTG2 actin gamma 2 KRT7 keratin 7

ANG angiogenin KRT8 keratin 8

ANXA1 annexin Al LAPTM4B | lysosomal protein transmembrane 4 beta
APOC1 apolipoprotein C1 LRRC26 leucine rich repeat containing 26

APOE apolipoprotein E LY6E lymphocyte antigen 6 family member E
C1S complement C1s MAOA monoamine oxidase A

CALMLS5 calmodulin-like 5 MFAP4 microfibrillar-associated protein 4
CCNB2 cyclin B2 MGP matrix Gla protein

CDC42EP4 | CDC42 effector protein 4 MMP11 matrix metallopeptidase 11

CDCA5 cell division cycle associated 5 MTI1E metallothionein 1E

CEBPD CCAAT/enhancer-binding protein delta MX1 MX dynamin like GTPase 1

CFB complement factor B NDP NDP, norrin cystine knot growth factor
CFED complement factor D NINJ1 ninjurin 1

CLIC6 chloride intracellular channel 6 NME1 NME/NM23 nucleoside diphosphate kinase 1
COX6C cytochrome ¢ oxidase subunit 6C NOP56 NOP56 ribonucleoprotein

CXCL12 C-X-C motif chemokine ligand 12 PDGFRL platelet derived growth factor receptor like
CXCL14 C-X-C motif chemokine ligand 14 PGAP3 post-GPI attachment to proteins 3
CYBRD1 cytochrome b reductase 1 PITX1 paired like homeodomain 1

CYP4X1 cytochrome P450 family 4 subfamily X member 1 PLGRKT plasminogen receptor with a C-terminal lysine
DCN decorin PTTG1 pituitary tumor-transforming 1

DKK3 dickkopf WNT signaling pathway inhibitor 3 PYCARD PYD and CARD domain containing
DNAJA4 DnaJ heat shock protein family (Hsp40) member A4 RPL3 ribosomal protein L3

DPYSL2 dihydropyrimidinase-like 2 S100A4 S100 calcium binding protein A4
DUSP1 dual specificity phosphatase 1 S100P S100 calcium binding protein P
EEF1A2 eukaryotic translation elongation factor 1 alpha 2 SCD stearoyl-CoA desaturase

EEF1B2 eukaryotic translation elongation factor 1 beta 2 SELENOM | selenoprotein M

ELF3 E74 like ETS transcription factor 3 SERPINA3 | serpin family A member 3

ERBB2 erb-b2 receptor tyrosine kinase 2 SERPINE2 | serpin family E member 2

FBLN1 fibulin-1 SGCE sarcoglycan epsilon

FCER1A Fc fragment of IgE receptor la SLC40A1 solute carrier family 40 member 1
FCGBP Fc fragment of IgG binding protein SLC44A1 solute carrier family 44 member 1
FGD3 FYVE, RhoGEF and PH domain containing 3 SLC52A2 solute carrier family 52 member 2

FOS Fos proto-oncogene, AP-1 transcription factor subunit SLCY9A3R1 | SLC9A3 regulator 1

FST follistatin SPDEF SAM pointed domain containing ETS transcription factor
GAS1 growth arrest specific 1 SRPX sushi repeat containing protein, X-linked
GNAS GNAS complex locus STC2 stanniocalcin 2

GSTP1 glutathione S-transferase pi 1 SUSD3 sushi domain containing 3

HBA2 hemoglobin subunit alpha 2 TM7SF2 transmembrane 7 superfamily member 2
HBB hemoglobin subunit beta TNS3 tensin 3

HLA-DQA1 | major histocompatibility complex, class 11, DQ alpha 1 TPM2 tropomyosin 2 (beta)

HMGA1 high mobility group AT-hook 1 TXNIP thioredoxin interacting protein

HMGB3 high mobility group box 3 UBD ubiquitin D

HSPB1 heat shock protein family B (small) member 1 UBE2C ubiquitin conjugating enzyme E2 C
IDH2 isocitrate dehydrogenase (NADP(+)) 2, mitochondrial UBE2S ubiquitin conjugating enzyme E2 S
1F127 interferon alpha inducible protein 27 UCP2 uncoupling protein 2

188




IL17RB interleukin 17 receptor B VIM vimentin

1SG15 ISG15 ubiquitin-like modifier VTCN1 V-set domain containing T-cell activation inhibitor 1

G Keratin 18 VWHAZ tyr<.)sin.e 3-mon?oxygenase/tryptophan 5-monooxygenase
activation protein zeta

KRT18P55 | keratin 18 pseudogene 55 ZBTB20 zinc finger and BTB domain containing 20

KRT19 keratin 19
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Mean value, SEM, subtraction and WAD ranking in the 99 genes

significantly associated with lymphovascular invasion.

Upregulated genes

Nottingham cases Remaining METABRIC cases
LVI Positive Negative i WAD Positive Negative i WAD
Genes Mean | SEM | Mean | SEM Subtraction ranking | Mean | SEM | Mean | SEM Subtraction ranking
APOC1 10.28 | 0.91 | 10.00 | 0.98 | 0.28 25 9.98 | 099 | 984 | 1.04 | 0.14 64
APOE 11.73 | 0.67 | 11.53 | 0.74 | 0.20 31 1164 | 0.82 | 1154 | 0.82 | 0.10 81
CALMLS5 7.56 205 | 7.04 1.88 | 0.52 61 7.50 216 | 7.16 193 | 0.34 42
CCNB2 8.25 092 | 8.04 093 | 0.21 326 8.07 0.90 | 7.90 101 | 0.16 186
CDCA5 850 | 096 |828 |098 |0.22 232 848 | 095 |831 |104 |0.17 100
COX6C 12.98 | 0.63 | 12.89 | 0.65 | 0.09 263 12.89 | 0.68 | 12.83 | 0.67 | 0.05 277
DNAJA4 9.17 | 075 | 898 |0.81 |0.20 205 920 | 082 [9.09 |081 |011 227
EEF1A2 9.08 | 200 |846 | 192 |0.63 3 9.05 | 209 890 |204 |0.15 105
ELF3 869 |0.73 |849 |0.86 |0.20 274 892 | 079 (881 |082 |011 287
ERBB2 10.83 | 1.59 | 10.63 | 1.33 | 0.20 65 1092 | 146 | 1062 | 1.22 | 0.30 1
GNAS 12,75 | 045 | 12,62 | 041 | 0.13 101 1293 | 0.53 | 12.87 | 0.48 | 0.05 262
HMGA1 848 | 0.64 |828 |0.77 |0.20 303 850 | 075 |838 |0.77 |0.12 298
HMGB3 772 | 089 | 738 |083 |034 166 764 | 088 |748 |091 |0.16 327
HSPB1 12.26 | 0.73 | 12.07 | 0.74 | 0.19 32 1221 | 0.79 | 12.11 | 0.84 | 0.10 53
IDH2 9.63 0.88 | 9.45 0.72 | 0.18 179 9.63 0.83 | 951 0.86 | 0.12 131
IF127 1195 | 1.30 | 11.73 | 1.15 | 0.21 24 11.63 | 140 | 1157 | 1.35 | 0.06 334
ISG15 9.74 | 132 | 954 | 135 |0.20 140 975 | 135 961 |136 |0.14 69
KRT18 11.70 | 0.96 | 1151 | 1.07 | 0.20 36 11.84 | 1.05 | 11.75 | 1.07 | 0.09 79
KRT18P55 10.35 | 0.97 | 10.16 | 1.02 | 0.18 120 10.17 | 1.08 | 9.99 110 | 0.18 18
KRT19 1251 | 1.14 | 1237 | 133 | 0.14 88 1258 | 1.22 | 1251 | 1.26 | 0.07 149
KRT7 9.45 144 | 9.27 135 | 0.18 223 9.36 153 | 9.25 146 | 0.11 187
KRT8 10.16 | 0.92 | 9.96 099 | 0.21 90 1046 | 099 | 1032 | 1.01 | 0.14 43
LAPTM4B 1043 | 1.06 | 10.23 | 0.92 | 0.20 85 10.18 | 1.21 | 10.09 | 1.13 | 0.09 246
LRRC26 9.92 | 163 |972 |151 |0.20 125 9.92 | 155 |983 | 153 | 0.09 257
LYGE 1045 | 1.00 | 10.25 | 0.95 | 0.20 72 10.62 | 1.03 | 10.45 | 1.00 | 0.17 14
MMP11 10.53 | 1.39 10.38 | 1.50 | 0.15 184 1047 | 1.36 10.27 | 1.52 | 0.19 11
MX1 11.07 | 1.30 | 10.75 | 1.30 | 0.32 9 1117 | 1.32 | 1105 | 1.29 | 0.13 37
NME1 1155 | 0.73 | 1143 | 0.71 | 0.12 217 1131 | 0.72 | 11.20 | 0.67 | 0.11 67
NOP56 9.75 | 047 | 959 | 048 |0.16 242 9.95 | 056 |987 |058 |0.09 286
PGAP3 891 | 139 |869 |115 |0.21 199 881 | 126 |[856 |095 | 025 20
PITX1 9.29 155 | 8.84 1.60 | 0.45 11 9.34 159 |9.23 161 | 0.10 253
PTTG1 9.29 0.87 | 9.12 0.94 | 0.17 257 9.10 091 | 893 101 | 0.16 73
S100P 9.70 232 | 9.26 231 | 045 5 9.52 234 | 9.22 2.24 | 0.30 3
SCD 10.88 | 0.97 | 10.75 | 0.92 | 0.14 200 1092 | 1.11 | 10.78 | 1.03 | 0.14 30
SLC52A2 9.18 0.61 | 9.02 0.63 | 0.16 309 9.29 0.72 | 9.13 0.67 | 0.16 76
SLCY9A3R1 10.77 | 1.04 | 1059 | 1.01 | 0.18 108 1097 | 0.98 | 10.87 | 1.02 | 0.10 109
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SPDEF 9.48 139 | 9.34 146 | 0.14 346 9.74 134 | 9.55 145 | 0.19 23
TM7SF2 8.70 0.93 | 8.44 0.88 | 0.26 132 8.70 0.95 | 8.56 091 | 0.14 170
UBE2C 9.27 | 109 |9.03 |116 |0.24 106 925 | 117 |899 |131 | 025 10
UBE2S 929 | 071 |9.02 |073 |0.27 70 935 | 084 (921 |0.85 |0.14 94
UCP2 8.93 091 | 871 0.90 | 0.22 189 9.10 094 | 894 0.92 | 0.16 84
YWHAZ 12.00 | 0.59 | 11.84 | 0.58 | 0.15 79 12.08 | 0.63 | 1195 | 0.62 | 0.13 17
Downregulated genes

Nottingham cases Remaining METABRIC cases
LVI Positive Negative i WAD Positive Negative i WAD
Genes Mean | SEM | Mean | SEM Subtraction ranking | Mean | SEM | Mean | SEM Subtraction ranking
ACTG2 875 | 250 |9.01 | 181 |-0.26 100 848 | 162 |878 | 163 |-0.30 7
ANG 8.19 0.94 | 8.44 1.01 | -0.25 186 8.14 1.07 | 8.29 1.14 | -0.15 179
ANXA1 1091 | 0.68 | 11.08 | 0.71 | -0.17 95 1045 | 0.91 | 1058 | 0.99 | -0.13 50
C1S 10.11 | 0.93 | 10.34 | 0.88 | -0.24 53 967 | 102 |9.77 |110 |-0.10 217
CDC42EP4 10.22 | 0.38 | 10.37 | 0.62 | -0.15 197 10.40 | 0.66 | 10.48 | 0.65 | -0.08 232
CEBPD 10.09 | 053 | 10.21 | 0.70 | -0.13 316 10.12 | 0.84 | 10.20 | 0.81 | -0.08 333
CFB 10.10 | 2.45 | 1051 | 148 | -0.41 4 1042 | 1.70 | 1054 | 1.64 | -0.12 72
CFD 948 | 139 |9.87 | 138 |-040 10 924 | 129 |942 |136 |-0.19 33
CLIC6 8.17 443 | 854 217 | -0.37 50 8.15 221 | 843 224 | -0.28 19
CXCL12 944 | 116 |9.72 | 1.00 | -0.28 45 9.05 | 110 |923 |120 |-0.18 49
CXCL14 8.31 2.30 | 8.67 152 | -0.36 49 8.18 157 | 8.39 161 |-0.21 65
CYBRD1 973 | 103 |991 | 103 |-0.18 162 968 | 115 976 | 119 | -0.09 318
CYP4X1 8.44 3.82 | 8.77 1.89 | -0.32 64 8.65 190 | 8.88 194 | -0.23 24
DCN 9.07 1.34 | 9.23 1.24 | -0.16 325 8.46 133 | 8.64 143 | -0.19 75
DKK3 9.45 094 | 9.72 0.88 | -0.27 54 9.07 091 | 9.22 0.93 | -0.15 90
DPYSL2 9.82 | 043 |9.98 |0.60 |-0.16 214 973 | 068 |98 |0.76 |-0.12 107
DUSP1 10.32 | 0.90 | 1044 | 0.96 | -0.12 348 9.89 | 140 | 10.04 | 145 | -0.15 48
EEF1B2 11.20 | 0.34 | 11.33 | 0.52 | -0.12 219 1093 | 0.78 | 11.01 | 0.80 | -0.08 159
FBLN1 1059 | 1.04 | 10.86 | 0.93 | -0.27 17 1051 | 1.04 | 1063 | 1.12 | -0.11 86
FCER1A 7.41 1.20 | 7.76 1.27 | -0.36 144 6.95 107 | 7.15 122 | -0.21 293
FCGBP 872 | 250 |911 | 164 |-0.39 19 876 | 161 |89 |161 |-0.20 38
FGD3 8.81 1.30 | 9.19 1.11 | -0.38 21 9.19 120 | 9.30 120 | -0.12 173
FOS 10.12 | 1.85 | 10.24 | 1.37 | -0.12 349 9.53 166 | 9.74 169 |-0.21 13
FST 8.22 1.20 | 8.60 1.10 | -0.38 41 8.04 102 | 8.24 1.03 | -0.20 89
GAS1 892 | 105 |911 |0.92 |-019 227 845 | 106 |863 |111 |-0.18 80
GSTP1 10.76 | 1.21 | 10.99 | 0.93 | -0.23 33 10.61 | 1.20 | 10.80 | 1.10 | -0.19 8
HBA2 9.40 2.26 | 9.55 148 | -0.15 308 9.03 152 | 9.26 157 | -0.23 16
HBB 9.34 2.23 | 9.59 147 | -0.24 73 8.62 162 | 891 169 | -0.29 9
HLA-DQA1 10.37 | 1.03 | 1052 | 0.99 | -0.15 188 10.04 | 1.30 | 10.12 | 1.31 | -0.08 347
IL17RB 7.50 1.18 | 7.75 117 | -0.25 340 7.56 1.06 | 7.73 1.04 | -0.17 224
MAOA 7.42 162 | 7.83 1.25 | -041 84 7.48 133 | 7.67 137 | -0.19 178
MFAP4 8.48 152 | 8.73 1.26 | -0.25 141 8.31 117 | 8.50 131 | -0.19 83
MGP 1295 | 1.44 | 13.28 | 1.10 | -0.33 2 12,73 | 1.34 | 12.87 | 1.43 | -0.14 6
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MT1E 9.78 1.26 | 10.10 | 1.10 | -0.32 15 9.75 123 | 9.84 1.19 | -0.09 225
NDP 6.81 219 | 7.26 153 | -0.45 152 6.91 165 | 7.14 168 | -0.23 229
NINJ1 10.21 | 0.29 | 10.33 | 0.53 | -0.12 314 10.40 | 0.55 | 10.49 | 0.53 | -0.09 151
PDGFRL 8.95 1.04 | 9.23 0.95 | -0.28 67 8.51 1.01 | 8.65 1.09 | -0.15 146
PLGRKT 9.88 0.38 | 10.05 | 0.63 | -0.18 160 9.62 0.78 | 9.72 0.78 | -0.10 182
PYCARD 9.90 0.83 | 10.10 | 0.88 | -0.19 122 10.05 | 0.94 | 10.13 | 0.94 | -0.08 323
RPL3 12.76 | 0.29 | 12.89 | 046 | -0.13 112 12.70 | 0.53 | 12.76 | 0.53 | -0.06 212
S100A4 10.87 | 0.71 | 11.00 | 0.76 | -0.13 209 1046 | 0.86 | 10.55 | 0.90 | -0.10 134
SELENOM 10.09 | 0.49 | 10.33 | 0.69 | -0.23 55 10.20 | 0.70 | 10.35 | 0.66 | -0.15 34
SERPINA3 12.09 | 3.18 | 1225 | 1.79 | -0.16 63 12.05 | 1.79 | 12.27 | 1.68 | -0.21 2
SERPINE2 9.97 0.89 | 10.28 | 0.96 | -0.31 16 9.82 1.03 | 9.93 1.08 | -0.11 123
SGCE 8.87 0.97 | 9.09 0.89 | -0.21 176 8.49 1.10 | 8.63 114 | -0.14 168
SLC40A1 9.83 118 | 10.07 | 1.29 | -0.24 59 9.71 1.32 | 9.83 140 | -0.12 113
SLC44A1 11.03 | 0.25 | 11.24 | 050 | -0.21 46 1093 | 0.57 | 11.01 | 0.55 | -0.09 138
SRPX 8.24 1.02 | 8.43 0.93 | -0.20 328 7.84 1.00 | 8.04 1.14 | -0.19 121
STC2 9.26 341 | 9.70 194 | -044 6 9.73 1.96 | 9.90 193 | -0.17 28
SUSD3 8.46 2.30 | 8.99 155 | -0.53 7 8.67 157 | 8.87 157 | -0.20 45
TNS3 9.84 0.32 | 10.04 | 0.50 | -0.19 129 9.98 0.62 | 10.07 | 0.58 | -0.09 216
TPM2 10.48 | 0.74 | 1061 | 0.75 | -0.13 275 10.32 | 0.78 | 10.40 | 0.82 | -0.07 348
TXNIP 10.16 | 0.35 | 10.29 | 0.63 | -0.14 259 9.92 0.72 | 10.00 | 0.76 | -0.09 269
UBD 8.16 250 | 855 1.66 | -0.39 40 7.98 156 | 8.12 161 | -0.14 263
VIM 12.25 | 0.39 | 1241 | 058 | -0.16 57 12.05 | 0.77 | 12.13 | 0.83 | -0.08 103
VTCN1 9.12 346 | 9.34 2.00 | -0.22 134 9.08 201 | 9.26 196 | -0.19 39
ZBTB20 8.79 0.51 | 8.96 0.63 | -0.17 300 8.92 0.68 | 9.02 0.72 | -0.10 342
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