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ABSTRACT 

Introduction 

Breast cancer (BC) is a heterogeneous disease presenting with variable morphologies, 

molecular profiles, clinical behaviours and responses to therapy. Triple negative breast cancer 

(TNBC), characterised by the absent expression of the Oestrogen Receptor (ER), Progesterone 

Receptor (PR) and HER2 overexpression, is an aggressive class of BC for which targeted 

therapies are lacking. Patients with TNBC comprise approximately 17% of BC patients and 

show variable responses to chemotherapy, which reflects the transcriptomic and genomic 

heterogeneity of the disease. In this study, we hypothesised that deciphering TNBC molecular 

heterogeneity can pave the way for the identification of novel therapeutic targets and the 

refinement of classification. We investigated large, well annotated cohorts of TNBC using a 

variety of molecular techniques to: 1) identify genetic predictors of clinical outcomes in TNBC, 

2) investigate the mechanistic and prognostic role of novel targets in TNBC including 

periplakin (PPL), 3) further evaluate the mechanisms of cell adhesion in TNBC. 

Methods 

Next generation sequencing was applied to a group of TNBC cases (n=126) with long term 

follow-up data. Data mining using the supervised neural artificial network (ANN) was 

performed to identify genes or pathways associated with distant metastasis-free survival 

(DMFS) and breast cancer-specific survival (BCSS). The prognostic ability of these genes was 

validated using multiple public domain datasets such as the Breast Cancer Gene-Expression 

Miner v4. 0 and Genotype 2 outcome datasets. Multivariate Cox regression analysis identified 

a prognostic gene signature that was independently associated with poor prognosis. Tissue 

microarrays (TMAs) were constructed to examine the protein expression using 

immunohistochemistry (IHC).  

PPL was identified by ANN analysis as a strong prognostic marker with respect to DMFS and 

BCSS. The prognostic ability of PPL was also validated using multiple public domain datasets 

such as the METABRIC, Breast Cancer Gene-Expression Miner v4.0, KM plotter and 

Genotype 2 outcome datasets. This was followed by the evaluation of its protein expression 

using IHC. The transient knockdown of PPL using siRNA was used to assess its role in 
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proliferation, migration and invasive capabilities of TNBC cell lines (MB-MDA 231 and MB-

MDA 436).  

E-cadherin protein expression was determined using TMAs (n=813). IHC for E-cadherin 

staining using full-face sections was carried out to confirm the identity of E-cadherin and its 

role on the global gene expression profile. RNA-seq analysis was completed on invasive ductal 

carcinoma of the breast (IDC) tumours with either E-cadherin positive or negative/low E-

cadherin expression. Genes that differentially expressed E-cadherin were assessed using the 

Robina implementation of EdgeR. 

Results  

ANN identified high expression of a set of genes (ACSM4, SPDYC, PPL, DCTN1-AS1, RP11-

29H23.5, RPS10P18, AC079305.10 and PAXBP1-AS1) that can individually be used as 

indicators of poor prognosis and shorter outcomes in TNBC (p<0.05). Adjusting for 

clinicopathological factors including the patient age, grade, nodal stage, tumour size and 

lymphovascular invasion using multivariate Cox regression analysis yielded a two-gene 

prognostic signature (ACSM4 and SPDYC) which was associated with poor prognosis (p<0.05), 

independent of other prognostic variables. To validate these findings, the protein expression of 

these two genes was significantly associated with patient outcomes in both an independent and 

a combined manner (p<0.05).  

High PPL mRNA expression was significantly associated with shorter BCSS and DMFS (both 

P<0.01). PPL mRNA expression was also an independent, poor prognostic predictor for BCSS 

and DMFS regardless of clinicopathological factors including patient age, grade, nodal stage, 

tumour size and lymphovascular invasion. High PPL protein expression was significantly 

associated with poor BCSS and DMFS, independent of other clinicopathological factors (both 

P<0.01). Modulating expression levels of PPL conferred reduced cell proliferation and 

disrupted TNBC cell migration and invasion.  

Differential gene expression identified a total of 2143 genes differentially expressed between 

IDCs showing a reduced or loss of expression and normal or above threshold E-cadherin 

expression. IDCs with reduced or lost E-cadherin expression showed a dysregulation of genes 

regulating the Wnt signalling pathway (FZD2, GNG5, HLTF, WNT2 and CER1) and the PIK3-

AKT signalling pathway (FGFR2, GNF5, GNGT1, IFNA17 and IGF1). Interestingly, key 



  

 iv 

 

genes reported to be differentially expressed between lobular and ductal tumours did not show 

associations with E-cadherin loss in IDC. 

Conclusion  

The study of independent, large cohorts of clinically well annotated TNBC, using various 

molecular techniques and bioinformatics approaches, provides evidence of the molecular 

heterogeneity of TNBC and improves our understanding of the disease. This study has 

identified novel specific genes and proteins that were strongly predictive of TNBC outcomes 

including ACSM4, SPDYC and PPL, which are potential therapeutic targets. Also, the 

methodological approaches applied in this study can be used to identify genetic panels 

predicting patients’ outcomes and to investigate molecular functions in other subtypes of BC 

as well as different types of tumours. We provide further insights on the mechanism of the 

altered adhesion process and the impact of reduced or lost E-cadherin expression in TNBC. 

Further studies on the therapeutic values of the identified novel genes are warranted. 
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 Cancer 

Cancer is a complex disease arising from the deleterious modifications of genes that alter 

the behaviour, growth, and differentiation of transformed cells [1]. In 2015, 14 million 

people were diagnosed with cancer, and 8.8 million died because of the disease around the 

globe. Therefore, cancer accounted for one in every six deaths, making it one of the highest 

causes of mortality worldwide [2]. While progress in medicine and cancer research has been 

considerable, over the next fifteen years, the incidence of cancer is projected to increase by 

approximately 70% with a consequent increase in cancer mortality [3]. 

During carcinogenesis, mutated genes allow cells to adopt characteristics that enable them 

to evade the cellular systems that would ordinarily shut down cell proliferation. Instead, 

these transformed cells can proliferate uncontrollably, spreading to tissues and organs in 

other parts of the body. For cancer to develop, a number of systems need to fail. These 

include DNA repair mechanisms and the cellular mechanisms that control cellular 

proliferation, differentiation, apoptosis, and the cell cycle (Figure 1-1). Even though it is 

accepted that cellular abnormalities accumulate before cancer develops, the exact nature 

and sequence of events that have to take place before the cell transforms into a cancerous 

cell remains poorly understood [4–6].  
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Figure 1-1: Carcinogenesis in cells 

• This figure illustrated the differences between “Tumour Suppressor Genes and Proto-

oncogenes" in controlling cell division. 

 

 Hallmarks of Cancer  

Tumourigenesis can simply be defined as the abnormal growth of cells. Characteristic 

features of malignant tumours include evading apoptosis and growth suppressors, 

prolonged proliferative signalling, stimulating angiogenesis, triggering invasion and 

metastasis, and facilitating replicative immortality [5]. These characteristics were defined 

in Hanahan and Weinberg’s seminal framework, which summarised cellular features that 

all malignant tumorigenic cells are believed to acquire [5]. Specifically, these are the 

potential for limitless replication, the capacity to evade apoptosis, the ability for sustained 

angiogenesis, autonomous growth signals (i.e., not dependent upon external growth 

signals), insensitivity to signals to inhibit growth, and the ability to invade proximal tissues 
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and metastasise, spreading to other areas of the body [5]. As discussed later, this is often 

related to the loss of expression of key genes, such as E-cadherin (CDH1). Following 

advances in cancer research, Hanahan and Weinberg updated their framework in 2011 to 

include the capacity to evade the immune system, thereby avoiding detection and 

destruction, and the cells’ ability to self-modulate their metabolic processes [1] (Figure 

1-2). 

Hanahan and Weinberg’s 2011 review also defined three tumorigenesis-supporting traits 

that are characteristic of cancer. These are genomic instability and the accumulation of 

DNA mutation in the tumour microenvironment, inflammation in the tumour, and the 

abundance of endothelial cells, immune cells, pericytes, and stem cells in the tumour 

microenvironment. These characteristics enable the tumour to acquire features required for 

malignancy [1]. Functional, genomic, and genetic approaches have enabled the 

identification of genes that can protect against cancer (tumour suppressor genes), such as 

TP53, RB1, NF2, CDH1, and LKB, or promote susceptibility to cancer (oncogenes), such 

as RAS, RAF, and MYC [7]. Cell cycle processes are influenced by oncogenes gaining 

functionality and tumour suppressor genes losing functionality. This in turn influences 

tumourigenesis [7]. 

  



Chapter 1: Introduction 

  

 42 

 

 

 

 

 

 

 

 

 

 

  

Figure 1-2: The Hallmark of Cancer 

• This figure summarises the six hallmarks of cancer. Taken from Hanahan and 

Weinberg (2011)[1].  

 

 E-cadherin  

The cadherins are a superfamily of calcium-modulated cell adhesion glycoproteins [8]. 

There are four groups of cadherins; classical, desmosomal, protocadherin, and 

unconventional [9] but all are synthesised as pro-proteins that undergo post-translational 

modifications before they are transported to cell membranes [10]. Cadherins have three 

domains: intracellular, transmembrane, and extracellular [11]. Adherens junctions, which 

occur in epithelial and endothelial tissues, describe the connections formed between the 

intracellular domains of cadherins and actin networks [12]. The proto-typical E-cadherin is 

a type I transmembrane protein. Its ‘E’ prefix reflects the epithelial expression of this type 

of cadherin, distinguishing it from those expressed by nerve tissue (N-cadherins) and the 

placenta (P-cadherins) [13]. The expression of E-cadherin has been studied thoroughly in 
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both normal and abnormal tissues. This important protein is essential to embryogenesis and 

the development and maintenance of epithelial tissues [14]. 

1.3.1 Mechanisms of E-cadherin Loss 

As E-cadherin is central to maintaining close contact between adjacent cells in epithelial 

tissues, it also has a role in preventing the invasion of intrusive and metastatic phenotypes 

[15]. Cancer can metastasise and progress more readily when cell adhesion falters as a 

consequence of the partial or complete down-regulation of E-cadherin [16]. According to 

Van Roy and Berx [14], in malignant states, abnormal endocytosis, mutations, epigenetic 

silencing, and the up-regulation of non-epithelial cadherins are all able to suppress E-

cadherin, thereby promoting malignancy  (Figure 1-3).  

E-cadherin is transcribed actively, the positive regulators within the promoter are GC-rich 

regions, a CCAAT box, and an epithelial-specific enhancer (ESE) box. In contrast, E-box 

binding sites are sequences that suppress E-cadherin expression when bound to repressors 

[17]. Factors from various downstream signalling cascades, such as E47, SIP1/ZEB1, 

SLUG, SNAIL, and TWIST, can bind to the E-boxes to silence expression [18]. 

Under normal conditions of histone acetylation of the E-cadherin gene promoter region, 

transcription factors and co-factors are able to access the promoter, enabling normal levels 

of transcription [19]. However, in invasion and metastasis, dense methylation of the CpG 

dinucleotides (CpG Islands) in the CDH1 proximal region severely limits access to the 

gene. Thus, one mechanism for silencing the expression of E-cadherin is through DNA 

hypermethylation [20]. 

Another method of silencing E-cadherin expression is through mutation. Although 

comparatively infrequent, a number of cancers, including breast, endometrial, gastric, 

ovarian, and thyroid cancers, are linked to CDH1 mutations [21]. More commonly, the 

mutation-associated loss or dysfunction of E-cadherin is associated with TP53 and PIK3CA 
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mutations [22]. Though the types of mutation vary, loss-of-function mutations for CDH1 

have been observed frequently in diffuse gastric and lobular breast cancers (BCs). While 

the majority of gastric tumour mutations take the form of in-frame deletions that are caused 

by skipping exons, the mutations in lobular BCs are predominantly of the out-of-frame 

variety [23]. 

 

 

 

 

 

 

 

 

Figure 1-3: Proposed theories for mechanisms of loss of E-cadherin in cancer 

• Schematic illustration of various theories causing E cadherin loss of expression  
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 Tumour Metastasis  

 Metastasis describes the mechanisms whereby cancerous cells from the primary tumour 

invade, disseminate and spread, and establish new tumours in other parts of the body. For 

this to occur, tumour cells are believed to degrade the local extracellular matrix to invade 

surrounding tissue, intravasate into blood or lymph systems, escape detection by immune 

systems, extravasate, and successfully colonise distant organs. The patient’s prognosis 

deteriorates significantly once the tumour has metastasised, and metastatic cancers are 

considered incurable [24,25]. Metastatic tumour cells develop the capacity to migrate and 

invade other tissues. One central feature of metastatic cells is that their epithelial phenotype 

transitions to being mesenchymal-like (epithelial-to-mesenchymal transition, EMT). 

Through the EMT mechanism, epithelial cells in one part of the body break away from the 

epithelium and then travel to different organs [26]. Individual epithelial cells in normal 

tissue are connected to adjacent epithelial cells by intercellular junctions mediated by E-

cadherin, thereby forming sheets of cells. Thus, E-cadherin is central to the epithelial state. 

The current understanding is that E-cadherin dysfunction is required for cancer cells to 

invade proximal tissue and metastasise, which commonly manifests as loss of expression 

[27]. Several transcription factors (TFs) contribute to EMT mechanisms. These include 

SLUG, SNAIL, TWIST, ZEB1, and ZEB2. They suppress the expression of epithelial 

markers and promote the expression of mesenchymal-associated markers  [28]. Among the 

actions of a number of these TFs is the direct suppression of E-cadherin expression [28] 

(Figure 1-4). 
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Figure 1-4: Role of numerous signalling pathways in controlling the expression of E-

cadherin 

• Various E-cadherin signalling pathways regulate the key process of epithelial 

mesenchymal transition and the progression of breast cancer. Taken from Baranwal 

and K Alahari [29]. 

 

 Transcriptome Technologies  

The introduction of genome-wide expression quantification methods (Figure 1-5), such as 

gene microarrays and massive parallel sequencing/next-generation sequencing (NGS), has 

paved the way for the molecular classification of many types of cancers [21]. NGS is a 

high-throughput technique that can be applied to identify complex genomic instabilities, 

single nucleotide polymorphism/variants (SNP/SNVs), copy number alteration (CNA), 

short insertions/deletions (indels), and fusions in multiple genes from different patient 

samples [30,31]. The detection of genomic alterations allows the potential identification of 

new target therapies, which distinguish tumours that benefit little from traditional cytotoxic 

chemotherapy response regimens [32]. NGS has shown its high-throughput power in 
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deciphering the transcriptome of sequenced tumours and identifying potential new 

diagnostic and therapeutic targets, which are being used to inform and develop new 

approaches to improve patient outcomes[33–35]. Somatic mutations are believed to usually 

occur in tumour epithelial cells. It is well established that the tumour microenvironment is 

critical in tumorigenesis through progression, treatment response, and treatment resistance 

[36]. Consequently, quantifying the gene expression of tumour and adjacent non-tumour 

cells may provide important information for cancer progression and treatment responses, 

as evidenced by multiple studies integrating the transcriptome using gene expression arrays 

[37,38]. While RNA sequencing through NGS is more complicated in terms of 

experimental procedures and bioinformatics analysis, it has advantages in supporting a 

higher dynamic range when compared to gene expression array technologies [39]. NGS 

technology has proven its ability to accurately quantify gene expression, including those 

transcripts with either very low or high expression, and thereby overcomes the limitations 

of other technologies, such as gene expression arrays [40].  
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Figure 1-5:Summary of current gene expression detection assays for cancer tissue sample 

• A schematic illustration of current detections assays to decipher tumour 

heterogeneity. Taken from Narrandes and Wayne Xu  [41]. 

 

 Anatomy and Histology of Normal Breast Tissue 

To understand BC, it is necessary to differentiate the histology of non-malignant mammary 

tissue. Normal female breast development commences early in embryogenesis, when the 

mammary crest forms, followed by nascent mammary buds. Breasts are rounded, complex, 

glandular tissues that cover the pectoral muscle at the front of the rib cage. The structural 

integrity of these milk-producing and secreting glands is maintained by the surrounding 

fatty and connective tissues. Within each mammary gland, there are between 12 and 20 

lobes, which subdivide into several thousands of smaller lobules, and these, in turn, can 

contain up to 200 acini, which are the milk-secreting pouch-shaped structures. Acini ducts 
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join together to form a terminal duct; this and its associated lobule form the terminal duct 

lobular unit (TDLU). The TDLU drains into the subsegmental and segmental ducts, which 

drain into the lactiferous duct and open into the lactiferous sinus that leads to the nipple 

[42]. Functional maturity of breast tissue occurs during the pregnancy-lactation cycle (PLC) 

[43], which is a high-energy state. Puberty, PLC, and post-menopause initiate significant 

hormonal and structural changes in breast glands [43] (Figure 1-6). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-6: Anatomy of the female breast 

• The nipple and areola are shown on the outside of the breast. The lobes, lobules, 

ducts, and other component the breast is also shown. 
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 Development of Invasive Breast Cancer 

One of the first steps in the malignant transformation of breast tissue is the emergence of 

hyperplasic epithelial cells that exhibit resistance apoptosis [44]. Benign breast lesions may 

progress to become malignant, with atypical ductal hyperplasia (ADH) and atypical lobular 

hyperplasia (ALH) being two highly proliferative conditions that in some women are risk 

factors for cancer [45]. The hyperplasia of the epithelium can progress to cellular atypia, 

which causes the breast duct to become obstructed and can lead to ductal carcinoma in situ 

(DCIS). Asymptomatic DCIS is mainly detected by mammographic screening. This is 

particularly important in young, high-risk DCIS patients, as ‘pre-invasive’ lesions in normal 

breast tissue can potentially develop to become locally invasive ductal carcinoma (IDC) 

[46].  

BC is a multi-factorial disease, as there are several highly complex mechanisms that 

ensure malignant breast cells propagate and survive. Examples of these mechanisms 

include activating inflammation, avoiding growth suppressors and immune surveillance, 

genomic instability, invasion, and metastatic pathways [1]. Outcomes of high invasion 

and poor survival have been linked to BC that has a high number of cancer stem cells 

[47,48]. However, particular molecular intrinsic subtypes that determine hormonal 

signalling pathways have been identified in other studies as being responsible for invasive 

BC (IBC) [49]. Different subtypes of epithelial cells may give rise to different types of 

BC. Some BCs grow slowly and are sensitive to various treatments, whereas others are 

aggressive, initiating invasive-metastatic cascades [46]. For non-invasive DCIS to 

progress to IDC, these tumours must penetrate the myoepithelial lining and basement 

membrane, which depends upon the presence of genetic, transcriptional, and protein 

abnormalities [46] (Figure 1-7). 
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Figure 1-7: Historical model of breast cancer development and evolution. 

• ADH:atypical ductal hyperplasia; ALH: atypical lobular hyperplasia; DCIS: ductal 

carcinoma in situ; HUT: hyperplasia of usual type; IDC: invasive ductal carcinoma; 

ILC: invasive lobular carcinoma; LCIS: lobular carcinoma in situ. Taken from Maria 

A Lopez-Gracia and colleagues [50]. 

 

1.7.1 Breast Cancer: Prevalence and Mortality 

IBC is a primary cause of female mortality. The global incidence of BC was presented in 

the World Cancer Report 2014 as 43.3 per 100,000 females. Colorectal carcinoma is the 

next most common cancer, with an incidence rate of 14.3 per 100,000. The incidence of all 

cancers, except non-melanoma skin cancer, is highest in high-income countries, including 

Australia, Belgium, Canada, France, Ireland, Japan, Luxembourg, Monaco, Netherlands, 

New Zealand, South Korea, the United Kingdom, and the United States. However, the 

greatest burden of cancer mortality falls on developing regions, with 70% of all cancer-

related deaths occurring in Africa, Asia, and Central and South America. It is predicted that 

by 2025, 20 million new cancer cases could occur, specifically in low-income countries 
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[51]. In 2008, the number of women with BC was approximately 1.4 million, but within 

four years it had risen to 1.67 million cases, indicating a growing trend in BC [52]. The 

World Cancer Report 2014 stated that the respective numbers of cases of BC in women in 

developed and developing countries were 794,000 and 883,000, respectively. In 2012, the 

estimated incidence of BC in European females was 464,202 (28.8%), whereas the 

estimated BC mortality was 131,257 (16.8%). The burden of BC deaths disproportionately 

affects developing countries, where 324,000 deaths were reported [53]. In Saudi Arabia, 

the number of female BC patients rose significantly from 1,152 in 2008 to 1,473 in 2010 

[54]. The actual incidence of BC in Saudi Arabia could be quite different because the uptake 

for BC screening is very low [55]. More treatment options may be available if BC is 

detected early. With effective educational campaigns and lifestyle changes, there could be 

fewer new cases of BC. 

1.7.2 Risk Factors for Breast Cancer  

As noted earlier, BC risk is multifactorial, and the precise mechanisms behind BC are not 

yet completely understood. Environmental, heritable, and lifestyle factors can all 

predispose an individual to risks of developing BC or its progression. Some of these risk 

factors are considered in the following sub-sections. 

1.7.2.1 Exposure to Oestrogen  

The initiation and progression of BC is recognised as being influenced by hormonal factors. 

The primary sex hormone in females is oestrogen, which is implicated in a multitude of 

biological functions. Although oestrogen is an endogenous hormone, the risk of BC 

increases for women who take oral contraceptives or hormone replacement therapy for 

menopause, as these medications contain oestrogen and can stimulate breast growth [56]. 

The risk of IBC is reported to be elevated in menopausal women exposed to a combination 

of oestrogen and medroxyprogesterone, a form of progesterone that regulates ovulation 
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[57]. As a consequence of pregnancy and longer duration of breastfeeding, lobules 

differentiate, which confers a protective effect against IBC by reducing exposure to 

oestrogen, thus reducing the incidence of IBC [58]. The difference in incidence of BC 

between mothers who have had full-term pregnancies and breast-fed and nulliparous 

women is significant, with the latter group being much more vulnerable to BC [59]. 

1.7.2.2 Age  

The risk of developing BC increases with age, with women over 50 being more likely to 

develop the disease compared to younger women. However, when BC occurs in young 

women, there is a tendency for it to have an aggressive advanced-stage phenotype, such as 

triple-negative BC (TNBC) or overexpression of human epidermal growth factor receptor-

2 (HER2), which are strongly associated with poor survival outcomes [60,61].  

1.7.2.3 Family History and Genetic Predisposition 

Ten percent of BC cases are attributable to hereditary factors [62]. The risk of developing 

BC increases for women who have a first- or a second-degree relative (i.e., mother, 

daughter, or sister) who has suffered from BC. There may also be an increased risk for 

women who have several relatives who have had ovarian cancer. A relationship has been 

established between hereditary BC and germline mutations in the genes for BC type-1 

susceptibility protein (BRCA1) and BC type-2 susceptibility protein (BRCA2). The results 

of one study indicated that 25% of familial risk is attributed to BRCA1/BRCA2 mutations 

[63]. BCs due to BRCA1/BRCA2 mutations are generally early-onset and affect both breasts 

[62]. Women who have BRCA1/BRCA2 mutations are also more vulnerable to gastric, 

pancreatic, and colon cancers [64,65]. 
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1.7.2.4 Alcohol Consumption, Smoking, and Obesity  

Other factors that increase the risk of developing BC include lifestyle choices. 

Mammography scans have identified a relationship between the scan density level and 

regular high-alcohol consumption [66]. The International Agency for Research on Cancer 

(IARC) stated that the risk of developing BC increased by < 10% for women who drank 10 

grams of alcohol per day [67]. Smoking is also a risk factor, with active smokers and those 

who have smoked for a long time being much more susceptible to BC than passive smokers 

and non-smokers. Passive smoking is still a risk factor, as non-smoking women exposed to 

smoke are more likely to develop BC than non-smoking women who are not exposed to 

smoke [68]. Postmenopausal women who are overweight or obese also have a higher risk 

of developing BC [69]. There are potentially a few obesity-associated mechanisms that 

could account for the increased risk of developing BC. For example, adipose tissue 

expresses aromatase, which converts androgen to oestrogen. Also, there is an association 

between obesity and elevated levels of circulating insulin, secreted inflammatory cytokines, 

and insulin-like growth factor I. All of these are coupled with increased risks of developing 

BC [70]. 

1.7.2.5 Breast Density  

Mammography scans reveal the density of breast tissue. Scans of breast tissue that appear 

light indicate fatty tissue, whereas dense scans denote glandular and supportive fibrous 

tissues. There is a robust relationship between the risk of developing BC and the density of 

the tissue. Women with low-density tissue are less likely to develop BC, and those with 

dense tissue are much more vulnerable to the disease [71]. 
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1.7.3 Prognostic Factors 

BC is histologically and clinically heterogeneous. One major challenge has been the 

identification of accurate prognostic factors. The prognostic factors used for BC are tumour 

characteristics, any of which may predict patient outcomes. The latter can be differentiated 

as BC-specific survival (BCSS), distant metastasis-free survival (DMFS), and disease-free 

survival (DFS). However, any clinicopathological features of BC may be used as predictive 

factors to evaluate the probability of a specific treatment eliciting a response. Particular 

clinicopathological features may demonstrate predictive and prognostic characteristics. 

Outcomes can potentially be improved by accurately identifying prognostic and predictive 

features, which can inform the choice of therapeutic intervention to ensure that the 

treatments that are most likely to be effective are used. The factors most commonly used 

for BC prognoses and outcome predictions are discussed in the succeeding sub-sections. 

1.7.3.1 Tumour Grade 

A common prognostic indicator of BC is a three-tiered tumour grading system that 

compares the appearance of BC cells to normal breast cells and assesses the organisation 

of BC cells in malignant lesions. The three tumour categories are 1) Grade I: BC cells 

appear very similar to normal breast cells, are well differentiated, and grow slowly; 2) 

Grade II: BC cells are differentiated and rapidly growing; therefore, they do not resemble 

normal breast cells; and 3) Grade III: BC cells are poorly differentiated and rapidly 

growing, and they bear little resemblance to normal breast cells [72]. When a pathologist is 

unable to determine the grade, the patient might be given a ‘grade X’ [72]. Some grading 

systems include Grade IV, which reflects a high grade but undifferentiated cancer. There 

are three factors used to calculate the grade of a breast tumour. First, the percentage of 

tubules or acini in the tumour: score = 1 if these make up the majority of the tumour (> 

75%); score = 2 if the extent is moderate (10%–75%); and score = 3 if little or none (< 
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10%). Second is the nuclear pleomorphism: score = 1 if there are small or regular uniform 

cells; score = 2 if there is a moderate increase in size and variability; and score = 3 if there 

is pronounced variation. The final aspect is mitotic count: score = 1 if mitotic count is < 9, 

score = 2 if mitotic count is between 10 and 19, and score = 3 if mitotic count > 20. Mitotic 

cells are counted using 10 high-power field light microscopy with a field diameter of 0.58 

mm. The image area of the digital scans of tumour sections should be 512 × 512 μm2. The 

tumour grade of a case is determined by summing the scores of the different factors. 

Therefore, total factor scores of 3–5 are designated tumour grade I; the prognosis for these 

tumours is good. A total score of 6 or 7 is classed as tumour grade II, and the prognosis is 

moderate. Total scores of 8 or 9 are grade III tumours, and the prognoses are poor [72,73]. 

This tumour grading system has been incorporated into the Nottingham Prognostic Index 

(NPI) [74]. 

1.7.3.2 Tumour Size 

A key factor for predicting BC behaviour and patient outcomes is the size of the tumour. In 

IBC, the size of the tumour has a significant effect on the prognosis [75]. In particular, it is 

a robust predictor of nodal metastasis [76]. For this study, tumours were categorised 

according to their size. Those tumours less than 20 mm were classified as small tumours, 

and anything exceeding that was deemed to be a large tumour. The size of the tumour is 

integrated into the NPI [74]. 

1.7.3.3 Lymph Node Stage  

Another prognostic factor for IBC is lymph node (LN) staging. Particularly during the early 

stages of disease, the correlation between LN stage and DFS and BCSS is robust [77]. For 

this study, cases were allocated to one of three discrete groups depending on LN staging: 

1) LN stage I, no LN was involved; 2) LN stage II, between one and three LNs were 

involved; and 3) LN stage III, more than three LNs were involved [78,79]. There is a clear 
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relationship between LN staging and survival outcomes for IBC patients, with lower LN 

staging being associated with better prospects of survival. Approximately 83% of BC 

patients with LN stage I survive at least five years [80]. This LN staging system is integrated 

into the NPI [74].  

1.7.3.4 Nottingham Prognostic Index  

The NPI is a survival-setting and prognostic stratification tool for the assessment of IBC 

patients [78]. As previously mentioned, tumour grade and size and LN stage are the 

prognostic parameters that form the NPI, conferring the tool with robust prognostic power. 

Each patient’s NPI score is based on her clinicopathological tumour and LN scores; the 

formula used to calculate NPI is as follows:  

NPI = 0.2 × tumour size (cm) + LN stage (1 to 3) + tumour grade (1 to 3) 

Using the results of the calculation, NPI is categorised as being 1) good, 2) moderate, or 

3) poor.  

The NPI has been updated. Originally, the good prognosis NPI group was defined as 

patients with an NPI score of < 3.4, while the moderate prognosis NPI category covered 

NPI scores of 3.4–5.4, and all scores exceeding 5.4 were the poor prognosis NPI group [74]. 

However, in the updated version, each of the original three groups is subdivided to give a 

total of six groups: NPI 2.08–2.4 is the excellent prognostic group (EPG); NPI 2.41–3.40 

is the good prognostic group (GPG); NPI 3.41–4.40 is the moderate prognostic group-I 

(MPG-I); NPI 4.41–5.40 is the moderate prognostic group-II (MPG-II); NPI 5.41–6.40 is 

the poor prognostic group (PPG); and NPI > 6.40 is the very poor prognostic group (PPG) 

[81]. This study utilised the original NPI grouping system for all cases. 
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1.7.3.5 Lymphovascular Invasion  

Lymphovascular invasion (LVI) reflects the presence of tumour cells in either or both the 

blood vessels and lymphatic spaces around the tumour. In IBC patients, LVI correlates 

strongly with BCSS and DMFS [82]. LVI is identified by microscopic examination of the 

morphology of the primary tumour that may or may not have endothelial-specific markers. 

LVI is a marker of metastatic potential if identified in the primary tumour. A number of 

studies have established the prognostic value of LVI [82–84]. 

1.7.4 Breast Cancer Predictive Factors  

The purpose of evaluating predictive factors or biomarkers is to accurately forecast the 

prognosis and responsiveness to particular interventions. When used in conjunction with 

the clinicopathological data obtained from the prognostic parameters described above, 

predictive biomarkers are key to stratifying BC patients and managing their disease [85].  

1.7.4.1 Hormone Receptors ER and PR  

The American Society of Clinical Oncology (ASCO) and the College of American 

Pathologists (CAP) have issued guidelines that recommend that for IBC patients, the 

threshold of positive detection for oestrogen receptor (Erα or ER) and progesterone receptor 

(PR) is 1% of tumour nuclei [86]. ER provides a powerful predictive indication for extended 

adjuvant endocrine treatment; however, there is a lack of consensus as to the benefit of a 

lengthy hormone therapy regimen for patients who are ER+ [87]. Because premenopausal 

women are more susceptible to aggressive BC phenotypes, considering the prognostic 

relevance of ER positivity is of limited value in these patients. It is likely to be of greater 

benefit in post-menopausal BC patients. However, by considering ER status, the effect of 

age as an independent prognostic factor is disregarded, meaning the patient can benefit from 

intensive chemotherapy [88,89]. Clinical practice routinely tests for the co-expression of 

PR in ER+ patients. Patients’ responses to adjuvant hormonal therapy can be predicted 
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based upon the co-expression status of ER and PR. While only 50% of ER+/PR- patients 

respond to hormone therapy, when both receptors are expressed, the response rate rises to 

80% 64. 

1.7.4.2 HER2  

Encoded by the ERBB2 gene, the tyrosine-protein kinase receptor erbB-2 (HER2) is 

overexpressed in approximately 15% of BC patients. There is a strong correlation between 

HER2 overexpression and aggressive IBC phenotypes; the survival outcomes are typically 

poor [90]. HER2 positivity marks discohesive BC cells undergoing EMT and drives 

oncogenic potential [91]. Manifestations of HER2 positivity in IBC patients include 

abnormal polarity of cells, invasion, and malignant growth [92]. HER2+ BCs can be treated 

with trastuzumab (HerceptinTM), which is a humanized monoclonal antibody that targets 

HER2+ tumours. Thus, trastuzumab is an excellent example of the emerging discipline of 

precision medicine, where the molecular features of specific tumours can be specifically 

targeted by therapeutics. However, the effectiveness of trastuzumab declines as the disease 

progresses and is limited to women with early-stage BC [93]. A further category of BC 

describes tumours that lack detectable expression of ER and PR hormone receptors and 

HER2; this is classified as TNBC [94]. 

1.7.4.3 Breast Cancer Molecular Classification by Microarray 

Distinct patterns of gene expression related to the different BC subtypes were first reported 

in 2001 [95]. Hormonal receptor-positive (HRE+) and hormonal receptor-negative (HRE-) 

types of BC tumours were identified from DNA microarray experiments using hierarchical 

clustering analysis using the Prediction Analysis of Microarrays (PAM50) gene panel [95]. 

Clustering analysis revealed that HRE+ could be sub-categorised according to tumour gene 

expression profiles that resemble the profiles of luminal epithelial mammary cells. Three 

classes of tumours were distinguished by clustering analysis of HRE types: 1) luminal 2) 
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HER2-amplified, 3) basal-like, and 4) normal breast-like. These phenotypes represent the 

expression profiles of ER, PR, and HER2 as luminal-A (ER+, PR+/-, HER2-), luminal-B 

(ER+, PR+/-, HER2+), HER2+ (ER-, PR-, HER2+), and basal-like (ER-, PR-, HER2-) 

[95,96]. Normal-like BC was not shown to be a true subtype. According to Reis-Filho and 

Tutt [97], ER, PR, or HER2 receptors are expressed in 15%–54% of basal-like tumours, as 

determined by microarray-based expression profiling studies. This suggests that, even 

though TNBC and basal-like cancers share a similar histological appearance, they are not 

necessarily molecularly similar. Therefore, these forms of disease should be distinguished 

from each other and treated accordingly [97]. Basal-like and non-basal triple-negative 

basal-like tumours were differentiated by exploring the positive immunohistochemistry 

(IHC) expression of epidermal growth factor receptor (EGFR+) and/or type II cytoskeletal 

5 and 6 (CK5/6+) [98]. The biological features of basal-like BC and non-basal TNBCs 

differ from each other [98]. In 2007, the classification system was expanded to include the 

claudin-low-type BC. These tumours are characterised as under-expressing the genes for 

the proteins involved in cell-cell adhesion and tight junctions in epithelial cells [99]. A 

study by Dawson and colleagues [100] proposed a new classification of BC that used a 

different approach to stratify 2,000 samples of BC performed a thorough genome and 

transcriptome profile, arriving at ten integrative clusters (IntClusts) (Table 1-1). The 

profiles of the clinical and molecular features, genomic patterns, and expression of ER, PR, 

and HER2 were different for each IntClust. 
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 Table 1-1: Features of the Integrative Clusters 

IntClust Defining Molecular Features Clinical Features BC Prognosis Genomic Instability 

1 17q23 amplification High grade tumours Intermediate High 

2 11q13/14 amplification No distinct clinical features Poor High 

3 Lack of CNA changes Low grade, low LN+ Good Low 

4 CNA devoid Low grade Good Low 

5 ERBB2 amplification Younger age at diagnosis, high grade, high LN+ Poor Intermediate 

6 8p12 amplification No distinct clinical features Intermediate High 

7 16p gain, 16q loss, 8q amplification Older age at diagnosis, low grade Good Intermediate 

8 1q gain, 16q loss Older age at diagnosis, low grade Good Intermediate 

9 8q gain, 20q amplification High grade tumours Intermediate High 

10 5q loss, 8q gain, 10p gain, 12p gain Younger age at diagnosis, high grade, large tumours Poor Intermediate 

• IntClust, integrative cluster; LN+, lymph node involvement. 
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 Triple-Negative Breast Cancer (TNBC) 

1.8.1 Pathogenesis, Incidence, and Risk Factors: 

TNBC is the category of BC where expression of ER, PR, and HER2 are not detected by 

IHC evaluation. Between 15% and 20% of BC cases are categorised as TNBC [101]. These 

cancers are typically diagnosed in younger women. Because TNBC is an aggressive form 

of cancer [101] and is associated with a high frequency of molecular aberrations [102], 

these tumours are difficult to treat. The five-year survival of patients with TNBC is the 

worst across all races/ethnicities, whereas ER+/PR+/HER2- BC subtypes have the best 

prognoses [103]. The demographic factors that affect the incidence of cancer are reported 

to be highly variable depending upon age, race/ethnicity, and socioeconomic status (SES) 

[103,104]. Studies revealed that the factors most commonly associated with TNBC include 

lower SES and age < 40 years [104,105]. According to the results of one study of women 

under the age of 50 years with BC, almost twice as many had TNBC as the 

ER+/PR+/HER2- subtype. Furthermore, more stage 3 and 4 tumours and T2 and T3 

tumours (tumours more than 5 cm in diameter) were detected in the women with TNBC. 

This cohort had the lowest incidence of grade 1 tumours [106]. 

1.8.2 Prognostic and Predictive Factors in TNBC 

Because of the typically high-grade nature of TNBC tumours, factors that are usually used 

to make prognoses, including age, tumour size, grade, and lymph node stage, are of limited 

predictive value. Furthermore, TNBC tumours are often associated with metastases and 

recurrence [107]. To improve these outcomes, reliable and precise molecular 

characterisation of the tumour is essential, as that information can inform the selection of 

suitable therapeutic interventions.  
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1.8.3 TNBC Molecular Classification by Microarray 

Lehman and colleagues used transcriptomic approaches to identify different subsets of 

TNBC [108]. The gene expression profiles of TNBC cases (N = 587) from 21 BC data sets 

were studied. Six discrete TNBC subtypes were detected using cluster analysis: 1) basal-

like 1; 2) basal-like 2; 3) immunomodulatory; 4) mesenchymal; 5) mesenchymal stem-like; 

and 6) luminal androgen receptor. The transcriptomic expression for each of these 

categories differs from the others. The findings are consistent with TNBC cell line studies 

[108]. 

1.8.3.1 Basal-Like 1 (BL1) and Basal-Like 2 (BL2) TNBCs 

The basal-like (BL) BC molecular intrinsic subtype constitutes up to 80% of TNBC cases. 

Using IHC, BL-TNBC demonstrated positive expression for cytokeratin 5 or 14 and EGFR 

[109,110]. Lehman and colleagues [110] stratified BL-TNBC into two subgroups (BL1 and 

BL2), both of which include enrichment of the cell cycle component, pathways of DNA 

replication, DNA damage response, and high expression of proliferation genes, including 

Ki67. Remarkably, EGFR, insulin-like growth factor receptor (IGFR), and EMT signalling 

pathways are particularly enriched in the BL2 subtype [110].  

1.8.3.2 Immunomodulatory TNBC 

The TNBC immunomodulatory (IM) subtype is classified by the enrichment of gene 

ontologies associated with important immune cell signalling pathways, such as T-cell, B-

cell, and natural killer cell signalling, cytokeratin signalling, antigen processing and 

presentation, and the immune signal transduction pathway [110]. The IM TNBC molecular 

subtypes predominantly overlap with TNBC tumours with medullary histological 

differentiation, which is a unique and rare histological subtype of TNBC that, despite 

depicting a high-grade tumour, presents a favourable prognosis [111]. 
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1.8.3.3 Mesenchymal and Mesenchymal Stem-Like TNBC 

Genes involved in cell motility regulation, extracellular matrix receptor communication, 

and cell differentiation indicating enhanced Wnt/β-catenin and TGF-β/catenin signalling 

pathways are all enriched in both mesenchymal (M) and mesenchymal-like (MSL) TNBCs. 

However, the MSL-TNBC subtype differs from the M-TNBC subtype by high expression 

of genes related to the growth factor pathway (EGFR and platelet-derived growth factor 

(PDGF), calcium, and extracellular signal-regulated kinase signalling (ERK). The MSL-

TNBC subtype shows an increased expression of genes related to the EMT cascade. The 

most notable difference between MSL-TNBC and M-TNBC is the deregulation of genes 

regulating cell proliferation. Studies have shown that EMT induces chemotherapy 

resistance in cancer cells [112]. Interestingly, TNBCs showing metaplastic histological 

differentiation are recognised as being highly chemo-resistant. These cancers mostly 

express M-TNBC and MSL-TNBC genomic profiles [110]. The claudin low subtype 

transcriptome profile overlaps with the MSL subtype, and both show deregulation of 

expression for claudin 3, 4, and 7 genes, along with upregulated expression of genes 

regulating EMT, such as metalloproteinase 2 (MMP2) [110]. 

1.8.3.4 Luminal Androgen Receptor (LAR) TNBC 

Although TNBC by definition lacks expression of ER, gene expression profiling of TNBC 

revealed upregulation of androgen and oestrogen metabolic pathways. Upregulation of the 

androgen receptor (AR) is a major component of steroid-related signalling, which replaces 

ER expression in TNBC subtype. The downstream LAR-TNBC subtype is supported by 

positive nuclear expression of the AR using immunohistochemistry. Hierarchical clustering 

demonstrated that the LAR-TNBC subtype has a luminal-like gene signature resembling 

luminal ER+ BC. Overlap exists between the LAR molecular subtype and TNBC with 
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apocrine histological differentiation. Upregulation of phosphoinositide 3-kinase (PI3KCA) 

is also characteristic of the LAR-TNBC molecular subtype [110].  

Upon further dissection of the TNBC molecular subtype and comparing the TNBC genome 

profile with the gene set symbolising the five intrinsic molecular subtypes of BC using the 

PAM50 gene panel (luminal A, Luminal B, HER2-enriched, basal-Like, and normal-like), 

Lehman and colleagues,[110] revealed that the TNBC genome profile greatly overlaps with 

the basal-like profile (81%). Furthermore, 10% correlate with the HER2-enriched subtype, 

3% correlate with luminal B, and 1% correlate with luminal A. Further assessment for 

TNBC molecular subtypes and the PAM50 intrinsic classification showed that the basal-

like phenotype mostly comprised each TNBC molecular subtype (BL1 99%, BL2 95%, IM 

84%, and M 97%), excluding the LAR and MSL subtypes. The MSL-TNBC subtype has 

been shown to overlap with the basal-like phenotype by 50%, the normal-like phenotype 

by 28%, and 14% in luminal B [110]. LAR-TNBC demonstrated a 74% overlap with HER2-

enriched and 14% with luminal B [110].  

Refinement of the molecular classification of TNBC was achieved following reassessment 

of stromal and immune cell contributions to the tumour by combining histologic 

presentation, laser capture micro-dissection, RNA isolation, and gene expression profiling. 

Lehman and colleagues modified their original TNBC molecular classifications [113]. The 

modified subtyping provided evidence that tumour-infiltrating lymphocytes and stromal 

tumour cells predominantly compose the M-TNBC and MSL-TNBC molecular subtypes, 

respectively. Henceforth, a revised four molecular TNBC subtype classification (BL1, BL2, 

LAR, and mesenchymal) was presented [113]. The refined molecular classification 

revealed differences in tumour progression in terms of grade, stage, histopathology 

diagnosis, and age. The four subtypes exhibited significantly different responses to neo-

adjuvant chemotherapy [113]. The study used 300 TNBC patient samples following neo-
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adjuvant treatment. BL2 and LAR were shown to have 18% and 29% of patients achieving 

complete pathological response (pCR), whereas 41% of BL1 patients achieved higher pCR 

[113]. 

When TNBC tumours were classified based on integration of copy number alteration and 

gene expression profile, as stated earlier [114], approximately 25% of all TNBC cases 

comprised the IntClust 4 group, demonstrating a low level of genomic instability. However, 

poorly differentiated TNBC presented with the upregulation of TP53 mutations with 

intermediate genomic instability and showed a worse prognosis in the first five years of 

disease onset. Furthermore, absent CNAs with increases in tumour-infiltrating lymphocytes 

(TILs) indicated an improved clinical outcome [100]. Thus, it is evident to show genomic 

heterogeneity of the TNBC profile [110]. A comparison of the different classifications is 

illustrated in (Figure 1-8) 
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Figure 1-8 :TNBC classification in comparison with PAM50 classification 

• Demonstrative graph of the different molecular sub- classification used to stratify 

TNBC. Taken from Pareja and colleagues [115] (A) The frequency of each subtype in 

PAM50 classification, Lehman and colleagues [108]. classification, and Burstein and 

colleagues [116] (B) Comparison between the different sub-classification;  

- Burstein and colleagues [116] versus PAM50[113] 

- Lehman and colleagues [108] versus PAM50[113] 

- Burstein and colleagues [116] versus Lehman and colleagues [108] 
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1.8.4 Gene Expression Analysis of TNBCs by Next-Generation Sequencing 

Refined analysis of TNBC subtypes at the molecular level has been possible following the 

introduction of NGS technology. The aim of such studies is the identification of novel 

mutations in genes or pathways to enable the development of personalised therapies for 

improved patient outcomes [32]. One challenge is that TNBC is known to contain high 

driver mutation frequency [117], with mutations affecting the TP53, PIK3CA, and GATA3 

genes frequently detected among BC subtypes [118]. However, the incidence of these gene 

mutations between different BC subtypes varies. For instance, the TP53 frequency in TNBC 

is 80%, while luminal A BC has a 12% mutation load [118]. The most frequently mutated 

gene in TNBC is PIK3CA [118] (Figure 1-9). 

An expanded 358-gene NGS panel has identified new genetic variants in TNBC [119]. The 

JAX-CTP assay [119] was able to capture actionable variants, including single nucleotide 

alterations, small insertion and deletions (≤ 50 bp), and copy number alterations. Tumours 

with basal-like histologic features harbouring a prominent stromal lymphatic response were 

enriched in this study. TNBCs with at least one somatic mutation were detected in 90% of 

cases (18/20, 2.6 mutations per sample). The most common abnormality detected in this 

study was the amplification of the MYC oncogene, which was detected in 75% of TNBC 

samples. In addition, six additional amplified genes were detected, including BCL2, CCDN, 

FGFRE, EGFR, NOTCH3, and ID2. TP53, AURKA, and KDR gene mutations were 

detected in 30% of TNBC cases, and somatic mutations were observed in PALB2, MET, 

PIK3CA, JAK3, FGFR, RET, and RB1 genes. Interestingly, TNBC with apocrine 

morphology had mutations in the PIK3CA gene in one of the two cases analysed, which is 

similar to the Wiseman and colleagues  study findings [120]. 
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Several studies showed similar findings for gene mutations and additional alterations from 

different TNBC cohorts [121–124]. The loss of INPP4B and PTPN12 in up to 56% and 

23% of TNBC cases, respectively, were described by Gwennier and colleagues [121]. A 

novel rearrangement between the MERTK and TMEM87B genes resulted in upregulation of 

the MERTK intraocular kinase and was identified using segmental transcript analysis [124]. 

Likewise, FFRE-TACC3 gene fusion was identified in TNBC analysed cases, similar to 

identification detected previously in glioblastoma [124].  

Persons and colleagues reported on a prospective study utilising a liquid biopsy method to 

study the mutation profile in TNBC [125]. The study compared tissue sections or biopsies 

to circulating cell-free DNA. Their NGS study used an assay for 236 cancer-associated 

genes to test isolated tissue sample DNA and an NGS assay using 27 genes to test cell-free 

DNA extracted from plasma. The NGS study revealed 70% concordance between patients 

who had adequate tissue and cell-free DNA [125]. 

 

 

 

 

 

 

 

Figure 1-9: Prevalence of gene mutation affecting TNBC genome profile 

• Demonstrative graph for the percentage of somatic mutation affecting TNBC-BRCA 

genomic profile. Taken from Pareja and colleagues [115]. 
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1.8.4.1 Copy Number Aberrations in TNBC 

Recurrent copy number aberrations (CNAs) typically involve genes that favour neoplastic 

development. Therefore, stratification of TNBC genomic profiles for CNA is desired. A 

study by Fidalgo and colleagues identified the most recurrent CNAs in 16 TNBC patient 

samples from lymph nodes to assess the mechanism of tumour progression [126]. Their 

findings suggested a connection between the somatic acquisition of the 19p13.11 

susceptibility locus identified in the BRCA1 gene as a modifier of BC [127] and gain in 

TNBC with incidence of metastasis to the lymph node [126]. Stevens and colleagues 

revealed that SNP variation in 19p13.11 is also related to TNBC tumour growth [128]. 

1.8.4.2 Somatically Acquired Mutations in TNBC 

Loss of BRCA1 or BRCA2 function during TNBC tumorigenesis occurs in 10% of TNBC 

cases [129,130]. TNBC tumours with BRCA1 mutations possess similar molecular profiles 

to basal-like BC, including high tumour grade, negative expression of ER, PR, and HER2, 

high expression of Ki-67, and high mutation rates of TP53 [129,131]. TNBC tumours with 

BRCA mutations demonstrated overexpression of growth factors, EGFR and C-MYC 

amplification, and loss of RAD51-focus formations [132]. Increased expression of 

additional genes involved in DNA repair pathways, such as ataxia telangiectasia mutated 

(ATM) and TP53, are characteristically reported in high-grade BC tumours [129,131]. 

Remarkably, TNBC patients with BRCA1 mutations demonstrated a better response to 

platinum agents when combined with taxane/anthracycline-based neoadjuvant 

chemotherapy. Those patients with a TNBC diagnosis with BRCA mutations are referred 

to as having ‘BRCAness’ [132]. Poly-ADP ribose polymerase (PARP) inhibitors are 

currently being evaluated in clinical trials. PARP is a nuclear enzyme that interacts with 

intracellular pathways regulating DNA repair and cell survival through poly-ADP-

ribosylation [133,134]. Continuous cell replication is permitted when the designed 
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molecular agent inhibits the activity of this enzyme. Double-stranded DNA breaks are 

repaired by BRCA1/2 through homologous recombination, and BRCA1/2 mutated TNBC 

tumour cells are incapable of repairing the damage. TNBC tumour cells with a BRCA1/2 

deficiency are more susceptible to PARP inhibitors and may present favourable responses 

when the synthetic lethality of cells is induced by PARP inhibitors [133,135].  

1.8.5 Morphological Heterogeneity of TNBC 

The histological, genetic, transcriptional, and clinical heterogeneity of TNBC represents a 

major clinical challenge ( Figure 1-10 ). While many TNBC tumours are composed of high-

grade lesions from IDC [136], a multitude of rare histologic special subtypes of BC also 

share the TNBC phenotype. High-grade lesions with a TNBC phenotype include breast 

carcinoma with apocrine differentiations, metaplastic breast carcinoma (MBC), and BC 

with medullary features [137]. Low-grade TNBCs, despite their rarity, comprise a diversity 

of lesions ranging from tumours with absent or indefinite metastatic potential to well-

characterised special types of invasive tumours [138]. To distinguish low-grade TNBC 

tumours, two subsets have been suggested. The first subset of tumours has micro glandular 

adenosis (MGA), atypical microgranular adenosis (AMGA), and acinic cell carcinoma 

(ACC). Regardless of their low-grade morphologic presentation and better outcomes, they 

have a complex genomic landscape common to the TNBC phenotype. Another rare subset 

is tumours with salivary gland features of the breast, which are recognized by salivary 

gland-like morphologic presentation and are usually underpinned by specific genetic 

alterations [139]. Furthermore, solid papillary carcinomas with reverse polarity (SPCRP) 

and low-grade variants of metaplastic breast carcinoma (MBCs) are considered rare 

histological variants of low-grade TNBC subtypes [137].  
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Figure 1-10: Spectrum of TNBC histological subtypes 

• Demonstrative spectrum of micrographs of the low- and high-grade histological 

variants comprises TNBC. Taken from Gayer and colleagues [137]. 

MBC; Metaplastic carcinoma of the breast 

 

1.8.5.1 Low-Grade TNBC 

In contrast to ER+ breast tumours, the identity of precursor lesions of TNBC remains 

unclear. The percentage of triple-negative (TN) DCIS is lower than their invasive 

counterpart, and invasive TNBC generally lacks a DCIS component [140]. The latter 

observation might be due to the rapid progression of TN DCIS towards invasive disease or 

that TNBC having a distinct precursor lesions than DCIS [140]. Additionally, studies on 

BC models showed that most cases of low-grade invasive carcinoma arise from low-grade 

DCIS, high-grade invasive carcinomas arise from high-grade DCIS, and the genetic profiles 

of DCIS and the invasive components are slightly different [141]. This is in contrast to 

carcinomas arising from other organs, like the colon and cervix, where the stepwise 
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carcinogenesis model is observed [142]. Taken together, TN DCIS might not represent the 

whole spectrum of TNBC precursor lesions, raising the potential that invasive TNBC can 

arise de novo. 

However, identification of a new low-grade subgroup as a precursor lesion that 

subsequently becomes invasive high-grade TNBC phenotype tumours based on histologic, 

immunophenotypic, and genetic similarity was documented [137]. MGA is a major source 

of TNBC, as it was reported that MGA is a non-obligatory precursor for TNBC [143,144]. 

However, comparing the low prevalence of MGA indicated that not all TNBC originate 

from the aforementioned histological subtype [140]. Most TNBCs that arise in a 

background of MGA are of low-grade morphology [137]. 

Remarkably, the TCGA BRCA study suggested that there are no significant differences in 

mutation profiles between the rare MGA, AMGA, and ACC TNBC histological subtypes 

and more common TNBCs [139]. For example, BRCA1 germline mutations are observed 

in MGA, AMGA, and ACC in addition to the common somatic genomic landscape between 

the entities. BRCA1 biallelic inactivation by a combination of somatic mutations, germline 

mutations, and/or somatic loss of heterozygosity has also been observed in three ACC cases 

[145,146]. In addition, a study by Guenerini-Rocco and colleagues  reported a case of MGA 

that was shown to have a somatic mutation coupled with the loss of heterozygosity in 

BRCA1 and TP53 [147]. These observations, together with data indicating that somatic 

alteration of BRCA1 and TP53 in mice may give rise to well-differentiated tumours [148], 

support the argument that concurrent loss of BRCA1 and TP53 function may lead to the 

development of high- and low-grade TNBC tumours [137]. Therefore, these observations 

indicate the existence of low-grade TNBC lesions that may eventually give rise to 

conventional high-grade TNBC [139]. As opposed to salivary gland-like tumours, specific 

somatic genetic mutations have yet to be defined in these lesions [145,147]. 
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1.8.5.2 Salivary Gland-Like Tumours of the Breast 

Primary TNBC tumours can mimic neoplasms of the salivary glands in histological and 

genetic differentiation. These tumours lack recurrent TP53 mutations, have lower CNAs, 

and harbour identified specific genetic mutations. Those specific genetic mutations 

reinforce some of these tumours regardless of origin site. This indicates that a 

genetic/phenotypic correlation is very high. Adenoid cystic carcinoma (ADCC) and 

secretory carcinoma are prototypical examples of this group, and both present with MYB-

NFIB and ETV6-NTRK3 fusion genes [149]. Additional salivary gland-like tumours that 

are possibly strengthened by the same oncogenic drivers that occur in the breast, but are not 

yet extensively studied, in comparison to other salivary gland counterparts, are 

polymorphous carcinoma, mucoepidermoid carcinoma, and adenomyoepithiolma [137].  

1.8.5.3 High-Grade Histological Types of TNBC 

1.8.5.3.1 Invasive Ductal Carcinoma Not Otherwise Specified 

Invasive ductal carcinoma not otherwise specified (IDC-NST) constitutes the majority of 

TNBC cases [136]. Histologically, the tumours present with pushing borders, a high degree 

of necrosis, striking tumour-infiltrating lymphocytes, an increased mitotic index, and 

outstanding nuclear pleomorphism [150]. The Integrated Mutation Profiling of Actionable 

Cancer Target platform is an NGS technique that targets all coding regions of 220 frequent 

cancer-related genes. Weisman and colleagues  reported on 22 IDC-NST cases, identifying 

an average of 3.41 non-synonymous mutations per case (range: 0–10) [120]. This was 

statistically significant in comparison with the TCGA cohort of TNBC (range: 0–7; mean 

= 2.37). TP53, MLL2, and PIK3CA were the most frequently mutated genes in the study, 

while other infrequent mutations were detected. Statistical significance included mutations 

in JAK1, TBK1, and TGFBR2. CNA analysis revealed a high frequency of amplification of 

MYC, MCL1, and DDR2 observed in the analysis of IDC-NST genome expression [120]. 
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1.8.5.3.2 Infiltrating Lobular Carcinoma 

Infiltrating lobular carcinoma (ILC) tumours are described as having either dissociated cells 

from each other or forming single files or targetoid patterns around uninvolved ducts and 

are thought to originate from in situ lobular neoplasia. While this type accounts for 10% of 

BC [151], the ILC-TNBC phenotype is rare, as it accounts for less than 5% [152]. A recent 

study of 2,952 ILC tumours showed that only 44 (1.49%) cases were of the TNBC 

molecular phenotype [153]. Interestingly, an analysis of these 44 TNBC tumours with ILC 

features using the PAM50 genomic profiling technique showed that 48% were classified as 

luminal A, 3% were luminal B, 32% were HER2-enriched, and only 16% were basal-like 

[153].  

1.8.5.3.3 Metaplastic Breast Carcinoma  

Tumours presenting with squamous and/or mesenchymal differentiation comprise MBCs 

[154]. The tumour spectrum includes a majority of high grade, with conspicuous nuclear 

pleomorphism and increased mitotic activity. Chemotherapy resistance that leads to a poor 

outcome is mostly associated with this histological subtype [155]. The morphologic 

heterogeneity of MBC tumours is associated with inter- and intratumoural transcriptomic 

and genetic heterogeneity [156]. Different histological components within individual MBC 

cases may show distinct patterns of CNAs regardless of whether they are clonally related 

[157]. Therefore, MBC histological subtypes (e.g., spindle cell, squamous, matrix 

producing, and those with chondroid or osseous differentiation) are underpinned by distinct 

gene expression profiles. MBCs with spindle cells are of the claudin low intrinsic subtype, 

whereas the basal-like subtypes are frequently composed of squamous and chondroid 

histological presentations of MBCs [156]. Applying the TNBC molecular classification by 

Lehman and colleagues [110,157] , spindle cell and chondroid MBCs were often found in 

the mesenchymal subtype, while squamous MBCs encompass multiple classifications 
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[110,157]. MBCs show comparative genomic complexity and a mutation rate of TP53, as 

observed in TNBC [158]. Genes associated with the activation of the PIK3 and WNT 

pathways were found to be enriched and mutated in TN MBCs [158],[159]. Mutations in 

PIK3CA (29%), PIK3R1 (11%), and PTEN (11%) predominantly affect the PIK3 pathway. 

TN MBCs have mutated genes in the WNT pathway that include FAT1 (11%) and AXIN1 

(6%). Although β-catenin expression is consistent with Wnt pathway activation in a subset 

of MBCs, mutations in the CTTNB1 gene are mostly infrequent to absent [158–160]. 

Weisman and colleagues studied one single case of TN MBC genome profile by NGS [161]. 

Their analysis indicated that the average number of non-synonymous mutations discovered 

in TN MBC cases was three, which was no different in comparison to cases of TN MBCs 

from the Cancer Genome Atlas. However, genetic alterations were detected in TP53, 

KDM6A, and MLL3 [161]. 

1.8.5.3.4 Carcinoma of the Breast with Medullary Features 

Distinct tumour borders with syncytial growth patterns and brisk tumour-infiltrating 

lymphocytes are the histological characteristics of what was previously known as medullary 

carcinoma of the breast [162]. However, in the current classification of the World Health 

organisation (WHO) for BC tumours, BC with medullary features is currently classified 

under the NST subtype [163]. 

 Remarkably, most of what has been previously known as  typical medullary BCs have TN 

characteristics [164] with a rate of TP53 mutations similar to that observed in the TN-IDC-

NST subtype [165]. TN medullary carcinomas are associated with favourable outcomes 

despite possessing increased mitotic activity and concerning cytological features [162]. 

Although a TN-atypical medullary carcinoma may not achieve all diagnostic criteria, it has 

a similar favourable outcome to TN medullary carcinoma of the breast [166]. Accurate 

distinction between atypical and typical medullary carcinoma is challenging and reflected 
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in poor inter-observer agreement [162]. Therefore, TNBC cases with medullary features 

are treated according to a common TNBC treatment protocol. The brisk lymphocytic 

infiltration of these tumours may be the result of a good prognosis for patients diagnosed 

with these histological subtypes [167,168]. 

1.8.5.3.5 Carcinoma of the Breast with Apocrine Features 

Apocrine differentiation BC is diagnosed when the tumour epithelium presents with large 

cells with prominent eosinophilic flocculent cytoplasm, markedly defined cell boards, and 

large nucleoli with prominent macro nucleoli [169]. Surprisingly, TNBC with apocrine 

differentiation is most frequently diagnosed in older patients. However, these tumours 

mostly have favourable prognoses, as the tumours are rarely grade 3 at diagnosis [170]. 

NGS transcriptomic analysis of TNBC with apocrine differentiation cases by Wiseman and 

colleagues revealed an average of 4.5 non-synonymous mutations per case [120]. Their 

transcriptomic analysis demonstrated that the most common mutated genes were PIK3CA 

and NF1. Their remarkable discovery was that cases with apocrine differentiation have 

fewer frequent TP53 mutations, and therefore, this tumour subtype has a lower level of 

genetic instability in comparison to other histologic sub-classifications of TNBC [120].  

1.8.6 TNBC Heterogeneity: Consequences for Treatment Decisions and Future 

Targeted Therapeutic Approaches 

A combination of treatments, including surgery, radiation, and chemotherapy, are the 

current management options for TNBC patients. Combination therapy of an anthracycline, 

such as doxorubicin, in combination with taxane (generally paclitaxel), whether in an 

adjuvant or neoadjuvant setting, is the most common therapeutic regimen [171]. TNBC 

patients present with higher response rates to neoadjuvant therapy when compared with 

patients harbouring ER+ tumours [172]. However, TNBC patients with residual diseases 

have a poor prognosis and shorter recurrence-free survival compared to those with other 
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BC subtypes carrying residual diseases. The high degree of tumour heterogeneity and the 

lack of identification of common targetable genomic mutations in TNBC have hampered 

the development of precision therapeutics for TNBC [116,172,173].  

As noted earlier, the goal of precision medicine in TNBC is to identify therapeutically 

targetable novel tumour molecular features to improve patient outcomes. One promising 

example is the use of antibody-drug conjugation, whereby a tumour-selective/specific 

monoclonal antibody is linked to an effector molecule to enable more precise drug delivery. 

Glembatumumb vedotin, for instance, is a combination of the cytotoxic drug monomethyl 

auristatin and an antibody with gpNMB glycoprotein, which is often overexpressed in 

TNBC tumour cells [174,175]. The second novel antibody drug conjugate used is 

sacituzumb govitecan, which combines the active metabolite of irinotecan, SN-38, with an 

anti-torp-2 monoclonal antibody specific to a glycoprotein expressed in TNBC [176]. 

As previously discussed, 10% of TNBC patients have the BRCA1/BRCA2 mutation in 

which tumour cells lack the homologous recombination DNA repair mechanism [129]. 

Most BL1 and BL2 TNBC patients harbour BRCA mutations [130]. Therefore, PARP 

inhibitors that target the DNA repair pathway might demonstrate efficacy in those TNBC 

subtypes. Monotherapies, such as veliparib and olaparib, are PARP inhibitors currently in 

clinical trials for TNBC, which have shown significant improvement in results in the overall 

response rates when combined with cisplatin [176].  

Frequent expression of EGFR has been shown in basal-like BC. A recent study indicated 

that, while EGFR mutations are a rare event, a high EGFR copy number was an independent 

prognostic factor for poor survival in TNBC patients [177]. This can be important when 

selecting patients for anti-EGFR targeted therapy, specifically TNBC patients from the 

Lehman BL2 subtype [110].  
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Recent transcriptomic studies indicate that TNBC tumours with the IM subtype presenting 

with high levels of tumour-infiltrating CD8 T cells may exhibit chemotherapy sensitivity 

and improved prognosis, while TNBC tumours exhibiting macrophages have relatively 

worse outcomes [178]. Programmed cell death ligand 1 (PD-L1) is more commonly 

expressed in TNBC than in non-TNBC tumours and is responsible for regulating the 

immune checkpoint. PD-L1 expression differs according to cellular location: 64% in 

tumour cell membranes, 80% in the cytoplasm, and 93% in the stroma [179]. Interestingly, 

expression of PD-L1 in the cytoplasm and stroma is associated with improved outcomes 

compared to PD-L1 expression in the tumour cell membrane [179]. Pembrolizaumb, an 

anti-PD-L1 antibody, was recently tested in clinical trials and was found to improve the 

survival rate by 18.5% in metastatic TNBC, strengthening the potential of immune 

checkpoint therapies against TNBC [180]. 

AR-targeted therapy for the treatment of TNBC patients expressing AR is currently being 

investigated in a number of clinical trials [181]. The spectrum of trials includes AR 

antagonists (bicalutamide and enzalutamide), small molecular inhibitors of AR:HSP90 

function (ganetspib), biosynthesis inhibitors (abiraterone acetate), and AR agonists (4-OH-

testosterone) [181]. There has been emerging evidence that when PI3K inhibitors are 

combined with AR antagonists, they exhibit higher efficacy than that of monotherapy in 

AR-positive TNBC patients [182]. If AR therapy is confirmed to be effective, then AR 

expression evaluation will be a common routine clinical practice for TNBC patients. 

Identifying patients with the LAR-TNBC subtype by gene expression profiling is 

potentially useful for treatment management [32] (Figure 1-11) 
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Figure 1-11: Spectrum of current clinical trials for TNBC treatment 

Demonstrative graph illustrating the current clinical trials for TNBC treatment based on the 

sub classification previously discussed, nevertheless, the new targeted therapies currently 

in development. Taken from Le Du and colleagues [130].   

 Abbreviations: AR, androgen receptor; ARi, androgen receptor inhibitor; BL, basal-like; 

EGFR, epidermal growth factor receptor; EGFRi, epidermal growth factor receptor 

inhibitor; I, immunomodulary; LA, luminal/apocrine; ML, mesenchymal-like; mTORi, 

mTOR inhibitor; PDL-1i, PDL-1 inhibitor. 
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 Hypothesis and Aims of the Work 

We hypothesised that the prognosis of TNBC is variable and reflects several phenotypic 

and genotypic characteristics of the tumours. To test this hypothesis, this project analysed 

both transcriptomic and proteomic profiles of a large, well-described TNBC cohort and 

related the findings to key clinico-pathologic parameters and identified novel potential 

mechanisms of metastases.  

This study aimed to: 

• Collect and catalogue a large series of TNBC cases diagnosed in Nottingham over a 20-

year period with associated clinical outcome data to construct tissue microarrays 

(TMAs) from the Nottingham TNBC cohort 

 

• Utilise high-throughput RNA sequencing transcriptomic analyses of the Nottingham 

TNBC cohorts to identify differentially expressed genes that predict early metastases.  

• Identify a novel prognostic biomarker signature to improve prediction of TNBC 

outcomes.  

• Understand the mechanistic roles and clinicopathological and prognostic value of 

periplakin (PPL) in TNBC. 

• Study the mechanisms and consequences of loss of E-cadherin expression as a mediator 

of metastasis in TNBC as compared to other BC subtypes. 
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 Cohort Identification and Data Collection 

This study used a retrospective well-characterised series of primary invasive (Stage I–III, 

excluding T3 and T4 tumours) TNBC samples (n = 393) obtained from patients who 

presented at Nottingham University Hospitals between 1987 and 2006 (Figure 2-1) (Table 

2-1). The retrospective cohort clinicopathological data, including patient age at diagnosis, 

histological phenotype, tumour size, tumour grade, nodal stage, lymphovascular invasion 

(LVI), and Nottingham Prognostic Index (NPI), were collected from patients’ medical 

records. The mean patient age was 51 years (range: 26–71) and tumour sizes in diameter at 

the time of presentation ranged from 0.25 to 8.00 cm (1.5–2.8 cm within the interquartile), 

with a mean tumour size of 2.2 cm. All patients were managed in a standard manner, where 

all patients underwent a mastectomy or wide local excision, as decided by disease 

characteristics or patient choice. Adjuvant therapy was based on the NPI and ER status. 

Prior to 2000, not all ER-negative BC patients were offered chemotherapy. HER2 status 

was neither assessed in routine practice nor did it influence treatment decisions during that 

time. Survival data were collected using a prospective method and included BCSS, defined 

as the interval from the date of primary treatment to the time of death due to BC, in addition 

to any disease-free interval (DFI), identified as the interval from the date of primary 

treatment to the first loco-regional recurrence. Additionally, distant metastasis-free survival 

(DMFS) was defined as the duration from the date of primary diagnosis to the appearance 

of a distant metastasis. All these parameters were measured in months. Long-term follow-

up and treatment data were available and collected from the Nottingham database system. 

The Nottingham TNBC patient cohort (N = 393) showed that 44% of the patients received 

classic cyclophosphamide, methotrexate, and 5-fluorouracil (CMF) adjuvant 

chemotherapy, 29% of the patients received 5-flourouracil, epirubicin, cyclophosphamide 

(FEC) adjuvant chemotherapy, and 20% received doxorubicin and cyclophosphamide (AC) 
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adjuvant chemotherapy. Furthermore, 71% of the Nottingham TNBC patient cohort 

received radiotherapy (RT) treatment. More importantly, none of the Nottingham-TNBC 

cohort received neoadjuvant therapy. 

A subset of the Nottingham TNBC patient cohort (N = 126) was used for NGS analysis and 

was referred to in this study as the ‘Nottingham transcriptome TNBC cohort’. Within this 

cohort, six patients had normal tissue samples harboured from TDLU areas, one patient had 

five samples, seven patients had four samples, and four patients had two samples. Selection 

of this subset cohort was based upon the availability of formalin-fixed paraffin-embedded 

(FFPE) tissue blocks with a sufficient tumour burden evaluated by the Nottingham Breast 

Cancer Research Group head pathologist. The Nottingham transcriptome TNBC cohort 

comprised a well-characterised series who presented at Nottingham University Hospitals 

between 1987 and 1998. The mean age of the patients was 48 years (range: 27–

69). Tumours size ranged in diameter at the time of presentation, with a mean tumour size 

of 2.41 cm (range: 0.25–8.0 cm). The Nottingham transcriptome TNBC cohort showed that 

51% of the patients received CMF adjuvant chemotherapy and 66% received radiotherapy 

(RT).
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 Figure 2-1: Descriptive explanation of used cohorts in the thesis
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Table 2-1: Patients cohort 

Clinicopathological 
Parameter 

NGS 
cohort 
(n=126) 

No (%) 

IHC 
Cohort 
(n=393) 

No (%) 

Clinicopathological 
Parameter 

NGS 
cohort 
(n=112) 

No (%) 

IHC 
Cohort 
(n=393) 

No (%) 

Age (years) Distant Metastasis 

< 50 70 (56) 183 (47) Yes 51 (41) 115 (30) 

≥ 50 56 (44) 210 (53) No 74 (59) 276 (70) 

Tumour Size (cm) Recurrence 

< 2 36 (28) 167 (43) Yes 53 (46) 133 (34) 

≥ 2 90 (72) 225 (57) No 68 (54) 256 (66) 

Grade Breast Cancer Specific Survival 

1 1 (1) 5 (1) Alive 70 (55) 251 (64) 

2 6 (5) 31 (8) Died of BC 47 (38) 112 (29) 

3 118 (94) 356 (91) 
Died of other 
causes 

9 (7) 29 (8) 

Nodal Stage Nottingham Prognostic Index 

1 76 (61) 264 (67) Good Prognosis 4 (3) 20 (5) 

2 31 (27) 89 (23) 
Moderate 
Prognosis 

84 (67) 287 (73) 

3 18 (12) 38 (10) Poor Prognosis 38 (30) 84 (22) 

Tumour histological subtype Chemotherapy 

Ductal No special 
type (NST) & 
medullary subtype 

121 (95) 376 (96) 
Yes 63 (51) 240 (61) 

No 49 (40) 123 (31) 

Lobular 2 (2) 4 (1) 
No treatment 
information 

7 (10) 30 (8) 

Miscellaneous and 
special subtypes 

3 (3) 13 (3) Radiotherapy 

Vascular Invasion Yes 83 (66) 277 (70) 

Yes 48 (38) 107 (27) No 31 (25) 97 (25) 

No 78 (62) 286 (67) 
No treatment 
information 

12 (9) 19 (5) 
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 Next-Generation Sequencing (NGS) 

2.2.1 RNA Extraction, Library Construction, and NGS Analysis 

Representative FFPE blocks of cases were retrieved, and invasive tumour cells were macro-

dissected from unstained multiple tumour blocks of each case where tumour cellularity (i.e., 

tumour burden) was at least 50% of the tissue section area (Figure 2-2) illustrates the 

experimental workflow. Block identification and RNA extraction were conducted by Dr 

Mohammad Aleskendany prior of the author joining the lab.  In brief, haematoxylin and 

eosin (H&E) sections of tumour blocks were microscopically assessed for the invasive 

tumour burden and to guide tumour macro-dissection. The chosen FFPE blocks were sent 

to the USA to carry out RNA extraction and sequencing. Four 10-μm unstained tissue 

sections were used per case. Macro-dissected tissues were deparaffinised, rehydrated, and 

centrifuged to remove excess ethanol. RNA was extracted using the Omega Mag-Bind XP 

formalin-fixed paraffin-embedded RNA isolation kit (M2595-01, Omega) and Kingfisher 

Flex magnetic particle separator (Thermo Fisher Scientific), as per the manufacturer’s 

instructions. RNA was measured with a Nanodrop 2000c spectrophotometer (Thermo Fisher 

Scientific). First-strand cDNA synthesis was performed on approximately 100 ng RNA at 

25°C for 10 min, 42°C for 15 min, and 70°C for 15 min using random hexamers and 

ProtoScript II Reverse Transcriptase (New England BioLabs, Ipswich, MA). Second-strand 

synthesis and RNA sequencing libraries were prepared using the Illumina TruSeq RNA 

access library kit (RS-301-2002, Illumina) and sequenced on an Illumina HiSeq 2500 using 

the PE75 run chemistry. The targeted read count was 60M total reads per sample. Library 

preparation and high throughput sequencing was performed at the Emory Integrated 

Genomics Core Facility (Emory University, Atlanta, USA). To elaborate, the RNA 

templates were removed, and a second replacement strand was generated by incorporating 

dUTP to generate double-stranded cDNA. The blunt-ended cDNA was cleaned up from the 
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second-strand reaction mix with Mag-Bind RxnPure Plus magnetic beads (Omega Biotek, 

Norcross, GA). The 3’ ends of the cDNA were adenylated, followed by the ligation of 

indexing adaptors. PCR (15 cycles of 98°C for 10 sec, 60°C for 30 sec, and 72°C for 30 sec) 

was performed to selectively enrich DNA fragments with adapter molecules on both ends. 

The library was qualified using an Agilent 2200 Tape Station and quantified using the 

QuantiFluor dsDNA System (Promega, Madison, WI). A four-plex pool of libraries was 

made by combining 200 ng of each DNA library. The pooled DNA libraries were mixed 

with capture probes to target regions of interest. The hybridisation was performed by 18 

cycles of 1 min incubation, starting at 94°C, and then decreasing by 2°C per cycle. 

Streptavidin-coated magnetic beads were used to capture probes hybridised to the target 

regions. The enriched libraries were eluted from the beads and subjected to a second round 

of hybridisation. The enriched libraries were amplified by 10 cycles of PCR (98°C for 10 

sec, 60°C for 30 sec, and 72°C for 30 sec), followed by Rxn Pure magnetic bead clean up. 

The final libraries were validated using Agilent High Sensitivity D1000 Screen Tape on an 

Agilent 2200 Tape station instrument. The size distribution of the library ranged from 

approximately 200 to 1000 bp. Libraries were normalised, pooled, and subjected to 

clustering, and pair-read sequencing was performed for 75 cycles on a HiSeq2500 

instrument (Illumina, Inc. San Diego, CA, USA), according to the manufacturer's 

instructions. Raw FastQ sequence read files were quality assessed and adapter processed 

using the trim galore wrapper for Fastqc and Cutadapt reads with phred scores > 30 retained 

[183]. The resultant quality trimmed reads were aligned to the hg38 (GRCh38.83) build of 

the human genome using the STAR aligner [184]. Transcript abundance quantification was 

performed using HTSeq [185]. Normalisation of genes was determined using transcripts per 

kilobase million (TPM) [186]. Bioinformatic analysis was conducted with Professor Nigel 

Mongan using secured Linux clusters located at the University of Nottingham School of 
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Veterinary Medicine and Science, NUH Trust City Hospital site and Biodiscovery Institute. 

Only one tumour sample per patient was included in downstream analyses by random 

selection. Normal samples were excluded from all downstream analyses.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2 :Next generation sequencing flowchart 

• This figure illustrate the workflow of RNA-seq and data analysis used in this study: (A) 

chosen tumour block, (B) four 10μm section were prepared for RNA extraction, (C) 

Sample preparation steps, (D) Extracted RNA strands, (E) CDNA synthesis, (F) Library 

preparation and Cutadapt using Trim galore, (G) Next Generation Sequencing reads 

sequenced with the Illumina Hiseq 2500, (H) transcripts were aligned to the hg38 

(GRCh38.83) build of the human genome using the STAR aligner, (I) Differential gene 

expression analysis using Edge R, (J) Identification of biomarkers by statistical 

approaches (Edge R or Artificial neural network), (K) Pathway analysis using 

Webgestalt for Gene Ontology (GO) analysis and Gene Set Enrichment Analysis 

(GSEA), (L) Biological interpretation and validation of findings using public domain 

data and Immunohistochemistry.  
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2.2.2  Differential gene expression (DGE) analysis. 

Data gleaned from RNA seq technology are valuable for identifying prognostic candidates. 

TNBC research can potentially use this information to promote the clinical management of 

TNBC patients. To statistically quantify potential differences in the gene expression 

between tested groups, DGE analysis was performed using the RobiNA implementation of 

EdgeR software [187]. DGE was filtered according to fold change (> ± 2). The threshold 

for statistical significance was set as q ≤ 0.05. 

2.2.3 Pathway Analysis 

To identify canonical pathways that regulate the DGE, gene set enrichment analysis (GSEA) 

and the Webgestalt online portal (http://www.webgestalt.org/option.php) were used. 

Pathway analysis was based on DGE originated by the RobiNA analysis, and only those hits 

with a fold change ≥ ± 2 and significant q values ≤ 0.05 were included [188]. 

 Tissue Microarray (TMA) Construction 

Having the capacity to manage several hundred samples in a single slide and being able to 

apply techniques such as immunohistochemistry (IHC), TMA enable high-throughput 

analysis of biomarkers expression [189]. TMA is an economical technique, saving on 

tissue, reagents, and time, making it quicker and easier to perform IHC and other staining 

protocols and to assess the results [190]. Furthermore, it improves laboratory 

standardisation, as more samples are treated consistently [191].  Undertaking TMA 

involves some careful preparation: the study cohort to be arrayed must be obtained, the 

receiving array blocks need to be prepared, the array grids designed, the individual array 

blocks built, and the array blocks readied for sectioning [191]. The most important parts of 

building a TMA are preparing the donor blocks and devising a suitable TMA design, which 

are time-consuming processes. TMA construction was performed by the author and a 

http://www.webgestalt.org/option.php
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member of the Nottingham Breast Cancer Research Group pathologists (Dr. Michael Toss). 

(Figure 2-3) illustrates the experimental workflow. 

 

 

Figure 2-3:TMA construction Protocol 

• This figure illustrated the  steps taken during TMA construction; (A)Selected tumour block, (B) Selection 

of 1 mm cores within abundant tumour tissue, (C) Tissue cassettes block containing the paraffin, (D) 

Layout of 1mm core diameters recipient block, E) TMA machine and screen, F) Loaded machine with 

donor and recipient blocks, J) Blank recipient blocks loaded in TMA machine, K) Screen showing images 

of donor block (right one in the screen and recipient block (left one) mapped with selected layout , L) 

Matching the scanned images with the relevant donor block, M) Marked suitable sites for coring in donor 

block, N) Constructed TMA blocks, O) H&E stained sections and P) sections are scanned with high 

resolution Nanozoomer scanner (x20). 
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2.3.1 Tissue Handling, Processing, and FFPE Block Retrieval from Nottingham 

Health Science Biobank (NHSB) 

To identify suitable cases of TNBC that could be used to build the TMA, slides from 

various data storage pathology systems were selected and reviewed. An FFPE tumour 

block (donor) that was characteristic of the specimens from each patient was obtained 

from the tissue block archives. Those blocks that were ≥ 4 mm in depth bearing viable 

tumour tissue with an adequate burden of tumour and that had not been sectioned 

frequently for earlier research were preferred. Once selections were made, specific 

request applications were filled and signed to comply with NHSB regulations prior to 

any experiment.  

Once the applications were approved and FFPE blocks were retrieved, a clean full-

face 4-μm thick section was cut from each block and then stained with H&E.  To 

confirm the presence of tumour and distinguish which areas would be most 

appropriate for the TMA sampling, the pathologist (Dr. Michael Toss) reviewed each 

slide using light microscopy. Blocks that were < 4 mm thick or contained an 

insufficient quantity of or no tumour were rejected in favour of another archive block 

for the same patient. To avoid the potential risk of exhausting a patient’s diagnostic 

material, where there were no alternative thicker tumour-rich blocks for a particular 

patient, that patient was eliminated from the study. In total, 120 blocks were used to 

build the TNBC TMA. The remaining TNBC cases had been arrayed earlier (N = 

273). Despite a difference in the number of cases included in the TMA and the number 
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of cases identified originally, exclusion was random. Thus, no bias was introduced 

during data analysis. 

2.3.2 TMA Construction Protocol for TNBC Cases 

From each case, the most suitable FFPE block was selected. Suitability was determined 

by the abundance of TNBC and the adequacy of the thickness of the tissue for the 

purpose of arraying. The TMA core diameters were set to 1 mm. 

2.3.3 Digital Image Marking 

All scanned H&E images were marked for TMA cores using Panoramic Viewer 

Software v. 1.15.4 (3D HISTECH®, Budapest, Hungary). A maximum number of 

suitable cores for each image was marked. 

2.3.4 Recipient Block Construction 

Building of the TMA was achieved using ordinary paraffin wax-based blocks that had 

been prepared by pouring paraffin into blocks (5–10 mm deep) and then extruding the 

tissue array cores into the block. To prepare recipient blocks, plain molten paraffin wax 

(56°–58°C) was poured into a mould. This was then topped with a histopathological 

tissue cassette [191]. The blocks were cooled on ice until the wax had hardened, and 

then the quality of the wax was assessed for air bubbles, fault lines, grooves, or stress 

marks. The wax coverage of the cassette was also checked to ensure that it covered 

completely but did not have excess wax at the edges or back [192]. A microtome was 

used to trim the block, ensuring the surface was smooth [192]. 
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2.3.5 TMA Layout Design  

TMA Grand Master 2.4-UG-EN software (3D HISTECH®, Budapest, Hungary) was 

used to design the block layouts. New layouts were devised and given new names. 

Block sizes were standardised to 24 mm × 35 mm. For each block, three replications 

were prepared, and each was given a unique version number. 

Each array contained 120 samples arranged in three groups (subarrays), with a 1-mm 

space between each core. The first group contained the 53 cores (6 rows, 10 columns) 

from the upper half of the block. The second group of the block contained 40 cores (4 

rows, 10 columns), while the third group of the block was made up of 23 cores (3 rows, 

10 columns). Cores in each subarray were arranged at a centred distance, and the 

subarrays were separated by a single gap for orientation and macroscopic identification 

of the TMA block. Positive internal experimental controls were introduced by adding 

orientation cores from normal kidney, liver, and tonsil tissues outside of the geometric 

margin of the array on the top and bottom left-hand sides. 

Details of the donor block and the TMA position of each core were carefully 

documented. This enabled the creation of an array map grid for each array block. Each 

grid was given an individual identifier arranged to correspond with its position in the 

array block. 

2.3.6 Coring Process 

Each time, the automated TMA was loaded with 60 donor blocks and two recipient 

blocks (only one recipient block was loaded during construction cases with only one 

available core). Donor blocks were given pseudo-anonymised labels, and recipient 
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blocks were accordingly labelled TNBC-NGS1, TNBC-NGS2, etc. Before the donor-

block cores were automatically sampled and embedded into recipient blocks, the 

software was used to match and overlay the scanned and marked images with their 

corresponding donor blocks. 

2.3.7 TMA Block Annealing and Sectioning 

After the TMA blocks were created, they were placed face-up in an oven for 3 h at 37°C 

to anneal them. This process helps the tissue cores adhere to the walls of the holes in 

the array block and makes the wax flexible for handling. A clean glass microscope slide 

was placed on the face surface of the block, then gentle, even pressure was applied, 

evening out the level of all the cores on the array. Levelling is important to maximise 

the quantity of sections containing all the samples in the array. After being heated, the 

blocks were left at room temperature for 3 h to cool. The annealing cycle was replicated 

in triplicate, and then the blocks were stored overnight at 4°C, ready for sectioning. To 

anneal agarose-based blocks, they were placed face-up in a metal and mould then 

placed on a 60°C surface to allow the paraffin wax around the agarose gel to melt 

without losing the cores. The blocks were allowed to cool and were kept overnight at 

4°C. 

Using a standard microtome sectioning technique, 4-μm sections were cut from TMA 

blocks and transferred onto permanent positively charged glass slides (Surgipath, X-

tra™ Adhesive, Peterborough, UK). For the purpose of ensuring the quality of the 

histological samples and the TMA construction, the first section of each block was 

stained with H&E. 
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 Optimisation of Antibodies Used in the Study 

2.4.1 Cell Lines and Culture Media 

While cell lysates of TNBC cell lines are optimal to use, the designated cohort 

contained only TNBC cases, such as MDA‐MB‐231, MDA‐MB‐436, MDA‐MB‐468, 

and MDA‐MB‐157. However, different human cell lysates were also used (Table 2-2). 

These included ER-positive (ER+) MCF7, HEK293 (an embryonic kidney cell line), 

HeLa epithelial cells derived from a human cervical carcinoma patient, Jurkat (a T 

lymphocyte cell line from a patient with acute T cell leukaemia, which expresses 

interleukin-2 and CD3), MCF10A (a non-tumourigenic mammary epithelial cell line 

with characteristics of luminal ductal cells with no myoepithelial features), and SKBR3 

(obtained from a patient who underwent radiation). All cell lines were obtained from 

the American Type Culture Collection (ATCC, Rockville, MD, USA) and incubated 

using a 37°C incubator with a humidified atmosphere of 5% CO2. 
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Table 2-2: Cell Lines Used in this Study 

Cell Line Type and Origin Media 

 

 

TNBC cell lines 

MDA-MB-231 RPMI + 10% FBS 

MDA-MB-436 
DMEM/F12 with 
L-glutamine and 
HEPES + 10% FBS 

MDA-MB-157 RPMI + 10% FBS 

MDA-MB-468 DMEM+ 10% FBS 

ER positive cells MCF7 RPMI + 10% FBS 

HER2 positive BC 
cells 

SKBR3 
McCOYS 5A + 10 
% FBS 

Non-
tumourigenic BC 
cell line 

MCF-10A 
MEMB+ 100ng/ml 
Cholera toxin 

Cervical 
carcinoma cell 
line 

HeLa DMEM + 10% FBS 

Leukaemia cell 
line 

Jurkat RPMI + 10% FBS 

Embryonic kidney 
cell line 

HEK293 DMEM + 10% FBS 

• FBS: fetal bovine serum 

 

2.4.2 Cell Passage Procedure 

Cell lines were monitored every two to four days, and once the cells reached 70–80% 

confluence, the expended cell culture medium was removed from the culture flask and 

discarded. Dulbecco’s phosphate buffered saline (PBS) was used (approximately 2 

ml/10 cm2 culture surface area) to wash the cells.  To avoid disturbing the cell layers, a 

wash solution was carefully added to the side of the vessel that was opposite the 

attached layer of cells. The vessel was rocked back and forth a number of times to 

ensure coverage of the culture flask, and then the wash solution was discarded. Five ml 
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of pre-warmed trypsin dissociation reagent (0.25% phenol red, 100 ml; 15050065, 

Thermo Fisher Scientific) was added to the side of the flask, covering the cell layer 

(approximately 0.5 m/10 cm2). To ensure the cell layer was completely covered, the 

flask was rocked gently and then incubated for 5 min or as required for the cell line. 

Using the microscope, cells were checked to see if they had detached. The incubation 

time was increased, and checks were performed every two minutes if less than 90% of 

the cells had detached. When 90% or more of the cells had detached, the flask was tilted 

to allow the cells to drain.  Equivalent volumes (twice the volume used for the 

dissociation reagent (10 ml)) of pre-warmed complete growth medium were added to 

the flasks. The medium was pipetted over the cell layer surface several times. Then, the 

cells were transferred to Falcon tubes and centrifuged for 5 to 10 min at 1,000 

rpm.  Note that the centrifuge speed and time varied based on the cell type. The cell 

pellet was resuspended in a minimal volume of pre-warmed complete growth medium, 

and a 10-μl sample was removed for counting. A haemocytometer, a cell counter, and 

10 μl trypan blue stain were used to calculate the total number and percentage of viable 

cells using the following equation: number of cells/ml = mean cell count x dilution 

factor (10) x 104. The cell suspensions were diluted to the seeding density 

recommended for the cell lines, and appropriate volumes were pipetted into fresh cell 

culture flasks along with 20 ml of the required growth media. 

2.4.2.1 Preparation of Cell Lysates 

Eppendorf were appropriately labelled for each cell line, including cell line type, 

passage number, and date of collection. The cell culture medium was removed from the 

flasks with caution to avoid disturbing the adherent cells. These cells were washed in 
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phosphate-buffered saline (PBS) and incubated for 5 min in an incubator at 37°C. Two 

ml trypsin was then added to cover the cells as previously described. The samples were 

incubated at 37°C for approximately 5 min. Then the cells were resuspended in cell 

culture media and transferred to Falcon tubes and centrifuged for 5–10 min at 1,000 

rpm, followed by disposing of the old cell culture medium and replacing it with fresh 

cell culture medium.  To ensure that at least 75% of the cells were viable, the cell count 

procedure was performed to ensure a concentration of 1 × 106 cells per ml. Once cells 

were determined to be viable and suitable for cell lysate preparation, lysis of the cells 

was achieved by adding RIPA buffer (25 mM Tris, 150 mM NaCl, 1% Nonidet P-40, 

1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS) to a phosphatase and 

protease inhibitor cocktail (Pierce, Thermo Fisher Scientific, UK). The cell lysates were 

then incubated on ice for 10 min, with shaking every two minutes. To remove cell 

debris, the cell lysates were centrifuged for 20 min at 4°C and 13,000 rpm, and the 

supernatant was stored at -20°C until needed. 

2.4.2.2 Cryopreservation of Cell Lines 

Cryovials were labelled, and cells were harvested as described previously. Once > 70% 

cell viability was achieved, the cells were ready for freezing. Freezing medium was 

prepared (medium + 10% DMSO). The supernatant was removed, and the freezing 

medium was added to the required cell density (1 × 106 cells per ml), then 1-ml aliquots 

were transferred into the cryovials in a -80°C freezer for approximately 24 h. The 

cryovials were then transferred into liquid nitrogen for long-term storage. 
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 Specificity of Antibodies by Western Blot 

2.5.1 Background Principles 

To determine the binding specificity of each of the antibodies that had been bought to 

its matching antigenic sequence, western blotting (WB) was performed. The binding 

specificity of each antibody used in this study for the various BC cell lysates was 

determined qualitatively (Table 2-3). Sometimes, WB produces multiple bands that 

indicate non-specific binding has taken place, or specific binding has taken place, but 

it involves a modified protein with two or more epitopes that the same primary antibody 

has recognised. The isolated protein is described as a ‘blot’ to reflect its transfer from 

a separation gel medium onto the surface of a non-reactive membrane. Initially, this 

technique was introduced for the purpose of transferring proteins from polyacrylamide 

gels to nitrocellulose membranes, as described by Towbin and colleagues [9]. 
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Table 2-3: Western Blotting Evaluation of Antibodies Used in the Study 

Antibody Supplier Species Clone 

WB 
Dilution 
and 
Incubation 

Expected 

Molecular 
Weight 

E-cadherin Invitrogen 
mouse 
monoclonal 

4A2C7 
1/100 

O/N 
100 KDa 

ACSM4 Invitrogen 
rabbit 
polyclonal 

PA5-62082 
and  NBP2-
14696PEP 

not applicable 65 KDa 

SPDYC 
Novous 
Biological 

rabbit 
polyclonal 

NBP1-
80832 

and NBP1-
80832PEP 

not applicable 33 KDa 

PPL Abcam 
rabbit 
polyclonal 

Ab72422 
1/500 

O/N 
200 KDa 

Ki67 DACO 
mouse 
monoclonal 

MIB-1 not applicable 35 KDa 

PIK3CD Invitrogen 
rabbit 
polyclonal 

PA5-15250 
1/3000 

O/N 
119 KDa 

ABRAXAS1 
Sigma 
Aldrich 

rabbit 
polyclonal 

HPA037654 
1/500 

R/T 
56 KDa 

RAD51C 
Novous 
Biological 

mouse 
monoclonal 

2H11/6 
1/500 

O/N 
37 KDa 

β-actin 
Sigma-
Aldrich 

mouse 
monoclonal 

AC-15 1/5000 42 KDa 

β-actin 
Sigma-
Aldrich 

rabbit 

monoclonal 
RM112 1/2000 42 KDa 

• O/N: overnight; R/T: room temperature  
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2.5.2 Polyacrylamide Gel Electrophoresis and Protein Transfer 

All experimental tools and reagents required for WB were prepared. To isolate and 

transfer the proteins, the XCell SureLockTM Mini-Cell and the XCell IITM Blot Module 

(Invitrogen, Thermo Fisher Scientific, UK) were assembled. Precast NuPAGETM 4%–

12% Bis-Tris 10-well polyacrylamide gels were obtained (Invitrogen, Thermo Fisher 

Scientific, UK). 

The working solution was prepared by adding 50 ml of NuPAGETM MOPS SDS 

Running Buffer 20X (Invitrogen, Thermo Fisher Scientific, UK) to 950 ml of distilled 

water. To prepare the transfer buffer for one gel, 50 ml of NuPAGETM Transfer Buffer 

20X (Invitrogen, Thermo Fisher Scientific, UK) was mixed with 100 ml of 10% 

methanol, 849 ml of distilled water, and 1 ml of NuPAGETM Antioxidant (Invitrogen, 

Thermo Fisher Scientific, UK). The volumes of the other solution stocks were the same. 

To prepare the wash solution, 1 ml of TWEEN-20 was dissolved in 1 l of PBS. To 

prepare the blocking solution, 2.5 g of Marvel’s fat-free dried milk was dissolved in 50 

ml of wash solution. An alternative blocking solution of 1% bovine serum albumin 

(BSA) was used for some antibodies. All primary antibodies were prepared according 

to their previously optimised conditions according to the manufacturer’s instructions or 

by modulating the recommended dilutions to obtain optimal results (e.g., in cases of 

recommended 1:1,000 dilutions, the author tried 1:1,500, 1:2,000, and 1:500).  Because 

β-actin protein is expressed endogenously in all lysates, it is regarded as a normal 

control; therefore, a primary anti-β-actin antibody produced in mice was used 

(catalogue number: A5441, Sigma-Aldrich; Clone AC-15; Sigma, UK). The dilution 
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ratio for the primary anti-β-actin antibody to the blocking solution (either milk or BSA) 

was 1:5,000.  

To detect the primary antibodies of the proteins of interest, IRDye® 680RD donkey 

(polyclonal) anti-rabbit IgG (LI-COR Biotechnology, Cambridge, UK) and IRDye® 

800CW donkey (polyclonal) anti-mouse IgG (LI-COR Biotechnology, Cambridge, 

UK) antibodies were used. The fluorescent secondary antibodies were diluted in the 

blocking solution at a ratio of 1:15,000. 

2.5.3 Sample Preparation 

Lysates from each cell line and MagicMarkTM XP western protein standard (Invitrogen, 

Thermo Fisher Scientific, UK) or NovexTM sharp pre-stained protein standard 

(Invitrogen, Thermo Fisher Scientific, UK) were thawed on crushed ice. Then, 13 μl of 

each lysate was mixed with 5 μl of NuPAGETM LDS 4X sample buffer (Invitrogen, 

Thermo Fisher Scientific, UK) and 2 μl of NuPAGETM 10X sample reducing agent 

(Invitrogen, Thermo Fisher Scientific, UK). All solution mixtures were mixed in 

chemical-resistant polypropylene microcentrifuge tubes. To mix the contents of the 

tubes thoroughly, they were spun gently using a laboratory vortex mixer. The protein 

mixtures were digested on a heating dry block at 100°C for 5 min. All of the samples 

were prepared in duplicate, and each 20-μl sample was sufficient to fill one well. 

2.5.4 Loading Samples and Separation of Proteins Mixture 

A precast NuPAGE Bis-Tris 4–12% protein gel cassette (Invitrogen, Thermo Fisher 

Scientific, UK) was inserted into the XCell SureLockTM Mini-Cell (Invitrogen, Thermo 

Fisher Scientific, UK) running tank. The running buffer was poured slowly into the 

running tank until the marked line was reached. When the integrity of the running was 
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confirmed and no leaks were detected, 1 ml of NuPAGE antioxidant reagent 

(Invitrogen, Thermo Fisher Scientific, UK) was added to the running buffer to protect 

the protein from possible oxidation. Then, either 8 μl of NovexTM sharp pre-stained 

protein standard or 8 μl of MagicMarkTM XP (Invitrogen, Thermo Fisher Scientific, 

UK) were loaded onto the first well, followed by 20 μl of sample mix added to 

consecutive wells. Any empty wells were filled with 10 μl of loading buffer, and the 

gel was left to run at 150 V for 60 min. 

2.5.5 Transferring Protein Bands onto Nitrocellulose Membrane/PVDF  

The second blotting module was assembled according to the manufacturer’s 

instructions. The blotting module was submerged in the transfer buffer in the running 

tank, and then the unit was run at 30 V for 60 min. To ensure the efficiency of the 

transfer, Ponceau stain was used followed by blocking using either 5% Marvel milk or 

1% BSA for 60 min at room temperature. Then, the membrane was incubated with 

primary antibody and β-actin with milk or BSA at 4°C overnight in a cold room. After 

overnight incubation, the membrane was washed in 1X tris-buffered saline (TBS)-

TWEEN for 5 × 3 min with continuous rocking. Secondary antibodies were used at the 

dilution of 1/15,000 in blocking solution (using 5% Marvel milk). To avoid direct 

exposure to light, the membrane was covered with foil and incubated for 60 min with 

continuous rocking, followed by three further five-minute rinses in washing buffer. 
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2.5.6 Visualisation of Protein Bands  

The infrared dyes IRDye® 680RD secondary antibody with an emission wavelength of 

694 nm and IRDye® 800CW secondary antibody with an emission wavelength of 795 

nm were used to capture images of the immunodetected protein bands. Digital images 

of the membranes capturing red and green fluorescent bands were taken using the 

Odyssey Fc Imager (model 2800, LI-COR Biotechnology, Cambridge, UK). Where 

there was an overlap between the molecular weight of the β-actin and the targeted 

antigen of the biomarker, anti-rabbit and anti-mouse secondary antibody images were 

created digitally. Yellow bands indicated overlapping proteins with molecular weights 

of approximately 42 kDa. All images were labelled and stored on a personal hard drive.  

2.5.7 Immunising Peptide Blocking (IPB)  

An IPB protocol was undertaken to identify non-specific binding of primary antibodies 

to proteins that were not their specific antigens in the WB gels, i.e., visual bands. The 

detection of β-actin bands on the same WB gels acted as housekeeping, confirming 

whether there were any faults with the WB procedure itself. The primary antibody was 

neutralised by incubating it with an excessive concentration of its recombinant antigen 

solution, which blocked the antigen-binding site and its fragment antigen-binding (Fab) 

region. The neutralised primary antibody and a peptide blocking solution (0.25 μg/ml) 

were incubated on ice in a labelled 2-ml Eppendorf tube for 30 min. This protocol was 

duplicated with non-blocked primary antibody and recombinant antigen solution. Two 

successive tissue sections from the same histological sample were prepared according 

to routine histological procedures. Following the IHC protocol, two stained tissue 
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sections were obtained. An absolute absence of positive staining on the blocked primary 

AB confirmed the protein specificity.  

 Immunohistochemistry (IHC) 

2.6.1 Background Principles 

IHC, which was first described in the 1940s, is an important technique for clinically 

managing BC patients. It provides a range of information about molecular subtypes, the 

distribution and position of proteins in sections of tumour tissues, and the detection of 

validated prognostic biomarkers. The contribution that IHC makes to the reliability of 

pathology reports is key for many neoplastic diseases, including invasive BC [193]. A 

random number (10–15) of full-face sections were IHC stained to explore the 

heterogeneity of the expressed target prior to TMA staining and full exploration of 

designated targets with TNBC outcomes using 4-μm-thick TMA sections of invasive 

TNBC (Table 2-4).  

The NovolinkTM Max Polymer Detection System (RE7280-K, Leica Biosystems, UK) 

was used with mouse immunoglobulin G (IgG) and rabbit IgG. Each staining run for 

the different antibodies, including negative and positive controls. Primary antibody was 

omitted in the negative control, leaving tissue samples incubating in antibody diluent 

only. Positive controls were provided by tissues incubated with known reactivity to 

each antibody as described in the supplier’s data sheet.  
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Table 2-4: Immunohistochemistry Evaluation of Antibodies Used in the Study 

Antibody 

IHC 
Dilution 

and 
Incubation 

Pre-treatment 
Expression 
Localisation 

Control 

Tissue 

E-cadherin 
1/25 

O/N 

Microwave, 
citrate pH 6, 20 
min 

Membranous 

BC 
tissue 

 

ACSM4 

1/100 

O/N 

and IPB 
1/50 

Microwave, 
citrate pH 6, 20 
min 

Cytoplasm 
Testis 
tissue 

SPDYC 

1/50 

O/N 

and IPB 
1/20 

Microwave, 
citrate pH 6, 20 
min 

Cytoplasm 
Kidney 
tissue 

PPL 
1/50 

O/N 

Microwave, 
citrate pH 6, 20 
min 

Cytoplasm 
BC 
tissue 

Ki67 
1/100 

1 h, R/T 

Microwave, 
citrate pH 6, 20 
min 

Nucleus 
Tonsil 
tissue 

PIK3CD 
1/100 

1 h, R/T 

Microwave, 
citrate pH 6, 20 
min 

Cytoplasm and 
associated 
fibroblasts 

BC 
tissue 

ABRAXAS1 
1/50 

O/N 

Microwave, 
Citrate PH 6, 20 
minutes 

Cytoplasm and 
nucleus 

BC 
tissue 

RAD51C 
1/50 

O/N 

Microwave, 
Citrate PH 6, 20 
minutes 

Cytoplasm and 
nucleus 

BC 
tissue 

• O/N: overnight; IPB: immunising peptide blocking; R/T: room temperature. 
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2.6.2 Deparaffinisation and Rehydration of Tissue Sections 

All tissue sections were loaded onto Leica’s X-tra® slides and labelled. To remove the wax 

from the TMA sections, the samples were placed on a hot plate (Leica HI1220 flattening 

table, Leica Biosystems, UK) for 10 min at 60°C. The slides were loaded into the Leica 

AXL slide rack (Leica Biosystems, UK) for programme 1. The order of programme 1 is as 

follows: fresh xylene (Fisher Scientific, UK) (2 × 5 min), 100% IMS, (2 × 3 min), 70% 

IMS (2 × 3 min), and distilled water (5 min). 

2.6.3 Heat-Induced Epitope Retrieval: Citrate Buffer, pH 6  

Methods using aldehyde or formalin to fix biopsy samples in paraffin can cause 

transposition or changes to the antigenic site in FFPE tissues. The positivity of IHC staining 

is reduced by poor epitope exposure. This study used optimum conditions to re-expose the 

antigenic sites of FFPE tissues. Therefore, various heat-induced epitope retrieval (HIER) 

methods were tested under different conditions. The commonly used citrate buffer antigen 

retrieval protocol was determined to be the best antigen retrieval method.  

2.6.4 Preparation of Sodium Citrate Buffer, pH 6  

To prepare the sodium citrate buffer, 2.94 g of trisodium citrate dihydrate was dissolved in 

1 L of distilled water. To achieve an acid solution with pH 6, a few drops of 1 normal HCl 

were added. This was checked using a laboratory pH meter that was calibrated daily. The 

solution was stored in a refrigerator at 4°C. The rack from step 2.6.2 was immersed in a 

plastic Leica AXL vessel filled with 500 ml of citrate buffer. The vessel was microwaved 

at maximum power for 20 min. Then, the vessel and slides were cooled with flowing water, 

which displaced the citrate buffer.  
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2.6.5 Slide Assembly onto ShandonTM Sequenza CoverplatesTM  

To minimise the consumption of antibodies and reagents provided in the Novolink 

Polymer Detection System kit, Shandon coverplatesTM (Thermo Fisher Scientific, UK) 

were used. The specific matching Shandon Sequenza immunostaining slide rack was 

also used (Ted Pella, USA). Tissue section slides from the Leica vessel (2.6.4) were 

covered with a Shandon cover plate applied at an angle of 45°. This process was 

performed in a water tank to avoid the presence of air bubbles. Sample slides were 

loaded into slots in the Shandon Sequenza immunostaining slide rack. To rinse the 

slides, the Sequenza reservoir was half filled with TBS pH 7.6. The TBS flow speed 

and duration were recorded for each slide. Slides were reloaded if the Sequenza 

reservoirs drained out in less than five minutes. The sections were kept hydrated at all 

times with TBS.  

2.6.6 Blocking of Endogenous Peroxidases 

To block endogenous peroxidases that remain active even in formalin-fixed, paraffin-

embedded samples (the presence of which is evidenced by the tissue turning brown), 

100 μl of Novolink peroxidase blocking reagent containing 3–4% (v/v) hydrogen 

peroxide (H2O2), was applied to each slide. All slides were left for 5 min for the 

blocking reaction to take effect, and then they were washed 2 × 5 min with TBS.  

2.6.7 Blocking Non-Specific Reacting Proteins  

To block stains arising from non-specific protein-protein binding (e.g., mistaken 

peptide sequences that used  to generated the antibody to antigenic sites), 100 μl of 

Novolink protein blocking reagent, 0.4% casein in PBS with stabilisers, surfactant, and 

0.2% Bronidox L broad-spectrum anti-bacterial and anti-fungal preservative were 
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applied using a micropipette. Tissue slides were incubated for 5 min before being 

washed with TBS as described previously. 

2.6.8 Optimisation of Antibodies Used for IHC 

Staining conditions for each antibody were optimised according to the manufacturer’s 

instructions. In addition to the recommended 1:100 dilution, additional dilutions of 

1:50, 1:25, 1:150, and 1:200 were also tested. Primary antibodies were diluted in 

BondTM primary antibody diluent (catalogue number: AR9352, Leica Biosystems, UK). 

Antigen retrieval solution step was used through microwave pre-treatment in citrate 

buffer at pH 6. The incubation duration of the primary antibodies followed the 

manufacturer’s recommendations, which were altered depending on the staining 

results. 

The most accurate evaluation of a cell’s protein expression status is achieved with 

specific antibody staining that isolates immunoreactivity to a specific cellular location 

(membrane, cytoplasm, or nucleus) with little or no background staining. This was 

obtained by applying serial dilutions of the antibody to consecutive sections of BC 

tissue.  

2.6.9 Applying Post-Primary Antibody  

Post-primary antibody (rabbit anti-mouse IgG < 10 μg/ml in 10% (v/v) animal serum 

in TBS (0.09%) with ProClin™ 950 as the preservative, 100 μl) was administered to 

all the TBS-washed slides from the previous step. The slides were incubated for 30 min 

and then washed for 2 × 5 min with TBS.  
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2.6.10 Applying NovolinkTM Polymer  

A total of 100 μl of Novolink™ anti-rabbit Poly-HRP-IgG was loaded onto each slide 

and left for 30 min, followed by 2 × 5 min washes with TBS.  

2.6.11 Blotting with 3,3’-diaminobenzidine (DAB)  

DAB peroxidase substrate solution was prepared by mixing DAB chromogen with 

Novolink™ DAB substrate buffer polymer at a ratio of 1:20. The solution was made 

fresh and kept in the dark until required. The solution (100 μl) was applied for 5 min, 

and then the excess chromogen was rinsed for 2 × 5 min with TBS. 

2.6.12 Counterstaining with Haematoxylin and Tissue Dehydration  

To help with the semi-quantification of IHC-stained proteins, a counterstaining step 

was performed to produce clear images of the nuclei. To each section, 100 μl of 

haematoxylin reagent was applied and left for 6 min to react. The slides were 

submerged in a water tank, and the cover plates were removed. Surplus haematoxylin 

stain was removed. The slides were put back into the Leica AXL system, and the 

dehydration programme was activated. The dehydration step included washing the 

slides 3 × 2 min in baths of ethanol (EtOH), followed by 2 × 5 min washes in xylene. 

The stained tissues were then mounted in DPX. 
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2.6.13 Assessment of Immunoreactivity Prior to Immunohistochemical Scoring 

To assess the expression in normal breast tissue and evaluate the degree of heterogeneity 

of expression in tumour tissue, full-face BC tissue sections from 15 cases representative of 

different BC molecular subtypes, histological grades, and stages were subjected to IHC 

staining and interpretation before IHC staining and scoring was performed on TMAs. Of 

the different biomarkers studied, only those that were evenly distributed across the tissues 

(visually determined by the pattern of staining) progressed for use in the TMAs. All 

candidate biomarkers studied using TMA cores had been previously validated to check the 

expression of tumour markers when used in large series [194]. 

2.6.14 Whole Slide Imaging  

The intensity of IHC and H&E stains degrades with lengthy storage, direct exposure to light, 

or damage to the slide itself. This impacts the quality of the sample. To help preserve the 

information held within FFPE specimens, histology samples can now be digitalised. This 

confers several benefits, including needing less physical storage space, the ability to be 

edited and easily shared, and being readily accessible.  

 H-Score  

The total area of each TMA core was examined to establish that > 15% was occupied by 

invasive tumour cells. Those cores that met this criterion were given a ‘histo’ score (H-

score), which is a semi-quantitative method of evaluating the intensity of staining [[195]]. 

Scanned images of TMA cores from different slides were randomly selected and scored 

using a scale of 0–3 (absent–strong), and the percentage of cells expressing the different 

scores was recorded. The H-scores were calculated as 1 × (% of 1+ cells) + 2 × (% of 

2+ cells) + 3 × (% of 3+ cells).  
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 Determination of Cut-Off Points 

A number of methods were used to determine the cut-off values for the dichotomisation 

of biomarkers, which were individually assessed. These included 1) using cut-offs from 

previous studies that assessed large amounts of data; 2) depending upon the distribution 

of data (i.e., whether normally distributed or not), the mean or median was used, 

respectively; and 3) using X-Tile software (v. 3.6.1, 2003–2005, Yale University, USA 

http://x-tile.software.informer.com), a non-commercial research tool [196]. The 

software separates the total patient cohort randomly into two equally sized training and 

validation sets by producing separate lists of ‘censored’ and ‘uncensored’ events, 

ranked by patients’ follow-up time. Uncensored events describe those patients who 

developed distant metastases or died because of TNBC. Censored patients did not 

develop distant metastases, were alive, or were lost during follow-up of this study. To 

determine the optimal cut-off points, the brightest pixel on the X-tile plot diagram was 

identified. Statistical significance was tested by validating the obtained cut-off points 

using SPSS with corrected p values and relative risk against DMFS (Table 2-5).  
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Table 2-5: Expression localisation and cut-off details of the stained antibodies. 

Antibody 
Expression 
Localisation 

Chosen Cut-Off Values 

E-cadherin Membranous 

Lower quartile, high expression (H-score ≥ 
85) 

 

ACSM4 Cytoplasm 
X-Tile, high expression (H-score ≥ 120) 

 

SPDYC Cytoplasm 
X-Tile, high expression (H-score ≥ 90) 

 

PPL Cytoplasm 
X-Tile, high expression (H-score > 0) 

 

Ki67 Nucleus 
High expression (≥ 10 %) [197] 

 

PIK3CD 
Cytoplasm and 
associated fibroblasts 

X-Tile, high cytoplasmic expression (H-
score ≥ 130), high fibroblast expression 
(H-score ≥ 85) 

 

ABRAXAS1 
Cytoplasm and 
nucleus 

X-Tile, high cytoplasmic expression (H-
score ≥ 15), high nuclear expression (H-
score ≥ 40) 

 

RAD51C 
Cytoplasm and 
nucleus 

X-Tile, high cytoplasmic expression (H-
score ≥ 35), high nuclear expression 
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 Statistical Analysis 

2.9.1 Introduction  

To test the significance of the results, several statistical approaches were used. Nominal 

variables, including categorical and ordinal variables, continuous scale data, and 

independent or dependent variables exemplify this variety. Multiple statistical analyses 

were performed using the Statistical Package for Social Sciences (SPSS) software 

version 24 (SPSS Inc., Chicago, IL, USA). For all statistical tests, the level of 

significance was set as p < 0.05 (two-tailed).  

2.9.2 Intra-Class Correlation Coefficient (ICC) 

To increase the reliability of the H-scoring method, an ICC test was conducted after at 

least 30% of the whole cohort was re-evaluated by an additional scorer, who was a 

pathologist. All TMA slide scores were evaluated blindly, and no collaboration took 

place between the author and the pathologist. ICC correlation was considered 

satisfactory if the threshold of H-score agreement was higher than 75%.  If there were 

discrepancies between slide scores, the slides were re-scored, and the discrepancies 

were discussed. All scorers were blind to the patients’ pathological or outcome data. 

2.9.3 Chi-Squared Test (Goodness of Fit)  

To identify statistical relationships between two or more nominal independent 

variables, the chi-squared non-parametric statistical test was used. A chi-squared test is 

used to evaluate the difference of rates of distribution for a selected and categorised 

biomarker of interest against valid equivalent data belonging to the other nominal 

variable(s), patient age, tumour size, tumour grade, lymph node (LN) stage, LVI, 
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chemotherapy, or other previously stained biomarkers, mathematically. Output data 

were presented in cross-tabulation matrices of rows and columns.  

2.9.4 Mann-Whitney U test (Median Analysis) 

Univariate analysis of selected biomarkers was undertaken using the Mann-Whitney-

Wilcoxon non-parametric test. This enabled statistical associations between the 

nominal data and the distributed median of the continuous data to be identified.  

2.9.5 Student’s t-Test and One-Way Analysis of Variance (ANOVA; Mean 

Analysis)  

The statistical difference between the means of two normally distributed variables 

was evaluated using the Student’s t-test and one-way ANOVA.  

2.9.6 Spearman Rank Test (Model/Line of Best Fit) 

To determine the strength of the linear association between two unnormalised 

continuous variables, such as gene/protein expression, the Spearman correlation 

coefficient (r) was used. The value of r ranges from +1 (strong association in the same 

direction) to -1 (strong inverse correlation), with 0 indicating that the two variables 

have no association. Correlations with values of -1.0 to -0.5 or 0.5 to 1.0 were 

considered strong, -0.5 to -0.3) or 0.3 to 0.5 were considered moderate, -0.3 to -0.1 or 

0.1 to 0.3 were considered weak, and -0.1 to 0.1) were considered as having no 

correlation. 
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2.9.7 Kaplan-Meier Survival Analysis and Log-Rank test  

To estimate the statistical survival distribution of two populations of BC patients for 

censored observations, the log-rank test was used. The associated estimations of TNBC 

patients’ survival were plotted onto Kaplan-Meier (KM) curves. To indicate that a 

patient had developed distant metastases or had died from TNBC, the survival status 

was recorded as ‘1’ in SPSS. 

2.9.8 Proportional Hazards Model (Cox Regression Model)  

The prognostic independence of a differentially expressed gene or protein was 

measured against standardised prognostic factors in Cox’s proportional hazard model. 

This evaluated the presence of confounders and prognostic or predictive independence 

of the studied biomarker from standard prognostic/predictive factors, such as tumour 

grade, LN stage, and tumour size.  

2.9.9 Calculation of Sensitivity, Specificity, Positive Predictive Value, and 

Negative Predictive Value 

To measure the specificity, positive predictive value (PPV), negative predictive value 

(NPV), and classification accuracy of identified prognostic biomarkers both at the 

mRNA and protein levels, cases were analysed by the incidence of distant metastases.  

Sensitivity was calculated based on the percentage of recorded histopathologically 

proven BC tumours interpreted as positive for distant metastases, defined as (number 

of true positive distant metastasis cases harbouring high expression of the identified 

biomarker) × 100/(number of true positive distant metastasis cases harbouring high 

expression of the identified biomarker + number of false negative distant metastasis 

cases harbouring low expression of the identified biomarker), where true positive were 
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the cases correctly recorded as distant metastasis positive and false negative were cases 

diagnosed as positive for distant metastasis but harboured low expressions of the 

identified biomarker on both mRNA and protein levels. Specificity was calculated 

based on the percentage of recorded histopathologically proven BC tumours interpreted 

as negative for distant metastases, defined as (number of true negative distant 

metastasis cases harbouring low expression of the identified biomarker) × 100/(number 

of true negative distant metastasis cases harbouring low expression of the identified 

biomarker + number of false positive distant metastasis cases harbouring high 

expression of the identified biomarker), where a true negative was a case correctly 

recorded as a distant metastasis negative, and a false positive was a case recorded as a 

distant metastasis negative but which harboured high expressions of the identified 

biomarker at both the mRNA and protein levels [198].  

To evaluate the precision rate of this prognostic index in predicting distant metastasis, 

the PPV (the proportion of subjects with distant metastasis who are correctly diagnosed; 

PPV = true positive/(true positive + false positive)) and the NPV (proportion of subjects 

without distant metastasis who are correctly diagnosed; NPV = true negative/(true 

negative + false negative)) were calculated [199]. Finally, to investigate the accuracy 

of the overall ability of the expressions of the identified biomarker to correctly classify 

cases as high- or low-risk for TNBC metastatic disease, defined as (number of true 

positive distant metastasis cases harbouring high expressions of the identified 

biomarker + true negative distant metastasis cases harbouring low expression of the 

identified biomarker) × 100/(total number of patients who were computed in the 

analysis) were calculated [200]. 
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2.9.10 Validation of the Findings  

Data was sought from online databases for the purposes of comparing and validating 

the study findings. The prognostic value of the prognostic genes identified was 

evaluated using the Breast Cancer Gene Expression Miner v4. 0 (Bc-GenExMiner) 

database, which includes RNA sequence expression data from 4,713 BC patients, 

including 254 TNBC patients [201]. The Genotype 2 outcome tool (http://www.g-2-

o.com) was also integrated to identify prognostic genes. This web-based server uses 

NGS and microarray data of 6,697 BC patients, including 612 TNBC patients, and also 

provides outcome data. To create the transcriptomic fingerprint for mutational status, 

computed receiver operator characteristic (ROC) values obtained from the Cancer 

Genome Atlas RNA sequence and NGS mutation data were used. The average 

expression of significant genes was designated as a metagene for a given genotype. 

Using the gene chip data, multivariate Cox regression, and KM survival analysis, 

associations were drawn from the expression of the metagenes and patient outcomes 

[35]. Prognostic genes that had been identified were also computed on the KM plotter 

dataset to test the prognostic value using 3,951 BC patients, including 255 TNBC 

patients with available outcome data [202]. The best performing threshold against 

outcome was used to categorise the cases into high- and low-risk as generated by the 

KM Plotter (determined by the public domain database). 

An ROC curve was created using the ROC plotter data portal to establish the predictive 

value of the expression of the prognostic genes identified in relation to the effectiveness 

of adjuvant therapy in TNBC tumours and relapse-free survival [203]. Gene selection 

and the optimal cut-offs were determined using the Jetset best probe selection [204]. 

http://www.g-2-o.com/
http://www.g-2-o.com/
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The expression of identified prognostic genes of TNBC patients who do or do not 

respond to CMF, FAC, FEC, anthracycline, lxabepilone, and taxane chemotherapy 

interventions was compared to determine potential associations between the genes and 

chemotherapeutic responses.  

2.9.11 The Molecular Taxonomy of Breast Cancer International Consortium 

(METABRIC)  

Validated clinicopathological and transcriptomic data of a well-characterised cohort of 

TNBC patients (N = 313) was obtained from the METABRIC-TNBC [114]. These data 

were used to evaluate mRNA expression and changes to copy number in the TMA 

results. The mean tumour size at the time of presentation was 3 cm (range: 1–18 cm) 

for patients in the METABRIC-TNBC series, and the mean age was 59 years (range: 

26–96). DNA and RNA were isolated from fresh frozen samples for the purpose of 

profiling their transcription, which was achieved using an Affymetrix SNP 6.0 Illumina 

Total Prep RNA Amplification Kit and Illumina Human HT-12 v3 Expression Bead 

Chips (Ambion, Warrington, UK). Gene segments and the Šidák correction were used 

to determine changes to copy number [[205]], whereas gene expression data were pre-

processed and normalised as described previously [114]. In this cohort, patients with 

ER-negative tumours and LN-positive status received adjuvant chemotherapy (Table 

2-6). 
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Table 2-6: METABRIC-TNBC patients’ cohort 

Clinicopathological 
Parameter 

METABRIC 
cohort 
(n=313) 

No (%) 

Clinicopathological 
Parameter 

METABRIC 
cohort 
(n=313) 

No (%) 

Age (years) Tumour Histological Subtype 

< 50 112 (36) 
Ductal no special type 
(NST) and medullary 
subtype 

282 (90) 

≥ 50 201 (64) Lobular 15 (5) 

Tumour Size (cm) 
Miscellaneous and 
special subtypes 

16 (5) 

< 2 98 (32) Vascular Invasion 

≥ 2 211 (68) Yes 96 (38) 

Tumour Grade No 157 (62) 

1 4 (1) Distant Metastasis 

2 40 (13) Yes 
Not 
available 

3 266 (86) No 
Not 
available 

Nodal Stage Breast Cancer Specific Survival 

1 95 (30) Alive 166 (53) 

2 176 (57) Died of BC 101 (32) 

3 40 (13) Died of other causes 46 (15) 

Nottingham Prognostic Index Chemotherapy 

Good Prognosis 18 (6) Yes 167 (53) 

Moderate Prognosis 136 (45) No 146 (47) 

Poor Prognosis 151 (50) No treatment 0 (0) 

PAM50 classification Radiotherapy 

Luminal A 3 (1) Yes 222 (71) 

Luminal B 0 (0) No 50 (26) 

HER2 enriched 38 (12) No treatment 41 (13) 

Basal Like 249 (80)   

Normal Like 23 (7)   
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2.9.12 In-House Biomarker Consortium Data  

Data on a broad range of biomarkers of well-established clinical and biological 

relevance to BC were accessible and retained on a web-based interface (Distiller; 

Slidepath Ltd, Dublin, Ireland). These data included androgen receptor (AR) [206], 

EMT-related biomarkers (E-cadherin, TGFBeta1, TWIST2, and ZEB) [207–209], 

DNA repair families (BRCA1, BRCA2, GammaH2ax, and RAD51) [210–212], 

proliferation biomarkers (Ki67) [213], and tumour suppressors and oncogene 

biomarkers (TP53, PTEN, ATM) [98,208,214,215]. Except for Ki67 being evaluated 

on full-face sections, the aforementioned markers used in this study have been 

previously stained and evaluated on TMA. The author re-scored E-cadherin, Ki67, and 

AR markers expressed in the TNBC subset of cases. The details are summarised in 

related chapters. 
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This chapter has been published in Modern Pathology (2019) under the title “ A novel 

prognostic two-gene signature for triple negative breast cancer” with the 

corresponding DOI: https://doi.org/10.1038/s41379-020-0563-7[216]. The Copyright 

approval for re-use of these material is provided in (appendix 7.2)  

 Background  

TNBC comprises 15%-30% of BC, and presents considerable challenges with regard 

to clinical management due to lack of targeted therapies [217,218]. Moreover, TNBC 

often has an unfavorable prognosis with increased probability of early metastasis, 

disease recurrence, and shorter overall survival [219,220]. Although TNBC generally 

displays aggressive behaviour, patient outcomes can vary considerably. Around 23% 

of early-diagnosed TNBC patients remain disease free for more than five years  while 

death within five years of diagnosis is inevitable for almost all metastatic TNBC 

patients [136,150,221]. Therefore, the complexity, molecular variability, and 

unpredictability of TNBC behavior warrants further investigation [222]. The biological 

heterogeneity of TNBCs has provided an impetus to develop tools for prognostic 

stratification, however, there are inconsistent results owing to a small cohort of patients, 

gene expression datasets obtained from different gene expression platforms and the use 

of microarray versus reverse transcriptase polymerase chain reaction (RT-PCR), which 

also makes head-to-head comparison challenging [223,224].  

  

https://doi.org/10.1038/s41379-020-0563-7
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 Available Prognostic gene signatures  

Various multigene prognostic tests are available for ER-positive tumours, including 

Oncotype DX, IHC4, MammaPrint, Genomic Grade index and Prosigna, for patient 

risk stratification and to guide therapy choice, whereas in ER-negative tumours, and 

specifically TNBC tumours with a higher proliferation rate, these multigene signatures 

provide no clinical value [225]. Lehmann et al, used gene expression profiles to classify 

TNBCs into six molecular subtypes: Basal-like 1 and 2, Mesenchymal, Mesenchymal 

Stem-like, Immunomodulatory, and Luminal Androgen Receptor [113]. Burstein et al 

proposed an alternative gene expression classification for TNBC  categorising the 

tumour into four TNBC molecular subtypes: Luminal Androgen Receptor, 

Mesenchymal, Basal like immune suppressed, and Basal like immune activated [116]. 

However, distant metastasis-free survival (DMFS) analysis showed poor prognosis for 

TNBCs regardless of their molecular profile subtype [226]. Therefore, there is an urgent 

unmet need for clinically validated prognostic markers that can predict outcomes for 

TNBC patients [226].  

 Advancement on transcriptomic technologies  

Unbiased omics technologies, including NGS, are expected to lead a paradigm shift for 

precision medicine from a pathological microscopy-based diagnosis to gene signature-

based diagnosis, prognosis, and treatment approaches [227]. NGS enables 

transcriptomic profiling of TNBC and identification of genomic alterations such as 

copy number alteration, insertions, deletions and mutations; consequently, studies 
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exploring inter-tumour heterogeneity in different types of tumours are now possible 

[40,228]. For successful NGS analysis, clinical samples must be maintained in 

conditions that would allow for DNA and RNA preservation and subsequent extraction. 

At present, most clinical samples are processed and archived as FFPE tissue samples in 

which the DNA and RNA necessary for NGS analysis is often fragmented [229]. 

However, FFPE tissue samples, if processed and stored properly, have been shown to 

preserve sufficient DNA and RNA material for extraction for NGS analysis [230].  

 Hypothesis and Aim  

In this chapter, it was hypothesised that the Identification of a prognostic gene signature 

for TNBC tumours could significantly impact the survival of patients with these 

difficult to treat cancers until novel targeted therapies become available. Therefore, the 

present chapter employs NGS transcriptomic analysis and aims to identify a molecular 

prognostic signature predicting risk for poor outcomes in TNBC. 

 Materials and Methods 

3.5.1 Study Cohort 

This chapter was carried out as a collaborative work with Dr Graham Ball (School of 

Biomedical and Natural Sciences, the Nottingham Trent University), who performed 

the Artificial Neural Network analysis (ANN) to identify prognostic genes associated 

with TNBC clinical outcome. The experimental work including basic statistical and 

pathway analysis, IHC staining and evaluation, and development of probabilistic 

algorithm score were calculated by the author.  
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This study was conducted on a retrospective well-characterised series of primary 

invasive TNBC tumours samples obtained from patients presented to Nottingham 

City Hospital, UK between 1987 to 2006 prepared as TMA (n=393). The NGS cohort 

(n=112) was referred as “transcriptome cohort” and used a discovery cohort, whereas 

the “IHC cohort” (n=333) was used to validate the identified biomarkers at the protein 

level using IHC.  Patients outcome data together with clinicopathological 

characteristics were collected from patients’ medical records (Chapter 2). Distribution 

of clinicopathological parameters between NGS transcriptomic cohort and the TNBC 

IHC cohort were tested using Chi-square test (Table 3-1). 
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Table 3-1: Patients cohorts 

Clinicopathological 

Parameter 

Transcriptomic 

cohort (n=112) 

No (%) 

IHC 

Cohort 

(n=333) 

No (%) 

P-

value 

Clinicopathological Parameter Transcriptomic 

cohort (n=112) 

No (%) 

IHC 

Cohort 

(n=333) 

No (%) 

P-

value 

Age (years) 

  < 50 

  ≥ 50 

   

0.025 

Vascular Invasion 

Yes 

No 

   

0.005 62 (56) 154 (46) 42 (38) 89 (27) 

50 (44) 179 (54) 70 (62) 244 (73) 

Tumour Size (cm) 

< 2 

≥ 2 

   

< 

0.001 

Distant Metastasis 

Yes 

No 

   

0.001 32 (28) 144 (43) 46 (41) 91 (28) 

80 (72) 189 (57) 64 (59) 241 (72) 

Grade 

1 

2 

3 

   

 

0.469 

Breast Cancer Specific Survival 

Alive 

Died of BC 

Died of other causes 

   

 

0.033 

1 (1) 4 (1) 61 (55) 216 (65) 

6 (6) 24 (7) 42 (38) 89 (27) 

104 (93) 305 (92) 9 (7) 27 (8) 

Nodal Stage 

1 

2 

3 

   

 

0.270 

Chemotherapy 

Yes 

No 

No treatment  

   

 

0.005 

68 (61) 223 (67) 57 (51) 257 (65) 

31 (27) 77 (23) 44(40) 123 (31) 

13 (12) 32 (10) 11 (10) 14 (4) 

Nottingham 

Prognostic Index 

Good Prognosis 

Moderate Prognosis 

Poor Prognosis 

   

 

0.037 

Radiotherapy  

Yes 

No 

No treatment  

   

 

0.668 

3 (3) 15 (4) 74 (66) 278 (71) 

76 (68) 245 (74) 28 (25) 97 (25) 

33 (29) 72 (22) 10 (9) 19 (4) 
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3.5.2 Transcriptomic and Pathway Analysis  

Artificial Neural Network (ANN) database mining approach was used to build a 

classifier using the NGS transcriptomic cohort and identify genes associated with 

disease outcomes (DMFS and BCSS). In ANN, learning rates and momentum were set 

at 0.1 and 0.5, respectively [231]. Each tumuor sample had 39,684 corresponding genes. 

The input codes were “0” if patients showed neither evidence of metastasis (DMFS) 

nor death from BC (BCSS) within five years, and “1” if metastasis or death due to BC 

was evident in the first five years after diagnosis. Although BCSS is the ultimate 

endpoint of cancer outcome, DMFS was chosen as an end point based on the high 

likelihood of TNBC patients being diagnosed with distant metastases within five years 

of diagnosis [136]. Prior to ANN testing, a Monte-Carlo cross validation procedure was 

applied to avoid data over-fitting and false discovery. Documentation of such approach 

has proven to outperform the commonly used leave-one-out cross validation [232]. The 

input data were randomly divided into three subsets; 60% for training, 20% for 

validation to ensure model performance during the training process, and 20% for blind 

testing of the original model [233]. Genes identification by the forward stepwise 

approach using ANN was performed as described previously [234]. Based upon the 

distribution of performance on the aforementioned model, ANN generated two panels 

of genes, representing the top 1% of the RNA sequence matrices that significantly 

predicted DMFS and BCSS, respectively. Genes common to both the DMFS and BCSS 

panels were identified using the Venny 2.0 online tool [235]. Receiver operating 

characteristics (ROC) curves were generated to assess the predictive value of the 
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differentially expressed gene panel presenting the sensitivity and specificity of the 

tested model (Figure 3-1). 

Pathway analysis was conducted to identify differentially regulated canonical pathways 

using the overrepresentation enrichment analysis (ORA) (Chapter 2). The pathway 

analysis was based on the top 200 ranked genes predicting DMFS and BCSS. The 

reference gene list was set to the “genome_protein_coding”. The ratio of observed 

versus expected number of genes in the category was recorded for each significant 

category using the enrichment ratio (R) scores using Panther pathway database [188]. 
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Figure 3-1:Flowchart of Artificial Neural Network analysis 

• This figure illustrates the analytical and experimental methodology of the steps used in the 

conducted experiment utilising the mRNA cohort of 112 TNBC cases to identify genes associated 

with clinical outcome. 
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3.5.3 Prognostic Gene Signature Score 

In compliance with the Reporting Recommendations for Tumour Marker Prognostic 

Studies criteria (REMARK), the associations between the expression of genes in our 

21-gene panel, common to both the DMFS and BCSS  gene prediction panels identified 

by ANN, and  DMFS or BCSS were evaluated both individually, as well as after 

adjusting for standard prognostic variables [236,237]. Thus, DMFS and BCSS 

probabilities were individually computed on our gene panel using Kaplan-Meier testing 

model. Additionally, multivariate Cox regression analysis was used to calculate the 

estimate effect size [i.e., Hazard ratio (HR), along with 95% confidence interval (CI)] 

of the genes that were statistically significant in univariate Kaplan-Meier testing model 

for both DMFS and BCSS, which included the genes and standard prognostic variables, 

regardless of the statistical significance of standard prognostic variables in univariate 

analysis. The genes which showed significant prognostic impact independently in 

multivariate Cox regression analysis were further examined in a combined multivariate 

Cox regression analysis to identify a signature with a minimum number of genes that 

showed the most significant association with DMFS and BCSS. 

3.5.4 External Validation of Transcriptomic Data 

For independent validation of the results, the prognostic value of the two-gene signature 

predictors of DMFS and BCSS were examined using public domain data (Chapter 2). 
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3.5.5 Immunohistochemistry and western blotting analyses 

Assessment of the protein expression of the identified two-gene prognostic signature 

was performed using rabbit anti-SPDYC (NBP1-80832, lot # R36476, Novous 

Biological, UK) and rabbit anti-ACSM4 (PA5-62082, lot # R59771, Thermofisher, 

UK) (Figure 3-2). Anti SPDYC was neutralized with recombinant human protein 

antigen (NBP1-80832PEP, lot # PR03260, Novous biological, UK) following the same 

staining protocol previously described (Chapter 2). Of note, the final count of cores 

eligible for scoring varied between antibodies after elimination  of uninformative TMA 

cores (cores were excluded at random either for loss during TMA construction or 

antigen retrieval process, tissue folding during processing or cores representing < 15% 

of tumour cells).  In addition, 25% of TMA sections were scored blindly by the author 

and two other researchers (Dr. Sara Raafat for SPDYC & Dr Michael Toss for ACSM4) 

to assess inter-observer concordance (ICC). The ICC for SPDYC and ACSM4 were 

0.77 and 0.80, respectively, indicating substantial concordance between scorers. 

Moreover, the discordant cases were re-scored by the author and a second observer and 

a consensus score was agreed upon and assigned.  
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Figure 3-2:Immunohistochemical expression of SPDYC and ACSM4 in FFPE  TMA cores from TNBC samples (IHC cohort, n=333) 

Immunohistochemical protein expression of SPDYC and ACSM4 in TNBC TMA cores (power 10×, inset high power 40×). A) SPDYC 

neutralised expression, B) SPDYC weak expression, C) SPDYC strong expression, D) ACSM4 neutralized expression, E) ACSM4 moderate 

expression, F) ACSM4 Strong expression. 
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3.5.6 Statistical Analysis 

IBM SPSS 24.0 (Chicago, IL, USA) software was used for statistical analysis. For 

dichotomisation of mRNA expression and protein expression levels of different genes, 

the X-tile bioinformatics version 3.6.1 (Yale University, USA) was utilised with DMFS 

as an endpoint. Cox proportional hazard models were used for multivariate analysis 

model adjusting for patients age, tumour grade, nodal stage, tumour size, and LVI status 

as covariates to adjust for potential confounding influence of these variables on 

associations between the tested genes and the outcomes of interest. Spearman’s Rho 

test was used to evaluate correlations between continuous variables of the 

transcriptomic and protein expression data. A p-value of <0.05 was deemed 

significant. 

 RESULTS 

3.6.1 Gene Selection 

To build a classifier panel for outcome prediction in TNBC, ANN analysis of the RNA-

sequence matrices data of the transcriptomic cohort was performed and genes were 

ranked based on relationships between their expression and clinical outcomes in terms 

of DMFS and BCSS. The top ranked genes predicting DMFS (DMFS genes panel) and 

those predicting BCSS (BCSS genes panel) were investigated to determine the most 

statistically enriched pathways, (Table 3-2 & Appendix for full details). 

Using the Venny tool, we identified a total of 21 genes that were common to both the 

DMFS and BCSS ANN panels. The 21-gene panel predicted patients’ DMFS and BCSS 

with 92% sensitivity and 94% specificity (  Figure 3-3 ). The probability of finding a 
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gene by random chance in the top 200 was 0.03, whereas the probability of randomly 

finding the 21 genes collectively was 6.2x10-33, (Figure 3-4). 

Univariate Kaplan–Meier survival analysis showed that elevated expression of some 

genes was significantly associated with shorter DMFS and BCSS, whereas elevated 

expressions of other genes showed statistically significant association with longer 

DMFS and BCSS (Table 3-3 & Figure 3-5). Multivariate Cox regression analysis 

models incorporating patient’s age, tumuor grade, nodal stage, tumour size, and LVI 

status revealed that eight of the 21 genes were independent predictors of DMFS and 

BCSS, (Table 3-4). 
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Table 3-2:Pathway analysis of genes strongly predictive of both Breast Cancer Specific Survival (BCSS) and Distant Metastasis-

Free Survival (DMFS) (Transcriptomic Cohort, n=112) 

Description Gene Set 
Gene Set 
Size 

Overlap P-value Enrichment Ratio 
 
Gene Symbol 
 

Gene Name 

JAK/STAT signaling pathway P00038 15 1 0.130 7.1937 STAT1 
signal transducer and activator of 

transcription 1 

p38 MAPK pathway P05918 34 2 0.038 6.3473 
MAP3K4 mitogen-activated protein kinase 4 

MAP2K6 mitogen-activated protein kinase 6 

Ras Pathway P04393 70 3 0.025 4.6245 

STAT1 
signal transducer and activator of 

transcription 1 

MAP2K6 mitogen-activated protein kinase 6 

MAP3K4 mitogen-activated protein kinase 4 

EGF receptor signaling pathway 

 
P00018 115 4 0.019 3.7532 

STAT1 
signal transducer and activator of 

transcription 1 

MAP3K4 mitogen-activated protein kinase 4 

MAP2K6 mitogen-activated protein kinase 6 

EGFR epidermal growth factor receptor 

Cadherin signaling pathway P00012 153 4 0.048 2.821 

PCDHGC5 protocadherin gamma subfamily C, 5 

PCDHB1 protocadherin beta 1 

FZD5 frizzled class receptor 5 

EGFR epidermal growth factor receptor 

PDGF signaling pathway P00047 125 3 0.105 2.5897 

MAP3K4 mitogen-activated protein kinase  4 

STAT1 
signal transducer and activator of 

transcription 1 

ETV3 ETS variant 3 
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• The top 200 ranked genes predicting DMFS (DMFS genes panel) and those predicting BCSS (BCSS genes panel) were investigated to 

determine the most statistically enriched pathways in our DMFS and BCSS gene lists by conducting Panther enrichment pathway analysis 

using Webgestalt. Since those aforementioned biologically important pathways showed statistically significant enrichment, they merited 

more in-depth evaluation, nevertheless, they reinforced the power of our discovered classifier panels in predicting TNBC outcome.
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Figure 3-3:Receiver Operative Characteristic curve depicting the sensitivity and specificity of 

the predicted 21 gene panel associated with both Breast cancer-specific survival (BCSS) 

and Distant metastasis-free survival (DMFS) (Transcriptomic cohort, n=112). 

• Area Under the Curve (AUC) 

 

Figure 3-4:The output of Venny diagram tool showing the overlapping genes between 

the top 200 genes associated with Breast Cancer Specific Survival (BCSS) and the top 

200 genes associated with Distant Metastasis Free Survival (DMFS) (Transcriptomic 

cohort, n=112) 



Chapter 3: Identification of potential prognostic genes in TNBC 

   140 

 

Table 3-3:Univariate analyses for the 21 genes identified by Venny tool that potentially predictive of both Breast Cancer Specific 

Survival (BCSS) and Distant Metastasis-Free Survival (DMFS) (Transcriptomic Cohort, n=112) 

 

• Significant P-values are bolded 

  

 

 

Gene 

ID 

 

 

chromosomal 

location 

Breast Cancer specific Survival Distant Metastasis Free Survival 

Frequency  

 

P-value 

Frequency  

 

P-value 
Below-cut-point 

Expression 

(N) 

Above cut-point 

Expression 

(N) 

Below-cut-point 

Expression 

(N) 

Above cut-point 

Expression 

(N) 

AC020931.1 19p13.2 74 38 0.037 69 37 0.012 

AC079305.10 2q31.2 50 62 0.02 47 59 0.001 

AC084809.2 17q11.2 95 17 0.002 90 16 0.012 

ACSM4 12p13.31 80 32 < 0.001 75 31 < 0.001 

MEX3A 1q22 90 22 0.015 87 19 0.038 

NDUFA4L2 12q13.3 72 40 0.036 66 40 0.010 

PAXBP1-AS1 21q22.11 84 28 0.033 81 25 0.020 

BICC1 10q21.1 72 40 0.160 68 38 0.048 

CCDC54 3q13.12 71 24 0.330 68 38 0.115 

DCTN1-AS1 2p13.1 91 21 0.047 85 21 0.006 

DOCK10 2q36.2 91 21 0.020 86 20 0.037 

GTF3C6 6q21 72 40 0.242 68 38 0.076 

HARBI1 11p11.2 94 18 0.113 90 16 0.017 

PPL 16p13.3 94 18 0.002 89 17 < 0.001 

RP1129H23.5 1q22 82 30 0.002 77 29 0.001 

RP11409C19.2 8q13.1 72 40 0.180 70 36 0.068 

RPS10P18 10q26.13 95 17 0.002 89 17 0.003 

RPS3AP47 15q15.2 91 21 0.588 86 20 0.509 

SNORD99 1p35.3 90 22 0.099 84 22 0.075 

SPDYC 11q13.1 90 22 0.014 86 20 0.018 

SRP72P2 6q25.3 91 21 0.381 20 86 0.175 

Total 112  106  
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Figure 3-5:Univariate Kaplan-Meier survival analyses of the transcripts identified by Artificial Neural Network analysis to be 

strongly predictive of Breast Cancer-Specific Survival (BCSS) and Distant Metastasis-Free Survival (DMFS) using RNA seq 

matrices 
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Table 3-4:Multivariate Cox regression analysis for genes potentially associated with both 

Breast Cancer Specific Survival (BCSS) and Distant Metastasis-Free Survival (DMFS) 

(Transcriptomic Cohort, n=112) 

 

Covariates  

Breast Cancer-Specific Survival Distant Metastasis-Free Survival 

P-

value 

Hazard 

Ratio 

95% CI P-

value 

Hazar

d 

Ratio 

95% CI 

Lower Upper Lower Upper 

Age 0.061 1.836 0.971 3.472 0.047 1.92 1.009 3.653 

Grade 0.452 1.712 0.421 6.954 0.441 1.743 0.424 7.157 

Nodal Stage 0.116 1.582 0.893 2.801 0.173 1.48 0.842 2.6 

Tumour Size 0.258 0.675 0.342 1.333 0.137 0.601 0.307 1.176 

Vascular 

Invasion 
0.454 1.365 0.604 3.083 0.55 1.277 0.573 2.842 

AC020931.1 0.103 0.528 0.245 1.137 0.043 0.437 0.196 0.976 

Age 0.113 1.682 0.884 3.21 0.101 1.727 0.899 3.315 

Grade 0.362 1.914 0.475 7.714 0.341 1.986 0.484 8.15 

Nodal Stage 0.102 1.595 0.911 2.793 0.148 1.5 0.866 2.595 

Tumour Size 0.351 0.724 0.367 1.427 0.179 0.635 0.327 1.232 

Vascular 

Invasion 
0.388 1.413 0.645 3.097 0.416 1.374 0.639 2.953 

AC079305.10 0.046 1.983 1.012 3.887 0.004 2.871 1.394 5.912 

Age 0.225 1.512 0.775 2.951 0.184 1.583 0.804 3.117 

Grade 0.23 2.364 0.58 9.629 0.219 2.4 0.594 9.7 

Nodal Stage 0.077 1.693 0.945 3.034 0.094 1.631 0.92 2.89 

Tumour Size 0.239 0.663 0.335 1.314 0.117 0.583 0.296 1.146 

Vascular 

Invasion 
0.668 1.203 0.517 2.795 0.723 1.16 0.511 2.637 

AC084809.2 0.047 2.184 1.01 4.721 0.131 1.848 0.832 4.104 

Age 0.04 1.969 1.03 3.763 0.048 1.919 1.005 3.664 

Grade 0.176 2.436 0.671 8.841 0.174 2.466 0.672 9.049 

Nodal Stage 0.015 2.135 1.161 3.927 0.027 1.957 1.08 3.545 

Tumour Size 0.165 0.612 0.306 1.224 0.097 0.56 0.282 1.11 
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Vascular 

Invasion 
0.839 0.914 0.382 2.183 0.796 0.893 0.381 2.096 

ACSM4 
<0.00

1 
3.749 1.964 7.158 0.001 3.154 1.645 6.046 

Age 0.306 1.421 0.725 2.784 0.198 1.557 0.794 3.053 

Grade 0.423 1.762 0.44 7.049 0.318 2.029 0.507 8.129 

Nodal Stage 0.043 1.808 1.018 3.211 0.07 1.689 0.958 2.977 

Tumour Size 0.332 0.715 0.363 1.408 0.145 0.607 0.311 1.188 

Vascular 

Invasion 
0.437 1.366 0.623 2.994 0.577 1.247 0.574 2.7111 

MEX3A 0.032 2.208 1.072 4.546 0.102 1.857 0.884 3.904 

Age 0.082 1.751 0.932 3.293 0.077 1.769 0.94 3.329 

Grade 0.33 1.937 0.512 7.328 0.32 1.954 0.521 7.33 

Nodal Stage 0.141 1.54 0.867 2.738 0.191 1.455 0.83 2.552 

Tumour Size 0.384 0.734 0.366 1.472 0.267 0.678 0.341 1.347 

Vascular 

Invasion 
0.45 1.358 0.614 3.004 0.523 1.289 0.591 2.811 

NDUFA4L2 0.181 1.569 0.811 3.033 0.068 1.846 0.955 3.569 

Age 0.039 1.96 1.033 3.72 0.041 1.949 1.028 3.695 

Grade 0.275 2.098 0.555 7.924 0.255 2.169 0.572 8.217 

Nodal Stage 0.164 1.524 0.842 2.756 0.196 1.469 0.82 2.63 

Tumour Size 0.199 0.639 0.332 1.266 0.099 0.566 0.288 1.114 

Vascular 

Invasion 
0.44 1.397 0.598 3.264 0.495 1.339 0.579 3.097 

PAXBP1-AS1 0.049 0.411 0.17 0.996 0.036 0.362 0.14 0.936 

Age 0.028 2.081 1.083 3.999 0.019 2.185 1.135 4.208 

Grade 0.229 2.36 0.583 9.551 0.188 2.581 0.63 10.579 

Nodal Stage 0.035 1.904 1.047 3.465 0.034 1.92 1.052 3.506 

Tumour Size 0.26 0.675 0.341 1.337 0.111 0.577 0.294 1.134 

Vascular 

Invasion 
0.48 1.346 0.591 3.066 0.51 1.315 0.582 2.97 

DCTN1-AS1 0.003 3.061 1.452 6.454 
< 

0.001 
3.874 1.873 8.013 

Age 0.044 1.92 1.019 3.618 0.05 1.881 0.999 3.543 

Grade 0.214 2.293 0.619 8.497 0.203 2.364 0.629 8.885 

Nodal Stage 0.272 1.399 0.768 2.55 0.236 1.426 0.793 2.564 
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Tumour Size 0.204 0.646 0.328 1.269 0.104 0.575 0.295 1.121 

Vascular 

Invasion 
0.313 1.573 0.652 3.794 0.462 1.376 0.588 3.217 

DOCK10 0.031 2.215 1.076 4.56 0.075 1.939 0.935 4.025 

Age 0.097 1.74 0.905 3.344 0.11 1.712 0.885 3.313 

Grade 0.276 2.19 0.535 8.971 0.241 2.333 0.565 9.626 

Nodal Stage 0.198 1.459 0.821 2.595 0.259 1.385 0.787 2.437 

Tumour Size 0.301 0.692 0.344 1.39 1.77 0.619 0.309 1.242 

Vascular 

Invasion 
0.225 1.687 0.725 3.928 0.266 1.595 0.7 3.637 

PPL 0.004 2.961 1.424 6.157 0.004 2.966 1.414 6.22 

Age 0.064 1.845 0.964 3.532 0.043 1.977 1.022 3.825 

Grade 0.347 1.956 0.483 7.914 0.27 2.212 0.539 9.079 

Nodal Stage 0.14 1.538 0.869 2.722 0.207 1.44 0.817 2.538 

Tumour Size 0.215 0.645 0.323 1.293. 0.072 0.531 0.267 1.058 

Vascular 

Invasion 
0.279 1.581 0.689 3.627 0.336 1.492 0.66 3.374 

RP1129H23.5 0.001 2.832 1.5 5.346 0.001 2.975 1.569 5.641 

Age 0.024 2.119 1.102 4.078 0.027 2.088 1.085 4.016 

Grade 0.36 1.903 0.48 7.541 0.309 2.053 0.513 8.207 

Nodal Stage 0.048 1.685 1.005 2.826 0.087 1.566 0.938 2.617 

Tumour Size 0.189 0.663 0.32 1.252 0.088 0.556 0.283 1.092 

Vascular 

Invasion 
0.181 1.663 0.789 3.503 0.24 1.558 0.755 3.263 

RPS10P18 
< 

0.001 
3.941 1.852 8.389 0.001 3.399 1.611 7.171 

Age 0.046 1.907 1.012 3.596 0.05 1.886 1 3.557 

Grade 0.209 2.279 0.631 8.232 0.19 2.378 0.65 8.695 

Nodal Stage 0.125 1.561 0.884 2.756 0.129 1.545 0.881 2.71 

Tumour Size 0.14 0.596 0.3 1.185 0.066 0.529 0.269 1.042 

Vascular 

Invasion 
0.247 1.666 0.702 3.953 0.383 1.452 0.628 3.356 

SPDYC 0.003 2.892 1.453 5.758 0.006 2.646 1.317 5.317 

• Significant P-values are bolded       CI: Confidence interval  
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3.6.2 Prognostic Two-Gene Signature 

The prognostic gene signature was identified after statistically distilling the eight genes in 

a multivariate Cox regression analysis to identify a signature with a minimum number of 

genes that show most significant association with BCSS and DMFS. The  analysis revealed 

two genes ACSM4 and SPDYC that most significantly and  independently predicted both 

DMFS and BCSS (ACSM4; DMFS: p=0.015, 95% CI=1.21-6.13, HR=2.72 : BCSS: 

p=0.004, 95% CI=1.44-6.83, HR=3.14), and (SPDYC ; DMFS: p=0.012, 95% CI=1.23-

5.45, HR=2.59 :BCSS: p=0.016, 95% CI=1.18-5.09, HR=2.45) (Table 3-5). 

 Of note, when we examined the association between the mRNA expression of ACSM4 and 

SPDYC, we observed no linear association (r = 0.036, p=0.710). However, to investigate 

the prognostic value of the two-gene signature, a linear prognostic score was generated 

using the sum of the product of normalised expression levels of these two genes and their 

respective regression coefficients, as follows:  

The prognostic two-gene signature score ∑= (ACSM4 normalized expression * ACSM4 

expression β-value) + (SPDYC normalized expression * SPDYC expression β-value) 

(Table 3-6). 

Using X-tile cut-off generator, patients with higher mRNA expression score of the 

prognostic two-gene signature had worse outcome in terms of shorter DMFS and BCSS 

when compared with those with lower mRNA expression score (Figure 3-6). Cox 

regression analysis confirmed that the prognostic two-gene signature harbors significant 

prognostic value in terms of predicting shorter DMFS and BCSS independent of patient 

age, tumour grade, nodal stage, tumour size, and LVI status (Table 3-7)
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Table 3-5:Combined multivariate Cox regression analysis of genes potentially associated with both Breast Cancer-Specific Survival and Distant 

Metastasis-Free Survival (Transcriptomic Cohort, n=112) 

 

• Significant P-values are bolded       CI: Confidence interval  

 

 

  

 

Covariates 

Breast Cancer-Specific Survival Distant Metastasis-Free Survival 

P-value 
Hazard 

Ratio 

95% CI 
P-value 

Hazard 

Ratio 

95% CI 

Lower Upper Lower Upper 

Age 0.043 2.053 1.023 4.119 0.046 2.033 1.013 4.079 

Grade 0.203 2.331 0.633 8.582 0.208 2.433 0.610 9.703 

Nodal Stage 0.181 1.523 0.822 2.819 0.208 1.483 0.803 2.739 

Tumour Size 0.202 0.616 0.293 1.296 0.153 0.588 0.283 1.219 

Vascular Invasion 0.215 1.813 0.708 4.642 0.253 1.697 0.685 4.206 

ACSM4 0.004 3.143 1.445 6.834 0.015 2.727 1.213 6.135 

SPDYC 0.016 2.455 1.183 5.096 0.012 2.594 1.234 5.450 

DCTN1-AS1 0.954 1.032 0.358 2.976 0.304 1.721 0.611 4.849 

PPL 0.883 1.079 0.395 2.947 0.926 0.950 0.317 2.841 

RP1129H23.5 0.565 1.268 0.566 2.840 0.724 1.158 0.513 2.612 

RPS10P18 0.093 2.134 0.882 5.160 0.251 1.716 0.682 4.316 

AC079305.10 0.078 2.027 0.924 4.444 0.007 3.014 1.348 6.740 

PAXBP1-AS1 0.083 0.432 0.168 1.114 0.051 0.366 0.133 1.005 
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Table 3-6:Multivariate Cox regression analysis to generate a prognostic score for the two gene signature predicting Breast Cancer Specific 

Survival (BCSS) and Distant Metastasis-Free Survival (DMFS) (Transcriptomic Cohort, n=112) 

 

• Significant P-values are bolded       CI: Confidence interval  

  

Covariates Breast Cancer specific Survival Distant Metastasis Free Survival 

(B) 

value 

P-value Hazard 

Ratio 

95% CI (B) 

value 

P-value Hazard 

Ratio 

95% CI 

Lower Upper Lower Upper 

ACSM4 1.111 < 0.001 3.038 1.653 5.585 1.065 0.001 2.900 1.570 5.358 

SPDYC 0.745 0.026 2.016 1.092 4.063 0.833 0.016 2.300 1.166 4.535 
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Figure 3-6:Univariate Kaplan-Meier survival analysis of the prognostic two gene 

signature predicting Breast Cancer Specific Survival (BCSS) and Distant Metastasis-Free 

Survival (DMFS) (Transcriptomic cohort, n=112) 

• Significant P-values are bolded       HR: Hazard ratio
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Table 3-7:Multivariate Cox regression analysis for the two gene signature predicting Breast Cancer Specific Survival (BCSS) and Distant 

Metastasis-Free Survival (DMFS) (Transcriptomic Cohort, n=112) 

• Significant P-values are bolded       CI: Confidence interval 

Covariates Breast Cancer-Specific Survival Distant Metastasis-Free Survival 

P-value Hazard 

Ratio 

95% CI P-Value Hazard 

Ratio 

95% CI 

Lower Upper Lower Upper 

Age 0.011 2.343 1.217 4.513 0.015 2.240 1.169 4.294 

Grade 0.182 2.402 0.663 8.705 0.175 2.454 0.671 8.981 

Nodal Stage 0.033 1.907 1.053 3.454 0.043 1.836 1.020 3.307 

Tumour 

Size 

0.085 0.540 0.267 1.089 0.043 0.490 0.246 0.979 

Vascular 

Invasion 

0.694 1.188 1.053 2.805 0.852 1.084 0.466 2.519 

two gene 

signature at 

mRNA level 

< 0.001 3.891 2.041 7.416 < 0.001 3.371 1.780 6.384 
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3.6.3 External Validation of Genomic Findings 

Using the Bc-GenExMiner tool to analyze publicly available RNA-sequencing data, we 

observed that higher expression of SPDYC was significantly associated with worse 

prognosis in the whole/unselective cohorts of BC (n=4308, p<0.0001) [201]. Validating 

genes expressions on the restricted TNBC cohort (n=254), revealed a similar trend of poor 

prognosis (p=0.006) [201]. Moreover, the integration of our proposed prognostic two-gene 

signature in the public domain Genotype 2 outcome, using the median of each gene 

expression in the whole/unselective cohorts of BC (n=4029), indicated that higher 

expression of ACSM4 and SPDYC were associated with worse prognosis (both p<0.001). 

More importantly in the context of this study, the prognostic value of the two-gene signature 

(ACSM4 and SPDYC) was significantly associated with poorer outcome when examined in 

the TNBC subtype cohort alone (n=612, p<0.001) [35] (Figure 3-7). 
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Figure 3-7:Univariate Kaplan Meier survival analysis of our proposed combinatorial two gene signature predicting overall Survival (public 

domain datasets) 

• A) In the Breast Cancer Gene-Expression Miner data portal, high SPDYC mRNA expression confers a poor prognosis in the whole (i.e. 

unselected cohorts) of BC patients (n=4308, p value<0.0001). B) In the Breast Cancer Gene-Expression Miner data portal, high SPDYC 

mRNA expression confers poor prognosis in the TNBC patients (n=254, p value=0.006). C) In the Genotype 2 outcome public portal, high 

ACSM4 mRNA expression confers a poor prognosis outcome in the whole (i.e. unselected cohorts) of BC patients (n=4029, p 

value<0.0001). D) In the Genotype 2 outcome public portal, high SPDYC mRNA expression confers a poor prognosis outcome in the whole 

(i.e. unselected cohorts) of BC patients (n=4029, p value<0.0001). E)  In the Genotype 2 outcome public portal, high SPDYC & ACSM4 

mRNA expression confers a poor prognosis outcome in TNBC patients (n=612, p value<0.0001).
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3.6.4 Immunohistochemistry of the Prognostic Two-Gene Signature  

The morphological assessment of the tissue samples revealed cytoplasmic expression for 

both proteins; ACSM4 (H-score range 5-295) and SPDYC (H-score range 5-290).  

Univariate survival analysis revealed that higher expression of ACSM4 and SPDYC was 

significantly associated with patients’ poor outcomes (DMFS; p<0.001, BCSS; p=0.009 

for ACSM4) and (DMFS and BCSS, both p=0.004 for SPDYC) (Figure 3-8), which is 

concordant with the findings obtained from transcriptomic data.  

Multivariate Cox regression analysis showed that SPDYC protein expression was an 

independent prognostic factor regardless of patient age, tumour grade, nodal stage, tumour 

size, and LVI status for DMFS (p=0.015, 95% CI =1.17 - 4.74, HR=2.365) and BCSS 

(p=0.015, 95% CI =1.18- 4.78, HR=2.377). Likewise, multivariate Cox regression analysis 

showed that ACSM4 protein expression was a significant independent prognostic factor for 

DMFS (p=0.002, 95% CI=1.35- 3.89, HR= 2.267), but not in BCSS (p=0.057, 95% 

CI=0.98- 2.93 , HR= 1.698) (Table 3-8&Table 3-9).  

In a combined multivariate Cox regression analysis, SPDYC protein expression was an 

independent prognostic factor that predicted shorter  DMFS and BCSS ( DMFS: p=0.03, 

95% CI=1.07-5.86, HR=2.50: BCSS: p=0.03, 95% CI=1.08-5.96 HR=2.54), regardless of 

patient age, tumour grade, nodal stage, tumour size, and LVI status. ACSM4 protein 

expression also was observed to be an independent prognostic factor, associated with 

shorter DMFS (p=0.003, 95% CI =1.01-3.20, HR=1.83), regardless of patient age, tumour 

grade, nodal stage, tumour size, and LVI status, but not with BCSS (p=0.27, 95% CI=0.76-

2.56 , HR=1.40) (Table 3-10). Correspondingly, we observed a significant positive linear 

association between ACSM4 and SPDYC protein expression (r=0.29, p<0.001), signifying 

that these proteins might be synergistically driving TNBC disease progression (Figure 3-9). 

Furthermore, using only cases that were informative for both biomarkers, a linear 
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prognostic score was generated using Cox proportional hazard analysis to test whether dual 

expression of SPDYC and ACSM4 proteins was associated with worse outcome. The 

equation generated used the sum of the product of the quantitative H-score and their 

respective regression coefficient as follows:  

Protein expression prognostic score: ∑= (ACSM4 H-score * ACSM4 H-score β value) + 

(SPDYC H-score * SPDYC H-score β value) (Table 3-11).  

This protein expression prognostic score was then dichotomised using X-tile software to 

determine the optimal score to classify patients into high and low risk groups using DMFS 

as an end point. In the 257 investigated cases, the scores ranged from 15.43-365.05 with 

high protein expression risk scores (score > 170) observed in 159/257 (62%) cases. 

When testing the association between the prognostic score and outcome, univariate 

analysis demonstrated that cases with higher protein expression score had a significantly 

shorter DMFS (p=0.02) but not BCSS (p=0.06) (Figure 3-10). Multivariate Cox regression 

analysis model demonstrated that protein expression prognostic score was an independent 

prognostic factor for DMFS (p=0.03, 95% CI=1.04- 3.32 , HR=1.83) independent of patient 

age, tumour grade, nodal stage, tumour size, and LVI status, but not for BCSS (p=0.07, 

95% CI=0.94-2.96, HR=1.83) (Table 3-12). 

Finally, when we stratified our cohort based on chemotherapy treatment, the 10-year DMFS 

of patients who were not offered chemotherapy (n=83) and showed low expression of 

ACSM4 was 84% compared to 44% of those with high expression and the difference was 

statistically significant (p=0.005). However, those with low expression of SPDYC had 83% 

10-year DMFS compared to 70% in those with high expression but the difference was not 

statistically significant (p=0.209). Similarly, with the prognostic two gene signature, the 

10-year DMFS of patients with low expression was 84% compared to 69% of those with 

high expression (p=0.309). 
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Figure 3-8:Univariate Kaplan Meier survival analysis for ACSM4 and SPDYC protein 

expression for association with Breast Cancer Specific Survival (BCSS) and Distant 

Metastasis-Free Survival (DMFS) (IHC Cohort, n=333) 

• Significant P-values are bolded       HR: Hazard ratio
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Table 3-8:Multivariate Cox regression analysis for Individual Potential proteins associated with Breast Cancer Specific Survival (BCSS) and 

Distant Metastasis-Free Survival (DMFS) (IHC Cohort, n=333) 

 

• Significant P-values are bolded       CI: Confidence interval 

  

 

Covariates 

Breast Cancer specific Survival Distant Metastasis Free Survival 

P-value 
Hazard 

Ratio 

95% CI 
P-value 

Hazard 

Ratio 

95% CI 

Lower Upper Lower Upper 

Age 0.011 1.941 1.165 3.234 0.030 1.743 1.055 2.879 

Grade 0.494 1.267 0.643 2.498 0.385 1.369 0.674 2.782 

Nodal Stage 0.001 1.794 1.261 1.552 0.027 1.513 1.049 2.180 

Tumour Size 0.706 0.908 0.551 1.497 0.619 1.136 0.786 1.879 

Vascular 

Invasion 
0.062 1.697 0.975 2.953 0.178 1.466 0.840 2.558 

ACSM4 0.057 1.698 0.983 2.933 0.002 2.267 1.350 3.809 
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Table 3-9:Multivariate Cox regression analysis for Individual Potential proteins associated with Breast Cancer Specific Survival (BCSS) and 

Distant Metastasis-Free Survival (DMFS) (IHC Cohort, n=333) 

 

• Significant P-values are bolded       CI: Confidence interval 

 

Covariates 

Breast Cancer specific Survival Distant Metastasis Free Survival 

P-value 
Hazard 

Ratio 

95% CI 
P-value 

Hazard 

Ratio 

95% CI 

Lower Upper Lower Upper 

Age 0.026 1.711 1.067 2.745 0.042 1.618 1.016 2.576 

Grade 0.500 1.292 0.614 2.722 0.422 1.387 0.624 3.079 

Nodal Stage 0.002 1.757 1.240 2.489 0.009 1.600 1.123 2.280 

Tumour Size 0.467 0.839 0.522 1.348 0.922 1.024 0.638 1.644 

Vascular 

Invasion 
0.034 1.783 1.041 3.044 0.086 1.596 0.935 2.724 

SPDYC 0.015 2.377 1.181 4.783 0.015 2.365 1.178 4.748 
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Figure 3-9:Violin plots demonstrating a positive correlation between protein expressions 

of SPDYC and ACSM4 (Correlation Coefficient, r=0.29, P=0.00001) (IHC cohort, 

n=333)
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Table 3-10:Combined multivariate Cox regression analysis for potential proteins associated with Breast Cancer Specific Survival (BCSS) 

and Distant Metastasis-Free Survival (DMFS) (IHC Cohort, n=333) 

 

Covariates 

Breast Cancer-specific Survival Distant Metastasis-Free Survival 

P-value 
Hazard 

Ratio 

95% CI 
P-value 

Hazard 

Ratio 

95% CI 

Lower Upper Lower Upper 

Age 0.049 1.733 1.003 2.995 0.105 1.548 0.913 2.624 

Grade 0.754 1.128 0.530 2.393 0.641 1.210 0.542 2.700 

Nodal Stage 0.012 1.640 1.114 2.414 0.051 1.477 0.988 2.185 

Tumour Size 0.282 0.741 0.430 1.279 0.942 0.980 0.573 1.678 

Vascular Invasion 0.022 2.018 1.108 3.676 0.077 1.702 0.945 3.067 

ACSM4 0.274 1.402 0.766 2.568 0.036 1.826 1.014 3.204 

SPDYC 0.031 2.545 1.086 5.960 0.034 2.508 1.072 5.869 

• Significant P-values are bolded       CI: Confidence interval 
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Table 3-11:Multivariate Cox regression analysis to build prognostic index for the two gene signature predicting Breast Cancer Specific 

Survival (BCSS) and Distant Metastasis-Free Survival (DMFS) (IHC Cohort, n=333) 

 

• Significant P-values are bolded       CI: Confidence interval 

Covariates Breast Cancer specific Survival Distant Metastasis Free Survival 

(B) 

value 

P-value Hazard 

Ratio 

95% CI (B) 

value 

P-value Hazard 

Ratio 

95% CI 

Lower Upper Lower Upper 

ACSM4 0.46 0.129 1.587 0.874 2.883 0.69 0.017 1.972 1.130 3.440 

SPDYC 1.05 0.014 2.869 1.232 6.678 1.05 0.015 2.859 1.229 6.651 
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Figure 3-10:Univariate Kaplan Meier survival analysis of the protein expression of the 

two gene signature score predicting Breast Cancer Specific Survival (BCSS) and Distant 

Metastasis-Free Survival (DMFS) (IHC Cohort, n=333) 

• Significant P-values are bolded       HR: Hazard rati0
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Table 3-12: Multivariate Cox regression analysis for the protein expression prognostic score predicting Breast Cancer Specific Survival 

(BCSS) and Distant Metastasis-Free Survival (DMFS) (IHC Cohort, n=333) 

 

Covariates 

Breast Cancer specific Survival Distant Metastasis Free Survival 

P-value 
Hazard 

Ratio 

95.0% CI 
P-value 

Hazard 

Ratio 

95.0% CI 

Lower Upper Lower Upper 

Age 0.037 1.782 1.037 3.064 0.080 01.597 0.946 2.698 

Grade 0.734 1.134 0.549 2.343 0.607 1.227 0.563 2.675 

Nodal Stage 0.009 1.677 1.139 2.468 0.040 1.509 1.019 2.235 

Tumour Size 0.237 0.721 0.419 1.240 0.796 0.932 0.545 1.592 

Vascular Invasion 0.018 2.041 1.130 3.684 0.047 1.802 1.009 3.219 

Two gene 

signature at 

protein level 

0.077 1.637 0.946 2.960 0.034 1.867 1.049 3.323 

• Significant P-values are bolded       CI: Confidence interval
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3.6.5 Testing the performance of the prognostic two-gene at the transcriptomic and 

protein Levels 

The prognostic signature at the mRNA level captured 58% sensitivity, 69% specificity, 

54% positive predictive value (PPV), 72% negative predictive value (NPV), and 64% 

accuracy in dichotomizing distant metastasis outcome of TNBC patients. In comparison, 

the prognostic signature at the protein level showed 73% sensitivity, 42% specificity, 30% 

PPV, 82% NPV, and 50% accuracy in dichotomizing distant metastasis outcome of TNBC 

patients (Table 3-13). 
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Table 3-13:Distribution of cases within transcriptomic and IHC cohorts to test the 

prognostic index with reference to clinical evidence of distant metastasis. 

 

 

 

 

 

Prognostic index of the two gene 
signature at mRNA Level 

 

 

Distant Metastasis 

Expression level Yes No Total 

Above cut-point 
Expression 

 

25 
TP 

21 FP 46 

Below-cut-point 
Expression 

 

18 
FN 

46 
TN 

64 

Total 43 67 110 

 

 

 

 

 

Prognostic index of the two gene 
signature at protein level 

 

 

Distant Metastasis 

Expression level Yes No Total 

Above cut-point 
Expression 

 

48 
TP 

111 
FP 

159 

Below-cut-point 
Expression 

 

18 
FN 

80 
TN 

98 

Total 66 191 257 

 

TP = true positive, FP = false positive, TN = true negative, and FN = false negative. TP = 

true positive, FP = false positive, TN = true negative, and FN = false negative. Sensitivity 

= TP * 100/(TP+FN). Specificity = TN * 100/(TN +FP). PPV, the proportion of subjects 

with distant metastasis who are correctly diagnosed; PPV = TP* 100/(TP + FP). NPV, 

proportion of subjects without distant metastasis who are correctly diagnosed; NPV= TN 

* 100 / (TN + FN). Accuracy = TP + TN * 100/Total number of cases. 
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 Discussion 

Molecular classification of BC provides opportunities for enhanced personalised therapy 

[238]. In TNBC, conventional prognostic factors such as age, tumour size, tumour grade, 

and lymph node status have limited risk-predictive influence as these tumours are mostly 

of higher grade with increased chances of recurrence and metastasis [107]. Therefore, 

deciphering genomic profiles of TNBC using advanced techniques is an unmet need. 

Moreover, the utilisation of ANN to mine the transcriptomic profile of TNBC in order to 

identify genes associated with clinical outcome is a promising approach to stratify patients 

for risk prediction [239]. 

In the current study, a discovery phase and two validation phases were implemented. The 

in-house transcriptomic TNBC cohort was used for the discovery phase for ANN analysis. 

Whereas the protein expression and publicly available external transcriptomic BC data were 

used for the validation phases of findings. More importantly, regardless of the statistical 

differences in the distribution of clinicopathological parameters between transcriptomic and 

IHC cohorts, our gene signature showed statistical association with outcome both at 

transcriptomic and protein expression level. Our study supports the utility of applying ANN 

to integrate distinct clinical and molecular data to find novel prognostic biomarkers 

associated with TNBC poor outcome.  

Our study employed ANN for the analysis of our transcriptomic cohort to discover novel 

prognostic genes associated with outcome in TNBC. ANN is a powerful tool for the 

analysis of complex data, overcoming high background noise, and thus identifying the 

influence of many interacting factors [240]. ANN analysis, unlike conventional statistical 

approaches such as hierarchical clustering, linear regression, and principal component 

analysis, is not limited by linear functionality; thus, identification of biological relationships 
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between biomarkers and clinical outcomes is improved [232]. Furthermore, unlike 

conventional statistical techniques used in the medical diagnostic and prognostic 

approaches, ANN can produce greater accuracy model than its counterparts [241]. 

Therefore, it is highly suitable for the identification of potential key genes driving TNBC 

outcomes. ANN modelling uses a supervised learning approach, a multi-layer perception 

architecture with a sigmoid transfer function, where weights are updated by a back 

propagation algorithm [242]. 

In this study, ANN analysis identified the top ranked genes predicting DMFS and BCSS. 

We then employed a web-based tool to identify the signaling pathways significantly 

enriched in the significant top ranked gene panels. For instance, TNBC patients frequently 

harbour higher expression of EGFR; however, studies have failed to establish significant 

benefit from EGFR-targeted therapies or tyrosine kinase inhibitors, suggesting the need to 

therapeutically target other pathways in these tumours [110,243]. Moreover, the 

significance and over-activation of pathways such as; P38 MAPK , the PDGF, and the RAS 

pathways in BC metastatic sites and their association with DMFS and BCSS in TNBC have 

been previously documented [244–246]. Additionally, the 21 gene panel generated by ANN 

analysis that was strongly associated with both DMFS and BCSS in TNBC included several 

novel and potentially targetable biomarkers in TNBC outcome. For instance, higher 

expression of DOCK10 (also known as dedicator of cytokeratin-10/ZIZ3) [247], has been 

previously identified as an indicator of poor prognosis in TNBC patients and as a predictor 

of distant metastasis [248]. In our transcriptomic cohort, DOCK10 emerged as a significant 

prognostic marker of BCSS and DMFS however, it was not significantly prognostic in 

multivariate Cox regression analysis. We also found that high expression of BICC1, an 

RNA binding protein, a negative regulator of  the WNT  signaling pathway with potential 
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involvement in regulating gene expression during embryonic development [249], was 

associated with DMFS but not with BCSS; thus, it was not included in the final signature.  

In our study, we distilled the initial 21 gene panel down to eight genes that when tested 

individually for their prognostic value, were significantly associated with both DMFS and 

BCSS using univariate and multivariate analysis after adjusting for the potentially 

confounding variables. These genes are implicated in pro-oncogenic pathways in BC. PPL 

is a part of the cornified envelop in keratinocytes and desmosomes with intermediate 

filaments. PPL can act in the PKB/AKT-mediated signaling pathway [250]. In TNBC, 

silencing PPL decreased cell migration and invasion [251]. SPDYC is a member of the 

speedy/Ringo cyclin-dependent kinase (CDK) family with known functions in cell cycle 

transitions and progression [252]. SPDYC plays an important role in activating both CDK1 

and CDK2 expression [253]. CDK2 high expression  has been previously described to be  

associated with shorter survival in metastatic melanoma cases and endocrine resistance in 

SKBR3-HER2 positive BC cell lines [254],[255]. Furthermore, down regulation of CDK1 

has been found to increase synthetic lethality of TNBC cell lines if accompanied with c-

Myc over expression [256]. However, SPDYC role in BC is still undefined [252]. ACSM4 

encodes a protein with known functions in the conjugation of carboxylic acids and in fatty 

acid beta oxidation. Interestingly, upregulation of metabolic pathways has been found to 

interact with cellular transcriptomic and proteomics of both CD4 and CD8 T cells in HIV 

disease [257]. Although ACSM4 has been shown to have a role in AIDS progression, there 

are no reports with its role in BC [258],[259]. We have previously reported a strong 

correlation between tumour infiltrating lymphocytes (TILs) and TNBC outcome [260]. 

However, our current analysis did not identify known inflammation and immune response 

related genes associated with outcome in the TNBC 21 gene panel. Future studies should 

therefore seek to identify novel mechanisms contributing to aberrant inflammatory and 
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immune response pathways involved in TILs in TNBC. Furthermore, genes such as 

AC020931.1, DCTN1-AS1, RP11-29H23.5, PAXBP1-AS1, and RPS10P18 require further 

investigation to decipher their role and function in BC progression. 

The original hypothesis underpinning this study was that a gene expression signature would 

more accurately predict both DMFS and BCSS in TNBC than a single gene. Multivariate 

Cox regression analysis enabled us to further filter the set of eight genes to a prognostic 

two-gene signature (ACSM4 and SPDYC) showing strong association with both DMFS and 

BCSS. We tested whether immunohistochemical assessment of the protein expression of 

the ACSM4 and SPDYC genes could be used to predict patient outcomes. Our study 

confirmed that protein expression had independent prognostic significance in TNBCs and 

showed strong statistical association with worse outcomes (i.e., shorter DMFS and BCSS). 

These genes when combined in a linear score, successfully stratified TNBC patients into 

high- and low-risk subgroups; in the former group, which is at a higher risk of developing 

distant metastasis, could benefit from greater vigilance and more aggressive treatment 

regimens. We have validated our ANN investigation and RNA-sequencing results by 

studying protein expression which showed that a prognostic score derived from the 

immunohistochemical evaluation of the two biomarkers could significantly predict distant 

metastasis, and thus support personalised prognostic evaluation and guiding treatment 

choices to improve disease outcomes. 

In this study, the prognostic value of the two-gene signature at the mRNA level yielded 

58% sensitivity, and 64% accuracy in dichotomising distant metastasis outcome of TNBC 

patients. By contrast, at the protein level, our proposed two-gene signature demonstrated 

73% sensitivity, and 50% accuracy in dichotomising distant metastasis outcome of TNBC 

patients. Our proposed two-gene signature showed promising accuracy and sensitivity 

results in predicting the risk of distant metastasis in TNBC patients, which is even more 
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important as presently TNBC patients solely rely on chemotherapy treatment. Moreover, 

those patients who are deemed at high risk of distant metastasis may benefit from the 

stratification for an improved treatment decision. 

Furthermore, our proposed two-gene signature is only based on two genes (ACSM4 and 

SPDYC), unlike other commercially available prognostic assays including those designed 

for ER-positive tumours [261]. Our prognostic gene signature may be amenable to the 

development of affordable molecular tests based on quantitative RT-PCR as the sensitivity, 

specificity, and accuracy of our two-gene signature is proved to be much stronger at the 

mRNA level. The prognostic gene signature might be suitable for use in routine clinical 

practice because the proposed two-gene signature has prognostic value in dichotomising 

TNBC patients and may provide important information for treatment decisions.  

The mainstay of TNBC treatment is cytotoxic chemotherapy [262]. However,  

chemotherapy decision for metastatic TNBC patients are given based on a combination of 

aspects relates to the disease and patient physical characteristics (i.e., tumour burden, 

patient age, co-morbidities, prior treatments received in the adjuvant setting, and patient 

preference) [263]. Despite the interesting finding of this study and the significant difference 

in the survival of patients who were not offered chemotherapy based on the expression of 

ACSM4 (with worse outcome of patients with over expression), the 10-year DMFS of 

patients with low expression (84%) may not justify recommendation for omission of 

chemotherapy in those patients. However, to make such a recommendation, a clinical trial 

utilising a sufficiently large number of TNBC patients may be warranted to determine 

whether TNBC patients with low ACSM4 expression can avoid chemotherapy without 

worse outcome. 
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 Limitation of the study 

A challenge of applying the NGS technique to deciphering the molecular characteristics of 

TNBC tumours includes  access to the technology and the integrity of tumour samples to 

guarantee sufficient tumour RNA extraction [30]. Variation in sample quality and 

preparation may negatively influence the outputs of NGS analysis and therefore must be 

carefully controlled. In addition, NGS analysis must consider intrinsic tumour 

heterogeneity between patients. Samples used in this study were processed in a strictly 

standardized procedure implemented in Nottingham University Hospitals with immediate 

sample fixation following surgery, with standard protocols optimised to preserve tissue 

architecture, subcellular details and importantly the integrity of biologic materials including 

proteins, DNA, and RNA. Nonetheless, our retrospective study was limited to a single 

center using an in-house transcriptomic and protein expression cohort for this investigation. 

Likewise, Within the proteomic cohort, a significant negative linear correlation was 

observed between SPDYC mRNA (assessed by NGS) and protein level (r= -0.29, p=0.008, 

80/112) in contrast to ACSM4, which showed a trend towards positive linear association 

(r=0.08, p=0.52, 65/112). Various factors could have contributed to the inverse correlation 

between the transcriptomic and proteomic levels of SPDYC. For instance, the improved 

quantification of the mRNA isoform and differential exon usage for the gene underlying 

the protein, the depth used in sequencing the cases, and potential considerable difference of 

proteins in vivo half-lives as compared to the mRNA and vice versa [264]. However, the 

public domain data used in this study supports the value of both ACMS4 and SPDYC high 

expression conferring poor prognosis for BC patients, especially those diagnosed with 

TNBC molecular subtype. Hence, further external validation is strongly recommended.  
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 Conclusion 

Personalised medicine seeks to stratify BC patients to ensure optimal treatment and thus, 

improved patient outcomes. Our study has identified a two-gene signature that stratifies 

TNBC patients into high and low risk groups for developing distant metastasis, which can 

potentially guide clinical decision-making. The robust methods used herein to identify our 

prognostic gene signature followed by validation of the findings at the protein expression 

level, suggest that this promising two-gene signature provides avenues for further in vitro 

functional investigation and for new drug development for TNBC patients who are in dire 

need of effective therapeutic options. 
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This chapter is currently under review in Clinical Cancer research under the title 

“Mechanistic and clinical evidence supports a key role for Periplakin (PPL) as a novel 

independent predictor of outcome in Triple Negative Breast Cancer. (appendix 7.3)  

 Background 

The recent advancement in omics technologies, including microarray and other high 

throughput sequencing platforms such as  NGS have shown to provide an effective tool to 

decode key molecular mechanisms of tumourigenesis by accelerating the discovery of  

promising biomarkers for cancer diagnosis, treatment and  prognosis [265]. The 

transcriptomic profiling of TNBC by NGS has enabled the identification of genomic 

alterations such as copy number variations, insertions, deletions, and mutations. As a result, 

studies exploring  both inter- and intra tumour heterogeneity in different tumour types is 

now possible [40,228]. Through bioinformatic approaches using ANN analysis to mine an 

in-house transcriptomic TNBC cohort, we have previously identified the cell adhesion 

molecule periplakin (PPL) as a strong predictor of poor outcome in TNBC (Chapter 3)  

 Role of Periplakin in Cancer  

The human PPL gene, located on chromosome 16p13.3, encodes the periplakin protein and 

is a member of the large multi-domain plakin family responsible for retaining epithelial cell 

adhesion through various functions including envoplakin, plectin, and bullous pemphigoid 

antigen 1[266–268].  PPL, the smallest member of the plakin family, has an estimated 195  

kDa molecular mass, contains a central rod dimerisation domain where its C-terminal 

region is involved in intermediate filament binding, and a N-terminal domain that has been 

shown to connect with cortical actin [269]. PPL is recognised as a key component of the 

cornified envelope precursor and is targeted to cell membranes and desmosomes in 

keratinocytes [269]. PPL forms a heterodimeric complex with envoplakin, which 
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collectively make up a key antigen in autoimmune diseases [250]. Previous studies have 

revealed that  PPL acts as a localisation signal in the oncogenic serine/threonine protein 

kinase AKT/protein kinase B (PKB)-mediated signalling pathway in human cancer cell 

lines [270]. Activation of the AKT molecule has been shown to induce phosphorylation of 

regulators of the mammalian target of rapamycin (mTOR) pathway, leading to pathway 

activation, which enhances protein synthesis, tumour cell growth, and chemoresistance in 

BC [271]. 

An integrated bioinformatic approach to screen the transcriptome of TNBC samples and 

brain-metastatic cancer samples identified upregulated PPL expression as one of the top 

differentially expressed genes associated with TNBC metastasis to the brain. Additionally, 

PPL upregulation induced by Cyclin A2 expression in endometrial cancer cells showed 

association with aggressive tumourigenesis behaviour as well as cisplatin chemotherapy 

resistance [251,272]. In contrary, PPL downregulation  has been linked with 

tumourigenesis and progression of multiple cancer types such as: bladder, colon, 

oesophageal squamous cell carcinoma, Prostate [273–277]. However, data pertaining PPL 

role in TNBC and its correlation with outcome is lacking. 

 Hypothesis and Aims of the study 

These studies propose promising roles for PPL as a key regulator of various biological 

processes through its extraordinarily versatile interactome. Therefore, we hypothesised that 

PPL plays an important role in promoting TNBC progression and metastasis, as well as it 

can potentially act as a novel therapeutic target in TNBC. This study is aimed at exploring 

the prognostic potentials and possible biological interactions associated with PPL 

expression in TNBC at transcriptomic, proteomic, and mechanistic functions to investigate 

its potential to be a candidate for TNBC target therapy.  
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 Material and Methods 

4.4.1 Study cohort 

This chapter was carried out as collaborative work with Prof Nigel Monga, Dr. Jennie 

Jeyapalan, Daisy Haigh, Corinne Woodcock, Jennifer Lothion-Roy, and Anna Harris, who 

performed the siRNA knockdown experiments for RNA-sequencing of examined cell lines, 

qRT-PCR confirmation of knockdown, and assisted with bioinformatic analysis 

interpretation due to COVID19 restrictions in lab access from March 2020. The 

experimental work including mechanistic studies, bioinformatic and basic statistical 

analysis, IHC staining and evaluation were completed by the author.  

This study was conducted on multiple well-characterised cohorts using different statistical 

and molecular techniques (Figure 4-1). The TNBC NGS (n=112) and TNBC METABRIC 

cohorts (n=313) were referred as “transcriptome cohort” and used a discovery cohort, 

whereas the “IHC cohort” (n=245) was used to validate the prognostic value of PPL 

expression at the protein level using IHC.  Patients outcome data together with 

clinicopathological characteristics were collected from patients’ medical records (Chapter 

2). 
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Figure 4-1:Flowchart of Analytical and Experimental Methodology used to explore  the 

prognostic value of PPL expression in TNBC 

 

4.4.2 External Validation of Transcriptomic Data 

For independent validation of the results, the prognostic value of the of PPL as a predictor 

of DMFS and BCSS were examined using public domain data (Chapter 2). 
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4.4.3 Immunohistochemistry and western blotting analyses 

Specificity of the rabbit polyclonal anti-PPL antibody (Ab72422, lot number GR2028009-

13, Abcam, UK) was validated by western blotting prior to immunohistochemistry staining 

(IHC) using MCF7 cell lysates (obtained from American Type Culture Collection, 

Rockville, MD, USA) at a 1:500 dilution overnight at 4°C.  Mouse β-Actin (A5441, Sigma-

Aldrich; Clone AC-15; Sigma, UK) at 1:5000 was used as a house-keeping protein for 

overnight incubation at 4°C. Bands were detected using fluorescent secondary antibodies 

and blot visualisation was performed as previously described (Chapter 2) (Figure 4-2).  

PPL mRNA expression obtained from the TNBC-NGS and METABRIC-TNBC cohorts 

were correlated with PPL protein expression in the same cases where available (n=13). 

Staining was scored blindly by the author and another researcher (Dr Michael Toss) for 

25% of cores to assess inter-observer concordance (ICC). Inter-observer agreement was 

determined, and the ICC was 0.80, indicating an excellent concordance between scorers. 

Discordant cases were re-scored by both observers and a final score was agreed.
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Figure 4-2:Western blot and immunohistochemical expression of PPL in TNBC 

• Western blotting results for PPL protein expression in MCF7 cancer cell lines using rabbit polyclonal antibody against human PPL. 

Green and red bands represent PPL and Beta-Actin (housekeeping) respectively.  Immunohistochemical protein expression of PPL in 

TNBC TMA cores (power 20×). B) PPL negative expression, C)  PPL weak expression, D) PPL high expression respectively 
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4.4.4 Evaluation of the mechanistic and phenotypic functions of PPL in TNBC cell 

lines 

All BC cell lines used in this study were purchased from American Type Culture Collection 

(ATCC, Manassas, VA USA) and cultured as per ATCC recommendations as previously 

described (Chapter 2). Cell lines were used within 5 to 13 passages from the ATCC original 

stocks and authenticated by Short Tandem Repeat (STR) profiling or variant detection 

within transcriptomic data within the last three years. Cell lines were routinely tested for 

mycoplasma contamination (CUL001B; R&D Systems) prior to experiments. Antibiotics 

were not added to any of the experiments. 

4.4.5 siRNA transfection  

siRNAs were used to functionally deplete PPL (siPPL) in TNBC cell lines. We first 

compared the efficacy of three independent siRNA (IDs: S10916, S10917, and S10918) 

relative to a non-targeting scrambled (ID4390843) control siRNA (siSCR) (all purchased 

from Ambion, ThermoFisher Scientific, UK) ( 

Table 4-1). All siRNA targeting PPL showed similar knockdown (Figure 4-3) as previously 

reported by Long and colleagues [278]. Therefore, we prioritised only one siRNA (S10917) 

for subsequent functional and mechanistic studies in MDA-MB-231 and MDA-MB-436 

(Figure 4-3). Briefly, 5 × 104 cells were seeded per well in a 24-well plate and transfected 

by the reverse transfection method with Lipofectamine™ RNAiMAX Transfection Ragent 

(13778150; ThermoFisher Scientific, UK) as per the manufacturer’s protocol. Cells were 

incubated for five days then lysed and collected in RIPA buffer (89900; ThermoFisher 

Scientific, UK) and efficiency of knockdown was measured by both western blotting and 

quantitative real-time PCR. 
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Table 4-1:The siRNA oligonucleotides used in this study 

 siRNA 

oligo 

Sequence (5′ to 3′) 

Target 

region 

s10916 UGCUUCUAACUCAUAGUCCtt exon 19, 20 

s10917 UAUCUCAUCUAGCAGGUUCtt exon 18, 19 

s10918 UCACGAACAUGUUCCAGUCaa   exon 22 
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Figure 4-3:Differential expression of PPL protein in breast cancer cell lines.  PPL protein levels were quantified by densitometry and 

normalised to b-actin / GAPDH levels 

• PPL at protein level highly expressed in MB-MDA 231 and MB-MDA 436 TNBC cell lines , while low expression was noticed in MB-

MDA 468 and MCF7 BC cell lines. B) Three Silencer Select Pre-Designed functional siRNAs (S18, S17 and S16) targeting PPL and a 

siRNA non-targeting negative control siRNA were used in addition to un transfected cells. B) quantitative RT-PCR analysis to confirm 

efficacy of PPL depletion in TNBC cell lines. D) Western blotting analysis to confirm efficacy of PPL depletion in TNBC cell lines. 
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4.4.6 Proliferation Assay 

The effect of PPL knockdown (KD) on proliferation was assessed by the  3–(4,5–

dimethylthiazol‐2–yl) ‐2,5–diphenyltetrazolium (MTS) assay (Promega, (G3580); Cell 

Titre 96 Aqueous One Solution Cell Proliferation Assay).  In brief, the siSCR and siPPL 

cells were seeded at 4000 cells/well in 96‐well plate at 37 °C in a 5% CO2 incubator. 

Proliferation was measured at 24, 48, 72 and 96 hours by adding MTS reagent to the wells 

as per the manufacturer’s protocol. The plates were incubated in for 1 hour and the 

absorbance of each well was measured using a Synergy™ 4 (BioTek Instruments, 

Winooski, VT, USA) at 490 nm. All experiments were carried out in triplicate. 

4.4.7 Migration and Invasion assays 

Cell migration was determined using the Radius™ 24-well from Cell Biolabs (CBA-125; 

San Diego, CA). In this assay cells were seeded on Radius cell migration plates and allowed 

to form monolayers before removing the gels. After 24 hours, the central gel layer was 

removed following the manufacturer’s instructions and cell migration was checked by 

photographing the plates at 24 and 48 hours using a Zeiss LSM-510 inverted microscope 

(Zeiss, Germany). 

We used the CytoSelect 24-Well Cell Invasion Assay (Basement Membrane, Colorimetric) 

from Cell Biolabs (CBA-110 San Diego, CA) to assess cell invasion. Cells were incubated 

overnight in serum-free medium before detaching and seeding in matrix-coated trans-wells. 

The bottom chamber contained media supplemented with 10% FBS. After 24 hours 

incubation, cells remaining in the top chamber were removed with moistened cotton swabs 

and treated with cell stain solution from the kit for 10 minutes followed by the adding the 

extraction solution as per the manufacturer’s instructions and calculated OD at 560 nm.  
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4.4.8 BC cell line RNA-seq and bioinformatic analyses 

 Optimal PPL knockdown was achieved after 96 hours siRNA treatment at which point 

RNA was isolated using a GenElute RNA extraction kit (Sigma-Aldrich, UK) with on 

column DNase digestion. RNA quality was assessed by a nanodrop spectrophotometer and 

Agilent 2100 Bioanalyzer with RIN values >8.8 reported for all samples. RNA sequencing 

libraries were prepared and 150bp paired end sequencing completed using an Illumina 

Novoseq (Novogene Co., Ltd, Cambridge, UK). The targeted read count was >20M total 

reads per sample. The resultant raw reads in FASTQ format were quality assessed and 

adapter trimmed using the TrimGalore wrapper for FastQC and Cutadapt reads with phred 

scores >30 retained [183]. The retained quality trimmed reads were aligned to the HG38 

(GRCh38.83) build of the human genome using the STAR aligner and gene expression 

quantified using FeatureCounts [184,279]. 

4.4.9 Differential Gene Expression Analysis 

 To identify differential gene expression (DGE) associated with PPL KD in BC cell lines, 

statistical analysis was performed using the Bioconductor package DESeq2 written for the 

R statistical programming software [280]. The DESeq2 presumes that the RNA-seq counts 

are allocated according to negative binomial distributions. Therefore, DESeq2 uses 

comprehensive linear modelling to assess individual null hypotheses of zero log2 fold 

changes between high and low groups (i.e. no differential expression) for each gene and it 

uses both an independent-filtering method and the Benjamin and Hochberg method to 

enhance the power and control  of the false discovery rate (FDR) [281]. Thus, the Identified 

differentially expressed genes (DEGs) were filtered based on fold change >±2  and 

FDR<0.05. 
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To confirm the genotype of the used cell lines, quality filtered RNA-seq FASTQ files were 

aligned to the reference human genome using BWA [282].The resultant SAM file was 

converted to BAM format, sorted, with duplicates removed and indexed using  SAMtools 

[283], read groups assigned using Picard and variants identified using the GATK 

HaplotypeCaller [284] to create specific variant call files (VCF). The resultant VCF files 

were then compared to genotype profiles for MDA-MB-231 (1998455) and MDA-MB-436 

(2164998) in the COSMIC database to confirm the presence of cell line specific unique 

variants [285]. Single nucleotide variants (SNVs) characteristic to each cell line as reported 

in the COSMIC data base were confirmed (MDA-MB-231 ten SNVs and MDA-MB-436 

one SNV) (Appendix). 

4.4.10 Pathway Analysis 

To perform Pathway analysis, the online publicly-available web-based gene set analysis 

tool Webgestalt (http://www.webgestalt.org/option.php) was used to identify differentially 

regulated canonical pathways using the gene set enrichment analysis (GSEA). The pathway 

analysis was based on the  previously identified DEGs associated with PPL KD using the 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database [188]. 

4.4.11 RNA isolation and quantitative real-time PCR (qRT-PCR) analysis 

To validate PPL mRNA KD on BC cell lines, RNA extraction was performed using 

GenElute RNA extraction kits (Sigma Aldrich,UK) and cDNA synthesised using Qscript 

cDNA synthesis kits (Quanta bio, USA). For mRNA expression analysis, TaqmanTM assays 

(Applied Biosystems, Germany) for PPL (Hs01011417_m1) and GAPDH 

(Hs03929097_g1) were used. The qRT-PCR reactions were performed (LC480, Roche), at 

95 oC for 10 mins for 1 cycle; 95 oC for 10 secs and 60 oC for 30 secs for 40 cycles. Cq 

values were then converted to relative fold change using the Pfaffl method (Pfaffl., 2001). 

http://www.webgestalt.org/option.php
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PPL expression values normalised to GAPDH and calibrated to siSCR to obtain relative 

fold change expression.  

4.4.12 Statistical Analysis 

IBM SPSS 24.0 (Chicago, IL, USA) software was used for statistical analysis. For 

dichotomisation of mRNA expression and protein expression levels of PPL, the X-tile 

bioinformatics version 3.6.1 (Yale University, USA) was utilised with DMFS (when this 

information was available) and substituted by BCSS for the METABRIC-TNBC cohort as 

an endpoint. Cox proportional hazard models were used for multivariate analyses adjusting 

for tumour stage, tumour grade, patient age, nodal stage, LVI and chemotherapy status as 

covariates to adjust for potential confounding influence of these variables on associations 

between PPL and the outcomes of interest. Correlation between PPL mRNA and protein 

expression in the tumour cells were analysed using Spearman’s Rho correlation coefficient 

test. The Chi-square test was used for the categorical variables’ correlation. Differences 

between two groups were assessed using t-test (normalised data) or Mann-Whitney test 

(non-normal distribution). Data is represented as the mean ± standard deviation (SD) of at 

least two independent experiments performed in triplicate using GRAPH PAD PRISM v.7 

for data presentation. A p-value of <0.05 was deemed significant. To examine the 

performance of PPL expression to predict distant metastasis in TNBC, the specificity, 

positive predictive value (PPV), negative predictive value (NPV), and accuracy 

probabilities were calculated both at the mRNA and protein levels as previously described 

(Chapter 2) . Briefly, the probabilities were calculated based on performance of PPL 

expression predicting histopathologically proven TNBC tumours interpreted as positive for 

distant metastasis. 
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 RESULTS 

4.5.1 Clinical significance of PPL expression in TNBC at both transcriptomic and 

protein level 

In the TNBC NGS cohort, upregulated PPL mRNA expression was significantly associated 

with shorter DMFS and BCSS (both p<0.01) (Figure 4-4). In a multivariate Cox regression 

analysis, PPL mRNA expression was also an independent poor prognostic factor for DMFS 

and BCSS regardless of patient age, grade, nodal stage, tumour size, LVI status, and 

chemotherapy (both; p <0.01) (Table 4-2).  

In the METABRIC TNBC cohort, upregulated PPL mRNA expression was also 

significantly associated with shorter BCSS (p= 0.04) (Figure 4-4 ). In a multivariate Cox 

regression analysis, upregulated PPL mRNA expression was again an independent poor 

prognostic factor for BCSS regardless of patient age, grade, nodal stage, tumour size, LVI 

status, and chemotherapy (p= 0.019) (Table 4-2). 

 Furthermore, PPL copy number alteration and PPL mRNA showed a significant 

association (p= 0.014) (Table 4-3); PPL copy number gain was noted in 45% of TNBC 

cases, whereas only 14% of cases showed copy number loss. Given this association of 

upregulated PPL expression and poor TNBC patient outcome at the transcriptomic level, 

we next evaluated if PPL protein expression could also prognosticate TNBC tumours. The 

morphological assessment of TNBC tissue samples showed cytoplasmic expression of PPL 

(H-score range 0-200).  High PPL protein expression was observed in 176 out of 245 cases 

(59%, H score >0).  There was a positive linear association between the mRNA and protein 

expression of PPL (Spearman’s coefficient 0.66; p=0.013). 

At the protein level, High PPL protein expression was significantly associated with poor 

DMFS and BCSS (both p<0.01) (Figure 4-5) . In a Multivariate Cox regression analysis, 

high PPL expression was a predictor of shorter DMFS and BCSS, independent of patient 

age, grade, nodal stage, tumour size, LVI status, and chemotherapy (both p<0.01) (Table 

4-4).
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Table 4-2:Multivariate Cox regression analysis for PPL expression associated with Breast Cancer Specific Survival (BCSS) and Distant 

Metastasis-Free Survival (DMFS) (Transcriptomic cohorts) 

 

Covariates 

TNBC NGS cohort (n=112) TNBC METABRIC cohort (n=313) 

Breast Cancer specific Survival Distant Metastasis Free Survival Breast Cancer specific Survival 

P-

value 

Hazard 

Ratio 

95% CI P-

value 

Hazard 

Ratio 

95% CI P-

value 

Hazard 

Ratio 

95% CI 

Lower Upper Lower Upper Lower Upper 

Age 0.281 1.587 0.686 3.672 0.243 1.614 0.722 3.607 0.423 0.821 0.508 1.329 

Tumour Size 0.585 0.801 0.362 1.773 0.480 0.757 0.349 1.639 0.632 0.871 0.494 1.535 

Grade 0.389 1.883 0.446 7.949 0.277 2.227 0.526 9.440 0.370 1.416 0.662 3.029 

Vascular 

Invasion 
0.144 1.980 0.792 4.946 0.152 1.876 0.792 4.442 0.016 1.895 1.125 3.191 

Nodal Stage 0.408 1.300 0.698 2.421 0.522 1.216 0.668 2.215 0.025 1.674 1.066 2.629 

Chemotherapy 0.745 0.872 0.383 1.989 0.475 0.749 0.339 1.656 0.537 1.211 0.660 2.220 

PPL 0.002 3.605 1.610 8.075 0.004 3.293 1.466 7.349 0.019 1.821 1.104 3.002 
 

• Significant P-values are bolded       CI: Confidence interval
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Table 4-3:PPL copy number alteration (CNA) in TNBC-METABRIC cohort (n=313) 

CNA region 

for PPL 

CNA  Cases with 

reduced PPL 

mRNA expression 

(%) 

 Cases with high 

PPL mRNA 

Expression (%) 

Total 

(%) 

p-

value 

 

 

Chromosome 

16p13.3 

 

Loss  

6 (86) 1 (14) 7 

(100) 

 

 

0.014 
 

Gain  

12 (55) 10 (45) 22 

(100) 

 

Neutral  

229 (81) 55 (19) 284 

(100) 

Total  247 (79) 66 (21 313 

(100) 
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Figure 4-4:Univariate Kaplan-Meier survival analysis of PPL expression predicting Breast Cancer Specific Survival (BCSS) and Distant 

Metastasis-Free Survival (DMFS) (Transcriptomic cohorts) 

• A) High PPL mRNA expression confers a poor prognosis association with distant metastasis free survival in TNBC-NGS patients 

(n=106, p value <0.001). B) high PPL mRNA expression confers a poor prognosis association with Breast cancer specific survival in 

TNBC-NGS patients (n=112, p value 0.002). C) high PPL mRNA expression confers a poor prognosis association with Breast cancer 

specific survival in TNBC-METABRIC patients (n=313, p value 0.048).
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Figure 4-5:Univariate Kaplan-Meier survival analysis of PPL expression predicting Breast 

Cancer Specific Survival (BCSS) and Distant Metastasis-Free Survival (DMFS) (IHC 

cohort). 

• A) High PPL protein expression confers a poor prognosis association with distant 

metastasis free survival in TNBC patients (n=241, p value 0.001).B) High PPL 

mRNA expression confers a poor prognosis association with Breast cancer specific 

survival in TNBC patients (n=244, p value 0.002).
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Table 4-4:Multivariate Cox regression analysis for PPL expression associated with Breast Cancer Specific Survival (BCSS) and Distant 

Metastasis-Free Survival (DMFS) (IHC cohort, n=245) 

 

 

Covariates 

Breast Cancer specific Survival Distant Metastasis Free Survival 

P-value Hazard Ratio 95% CI P-value Hazard Ratio 95% CI 

Lower Upper Lower Upper 

Age 0.009 2.220 1.218 4.044 0.020 1.986 1.116 3.536 

Tumour Size 0.039 0.567 0.330 0.972 0.670 0.889 0.519 1.524 

Grade 0.149 1.875 0.798 4.404 0.070 2.433 0.930 6.366 

Vascular Invasion 0.016 2.090 1.146 3.813 0.042 1.836 1.023 3.295 

Nodal Stage 0.003 1.779 1.210 2.617 0.021 1.547 1.072 2.309 

Chemotherapy 0.284 0.731 0.411 1.298 0.093 0.620 0.356 1.082 

PPL 0.006 2.910 1.360 6.226 0.005 2.800 1.366 5.738 

 

• Significant P-values are bolded       CI: Confidence interval 



Chapter 4: Comprehensive Transcriptomic Profiling Reveals PPL as a Novel, Independent 

Predictor of Outcomes in TNBC 

  

 194 

 

4.5.2 PPL expression prognostic value in TNBC chemotherapy treated patients 

In the TNBC NGS cohort, our analysis showed that patients with upregulated mRNA 

expression of PPL were significantly associated with shorter BCSS and DMFS (both 

p<0.01) (Figure 4-6). Similarly, the METABRIC TNBC cohort showed comparable 

association with shorter BCSS (p=0.01) (Figure 4-6). Likewise, our analysis showed that 

patients with upregulated PPL protein expression had both significantly shorter BCSS and 

DMFS (both p<0.01) (Figure 4-7). 

PPL upregulation in TNBC was significantly associated with poor clinical outcome, leading 

us to hypothesise that PPL expression may have a role in chemotherapy resistance. 

Therefore, the ability of PPL expression to predict response to chemotherapy was 

investigated by analysing its association with clinical outcome in a subgroup of TNBC 

patients who received chemotherapy alone.  

Investigation of the level PPL expression in patients within the NGS cohort who were not 

offered chemotherapy (n=44) found a statistically significant difference in the 5-year 

DMFS. In patients with low expression of PPL, DMFS was 72% compared to 24% in 

patients with high PPL expression (p=0.003). At the PPL protein level, our results found 

that the 5-year DMFS of patients with low expression of PPL was 94% compared to 63% 

of those with high expression and the difference was statistically significant (p=0.002, 

n=123). 

To further investigate our findings, we utilised the ROC plotter data portal to predict the 

prognostic value of PPL expression in TNBC patients’response to chemotherapy. Our 

investigation reflected an observational trend that PPL expression was higher in those 

patients who did not respond to chemotherapy (p=0.058). While our results did not reach 

statistical significance which might be due to the small number of analysed cases, it is   

suggesting that PPL could- be used as predictive marker for TNBC (Figure 4-8). 
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Figure 4-6:Univariate Kaplan-Meier survival analysis of PPL expression predicting Breast Cancer Specific Survival (BCSS) and Distant 

Metastasis-Free Survival (DMFS) in TNBC patients who received chemotherapy treatment only (Transcriptomic cohorts) 

• A) High PPL mRNA expression confers a poor prognosis association with distant metastasis-free survival in TNBC-NGS patients who 

received chemotherapy treatment only (n=55, p value 0.002). B) high PPL mRNA expression confers a poor prognosis association with 

breast cancer specific survival in TNBC-NGS patients who received chemotherapy treatment only (n=57, p value 0.002). C) high PPL 

mRNA expression confers a poor prognosis association with breast cancer specific survival in TNBC-METABRIC patients who received 

chemotherapy treatment only (n=167, p value 0.028).
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Figure 4-7:Univariate Kaplan-Meier survival analysis of PPL expression predicting Breast 

Cancer Specific Survival (BCSS) and Distant Metastasis-Free Survival (DMFS) in TNBC 

patients who received chemotherapy treatment only (IHC cohort) 

 

• High PPL protein expression confers a poor prognosis association with distant 

metastasis free survival in TNBC patients who received chemotherapy treatment only 

(n=164, p value 0.004). B) High PPL protein expression confers a poor prognosis 

association with Breast cancer specific survival in TNBC patients who received 

chemotherapy treatment only (n=165, p value 0.003). 
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Figure 4-8:Analysis of PPL expression association with chemotherapy response in TNBC 

restrictive cohort using public domain data  

• Using transcriptomic data of 164 TNBC patients with available treatment and 

response data, potential associations between PPL and patient responses to 

chemotherapy were evaluated. The PPL mRNA expression levels in responder and 

non-responder patients, measured as Recurrence free survival after five years of 

chemotherapy completion, are shown for several chemotherapy regimens. 

 

4.5.3 External Validation of PPL expression in TNBC cohorts 

Utilising the Bc-GenExMiner tool to analyse publicly available RNA-sequencing data, we 

noticed that higher expression of PPL was significantly associated with worse prognosis 

in the basal like subtype of BC (n=761, p< 0.0062). Furthermore, the restricted TNBC 

cohort (n=254) showed a comparable association with poor prognosis (p= 0.036). 

Additionally, examination of the median expression of PPL in the public domain Genotype 

2 outcome TNBC subtype cohort (n=612) found that high expression of PPL was similarly 

associated with poor outcome, however statistical significance was not achieved (p=0.13). 

Nonetheless, when investigating the prognostic value of PPL expression via the KM plotter 

domain utilising a restrictive TNBC cohort (n=255), high PPL expression was predictive 

of shorter recurrence free survival (p= 0.050). A similar trend was observed with DMFS 

but was not statistically significant (p=0.06) (Figure 4-9).
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Figure 4-9:Univariate Kaplan-Meier survival analysis of PPL expression predicting patients outcome using public domain data 
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• To validate our findings in TNBC patients, we utilised the Breast Cancer Gene-Expression Miner v4.0 (bc-GenExMiner v4.0) datasets which includes 761 Basal like 

breast cancer patients, including 254 TNBC patients, the Genotype 2 outcome public portal, A genome-wide approach to link genotype to clinical outcome by 

utilising next generation sequencing and gene chip data of 6,697 breast cancer patients including 612 TNBC patients. And the KM-plotter datasets which includes 

3951 breast cancer patients including 255 TNBC patients with available outcome data. A) In the Breast Cancer Gene-Expression Miner data portal, high PPL mRNA 

expression confers a poor prognosis association with overall survival in the Basal like molecular subtype of Breast cancer patients (n=761, p value 0.0062).B) In the 

Breast Cancer Gene-Expression Miner data portal, high PPL mRNA expression confers a poor prognosis association with overall survival in TNBC patients (n=254, 

p value 0.036). C) In the KM plotter public portal, high PPL mRNA expression confers a poor prognosis association with recurrence free survival in the TNBC 

patients (n=255, p value 0.05). D) In the Genotype 2 outcome public portal, high PPL mRNA expression confers a poor prognosis association with overall survival 

in the TNBC patients (n=612, p value 0.13). E) In the KM plotter public portal, high PPL mRNA expression confers a poor prognosis association with distant 

metastasis free survival in the TNBC patients (n=43, p value 0.067).
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4.5.4 Testing the performance of PPL expression to predict distant metastasis in 

TNBC cohorts at the transcriptomic and protein level 

In the TNBC-NGS cohort, upregulated PPL mRNA expression showed 72% sensitivity, 

64% specificity, 28% positive predictive value (PPV), 92% negative predictive value 

(NPV), and 65% accuracy in dichotomising distant metastasis outcome of TNBC patients. 

Similarly, upregulated PPL protein expression captured 36% sensitivity, 87% specificity, 

88% PPV, 34% NPV, and 50% accuracy in dichotomising distant metastasis outcome of 

TNBC patients in the TNBC-IHC cohort. (Table 4-5). 

Table 4-5:Distribution of cases within  NGS transcriptomic  and IHC cohorts to test the 

prognostic index of PPL expression with reference to clinical evidence of distant 

metastasis. 

 

 

Prognostic index of PPL expression at 
mRNA Level within the TNBC NGS cohort 

 

Distant Metastasis 

Expression level Yes 
 

No 

 

Total 

Above cut-point 
Expression 

13 
TP 

33 
FP 

46 

Below-cut-point 
Expression 

5 FN 
59 
TN 

64 

Total 18 92 110 

 

 

Prognostic index of PPL expression at 
protein Level within the TNBC NGS cohort 

Distant Metastasis 

Expression level Yes 
 

No 

 

Total 

Above cut-point 
Expression 

64 
TP 

9 FP 73 

Below-cut-point 
Expression 

113 
FN 

58 
TN 

171 

Total 177 67 244 

 

• TP = true positive, FP = false positive, TN = true negative, and FN = false negative. 

Sensitivity = TP * 100/(TP+FN). Specificity = TN * 100/(TN +FP). PPV, the 

proportion of subjects with distant metastasis who are correctly diagnosed; PPV = 

TP* 100/(TP + FP). NPV, proportion of subjects without distant metastasis who are 

correctly diagnosed; NPV= TN * 100 / (TN + FN). Accuracy = TP + TN * 100/Total 

number of cases. 
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4.5.5 PPL gene silencing reduces proliferation, cell migration and invasion 

qRT-PCR and western blot were used to confirm siRNA knockdown of PPL in TNBC 

cells relative to siSCR control treated cells. Using the MTS proliferation assay, PPL 

knockdown reduced proliferation of both MDA-MB-231 and MDA-MB-436 TNBC cells 

at 48 and 72hrs (p <0.01) (Figure 4-10) siRNA-mediated knockdown of PPL 

also significantly reduced the migration rate of both TNBC cell lines (both p<0.01) but 

only  significantly reduced the invasion rate of MDA-MB-231 (p=0.03) (Figure 4-10). 

These results indicate that PPL may significantly contribute to proliferation, migration 

and in certain context invasion in TNBC cells. 
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Figure 4-10:Mechanistic evaluation of PPL expression 
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• Cell proliferation was significantly reduced after PPL depletion in MDA-MB-231(p value 0.012) as detected by MTT assay. B) Cell 

proliferation was significantly reduced after PPL depletion in MDA-MB-436 (p value 0.038) as detected by MTT assay.  C) PPL depletion 

showed the migration rate was significantly reduced in the MDA-MB-231 transfected cells compared to the control groups (p value 0.003) 

ass detected by migration assay.  D) PPL depletion showed the migration rate was significantly reduced in the MDA-MB-436 transfected 

cells compared to the control groups (p value 0.0002) ass detected by migration assay.  E) PPL depletion showed the number of invaded 

cells was significantly reduced in the MDA-MB-231 transfected cells compared to the control groups (p value 0.034) ass detected by Trans-

well assay.  F) PPL depletion showed the number of invaded cells was slightly reduced in the MDA-MB-436 transfected cells compared 

to the control groups (p value 0.09) ass detected by Trans-well assay. (G & H) Representative images of the migration assay in the MDA-

MB 231 and MDA-MB-436 TNBC cells, the number of migrated cells was significantly increased in the control cells after 48 hours 

compared with the PPL depleted group. 
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4.5.6 Clinical significance of PPL expression in unselective BC cohorts at 

transcriptomic level 

In contrast to the findings associated with PPL expression in TNBC cases, high PPL mRNA 

expression within the entire METABRIC cohort was significantly associated with 

prolonged BCSS (n=1975, p=0.014). Furthermore, when stratifying the METABRIC 

cohort based on hormonal subclasses, high PPL expression was predictive of prolonged 

BCSS (ER positive tumours, n=1871, p<0.001; PR positive tumours, n=1037, p<0.001; 

HER2 negative tumours, n=1774, p=0.002) (Figure 4-11). In a multivariate Cox regression 

analysis, high PPL expression was a predictor of prolonged BCSS independent of patient 

age, tumour size, HER2 expression, and ER expression (p=0.04) ( 

Table 4-6). Furthermore, the association between high PPL mRNA expression and 

excellent patient outcome in entire and unselected cohorts of BC cases was verified by the 

public Genotype 2 outcome domain (n=4047; p<0.001) and via the KM plotter public 

domain (recurrence free survival: n=3951; p<0.001, overall survival: n=1402; p=0.005). A 

similar trend was observed with DMFS, but this did not achieve statistical significance 

(n=1746; p=0.08). |Similarly, no statistically significant association between PPL 

expression and survival was found in the Breast Cancer Gene-Expression Miner domain 

(n=4307; p=0.08) (Figure 4-11). 

Finally, the ROC plotter was used to explore the prognostic value of PPL expression and 

its association with adjuvant chemotherapy response. It was found that PPL expression can 

be used as a predictive biomarker for good response to endocrine therapy in ER positive 

tumours, in contrast to its role in TNBC tumours (Figure 4-12).
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Figure 4-11:Univariate Kaplan-Meier survival analysis of PPL expression association with Breast cancer outcome using public domain data  



Chapter 4: Comprehensive Transcriptomic Profiling Reveals PPL as a Novel, Independent Predictor of Outcomes in TNBC 

   206 

 

 

 

• To explore our findings in unselected cohorts of breast cancer patients , we utilised the METABRIC dataset which includes 1980 breast cancer patients, the KM-plotter 

datasets which includes 3951 breast cancer patients, the Breast Cancer Gene-Expression Miner v4.0 (bc-GenExMiner v4.0) datasets which includes 5861 breast 

cancer patients & Genotype 2 outcome public portal, A genome-wide approach to link genotype to clinical outcome by utilising next generation sequencing and gene 

chip data of 6,697 breast cancer patients A) In the METABRIC cohort, high PPL mRNA expression confers a good prognosis in the whole (i.e. unselected cohorts) of 

Breast cancer patients (n=1975, p value0.014). B) In the METABRIC cohort, high PPL mRNA expression confers a good prognosis in the ER positive tumours of 

Breast cancer patients (n=1817, p value < 0.001). C) In the METABRIC cohort, high PPL mRNA expression confers a good prognosis in the PR positive tumours of 

Breast cancer patients (n=1037, p value < 0.001). D) In the METABRIC cohort, high PPL mRNA expression confers a good prognosis in the HER2 negative tumours 

of Breast cancer patients (n=1774, p value 0.002). E) In the KM plotter public portal, high PPL mRNA expression confers a good prognosis with recurrence free 

survival in the whole (i.e. unselected cohorts) of Breast cancer patients (n=3951, p value < 0.001) F) In the KM plotter public portal, high PPL mRNA expression 

confers a good prognosis with overall survival in the whole (i.e. unselected cohorts) of Breast cancer patients (n=1402, p value 0.005). G) In the KM plotter public 

portal, high PPL mRNA expression confers a good prognosis with distant metastasis free survival in the whole (i.e. unselected cohorts) of Breast cancer patients 

(n=1746, p value 0.08) H) In the Genotype 2 outcome public portal, high PPL mRNA expression confers a good prognosis in the whole (i.e. unselected cohorts) of 

Breast cancer patients (n=4047, p value <0.001). I) In the Breast Cancer Gene-Expression Miner data portal, high PPL mRNA expression confers a good prognosis 

with distant metastasis free survival in the whole (i.e. unselected cohorts) of Breast cancer patients (n=4307, p value 0.08) 
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Table 4-6:Multivariate Cox regression analysis for PPL expression associated with Breast 

Cancer Specific Survival (BCSS) (METABRIC cohort) 

 

Covariates 

Breast Cancer specific Survival 

P-value Hazard Ratio 95% CI 

Lower Upper 

Age 0.399 0.911 0.733 1.132 

Tumour Size >0.001 1.985 1.594 2.472 

ER status >0.001 0.634 0.515 0.780 

HER2 status >0.001 1.734 1.369 2.196 

PPL 0.041 0.807 0.657 0.992 

• Significant P-values are bolded       CI: Confidence interval   

 

 

 

 

 

 

 

 

 

 

Figure 4-12:Investigation of PPL expression association with endocrine and 

Chemotherapy response using public domain data  

• Using transcriptomic data of 885 ER positive patients with available treatment and response data, potential 

associations between PPL and patient responses to endocrine therapy were evaluated. The PPL mRNA expression 

levels in responder and non-responder patients, measured as Recurrence free survival after five years of endocrine 

therapy completion, are shown for several endocrine therapy regimens. B) Using transcriptomic data of 250 ER 

positive patients with available treatment and response data, potential associations between PPL and patient 

responses to chemotherapy were evaluated. The PPL mRNA expression levels in responder and non-responder 

patients, measured as Recurrence free survival after five years of chemotherapy completion, are shown for several 

chemotherapy regimens.
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4.5.7 Changes in TNBC transcriptome upon PPL knockdown  

To understand the molecular mechanism by which PPL expression promotes TNBC 

proliferation, invasion, metastasis, and chemotherapy resistance in TNBC, we performed 

RNA-sequencing on MDA-MB-231 and MDA-MB-436 cell lines treated with siSCR and 

siPPL. The differential gene expression (DGE) analysis on the scrambled MDA-MB-231 

cell line vs PPL-depleted MDA-MB-231 cells revealed 1055 differentially expressed genes 

(DEG) comprising 615 upregulated and 440 downregulated genes (Figure 4-13). 

Interestingly, the 440 downregulated genes with PPL knockdown showed significant 

enrichment with cell adhesion molecules pathway, TNF signalling pathway, ECM-receptor 

interaction, MAPK signalling pathway, IL-17 signalling pathway, PI3K-Akt signalling 

pathway, and the EGFR tyrosine kinase inhibitor resistance pathway. (Table 4-7). For 

MDA-MB-436, our analysis identified 965 DEG comprising 415 upregulated and 550 

downregulated DEG. Similarly, the 550 downregulated DEG seen in the PPL-depleted cells 

showed significant enrichment with the cytokine-cytokine receptor interaction pathway, 

TNF signalling pathway, IL-17 signalling pathway, and chemokine signalling pathway 

(Table 4-8). We investigated the overlapping DEG in both TNBC cell lines, and our 

analysis identified 90 significantly upregulated and 76 significantly downregulated genes 

(Figure 4-13). Pathway analysis of the overlapped 76 downregulated genes identified 

significant enrichment with the transcriptional misregulation in cancer pathway, focal 

adhesion pathway, PI3K-Akt signalling pathway, RAP1 signalling pathway, EGFR 

tyrosine kinase inhibitor resistance pathway, RAS signalling pathway, and MAPK 

signalling pathway (Table 4-9). Gene ontology (GO) analysis of the aforementioned 76 

downregulated genes revealed a variety of biological processes including regulation of 

endothelial cell chemotaxis (GO:2001026), whereas other genes were involved in other 

related biological processes (Table 4-10& Figure 4-14). Additionally, when performing GO 
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analysis for molecular functions, our analysis showed a series of important molecular 

functions involving vascular endothelial growth factor binding (GO:0038085) and integrin 

binding (GO:0005178) (Table 4-11& Figure 4-15). 

 

 

 

 

 

 

 

 

 

 

Figure 4-13:Differential gene expression analysis on scrambled TNBC cell lines vs 

siRNA depletion of PPL TNBC cells. 

• Differential gene expression (DGE) analysis of scrambled TNBC cell lines vs siRNA 

depletion of PPL TNBC cells. A) Volcano plot obtained from DGE analysis 

comparing the scrambled MDA-MB-231 cell line vs siRNA depletion of PPL cells. B)

 Venn diagram of obtained from differentially expressed genes (DEG) 

comparing the scrambled MDA-MB-231 cell line vs siRNA depletion of PPL cells.  C) 

Volcano plot obtained from DEG analysis comparing the scrambled MDA-MB-436 

cell line vs siRNA depletion of PPL cells. D) Venn diagram of obtained from DEG 

comparing the scrambled MDA-MB-436 cell line vs siRNA depletion of PPL cells. E) 

Venn diagram of obtained DEG from comparing upregulated genes originated 

scrambled TNBC cell lines vs siRNA depletion of PPL cells. F) Venn diagram of 

obtained DEG from comparing downregulated genes originated scrambled TNBC cell 

lines vs siRNA depletion of PPL cells. 
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Table 4-7:The top regulated pathway as defined by both differential gene expression and 

pathway analysis on siRNAs depleted endogenous PPL MDA-MB-231 TNBC cell line  

using the over-representation analysis (ORA) for identification of gene ontologies. 

Gene Set Description Size Expect 
Enrichment 
Ratio 

P Value 

hsa04640 
Hematopoietic cell 
lineage 

97 3.3247 5.4141 3.49E-09 

hsa05323 Rheumatoid arthritis 90 3.0848 5.511 7.27E-09 

hsa05150 
Staphylococcus aureus 
infection 

56 1.9194 6.252 2.96E-07 

hsa04672 
Intestinal immune 
network for IgA 
production 

49 1.6795 6.5497 5.68E-07 

hsa05332 
Graft-versus-host 
disease 

41 1.4053 7.116 8.24E-07 

hsa04940 Type I diabetes mellitus 43 1.4738 6.7851 1.33E-06 

hsa05321 
Inflammatory bowel 
disease (IBD) 

65 2.2279 5.3863 1.62E-06 

hsa04612 
Antigen processing and 
presentation 

77 2.6392 4.9258 1.72E-06 

hsa05330 Allograft rejection 38 1.3025 6.9101 3.87E-06 

hsa05164 Influenza A 171 5.861 3.2418 5.46E-06 

hsa05310 Asthma 31 1.0625 7.5292 6.79E-06 

hsa04514 
Cell adhesion molecules 
(CAMs) 

144 4.9356 3.4444 7.64E-06 

hsa04610 
Complement and 
coagulation cascades 

79 2.7077 4.4318 1.35E-05 

hsa04668 TNF signalling pathway 110 3.7703 3.7133 2.1E-05 

hsa05140 Leishmaniasis 74 2.5364 4.3369 3.81E-05 

hsa04145 Phagosome 152 5.2098 3.0711 5.96E-05 

hsa04512 
ECM-receptor 
interaction 

82 2.8106 3.9138 0.0001 

hsa05410 
Hypertrophic 
cardiomyopathy (HCM) 

83 2.8448 3.8667 0.000112 

hsa05412 
Arrhythmogenic right 
ventricular 
cardiomyopathy (ARVC) 

72 2.4678 4.0522 0.000154 

hsa05416 Viral myocarditis 59 2.0222 4.4505 0.000159 

hsa05320 
Autoimmune thyroid 
disease 

53 1.8166 4.4039 0.000397 

hsa05152 Tuberculosis 179 6.1352 2.6079 0.000404 

hsa04010 
MAPK signalling 
pathway 

295 10.111 2.1758 0.000471 

hsa05165 
Human papillomavirus 
infection 

339 11.619 2.0655 0.000557 

hsa05168 
Herpes simplex 
infection 

185 6.3409 2.5233 0.000583 

hsa05414 
Dilated cardiomyopathy 
(DCM) 

90 3.0848 3.2418 0.00096 
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hsa05166 
Human T-cell leukemia 
virus 1 infection 

255 8.7401 2.1739 0.001157 

hsa04510 Focal adhesion 199 6.8207 2.3458 0.001281 

hsa05145 Toxoplasmosis 113 3.8731 2.8401 0.001631 

hsa05134 Legionellosis 55 1.8851 3.7133 0.002545 

hsa05418 
Fluid shear stress and 
atherosclerosis 

139 4.7642 2.5188 0.002838 

hsa00770 
Pantothenate and CoA 
biosynthesis 

19 0.65123 6.1423 0.003479 

hsa05169 
Epstein-Barr virus 
infection 

201 6.8893 2.1773 0.003709 

hsa04657 IL-17 signalling pathway 93 3.1876 2.8235 0.004423 

hsa04151 
PI3K-Akt signalling 
pathway 

354 12.133 1.8132 0.004834 

hsa01521 
EGFR tyrosine kinase 
inhibitor resistance 

79 2.7077 2.9545 0.005438 

 

• The category size is calculated based on the number of overlapping genes between the 

annotated genes in the category and the reference gene list for the “ORA” method. The 

category expect is the number of categories expected from set cover” indicates the 

number of the expected reduced sets of the weighted set cover algorithm for redundancy 

reduction in the report.  The category ratio is the enrichment ratio (for ORA) as it 

indicates the gene ontology sets with FDR < 0.05. The category p value is indicative of 

the weighted set cover and maximum coverage called size-constrained weighted set 

cover where weights are assigned to gene sets with smaller enrichment p values.  
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Table 4-8:The top regulated pathway as defined by both differential gene expression and 

pathway analysis on  siRNAs depleted endogenous PPL on MDA-MB-436 TNBC cell 

line  using the over-representation analysis (ORA) for identification of gene ontologies. 

 

Gene Set Description Size Expect 
Enrichment 
Ratio 

P Value 

hsa04621 
NOD-like receptor 
signalling pathway 

168 3.284 3.6541 0.000102 

hsa04060 
Cytokine-cytokine 
receptor interaction 

294 5.747 2.7841 0.000187 

hsa05132 Salmonella infection 86 1.6811 4.7588 0.000258 

hsa04668 TNF signalling pathway 110 2.1502 4.1856 0.000282 

hsa05323 Rheumatoid arthritis 90 1.7593 4.5473 0.000353 

hsa04657 IL-17 signalling pathway 93 1.8179 4.4006 0.000441 

hsa05146 Amoebiasis 96 1.8766 4.2631 0.000547 

hsa04640 
Hematopoietic cell 
lineage 

97 1.8961 4.2192 0.000586 

hsa05142 
Chagas disease 
(American 
trypanosomiasis) 

102 1.9938 4.0124 0.000819 

hsa04062 
Chemokine signaling 
pathway 

189 3.6945 2.9774 0.00114 

 

• The category size is calculated based on the number of overlapping genes between the 

annotated genes in the category and the reference gene list for the “ORA” method. The 

category expect is the number of categories expected from set cover” indicates the 

number of the expected reduced sets of the weighted set cover algorithm for redundancy 

reduction in the report.  The category ratio is the enrichment ratio (for ORA) as it 

indicates the gene ontology sets with FDR < 0.05. The category p value is indicative of 

the weighted set cover and maximum coverage called size-constrained weighted set 

cover where weights are assigned to gene sets with smaller enrichment p values.  
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Table 4-9:The top regulated pathway as defined by both differential gene expression and 

pathway analysis on the 76 overlapping   down regulated genes resulted   the comparison 

of scrambled against siRNA depletion of PPL in TNBC cell lines  using the over-

representation analysis (ORA) for identification of gene ontologies. 

Gene Set Description Size Expect 
Enrichment 
Ratio 

P Value 

hsa05202 
Transcriptional 
misregulation in cancer 

186 0.51162 7.8183 0.00146 

hsa04510 Focal adhesion 199 0.54738 7.3075 0.00187 

hsa04270 
Vascular smooth muscle 
contraction 

121 0.33283 9.0136 0.00417 

hsa04151 
PI3K-Akt signalling 
pathway 

354 0.97373 4.1079 0.0144 

hsa05218 Melanoma 72 0.19805 10.099 0.01638 

hsa04015 Rap1 signalling pathway 206 0.56663 5.2944 0.01791 

hsa01521 
EGFR tyrosine kinase 
inhibitor resistance 

79 0.2173 9.2038 0.01951 

hsa04014 Ras signalling pathway 232 0.63815 4.7011 0.02448 

hsa00604 
Glycosphingolipid 
biosynthesis 

15 0.04126 24.237 0.04051 

hsa04010 
MAPK signalling 
pathway 

295 0.81144 3.6971 0.04521 

 

• The category size is calculated based on the number of overlapping genes between the 

annotated genes in the category and the reference gene list for the “ORA” method. The 

category expect is the number of categories expected from set cover” indicates the 

number of the expected reduced sets of the weighted set cover algorithm for redundancy 

reduction in the report.  The category ratio is the enrichment ratio (for ORA) as it 

indicates the gene ontology sets with FDR < 0.05. The category p value is indicative of 

the weighted set cover and maximum coverage called size-constrained weighted set 

cover where weights are assigned to gene sets with smaller enrichment p values.  
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 Table 4-10: The Biological process category by the Gene Ontology Consortium shows the 76 core common genes that are significantly 

downregulated  among scrambled against siRNA depletion  of PPL in TNBC cell lines  using the over-representation analysis (ORA) for 

identification of gene ontologies. 

Gene Set Description Size Overlap Expect 
Enrichment 
Ratio 

P Value Gene symbol 

GO:2001026 
regulation of endothelial cell 
chemotaxis 

21 3 0.06301 47.611 3.3E-05 
MET, FGF1, 

KDR 

GO:0035767 endothelial cell chemotaxis 29 3 0.08701 34.477 8.8E-05 
MET, FGF1, 

KDR 

GO:0051639 actin filament network formation 8 2 0.024 83.32 0.00024 PLS3, LCP1 

GO:0003158 endothelium development 117 4 0.35106 11.394 0.00041 
PTN, MET, 

FGF1, KDR 

GO:0051130 
positive regulation of cellular 
component organization 

1203 10 3.6096 3.0474 0.00072 

PTN,MET,KDR, 

LCP1,MMP3, 

TAPT1,ZNF804A, 

NEGR1,PPM1E,CDH4 

GO:0031346 
positive regulation of cell projection 
organization 

365 6 1.0952 5.4786 0.00075 

PTN,TAPT1,ZNF804A, 

NEGR1,CDH4, 

RELN 

GO:2001028 
positive regulation of endothelial 
cell chemotaxis 

15 2 0.04501 44.437 0.0009 MET,KDR 

GO:0051017 actin filament bundle assembly 148 4 0.44407 9.0076 0.001 
PLS3,MET, 

LCP1,PPM1E 

GO:0048012 
hepatocyte growth factor receptor 
signaling pathway 

16 2 0.04801 41.66 0.00103 MET,ESM1 

GO:0061572 actin filament bundle organization 151 4 0.45307 8.8286 0.00108 
PLS3,MET,LCP1, 

PPM1E 
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Table 4-11: The Molecular function category by the Gene Ontology Consortium shows the 76 core common genes that are significantly 

downregulated  among scrambled against siRNA depletion  of PPL in TNBC cell lines  using the over-representation analysis (ORA) for 

identification of gene ontologies. 

Gene Set Description Size Overlap Expect 
Enrichment 
Ratio 

P Value Gene symbol 

GO:0038085 
vascular endothelial 
growth factor binding 

5 2 0.013499 148.16 7.09E-05 PTN,KDR 

GO:0005178 integrin binding 127 4 0.34287 11.666 0.000376 FGF1,KDR,LCP1, ECM1 

GO:0019838 growth factor binding 138 4 0.37257 10.736 0.000515 PTN,KDR, IGFBPL1, ESM1, 

GO:0050839 
cell adhesion molecule 
binding 

478 6 1.2905 4.6494 0.0017 FGF1,CALD1,KDR,LCP1,ESM1,CDH4 

GO:0005520 
insulin-like growth 
factor binding 

28 2 0.075594 26.457 0.002576 IGFBPL1,ESM1 

GO:0004864 
protein phosphatase 
inhibitor activity 

39 2 0.10529 18.995 0.004956 PTN,BOD1 

GO:0003779 actin binding 419 5 1.1312 4.42 0.005239 PLS3, CALD1, CNN1, LCP1, TAGLN 

GO:0019212 
phosphatase inhibitor 
activity 

42 2 0.11339 17.638 0.00573 PTN, BOD1 

GO:0008201 heparin binding 160 3 0.43197 6.945 0.009171 PTN,FGF1, RSPO2 

GO:0005326 
neurotransmitter 
transporter activity 

54 2 0.14579 13.719 0.00933 SLC36A1, CPLX1 

 

• The category size is calculated based on the number of overlapping genes between the annotated genes in the category and the reference 

gene list for the “ORA” method. The category expect is the number of categories expected from set cover” indicates the number of the 

expected reduced sets of the weighted set cover algorithm for redundancy reduction in the report.  The category ratio is the enrichment 

ratio (for ORA) as it indicates the gene ontology sets with FDR < 0.05. The category p value is indicative of the weighted set cover and 

maximum coverage called size-constrained weighted set cover where weights are assigned to gene sets with smaller enrichment p values.  
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Figure 4-14:The Biological process category by the Gene Ontology Consortium shows the 

76 core common genes that are significantly downregulated among scrambled against 

siRNA depletion of PPL in TNBC cell lines using the over-representation analysis (ORA) 

for identification of gene ontologies. 

 

 

 

 

 

 

 

 

Figure 4-15:The Molecular function category by the Gene Ontology Consortium shows 

the 76 core common genes that are significantly downregulated among scrambled against 

siRNA depletion of PPL in TNBC cell lines using the over-representation analysis (ORA) 

for identification of gene ontologies. 
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 Discussion 

The high propensity of developing distant metastasis and limited treatment choices for 

TNBC remain a clinical challenge for oncologists as ~46% of TNBC patients go on to 

develop distant metastasis within the first three years of  disease diagnosis  [286,287]. 

TNBC patients  do not benefit from hormonal or trastuzumab-based therapy due to  the loss 

of target receptors [172] and, as previously reported, TNBC patients usually acquire 

chemotherapy resistance, thus efficacy of this regime continues to be poor [288]. Hence, 

identification of novel and prognostic biomarkers associated with TNBC outcome and 

response to chemotherapy are of urgent need. In this study, we investigated the significance 

of our previously identified PPL gene as one of the key genes associated with clinical 

outcome in TNBC [216]. We explored the predictive importance of PPL expression in 

TNBC to provide robust evidence that upregulated PPL expression is prognostic of patient 

outcome and could be beneficial in predicting the early onset of distant metastasis in TNBC 

patients.   

DNA amplification is a major feature of oncogenic transformation. Amplification of 

chromosome 16p13.3, where PPL resides, is described as the third most amplified region 

in BC (57%) [289]. Previous comparative genomic hybridisation assays argued that copy 

number (CN) amplification within the 16p13.3 amplicons induces the upstream of PI3K 

pathway which has been linked to poor prognosis in BC [290].  In our study, we have 

documented that PPL CN amplification is strongly associated with upregulated PPL mRNA 

and protein expression.  However, PPL CN gain only explains a portion of PPL upregulated 

cases, indicating that other downstream pathways may be modulating PPL expression.   

In our study, we have provided evidence that upregulated PPL expression at both 

transcriptomic and protein levels is an independent and strong predictor of DMFS and 

BCSS in TNBC by univariate and multivariate analysis followed by validation in different 
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platforms. Our data also demonstrated the potential role of upregulated PPL expression and 

its significant association with chemotherapy resistance in TNBC at both transcriptomic 

and protein level with increased risk of distant metastasis and death among the TNBC 

chemotherapy-treated patients, but not in ER positive patients. Our results revealed that 

patients with upregulated PPL expression are less likely to benefit from chemotherapy. 

Additionally, the prognostic value of PPL expression in dichotomising distant metastasis 

probabilities in TNBC patients was calculated. PPL expression demonstrated 64% 

specificity and 65% accuracy in dichotomising distant metastasis outcome of TNBC 

patients at the mRNA level. Similarly, PPL expression yielded 87 % specificity and 50% 

accuracy in dichotomising distant metastasis outcome of TNBC patients at the protein level. 

PPL has displayed promising specific and accurate results as a potential prognostic 

biomarker both at the transcriptomic and protein level. Therefore, it may facilitate TNBC 

progression prediction and patient fall at higher risk may benefit from aggressive treatment 

plans. 

 In concordance with our findings, previous studies indicated that dysregulation of PPL 

expression causes resistance to erlotinib and other EGFR inhibitors in oral squamous cell 

carcinoma and is also associated with cisplatin resistance in endometrial cell lines 

[272,291].  PPL has also been reported to be linked  to the PI3K cascade and found to 

enhance AKT activity [270]. However, the precise molecular mechanism of PPL expression 

on chemotherapy resistance in TNBC but not ER positive patients remains unclear and 

therefore requires further investigation.  

We have provided evidence that endogenous PPL significantly promoted cell proliferation, 

migration and invasion probabilities in TNBC cell lines. In concordance with our findings, 

PPL knockdown has been associated with reduced cell migration and invasion in both 

pharyngeal squamous cancer and TNBC cells [251,268]. Theoretically, PPL may be linked 
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with cell proliferation or cell death  due to its impact on cellular  structure [5,292]. 

Therefore, distortion of this through PPL knockdown may result  in interference with cell 

adhesion to the extra cellular matrix, thus promoting epithelial tumourigenesis [293].  

Using a panel of well-characterised TNBC cases, we sought to identify the molecular 

mechanisms which underlie PPL expression in TNBC that differentiate its prognostic 

abilities from ER positive tumours. Therefore, DGE analysis and the KEGG pathway were 

applied to explore the identified DEG. The KEGG pathway analysis showed that 

overlapped DEG obtained from TNBC cell lines  were significantly enriched in the 

transcriptional misregulation in cancer pathway, focal adhesion pathway, PI3K-Akt 

signalling pathway, RAP1 signalling pathway, EGFR tyrosine kinase inhibitor resistance 

pathway, RAS signalling pathway, and MAPK signalling pathway, which are known to 

modulate treatment responses and aggressive behaviour of TNBC tumours [294–297]. 

Also, GO annotation analysis revealed our overlapped DEG in TNBC cells with siRNA 

depletion of PPL were significantly enriched in the following GO categories:  ( 

GO:0038085, GO:0005178, GO:0019838, GO:0050839, and GO:0005520), which are 

strongly associated with the biological and aggressive behaviour of TNBC [298,299]. The 

obtained results, collectively, suggested that PPL expression may play a pivotal role in 

TNBC tumourigenesis and chemoresistance.    

 Limitations of the study  

We have made a strong effort to perform a comprehensive investigation on PPL expression 

in TNBC, but several limitations need to be recognised. Firstly, we did not identify any 

association between PPL expression and well-established tumour prognostic factors such 

as age, tumour size, tumour grade, and lymph node status, which we guess is due to the 

relatively small sample size and chosen cut-off points. However, the aforementioned  
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prognostic factors have been shown to be of limited predictive value due to the typically 

high-grade nature of TNBC tumours [107]. Therefore, PPL has a strong predictive value 

for chemoresistance and poor patient outcome regardless of the aforementioned prognostic 

factors as our data has identified. Thus, evaluation of PPL expression in a larger TNBC 

cohort is warranted. While the molecular heterogeneity TNBC, reflected in our cell lines, 

resemble mesenchymal type and harbour stem/progenitor-cell characteristics, were equally 

effective candidates to resemble early onset of distant metastasis in TNBC patients. While 

the effects seen phenotypically with loss of proliferation, migration and invasion when PPL 

knockdown was achieved. However, strong evidence of genomic differences among TNBC 

cell lines is acknowledged [110,300]. For instance, MDA-MB-231 is recognised to harbour  

mutations in BRAF, CDK2A, KRAS, NF2, TP53, PDGFR but no mutation in the BRCA1 

gene whereas  MDA-MB-436 is documented to carry homozygous deleterious mutations 

in BRCA1, TP53, Cell-cycle and DNA damage response genes [110,300,301].  However, 

our DGE findings represent a fraction of our results affected by PPL knockdown. The 

identification of novel pathways never before recognised to be associated with PPL 

expression as well as known pathways pertaining to DEG lists not previously associated 

with PPL expression present novel targets for PPL-based combination therapies. Indeed, 

preliminary data and initial experiments targeting some of the identified DEG and pathways 

in TNBC may have failed due to not investigating the development of PPL inhibitors. 
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 Conclusion 

Our data highlights the potential pro-oncogenic role of PPL in TNBC, and that it is a strong 

predictor of distant metastasis and poor patient outcome. The association of PPL with well-

established tumour characteristics at the  in vitro level  has provided evidence as to its 

oncogenic role in TNBC. Our study concluded that upregulated PPL in TNBC may activate 

several oncogenic pathways such as the TNF signalling pathway, MAPK signalling 

pathway, PI3K-Akt signalling pathway, and the EGFR tyrosine kinase inhibitor resistance 

pathway, which can induce chemoresistance in TNBC.  Our findings suggest that PPL 

expression both at transcriptomic and protein levels could be used as a predictor of outcome 

and tumour progression in TNBC patients. Further research in vivo is needed for validation 

of PPL expression as a potential therapeutic target in TNBC. 



Chapter 5: The Molecular Landscape of E-Cadherin In Ductal Carcinoma Of The Breast 

  

 222 

 

 

 

 

 

 

 

 

 : The Molecular Landscape of E-Cadherin in Ductal 

Carcinoma of The Breast 

 

 

 

 

 

 

 

  



Chapter 5: The Molecular Landscape of E-Cadherin In Ductal Carcinoma Of The Breast 

  

 223 

 

This chapter has been published in Modern Pathology (2019) under the title “ The Molecular 

Mechanisms Underlying Reduced E-cadherin Expression in Invasive Ductal Carcinoma of 

the Breast: High Throughput Analysis of Large Cohorts” with the corresponding DOI: 

https://doi.org/10.1038/s41379-019-0209-9 [302].  The Copyright approval for re-use 

of these material is provided (appendix 7.4)  

 Background 

Worldwide, BC accounts for 23% of total diagnosed cancer cases, and is the second leading 

cause of cancer-related death amongst women [2]. In solid tumours, cell-cell dyscohesion 

is a recognised phenomenon allowing tumuor cells to grow invasively into surrounding 

tissues [303]. E-cadherin, a calcium-dependent adhesion molecule encoded by the CDH1 

gene located on chromosome 16q22.1 [304], plays an important role in gland formation, 

cell differentiation, polarity and maintaining the integrity of epithelial cells [305]. 

Subsequently, decreased expression of E-cadherin, which is frequently seen in breast 

cancer, may lead to cellular de-differentiation and invasiveness [306,307].  

 Prognostic Significance of E-cadherin expression in BC 

Reduced/loss of E-cadherin expression is observed in the vast majority of ILC and LCIS 

tumours together with loss of CDH1 gene copy number [308–310]  or CDH1 gene 

mutation[311] in a large proportion of cases  suggests a plausible role for E-cadherin as a 

tumour suppressor gene [310,312]. However, there is limited evidence to support a role for 

E-cadherin as a tumour suppressor gene  in IDC tumours [207]. In fact,  DCIS and low 

grade IDC tumours generally show stronger E-cadherin membrane staining than that seen 

in the normal breast epithelial cells, denoting increased expression, rather than a loss of 

expression [313]. Although some studies indicated that a proportion of IDC shows 

loss/reduced E-cadherin protein expression, these tumours were typically high grade 

aggressive tumours. Of note, accumulating evidence suggests that high grade IDC are 

characterised by genomic instability with loss of increasing number of tumour suppressor 

https://doi.org/10.1038/s41379-019-0209-9
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genes during the carcinogenesis process that contributes to their aggressive behaviour 

[207]. In addition, reduced/loss of E-cadherin expression is frequently associated with loss 

of ER expression, larger tumour size, and with the development of metastasis and 

recurrence [314–317].  Furthermore, in a recent study by our group,  reduced/loss of E-

cadherin expression was an indicator of  BC poor prognosis and advanced tumour 

characteristics including; larger tumour size, higher histological grade, early development 

of distant metastasis,  and  strong association with ER  negativity [318]. Likewise, multiple 

reports indicated the strong association between reduced/loss of E cadherin expression and  

worse patient outcome in TNBC patients [319–321].  

These findings suggest that E-cadherin loss occurs as a late event in the process of 

carcinogenesis arising in association with or as a part of genomic instability, rather than as 

an early neoplastic event as seen in ILC tumours [313,322,323]. However, the reasons for 

dysregulation of E-cadherin protein expression remain ill-defined [318].  

 Hypothesis and Aims 

In this study, it was hypothesised that reduced/loss of E-cadherin expression in IDC and its 

molecular implications are different from ILC not only at the morphological levels but also 

at the molecular levels. Therefore, this study aimed to examine the mechanisms of 

reduced/loss E-cadherin expression in high grade IDC carcinoma compared to ILC 

carcinoma and its potential molecular implications. Nonetheless, an improved insight can 

be obtained from decoding the transcriptome of TNBC molecular subtype by NGS to 

unravel the reasoning of heterogeneous E-cadherin expression in cases that did not show 

evidence of EMT. 
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 Materials and Methods 

5.4.1 Study cohorts 

This study was conducted on multiple well-characterised cohorts of high grade IDC using 

different molecular techniques (Figure 5-5-1).First, a well-characterised cohort of primary 

grade 3 IDC from patients presenting to Nottingham City Hospital between 1989 and 1998 

(n=813), and for whom detailed immunohistochemistry evaluation of E-cadherin 

expression was carried out by a previous member of our group, Dr Abd El-Rehim and 

colleagues [318]. To complete the TNBC IDC cohort, missing cases (n=43) were stained 

and evaluated for E-cadherin protein expression by the author. 

The mean patient age was 52 years (range 18-71), and tumour size ranged in diameter from 

0.1 cm to 5 cm at time of presentation, with a mean tumour size of 2 cm (Table 5-1). To 

understand the molecular biology of E-cadherin expression, high grade IDC carcinoma 

(n=883) cases in the Molecular Taxonomy of the  METABRIC cohort[114] were used to 

investigate copy number alterations and CDH1 mRNA expression. The mean patient age 

was 59 (range 26-96) and mean tumour size at time of presentation was 3 cm (range from 

1 cm to 18 cm). In this cohort, patients with ER positive tumour and /or lymph node 

negative at time of diagnosis did not receive adjuvant chemotherapy, whereas those with 

ER negative tumours and lymph node positive status received adjuvant treatment. 

Nonetheless, an additional TNBC NGS cohort (n=106) was used to investigate E-cadherin 

reduced/loss expression in this subtype of BC. The mean patient age was 48 (range 27-69) 

and tumour size ranged in diameter from 1 to 6 cm at time of presentation, with a mean 

tumour size of 2 cm (Table 5-1). 
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Figure 5-5-1:Flowchart of Analytical and Experimental Methodology of the molecular 

landscape of E-cadherin in ductal carcinoma of the breast study 
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Table 5-1:Patients cohort 

Clinicopathological 

Parameter 

Whole IDC 

protien cohort 

(n=813) 

N (%) 

Whole IDC in 

METABRIC cohort 

(n=883) 

N (%) 

Triple negative -

IDC cohort 

(n=106) 

N (%) 

Age (years) 

< 50 

 

≥ 50 

 

326 (40) 266 (30) 59 (56) 

487 (60) 617 (70) 47 (44) 

Tumour size (cm) 

≤ 2cm 

 

>2cm 

 

319 (39) 325 (37) 29 (27) 

494 (61) 551 (63) 77 (73) 

 Nodal Stage 

1 

2 

3 

 

455 (56) 186 (27) 64 (60) 

258 (32) 420 (62) 29 (27) 

100 (12) 73 (11) 13 (13) 

Estrogen receptor 

status 

 

Positive 

 

Negative 

452 (56) 372 (42) 0 (0) 

361 (44) 511 (58) 106 (100) 

Nottingham prognostic 

index 

 

Good prognosis  

 

Moderate prognosis 

 

Poor prognosis 

 

1 (0.1) 0 (0) 2 (2) 

 

567 (69.9) 705 (80) 72 (68) 

245 (30) 178 (20) 32 (30) 
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5.4.2 Immunohistochemistry and western blotting analyses 

Mouse monoclonal anti-E-cadherin antibody [Cl;4A2C7, Ref#180223, LOT 954621A, 

Invitrogen, UK] was used to assess protein expression on immunohistochemically-stained 

4mm thick full-face tissue sections after prior validation of the antibody by Western blot 

using MDA-MB-231 and MDA-MB-157 BC cell lysates  as previously mentioned  

(Chapter 2). Sections were incubated for 24 hours with the anti-CDH1 antibody diluted to 

a concentration of 1:25. Scoring of membranous protein expression was performed using 

the modified histo-score [195]. This study used the lower quartile from the modified 

histochemical score value (i.e. 85/0-300) to stratify the cohort into high/normal and 

reduced/loss E-cadherin expression groups (Figure 5-2). Cases in the METABRIC cohort 

were stratified using a similar approach for total CDH1 mRNA expression. Copy number 

alteration and CDH1 mRNA expression were correlated with E-cadherin protein expression 

in the same cases where available (n=131). 
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Figure 5-2:Western blotting & Immunohistochemistry 

• Specificity of the E-cadherin antibody was confirmed by western blotting using MDA-MB231 and MDA-MB157 cell lines, which indicated 

a specific band at approximately 100 kDa. β-Tubulin antibody (clone AA2, Ref# T8328, Sigma-Aldrich, UK)  was kindly gifted from Dr 

Reem Ali , member of  Dr Madhusudan Srinivasan group. B) Immunohistochemistry for E-cadherin expression in IDC tumours showing 

strong membranous staining (power 40×). C) Immunohistochemistry for E-cadherin expression in IDC tumours showing complete loss of 

membranous staining (power 40×) 

50 
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5.4.3 Statistical analysis 

IBM SPSS 24.0 (Chicago, IL, USA) software was used for statistical analysis as explained 

in (Chapter 2). The chi-squared test was used to assess the effect of copy number alteration 

on reduced/loss of CDH1 mRNA expression. Furthermore, we evaluated copy number 

alteration of established tumuor suppressor genes in cases that exhibited reduced/loss of 

CDH1 mRNA expression and copy number loss via copy number alteration in the 

METABRIC cohort, to infer genetic instability as the likely driver of the reduced/loss of 

CDH1 mRNA expression using chi-squared test. Mann-Whitney test was used to compare 

the expression of CDH1 mRNA expression with expression of well-established 

transcription factors affecting E-cadherin expression [29]. Furthermore, we evaluated 

expression of a set of genes previously demonstrated to have 93% predictive accuracy in 

distinguishing ILC from IDC via the prediction analysis for microarrays test [324]. 

Expression of proteins related to DNA repair, available transcription factors, and 

proliferation were compared to the expression of the E-cadherin protein using the Mann-

Whitney test (Table 5-2) (Chapter 2). Furthermore, the association of E-cadherin protein 

expression with that of transcription factors mRNA expression (assessed using NGS -

HTSEQ values) was evaluated using the Mann-Whitney test. Two tailed p-value <0.05 was 

considered as statistically significant. RNA-Seq values were expressed as standard error of 

means in GRAPH PAD PRISM v.7 for data presentation.  
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Table 5-2:Biomarkers included in this study to examine the potential association with 

altered E-cadherin expression in high grade IDC protein cohort (n=813). 

 

5.4.4 Bioinformatics investigation and Pathway analysis 

To expand our understanding on the molecular biology underlying reduced/loss of E 

cadherin expresstion at the protein level,  DGE analysis was performed using the Robina 

implementation of Edge-R statistical tool [187] (Chapter 2). The dichotomisation of cases 

into reduced/loss of E cadherin expression versus high E cadherin expression groups relied 
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on the lower quartile H-scores (85/300 H-score). Henceforth, DGE was performed between 

cases showing reduced/loss of E cadherin expression (n=46) against cases harbouring 

normal/above threshhold E cadherin expression (n=60). Pathway analysis was used to 

identify differentially regulated canonical pathways generated from DEG panel by Edge R 

using KEGG pathway database [188] as previously described (Chapter 2). 

 RESULTS 

5.5.1 Evaluation of E-cadherin protein expression in the high-grade IDC protein 

cohort (n=813)  

A total of 217/813 (27%) of high-grade IDC and 46/106 (43%) of TNBC-IDC cancer cases 

showed reduced/loss membrane expression of E-cadherin. Within the METABRIC cohort, 

reduced/loss CDH1 mRNA expression was observed in 208/883 (23%) cases. Furthermore, 

TNBC-IDC tumours showed reduced/loss of CDH1 mRNA expression in 90/235 (38%) 

cases. Reduced/loss CDH1 mRNA expression cases were observed in 104 cases of the  IDC 

- Basal like tumours (37%), 18 cases of the IDC- HER2 enriched tumours (11%), 40 cases 

of IDC- luminal A tumours (27%) , 29 cases of  IDC luminal B tumours (12%) , and 17 

cases of the Normal like tumours (29%) molecular subtypes. In the subset of Nottingham 

cases that were included in the METABRIC dataset (n=131), there was a positive linear 

correlation between CDH1 mRNA and the dichotomised E-cadherin protein expression 

(r=0.27, p=0.002). Interestingly, reduced/loss E-cadherin protein expression was associated 

with GammaH2AX (p<0.0001), RAD51 (p=0.050) and PTEN (p=0.003) protein expression  

in the whole IDC protein cohort (Table 5-3). 
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Table 5-3:Correlation between level of proteins associated with altered E-cadherin 

expression in high-grade IDC cohort (n=813) 

 

 

Identifier 

 

Protein of 

interest 

E-cadherin 

expression 

frequency 

Mean 

RANK 

 

 

Z- 

score 
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(%) 
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D
N

A
 r

ep
ai

r 
fa

m
il

y
 

 

BRCA1 

 

178 

(26) 

 

491 

(74) 

 

336 

 

335 

 

-0.05 

 

0.950 

 

BRCA2 

 

132 

(26) 

 

375 

(74) 

 

248 

 

256 

 

-1.19 

 

0.230 

 

GammaH2

ax 

 

120 

(23) 

 

387 

(77) 

 

221 

 

264 

 

-3.48 

 

<0.001 

 

RAD51 

 

110 

(25) 

 

320 

(75) 

 

199 

 

221 

 

-1.96 

 

0.050 

P
ro

li
fe

ra
ti

o
n
 a

n
d
 o

th
er

 m
ar

k
er

s 

fa
m

il
y

 

Ki67 174 

(25) 

501 

(75) 

329 341 -1.14 0.250 

 

PTEN 

 

104 

(28) 

 

260 

(72) 

 

164 

 

189 

 

-2.93 

 

0.003 

ATM 143 

(28) 

358 

(72) 

245 253 -0.70 0.480 

TP53 214 

(26) 

590 

(74) 

408 400 -0.47 0.630 
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5.5.2 E-cadherin copy number alteration in high-grade IDC tumours 

To investigate whether reduced/loss of E-cadherin expression in the IDC cases is due to 

copy number alteration, we examined copy number alteration and CDH1 mRNA levels. We 

observed that 44/208 (21%) of cases showed significant association between loss of CDH1 

copy number and reduced/loss of CDH1 mRNA expression (p=0.003) (Table 5-4). Only 1 

case with copy number loss did not show any association with the transcription factors 

investigated while the remaining cases showed upregulation of one or more transcription 

factors (Table 5-5). Interestingly, 77% of tumours presenting with reduced/loss CDH1 

mRNA expression did not show CDH1 copy number loss, indicating that other mechanisms 

are implicated. Subsequently, investigating the TNBC IDC cases within METABRIC, only 

7/90 (8%) of cases showed copy number to be associated with reduced/loss CDH1 mRNA 

expression. However, there was no statistical association between copy number loss and 

reduced/loss of CDH1 mRNA expression (p=0.10) (Table 5-6). More importantly, amongst 

those cases, only 1 (copy number loss) case did not show any association with any 

transcription factors while the rest of the 6/90 (7%) cases (copy number loss) showed 

upregulation of one or more transcription factors (Table 5-7). Moreover, 83/90 (92%) of 

TNBC IDC tumours within the METABRIC cohort, with reduced/loss CDH1 mRNA 

expression showed neutral/amplified CDH1 copy number expression.  

In addition, reduced/loss CDH1 mRNA expression in IDC showed copy number loss of 

multiple well-established breast cancer tumour suppressor genes located at different 

chromosome loci; TP53, ATM, BRCA1, and BRCA2 (p<0.001) ( Table 5-8).  

 

 



Chapter 5: The Molecular Landscape of E-Cadherin In Ductal Carcinoma Of The Breast 

  

 235 

 

Table 5-4:CDH1 copy number alteration (CNA) in whole IDC METABRIC cohort 

(n=883) 

CNA region 

for CDH1 
CNA 

Cases with 

reduced/loss 

CDH1 

mRNA 

expression 

(%) 

Cases with 

normal/above 

threshold 

CDH1 mRNA 

Expression 

(%) 

Total 

(%) 

p-

value 

Chromosome 

16q22.1 

 

Loss 

 

44 (35) 

 

81 (65) 

 

125 

(100) 

 

 

0.003 

 

Gain 

 

4 (15) 

 

23 (85) 

 

27 

(100) 

 

Neutral 

 

160 (22) 

 

571 (78) 

 

731 

(100) 

Total 208 (23) 675 (77) 
883 

(100) 

 

Table 5-5:Frequency of genes associated with reduced E-cadherin expression in the whole 

IDC METABRIC cohort (n= 208) 

 Frequency of Cumulative Number of Upregulation of Transcription 

Factor suppressor of CDH1 mRNA expression in cases with 

reduced/loss of CDH1 mRNA expression 

Frequenc

y (%) 

11 1 (1) 

10 1 (1) 

9 5 (3) 

8 19 (12) 

7 35 (21) 

6 42 (26) 

5 38 (23) 

4 32 (20) 

3 21 (13) 

2 8 (5) 

1 5 (3) 

• Dichotomisation of mRNA level was based on median of the total expression of each 

gene. 
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Table 5-6:CDH1 copy number alteration (CNA) in the high grade TNBC IDC cohort 

within the METABRIC cohort (n=235) 

CNA region 

for CDH1 
CNA 

Cases with 

reduced/loss 

CDH1 

mRNA 

expression 

(%) 

Cases with 

normal/above 

threshold 

CDH1 mRNA 

Expression 

(%) 

Total 

(%) 

p-

value 

Chromosome 

16q22.1 

Loss 7 (70) 3 (30) 
10 

(100) 

 

 

0.10 

Gain 4 (36) 7 (64) 
11 

(100) 

Neutral 79 (37) 135 (63) 
214 

(100) 

Total 90 (38) 145 (62) 
235 

(100) 

• Dichotomisation of mRNA level was based on median of the total expression of each 

gene. 

Table 5-7:Frequency of genes associated with reduced E-cadherin expression in the high 

grade TNBC IDC cohort within the METABRIC cohort (n=90) 

Frequency of cumulative number of upregulation of transcription 

factors’ suppressor of CDH1 mRNA expression in cases with 

reduced/loss of CDH1 mRNA expression 

Frequenc

y (%) 

10 1 (1) 

9 2 (2) 

8 10 (11) 

7 20 (24) 

6 15 (17) 

5 14 (16) 

4 11 (12) 

3 9 (10) 

2 3 (3) 

1 4 (4) 
    

• Dichotomisation of mRNA level was based on median of the total expression of each 

gene. 
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Table 5-8:Copy number alteration (CNA) within other chromosomes in the whole IDC 

METABRIC cohort with reduced/loss CDH1 mRNA expression. (n=208) 

Gene 

Cases with reduced/loss CDH1 mRNA expression p-value 

Loss (%) Gain (%) Neutral (%) 

ATM 26 (12) 2 (1) 180 (87) <0.001 

PTEN 17 (8) 8 (4) 178 (88) 0.53 

RB1 36 (17) 24 (12) 145 (71) 0.46 

TP53 25 (12) 0 (0) 183 (88) <0.001 

BRCA1 13 (6) 8 (4) 187 (90) <0.001 

BRCA2 12 (6) 15 (7) 180 (87) <0.001 

 

• Dichotomisation of mRNA level was based on median of the total expression of each 

gene. 

 

5.5.3 Expression of E-cadherin suppressor transcription factors 

In cases with reduced/loss E-cadherin expression (n=208) from the METABRIC cohort, 

upregulated mRNA expression was observed with ZEB2 (56%), TWIST2 (54%), NFKB1 

(54%), ZEB1 (53%), TWIST1 (52%), SLUG (51%), SNAIL (50%), GSK3BETA (49%), 

TGFB1 (47%), LLGL2 (38%), and CRUMBS3 (34%). Only 4% of the cases were affected 

by 9 or more upregulated transcription factors (Table 5-9). Upregulated expression of 

TWIST2, ZEB2, NFKB1, LLGL2 and CRUMBS3 were significantly associated with 

reduced/loss of CDH1 mRNA expression (Table 5-10).  In TNBC IDC cases with 

reduce/loss E-cadherin expression, upregulated mRNA expression was observed with 

ZEB2 (63%), SLUG (62%), TWIST2 (59%), TWIST1 (57%), ZEB1 (54%), SNAIL (52%), 
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TGFB1 (51%), GSK3BETA (50%), NFKB1 (46%), LLGL2 (24%), and CRUMBS3 (24%) 

(Table 5-11). Only 3% of the cases harboured 9 or more upregulated transcription factors 

(Table 5-7). Upregulated expression of TWIST2, TWIST1, ZEB2, ZEB1, SLUG, LLGL2 and 

CRUMBS3 were significantly associated with reduced/loss of CDH1 mRNA expression 

(Table 5-12). 

Table 5-9:known Transcriptional factors associated with reduced E-cadherin expression  

examined in the reduced/loss of  CDH1 mRNA expression IDC METABRIC cases  

(n=208) 

Upregulation of transcription factors’ suppressor of CDH1 mRNA 
expression in cases with reduced/loss of CDH1 mRNA expression 

Percentage 

ZEB2 56% 

TWIST2 54% 

NFKB1 54% 

ZEB1 53% 

TWIST1 52% 

SLUG 51% 

SNAIL 50% 

GSK3BETA 49% 

TGFB1 47% 

LLGL2 38% 

CRUMBS3 34% 

• Dichotomization of mRNA level was based on median of the total expression of each 

gene. 
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Table 5-10:Correlation between mRNA levels of the genes associated with altered E-

cadherin expression in BC in the whole IDC METABRIC cohort (n=883) 

• Dichotomization of mRNA level was based on median of the total expression of each 

gene 

  

Identifier 
Genome 

of interest 

E-cadherin 

expression 

frequency 

Mean 

RANK  

Z- 

score 

 

p-value 
Low 

(%) 

High 

(%) 
Low High 

 T
ra

n
sc

ri
p

ti
o
n

  
F

a
ct

o
r 

m
R

N
A

 L
ev

el
 

 

TGFB1 

 

 

 

208 

(23) 

 

 

 

675 

(77) 

443 442 -0.07 0.940 

TWIST2 481 430 -2.51 0.012 

TWIST1 466 434 -1.58 0.110 

ZEB2 489 427 -3.05 0.002 

ZEB1 445 441 -0.21 0.830 

SLUG 463 436 -1.33 0.180 

SNAIL 457 437 -0.94 0.340 

NFKB1 489 427 -3.06 0.002 

LLGL2 349 470 -6.00 <0.001 

GSK3B 439 443 
-

0.150 
0.880 

CRUMBS 335 475 -6.93 <0.001 
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Table 5-11:Genes associated with reduced E-cadherin expression in the TNBC IDC 

cohort within the METABRIC cohort (n=235) 

Upregulation of transcription factor suppressor of CDH1 mRNA 
expression in cases with reduced/loss of CDH1 mRNA expression 

Percentage 

ZEB2 63% 

SLUG 62% 

TWIST2 59% 

TWIST1 57% 

ZEB1 54% 

SNAIL 52% 

TGFB1 51% 

GSK3BETA 50% 

NFKB1 46% 

LLGL2 24% 

CRUMBS3 24% 
    

• Dichotomization of mRNA level was based on median of the total expression of each 

gene 
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Table 5-12:Correlation between mRNA level of the genes associated with E-cadherin 

expression in the high grade TNBC IDC cohort within the METABRIC cohort (n=235) 

 

• Dichotomization of mRNA level was based on median of the total expression of each 

gene 

  

Identifier 
Gene of 

interest 

E-cadherin 

expression 

frequency 

Mean 

RANK 
 

Z- score 

 

 

p-value 

 
Low 

(%) 

H 

high 

(%) 

Low High 

 T
ra

n
sc

ri
p

ti
o
n

  
F

a
ct

o
r 

m
R

N
A

 L
ev

el
 

 

TGFB1 

 

 

 

90 

(38) 

 

 

 

145 

(62) 

114 120 - 0.74 0.460 

TWIST2 130 110 - 2.16 0.030 

TWIST1 132 109 - 2.51 0.010 

ZEB2 138 106 - 3.49 <0.001 

ZEB1 134 108 - 2.825 0.005 

SLUG 129 111 - 2.048 0.040 

SNAIL 113 121 - 0.94 0.340 

NFKB1 115 119 - 0.47 0.630 

LLGL2 89 135 - 5.00 <0.001 

GSK3B 108 124 -1.71 0.080 

CRUMBS 91 135 - 4.80 <0.001 
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5.5.4 Proteins associated with E-cadherin expression in invasive TNBC-IDC 

 

There was no significant statistical correlation between reduced/ loss of E-cadherin 

expression with transcription factors, DNA repair family, nor other markers such as ki67, 

ATM and PTEN on the protein level in TNBC cohort (Table 5-13 & Table 5-14& Figure 

5-3)  
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Table 5-13:Correlation between level of proteins known to control E-cadherin expression 

using triple negative -IDC cohort (n=106) 

 

 

Identifier 

 

Protein of 

interest 

E-cadherin 

expression 

frequency 

Mean 

RANK 
 

 

Z- 

score 

p-value 

Low 

(%) 

High 

(%) 
Low High 

P
ro

te
in

 L
ev

el
 

 
T

ra
n
sc

ri
p
ti

o
n

 

F
ac

to
r 

 

TGFBeta1 

27 

(47) 

30 

(53) 
27 31 -0.87 0.380 

 

TWIST2 

26 

(48) 

28 

(52) 
27 31 -0.23 0.810 

 

ZEB 

25 

(49) 

26 

(51) 
27 25 -0.79 0.430 

D
N

A
 r

ep
ai

r 
fa

m
il

y
 

 

BRCA1 

33 

(44) 

41(56

) 
37 38 -0.26 0.790 

 

BRCA2 

26 

(45) 

31 

(55) 
26 32 -1.90 0.060 

 

GammaH2ax 

27 

(43) 

35 

(57) 
28 34 -1.47 0.140 

 

RAD51 

23 

(51) 

22 

(49) 
21 24 -0.85 0.390 

P
ro

li
fe

ra
ti

o
n
 a

n
d
 o

th
er

 

m
ar

k
er

s 
fa

m
il

y
 

Ki67 
35 

(47) 

40 

(53) 
42 34 -1.61 0.100 

PTEN 
21 

(47) 

19 

(53) 
22 19 -0.96 0.390 

ATM 
28 

(49) 

29 

(51) 
29 29 -0.18 0.850 

TP53 
39 

(41) 

45 

(59) 
43 42 -0.32 0.750 
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Table 5-14:Correlation between level mRNA expression of other genes known to control 

E-cadherin expression using triple negative invasive breast carcinoma cohort (n=106) 

 

 

 

Identifier 

 

Gene of 

interest 

E-cadherin 

expression 

frequency 

Mean 

RANK 
 

 

Z- 

scor

e 

p-

valu

e Lo

w 

(%) 

Hig

h 

(%) 

Lo

w 

Hig

h 

 

m
R

N
A

 L
ev

el
 

T
ra

n
sc

ri
p

ti
o
n

 F
a
ct

o
r
 

fa
m

il
y

 

TGFB1 

 

 

 

 

 

 

 

 

46 

(43) 

 

 

 

 

 

 

 

 

60 

(57) 

56 51 -0.88 
0.37

0 

TWIST2 56 51 -1.28 
0.20

0 

TWIST1 53 53 -0.01 
0.99

0 

ZEB2 56 52 -0.74 
0.45

0 

ZEB1 57 51 -0.94 
0.34

0 

SLUG 51 55 -0.69 
0.48

0 

SNAIL 55 53 -0.43 
0.66

0 

NFKB1 57 51 -0.95 
0.34

0 

LLGL2 58 50 -1.33 
0.18

0 

GSK3B 54 53 -0.29 
0.76

0 

CRUMB

S 
53 54 -0.07 

0.93

0 
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Figure 5-3:Frequency of Transcription factors suppressing E-cadherin expression in Cases 

showing reduced/loss CDH1 mRNA expression in the triple negative breast cancer  

cohort 
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5.5.5 E-cadherin loss and expression of genes deferentially expressed between ILC 

and IDC within the TNBC IDC cohort. 

There was no significant association between reduced/ loss of E-cadherin expression in 

the high grade TNBC tumours and those genes differentially expressed between ILC and 

IDC (Cathepsin B, TPI1, SPRY1, SCYA14, TFAP2B, thrombospondin 4, Osteopontin, 

HLA-G, CHC1) [324] (Table 5-15 & Figure 5-4). 
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Table 5-15:Genes differentially expressed between lobular versus ductal breast 

carcinomas in triple negative breast cancer cohort (n=106) 

 

Identifier 
Gene of 

Interest 

E-cadherin 

expression 

frequency 

Mean 

RANK Z- 

score 

p-

value 
Low 

(%) 

High 

(%) 
Low High 

m
R

N
A

 L
ev

el
 

Cathepsin B 

 

 

 

46 

(43) 

 

 

 

60 

(57) 

51 55 -0.57 0.560 

TPI1 56 51 -0.87 0.380 

SPRY1 54 53 -0.39 0.690 

SCYA14 54 53 -0.20 0.830 

TFAP2B 52 55 -0.46 0.640 

Thrombospondin 

4 
53 54 -0.09 0.920 

Osteopontin 54 53 -0.26 0.790 

HLA-G 52 55 -0.51 0.600 

CHC1 53 54 -0.13 0.890 
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Figure 5-4:Differentially expressed genes between lobular versus ductal breast 

carcinomas in the triple negative breast cancer cohort 
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5.5.6 Bioinformatics investigation and pathway analysis 

DGE Analysis identified 2143 differentially expressed genes (Benjamin-Hochberg; p< 

0.05, differentially expressed by >two-fold, false discovery rate <0.05). Triple negative 

IDC with reduced/loss E-cadherin expression (n=46) showed 849 significantly 

overexpressed and 1294 downregulated genes. It is noteworthy that dysregulation of genes 

regulating Wnt signaling pathway, the top predicted master regulator of E-cadherin 

expression, based on p-value, whose activity could explain protein expression differences 

were (FZD2, GNG5, HLTF, WNT2, and CER1), PIK3-AKT signaling pathway top 

predicted master regulator controlling E-cadherin expression were (FGFR2, GNF5, 

GNGT1, IFNA17, and IGF1) (Table 5-16). Importantly, key genes differentially expressed 

between ILC and invasive ductal tumours [324] did not show association with E-cadherin 

reduced/loss of expression in the invasive triple negative ductal carcinoma (Table 5-17). 
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Table 5-16:Pathway analysis results using Web gestalt to identify differentially regulated 

canonical pathways in the triple negative breast cancer cohort 

Master regulator Gene 

symbol 

Gene name score FDR 

score 

from 

GSEA 

p 

value 

from 

GSEA 

  P
I3

K
-A

k
t 

si
g

n
a

ll
in

g
 p

a
th

w
a

y
 

FGFR2 Fibroblast growth 

factor receptor 2 
0.04  

 

 

 

 

 

 

0.0069 

 

 

 

 

 

 

 

<0.001 

GNG5 G protein subunit 

gamma 5 
0.03 

GNGT1 G protein subunit 

gamma 

transducin1 

0.02 

IFNA17 Interferon alpha 

17 
0.03 

IGF1 Insulin like 

growth factor 
0.03 

  W
n

t 
si

g
n

a
ll

in
g

 p
a

th
w

a
y

 

FZD2 frizzled class 

receptor 2 
0.01  

 

 

 

0.0024 

 

 

 

 

<0.001 

GNG5 G protein subunit 

gamma 5 
0.03 

HLTF helicase like 

transcription 

factor 

0.01 

WNT2 Wnt family 

member 2 
0.03 

        

CER1 

Cerberus 1, DAN 

family BMP 

antagonist 

0.01 
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Table 5-17:Genomic study and pathway analysis based on data generated from next 

generation RNA sequencing in triple negative breast cancer cohort 

• Negative (-) correlation with CDH1 genomic and protein expression (downregulated 

when CDH1 is low/negative cases). Positive (+) correlation with CDH1 genomic and 

protein expression (upregulated when CDH1 is low/negative cases). Significant p 

values are in bold 

  

Identifier Log Fold Change False Discovery Rate p-value 

FZD2 3.60 0.01 <0.001 

GNG5 -2.73 0.03 <0.001 

HLTF 3.39 0.01 <0.001 

WNT2 -2.47 0.03 <0.001 

CER1 4.17 0.01 <0.001 

FGFR2 -3.26 0.04 <0.001 

GNGT1 -4.49 0.02 <0.001 

IFNA17 -6.90 0.03 <0.001 

IGF1 -2.99 0.03 <0.001 
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 Discussion 

Reduced/loss of E-cadherin expression is recognised as part of the main molecular events 

driving loss of cell-cell adhesion and thus facilitating cancer invasion and metastasis [327]. 

reports have suggested that E-cadherin can serve as a phenotypic marker to distinguish 

between ILC and non-invasive lobular tumours [324]. Mechanisms seeding reduced/loss of 

E-cadherin expression comprise CDH1 gene mutation [311], truncating mutation [328], 

promoter hypermethylation [329] and transcriptional inactivation [330]. Reduced/loss of E-

cadherin expression is observed in 84% of ILC [310]. Several studies have shown that 

approximately 38% of high-grade IDC tumours show reduced/ loss of E-cadherin 

expression, and this phenomenon has been linked to aggressive tumour behaviour. 

Interestingly, CDH1 gene mutations were not identified in this subgroup [312,323,331].  

One of the recognised mechanisms leading to reduced/loss of E-cadherin expression is loss 

of heterozygosity at chromosome 16q22.1, where the CHD1 gene is located [332]. Studies 

investigating the mechanism underlying reduced/loss of E-cadherin protein expression in 

ILC cases uncovered loss of wild-type allele due to loss of heterozygosity  at 16q22.1 

occurring in more than 70% of ILC cases [308,309]. Furthermore, CDH1 gene mutation 

and promoter hypermethylation were observed in 20% and 56% of ILC, respectively [308]. 

Interestingly, co-occurrence of these mechanisms rarely occurs in ILC tumours [333]. 

Remarkably, mutational inactivation of CDH1 gene mostly coexists with loss of the wild 

type allele in ILC [334]. Since reduced/loss of E-cadherin expression in ILC tumours is 

predominantly caused by loss of heterozygosity, it has been suggested that copy number 

loss of the CDH1 gene can be utilised to discriminate between IDC and ILC tumours when 

it is difficult to differentiate them based on histological evaluation [335]. Our investigation 

revealed that copy number loss occurred in only 21% of IDC tumours displaying 

reduced/loss of E-cadherin expression. Therefore, other mechanisms must underlie the 
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downregulation of E-cadherin in the majority of cases. Other mechanisms of E-cadherin 

reduced/loss of expression without copy number loss include DNA hypermethylation, a 

mechanism that may induce the CDH1 reduced/loss of mRNA expression detected in 60% 

of metastatic IDC [336]. 

Loss of CDH1 gene at 16q22.1 in ILC is one of the main genet events and is observed early 

in the process of carcinogenesis in lobular carcinomas.  We hypothesized that reduced/loss 

of E-cadherin expression in a subset of IDC tumours might be the result of genomic 

instability and occurs as a late event during the process of cancer progression. Our results 

demonstrate that loss of CDH1 copy number is associated with copy number alteration of 

multiple well-established BC tumour suppressor genes located at different 

chromosomes;copy number loss of ATM (11q22.3), PTEN (10q23.31), RB1 (13q14.2), 

TP53 (17p13.1), BRCA1 (17q21.31), and BRCA2 (13q13.1) tumour suppressor genes. 

Moreover, DNA damage response pathways which are crucial for detecting DNA lesions 

and arresting the cell cycle until the DNA is repaired or inducing cell death if cells sustain 

irreparable DNA damage [337], play key roles in preventing genetic instability and 

tumourigenesis [338]. Investigation of correlations between reduced/loss of E-cadherin 

expression and expression of biomarkers related to DNA damage response pathways in BC 

revealed negative correlation between reduced/loss of E-cadherin protein expression and 

GammaH2AX, RAD51 and PTEN expression suggesting that reduced/loss of E-cadherin 

expression is associated with impaired DNA damage response and likely, genomic 

instability. Taken together, these results support our hypothesis that reduced/loss of E-

cadherin expression in invasive IDC is associated with genomic instability. 

Reduced/loss of E-cadherin expression can also be caused by overexpression of its 

associated transcription factors [29,339–341]. Our results showed a negative correlation 

between reduced/loss of CDH1 mRNA expression and the mRNA expression of 
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transcription factors known to suppress E-cadherin expression and cause disruption of cell-

cell adhesion[342]-[343]; in fact, 76% of cases harbouring reduced/loss of CDH1 mRNA 

show upregulation of one or more of these transcriptional repressors.  

Remarkably, other key players in EMT such as TGFBeta1, SNAIL and SLUG did not show 

any correlation with E-cadherin reduced/loss of mRNA expression. These observations 

suggest that reduced/loss of E-cadherin expression is not merely a surrogate for EMT but 

represents a readout of other pathways controlling E-cadherin expression at membranes 

level.  

Of note, reduced/loss of E-cadherin protein expression occurs in up to 50% of TNBC ductal 

IDC tumours, which may contribute to increased lymph node metastasis, and poor patient 

outcomes [320]. We observed a negative correlation between reduced/loss of CDH1 mRNA 

expression and the mRNA expression of multiple transcription factors known to suppress 

E-cadherin expression in our TNBC cohort. On the contrary, when we investigated the same 

genotype within the cohort tested by NGS, none of these transcription factors showed 

statistically significant associations with E-cadherin expression. It is possible that different 

molecular mechanisms regulate E-cadherin expression, although we cannot exclude the 

possibility that our cohort is small to such associations.  

More importantly, genes differentially expressed between IDC  and ILC tumours as 

identified by Waldman and colleagues  [324] and could represent the effect of E-cadherin 

loss in ILC compared to IDC tumours showed no statistically significant difference, when 

tested on mRNA level, in TNBC cases showing reduced/loss of E-cadherin expression 

compared to these tumour with normal E cadherin expression. This may indicate not only 

that more complex molecular mechanisms are responsible for E-cadherin reduced/loss of 

protein expression in these cases but also E-cadherin loss in IDC does not produce the same 

effects in ILC tumours. This may also be supported by the lack of morphological features 
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and metastatic behaviour characteristic of ILC in IDC tumours lacking E-cadherin 

expression. 

In this study, DEG investigating differences between cases with reduced/loss of E-cadherin 

expression and cases with normal/high expression showed dysregulation of genes 

regulating PIK3-AKT signaling pathway. Our analysis exposed a negative correlation 

between the genes regulating this pathway and reduced/loss of E-cadherin protein 

expression suggesting that overexpression of those indicators may promote signaling via 

the PIK3-AKT pathway and thus negatively regulate E-cadherin expression. Receptors such 

as insulin like growth factor receptor 1, can induce the activity of Akt pathway [344]. Our 

results are in agreement with reports indicating activation of PIK3-AKT represses E-

cadherin expression and stimulates cell migration [345]. Nonetheless, dysregulation of 

genes regulating Wnt signaling pathway was also present in our results. Mutation or 

deregulation of gene expression of the canonical Wnt pathway is implicated in cancer [346–

348]. 

 Limitation of the study 

Our study limitation relates to comparing gene expression data obtained from microarrays, 

as used in the METABRIC cohort comprising different molecular subtypes of invasive 

ductal tumours, and the RNA sequencing dataset available for our triple negative breast 

cancers only. We have chosen TNBC to study E-cadherin protein expression in IDC cases 

as up to 50% of this molecular subtype show reduced/loss of E-cadherin protein expression 

[320,349]. On the contrary, studies have shown that reduced/loss of E-cadherin expression 

occurs in 23% and 27% of luminal and HER2 enriched subtypes, respectively [349]. RNA-

Seq approaches cover multiple aspects of the transcriptome without any prior knowledge, 

allowing to identify novel transcripts, splice junctions and noncoding RNAs [350]. We 
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acknowledge that comparison between these two different approaches may or may not 

provide the same results due to intrinsic differences in assay design [351]. For instance, 

next generation sequencing may have different lower limits of detection or may encompass 

different genomic regions [350]. More importantly, IDC cases used in the METABRIC 

cohort comprise different molecular subtypes, while the RNA sequencing data was acquired 

for a TNBC cohort, which also may play a role in our study. Therefore, further validation 

of our findings is warranted.  

 Conclusion 

Reduced/loss E-cadherin expression in IDC is a complex biological phenomenon, which, 

according to the findings of this study, appears to be a part of the genomic instability process 

occurring late in the process of carcinogenesis rather than an initial neoplastic event and 

results in different effects to those produced in invasive lobular carcinomas. Using the high 

throughput next generation sequencing, we have unravelled potential novel regulators 

controlling different signalling pathways that regulate E-cadherin protein expression in 

IDC. These regulators warrant further investigation and validation using different 

platforms. 
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This thesis has identified novel molecular features and biological characteristics 

underpinning the clinical and morphological heterogeneity of BC particularly TNBC. This 

biological heterogeneity must be considered in the development of improved preventive, 

diagnostic, prognostic and therapeutic strategies for TNBC with the goal of improving 

patient well-being and outcomes. This study has deepened the understanding of the 

distinctive molecular profiles and how these contribute to the wide variety of morphological 

and molecular entities of TNBC and indeed, inter- and intratumoural heterogeneity [352]. 

 Background 

TNBC constitutes an aggressive BC subtype which is clinically associated with frequent 

recurrence, distant metastasis and death, especially in the first five years of follow-up 

[136,150,221]. The prognoses for patients with TNBCs, as determined by genomic 

prognostic signatures, are generally poor, and this reflects the tendency for advanced 

clinical stages and histological grades by the time a diagnosis is made [353–355]. The 

treatment of TNBCs is constrained by the absence of targeted therapies available for ER 

and HER2 expression in BC tumours, and cytotoxic chemotherapy, radiation and surgery 

are currently the only treatment options available to TNBC patients [107]. As a result, a lot 

of current research is focused on the identification of effective, stratifying biomarkers and 

novel therapeutic targets for the diversity of TNBCs observed in the clinic. One method 

that has been explored is the profiling of gene expression [110,217]. This approach enables 

the identification of particular TNBC molecular subtypes. To date, the clinical exploitation 

of gene profiling has been limited by its cost, impracticality for use on a regular basis and 

poor predictive ability. This is in part because of the limited availability of genomic data 

from TNBC patients to inform the development of accurate predictive models. Similarly, 

the absence of this data has contributed to the lack of patient-specific precision medicine 

approaches to treat TNBC. Thus, there is still a lack of cost-effective, feasible tests that can 



Chapter 6: General Discussion 

  

 259 

 

discern risk-predictive biomarkers. However, this information is urgently needed to stratify 

TNBCs accurately, reveal variations in their tumour biology and identify potential 

pharmaceutical interventions to treat them.  

 Hypothesis, Aims and Methods of the Study 

In this study, it was hypothesised that TNBC has a variable prognosis which depends on 

phenotypic and genotypic characteristics that reflect complex mechanisms governed by the 

dysregulation of distinct oncogenic transcriptional networks which enable TNBC 

metastasis. Therefore, it is unlikely that a single molecule will be identifiable as a promotor 

of metastasis or act as a prognostic determinant. Instead, multiple pathways coordinate to 

promote metastasis in TNBC. Once such pathways are identified, they could be used to 

better predict the outcomes of TNBC patients.  

The aims of this study were to test this hypothesis and to identify potential promotors and 

prognostic predictors of metastasis that might be able to stratify TNBC patients into high 

and low risk groups, with the goal of improving risk stratification and therapy 

recommendations for TNBC patients. This was accomplished through an evaluation of a 

large and well-characterised cohort of TNBC cases treated in a single institution, with 

available transcriptomic profiles, accompanied by the utilisation of available public domain 

data to validate the prognostic value of identified targets, and  constructed TMA with 

clinical data information. A biomarker panel of adverse clinical outcomes in TNBC was 

developed, incorporating important genetic changes responsible for metastasis. The 

biomarker panel was chosen based on: 1) an exploration of the transcriptomic data from a 

large cohort of TNBC samples, using advanced statistical approaches and aiming to identify 

a molecular combinatorial prognostic signature predicting risk scores for poor outcomes in 

TNBC; and 2) an integrative exploration of the prognostic potential and possible biological 
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interactions associated with PPL expression in TNBC in terms of its transcriptomic, 

proteomic and mechanistic functions, to investigate its potential for TNBC targeted therapy 

and 3) an examination of the literature to assess the possible underlying mechanisms and 

the molecular implications of the loss of E-cadherin, a key molecular player known to 

trigger tumour progression and metastasis in TNBC in comparison to other molecular 

subtypes of BC.  

 Key Findings of the Study 

6.3.1 Identification of Potential Prognostic Genes in TNBC 

To date, attempts to refine the prognostic stratification of TNBC patients has had limited 

success as most studies have used small numbers of patients or have examined gene 

expression datasets obtained from different gene expression platforms, which have 

contributed to poorly reproducible results [224]. In addition, utilising transcriptional 

profiles to classify TNBC patients into molecular subtypes, does not alter the early onset of 

distant metastasis and poor prognosis [226]. Owing to the biological heterogeneity of 

TNBCs, in this thesis, a new approach is proposed for risk assessment of distant metastasis 

and BCSS probabilities in TNBC using the transcriptomic data available and the application 

of several statistical analysis tools to ensure the rigor and accuracy of this approach. Using 

this approach, a prognostic two gene signature and enriched pathways involving EGFR, 

P38 MAPK , the PDGF, and the RAS pathways, highlight their strong association with 

TNBC metastasis and worse patient outcomes [110,243–246]. 

Interestingly, the prognostic value of the two-gene signature (ACSM4 and SPDYC) yielded 

58% sensitivity and 64% accuracy in predicting the distant metastasis outcomes of TNBC 

patients. In contrast, at the protein level, our proposed two-gene signature demonstrated 

73% sensitivity and 50% accuracy in predicting the distant metastasis outcomes of TNBC 
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patients. Our proposed two-gene signature showed promising accuracy and sensitivity in 

predicting the risk of distant metastasis in TNBC patients, which is important because 

presently, TNBC patients rely solely on chemotherapy treatment. Moreover, those patients 

who are deemed at high risk for distant metastasis by our stratification model may benefit 

from more aggressive treatment approaches. 

Furthermore, our proposed gene signature is only based on two genes (ACSM4 and SPDYC) 

unlike other commercially available prognostic assays including those designed for ER-

positive tumours [261]. Our prognostic gene signature may be amenable to the development 

of affordable molecular tests based on quantitative RT-PCR as the sensitivity, specificity 

and accuracy of our two-gene signature was confirmed at the mRNA level. The prognostic 

gene signature might be suitable for use in routine clinical practice because the proposed 

two-gene signature has prognostic value in classifying TNBC patients and may provide 

important information for treatment decisions.  

6.3.2 Comprehensive Transcriptomic Profiling Reveals PPL as a Novel, Independent 

Predictor of Outcomes in TNBC 

Next, this study addressed the clinical and mechanistic importance of periplakin (PPL) in 

TNBC. Transcriptomic analysis of the prognostic value of PPL expression in TNBC 

cohorts was statistically significant in predicting outcomes in TNBC patients. In addition, 

a high PPL protein expression, defined as any positive staining in tumour epithelial cells, 

was strongly associated with TNBC outcomes. Hence, the use of multiple transcriptomics 

cohorts coupled with protein expression and a positive correlation between protein and 

mRNA expression paved the way for the in vitro studies reported here. Previously, PPL has 

only been associated with poor outcomes in endometrial cancer but not in other types of 

cancer or in any BC subtypes [272]. The in vitro studies reported here provided proof of 

concept experiments in which silencing PPL expression in two TNBC cell line models 
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demonstrated reduced proliferative, migratory and invasive capacities. Therefore, we 

hypothesised that our identified biomarkers are potential therapeutic targets in TNBC.  

Post-transcriptional gene silencing using siRNA holds a promising future for the 

development of new therapeutic targets [356]. The use of siRNA nanoparticles as platforms 

for targeted therapy encompasses several advantages, such as, but not limited to, silencing 

any gene in mammalian cells, synthesis and optimisation to attain maximum gene silencing 

and the availability of several siRNA software that facilitate the optimisation of siRNA 

length, specificity and nucleotide content constructed from numeral criteria available online 

[357,358]. Interestingly, preclinical studies on multiple solid tumours showed the benefit 

of using siRNA nanoparticles in supressing tumour growth, tumour angiogenesis and 

metastatic capacities and enhancing drug delivery [359–363]. SiRNA therapeutics have 

been tested in clinical trials in a variety of cancer contexts (NCT03608631, NCT03087591, 

NCT01591356, NCT00672542 retrieved from clinicaltrials.gov). Collectively, the 

aforementioned studies helped to pave the way for new approaches to target PPL function 

in TNBC cells.  

Notably, the data in this study is limited, and future investigation using a wide spectrum of 

TNBC cell lines is needed. However, our existing results highlight the role of PPL 

expression in TNBC tumour progression. Therefore, PPL may represent a novel target for 

siRNA targeted therapy in TNBC patients if a robust preclinical platform for drug 

development was feasible. Before this can be accomplished, further mechanistic studies 

using mouse models to validate our findings with PPL siRNA silencing are vital. Once this 

is achieved, a strict adherence to published guidelines needs to be followed in order to 

validate the PPL siRNA therapeutic target in TNBC patients [356]. These include providing 

evidence that designed PPL siRNA operates post transcriptionally, illustrating strong 

siRNA silencing specificity, further validation demonstrating that PPL mRNA expression 
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can be silenced via different siRNA sequencing to exclude non-specific effects [364,365] 

and selecting the optimal delivery method for siRNA [364–366]. Once these are completed 

and validation data is obtained, a preclinical development plan encompassing multiple 

major steps could be implemented as previously described [367]. 

In summary, the data obtained identified PPL as a novel therapeutic target in TNBC which 

may offer a new therapeutic approach to overcome treatment resistance. 

6.3.3 The Molecular Landscape of E-Cadherin Expression in Ductal Carcinoma of the 

Breast 

As discussed in depth in the first chapter, BC metastasis to distant organs is the main cause 

of BC-related deaths upon post-mortem examination [368]. Metastasis in BC is 

orchestrated by specific molecular changes, which involve different proteins and 

converging pathways.[369] For instance, a key characteristic of metastatic cells is their 

transition from an epithelial phenotype to being mesenchymal-like (EMT) [28]. During the 

EMT, tumour cells acquire the capacity to migrate to and invade other tissues [26]. A 

reduction or loss of E-cadherin expression is recognised as one of the main molecular events 

driving the loss of cell-cell adhesion and thereby facilitating EMT changes, eventually 

promoting cancer cell invasion and metastasis [327]. In BC, a reduction or loss of E-

cadherin expression is frequently associated with a loss of ER expression, larger tumour 

sizes, and the development of metastasis and recurrence [314–317]. A reduction or loss of 

E-cadherin protein expression occurs in 42% of TNBC-IDC cases, exemplifying a leading 

molecular phenotype showing this phenomenon. This may explain increased lymph node 

metastasis and therefore, poor patient outcomes [320]. This study utilised a targeted 

approach to understand the molecular mechanisms underlying the reduction or loss of E-

cadherin expression in BC. This approach was combined with multiple high throughput 

molecular techniques to decipher this complex biological phenomenon. The study results 
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indicated that the reduction or loss of E-cadherin in IDC is a multifactorial process that is 

likely related to genomic instability that occurs late in the process of carcinogenesis and 

influences IDC clinical behaviour. In contrast, an initial neoplastic event occurs in ILC 

tumours, caused mostly by a loss of heterozygosity at 16q22.1 that occurs in more than 70% 

of cases [308,309]. 

 Concluding remarks 

TNBC heterogeneity results from multiple different convergent phenotypic and genotypic 

factors that contribute to treatment resistance and the aggressive behaviour of tumours 

[370]. The use of large cohorts of annotated TNBC in various molecular techniques and 

bioinformatics approaches provides evidence of the molecular heterogeneity of TNBC and 

an improved understanding of the disease. We identified several genes and proteins that are 

strongly predictive of TNBC outcomes including ACSM4, SPDYC and PPL, which are 

potential therapeutic targets. Also, the methodological approaches performed in this study 

can be used to investigate underlying molecular functions and identify genetic panels 

predicting patients’ outcomes in other subtypes of BC as well as in different types of 

tumours. We provide further insights into the mechanism of the altered adhesion process 

and the impact of reduced or lost E-cadherin expression in TNBC. Further studies on the 

therapeutic value of the identified novel genes are warranted. 

 Strengths of the study 

• The study was designed to use a large cohort of TNBC patients. In addition, individual 

data relating to clinicopathology, tissue markers and outcomes was obtained, confirmed 

and prospectively maintained. 

• By using a high-throughput statistical analysis of TNBC RNA-seq cohorts, a unique 

TNBC-gene signature was proposed for the purpose of predicting outcomes. 
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• The study’s findings on the discovery cohort and protein expression were validated by 

combining data from mechanistic studies with in-house TNBC transcriptomic data and 

public domain data. 

• In addition to WB and IPB, antibodies were used with positive and negative controls. 

In addition, published guidelines for conducting prognostic marker studies were closely 

followed to ensure that the interpretations of stains and statistical correlations were 

appropriate [189,237]. 

• Instead of using arbitrary cut-off levels of positivity for different markers, various 

statistical approaches were used to identify the optimal cut-off points.  

• To evaluate the expression of markers, visual evaluations were made by an experienced 

pathologist instead of the use of automated image analysis methods. The reason for this 

was that experienced, manual evaluation is more discriminating than automated 

methods. The former is able to exercise judgement, but the latter are less able to 

differentiate between non-malignant nuclei such as the foci of normal, mammary 

epithelial cells and in-situ lesions trapped in tissue cores. 

• Several published studies were derived from this thesis.  

  Limitations of the study  

• The retrieval, reformatting and validation of the NGS transcriptomic and clinical data 

took a considerable amount of time.  

• Although a TMA composed of TNBC patient specimens (n=393) was conducted, at the 

outset of this study, it was planned to prepare a TNBC TMA composed of n=603 cases. 

However, due to national restrictions related to the COVID-19 pandemic, this was not 

possible.  
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• Investigating the role of TILS and associated markers in TNBC at the transcriptomic 

level was not feasible because of time and restrictions related to the COVID-19 

pandemic lockdown. 

• The IHC data were only assessed in patients from one centre and no multicentre 

validation was available.  

• Prior to studying the biomarker panel, a training subset of full-face sections was 

performed to determine its suitability for use on TMAs. Studying tissue markers in a 

large sample size has specific technical limitations, such as core loss. However, there 

has been excellent consistency between the TMA results and the full-face sections of 

BC and other cancer tissues. Also, the use of one TMA core to study the expression of 

tumour markers has been validated by previous research [371,372]. 

• The processes of qualitative assessment and interpretation of the expression of 

biomarkers are inherently subjective [373]. However, a standard approach and 

independent confirmation by additional assessors were used to minimise subjective 

bias. Inter- and intra-observer agreement in staining interpretation was evaluated and 

excellent concordance was attained. 

• The paraffin blocks used to study the expression of tissue markers in historical samples 

were relatively old. This may have exhausted or consumed some blocks. Furthermore, 

as TNBC treatment has evolved quickly, some of the therapeutic interventions used 

when the patients were treated are no longer routinely employed.  

 Future Plan 

• Further functional studies are required to validate the functions of the proteins identified 

here. These could include in vitro cell line and xenograft studies using multiple TNBC 

cell lines such as MDA-MB 231, MDA-MB 436, MDA-MB 468 and MDA-MB 157 
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for knockdown. CRISPR-cas9 mediated targeting of the identified genes (particularly 

the oncogenes) would be valuable in exploring the therapeutic capacity of the target 

genes. Animal models can also be prepared to examine identified biomarkers and 

associations with TNBC tumour progression to understand the underlying mechanisms.  

• Assess and characterise the role of TILS and associated markers in TNBC at the 

transcriptomic and protein levels to decipher the molecular profiles of these tumours 

and potentially decipher the mechanisms and effects of TILS in TNBC. 

• To increase the robustness of this study results, future studies should include 

multicentre evaluation for the discovered biomarker panel. The impact and clinical 

utility of the results obtained will increase if the study’s conclusions are clinically 

implemented.  

• Study the prognostic or predictive power of the studied biomarker (PPL) and the 

proposed gene signature (ACSM4 and SPDYC) for metastatic risk stratification in 

TNBC to validate their utility and their predictive performance. 

• Contribute to the literature by producing several publications to understand the 

molecular heterogeneity of TNBC by deciphering the transcriptomics and proteomics 

of global TNBC data available online.  
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Table 1: Genes associated with Distant Metastasis Free Survival (DMFS) identified by Artificial Neural Network analysis (Transcriptomic 

Cohort, n=112) 

Gene Id initial_alias description 

AANAT ENSG00000129673 aralkylamine N-acetyltransferase [Source: HGNC Symbol;Acc:HGNC:19] 

AC004893.10 ENSG00000238109 ring finger protein 14(RNF14) pseudogene 

AC005042.4 ENSG00000204380 PKP4 antisense RNA 1 [Source: HGNC Symbol; Acc:HGNC:52580] 

AC007750.5 ENSG00000236841 novel transcript 

AC012358.4 ENSG00000227799 pseudogene similar to RIKEN cDNA 2210021J22 

AC020931.1 ENSG00000257110 novel transcript 

AC064852.4 ENSG00000241409 novel transcript 

AC068491.3 ENSG00000223973 
platelet-activating factor acetylhydrolase, isoform Ib, alpha subunit 
45kDa (PAFAH1B1) pseudogene 

AC079305.10 ENSG00000222043 novel transcript 

AC079807.2 ENSG00000233230 novel transcript 

AC084809.2 ENSG00000226377 novel transcript 

AC093724.2 ENSG00000213222 
translocase of outer mitochondrial membrane 40 (TOMM40) 
pseudogene 

AC094019.4 ENSG00000236732 ribosomal protein L21 (RPL21) pseudogene 

AC098824.6 ENSG00000232202 istidine-rich domain (CHORD)-containing 1 (CHORDC1) pseudogene 

ACSM4 ENSG00000215009 
acyl-CoA synthetase medium chain family member 4 [Source: HGNC 
Symbol;Acc:HGNC:32016] 

ACSM5 ENSG00000183558 Acyl-CoA Synthetase Medium Chain Family Member 5 

ANO1-AS1 ENSG00000254902 ANO1 antisense RNA 1 [Source: HGNC Symbol;Acc:HGNC:40016] 

AP001062.7 ENSG00000184441 novel transcript, antisense to C21orf2 

AP001189.4 ENSG00000236304 uncharacterized LOC107984360 [Source: NCBI gene;Acc:107984360] 

AP004290.1 ENSG00000236583 
insulin-like growth factor 2 mRNA binding protein 2 (IGF2BP2) 
pseudogene 

ARMS2 ENSG00000254636 
age-related maculopathy susceptibility 2 [Source: HGNC 
Symbol;Acc:HGNC:32685] 
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ASIP ENSG00000101440 agouti signaling protein [Source: HGNC Symbol;Acc:HGNC:745] 

ATP6V1G1P4 ENSG00000233346 novel transcript 

BANF1P4 ENSG00000223828 
barrier to autointegration factor 1 pseudogene 4 [Source: HGNC 
Symbol;Acc:HGNC:43884] 

BICC1 ENSG00000122870 
BicC family RNA binding protein 1 [Source: HGNC 
Symbol;Acc:HGNC:19351] 

BRD7P4 ENSG00000218676 
bromodomain containing 7 pseudogene 4 [Source: HGNC 
Symbol;Acc:HGNC:37630] 

BRI3P1 ENSG00000225169 brain protein I3 pseudogene 1 [Source: HGNC Symbol;Acc:HGNC:33533] 

C14orf1 ENSG00000133935 
ergosterol biosynthesis 28 homolog [Source: HGNC 
Symbol;Acc:HGNC:1187] 

C1orf204 ENSG00000188004 
small nucleolar RNA host gene 28 [Source: HGNC 
Symbol;Acc:HGNC:27647] 

CBX3P5 ENSG00000257666 chromobox 3 pseudogene 5 [Source: HGNC Symbol;Acc:HGNC:42877] 

CCDC54 ENSG00000138483 
coiled-coil domain containing 54 [Source: HGNC 
Symbol;Acc:HGNC:30703] 

CCDC6 ENSG00000108091 coiled-coil domain containing 6 [Source: HGNC Symbol;Acc:HGNC:18782] 

CEACAM6 ENSG00000086548 
carcinoembryonic antigen related cell adhesion molecule 6 [Source: 
HGNC Symbol;Acc:HGNC:1818] 

CEMP1 ENSG00000205923 cementum protein 1 [Source: HGNC Symbol;Acc:HGNC:32553] 

CEP164 ENSG00000110274 centrosomal protein 164 [Source: HGNC Symbol;Acc:HGNC:29182] 

CEP89 ENSG00000121289 centrosomal protein 89 [Source: HGNC Symbol;Acc:HGNC:25907] 

CLUHP2 ENSG00000228947 novel transcript 

COL5A1-AS1 ENSG00000204011 COL5A1 antisense RNA 1 [Source: HGNC Symbol;Acc:HGNC:31368] 

COL5A2 ENSG00000204262 collagen type V alpha 2 chain [Source: HGNC Symbol;Acc:HGNC:2210] 

CRYM ENSG00000103316 crystallin mu [Source: HGNC Symbol;Acc:HGNC:2418] 

CTB-33G10.1 ENSG00000243829 ribosomal protein S9 (RPS9) pseudogene 

CTB-47B11.3 ENSG00000248544 novel transcript, antisense to CYFIP2 

CTSZ ENSG00000101160 cathepsin Z [Source: HGNC Symbol;Acc:HGNC:2547] 

CUBNP3 ENSG00000235690 cubilin pseudogene 3 [Source: HGNC Symbol;Acc:HGNC:44985] 

DBNL ENSG00000136279 drebrin like [Source: HGNC Symbol;Acc:HGNC:2696] 
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DCC ENSG00000187323 DCC netrin 1 receptor [Source: HGNC Symbol;Acc:HGNC:2701] 

DCTN1-AS1 ENSG00000237737 DCTN1 antisense RNA 1 [Source: HGNC Symbol;Acc:HGNC:44151] 

DHODH ENSG00000102967 
dihydroorotate dehydrogenase (quinone) [Source: HGNC 
Symbol;Acc:HGNC:2867] 

DNAH3 ENSG00000158486 dynein axonemal heavy chain 3 [Source: HGNC Symbol;Acc:HGNC:2949] 

DOCK10 ENSG00000135905 dedicator of cytokinesis 10 [Source: HGNC Symbol;Acc:HGNC:23479] 

DSP ENSG00000096696 desmoplakin [Source:HGNC Symbol;Acc:HGNC:3052] 

EIF5B ENSG00000158417 
eukaryotic translation initiation factor 5B [Source: HGNC 
Symbol;Acc:HGNC:30793] 

ERP44 ENSG00000023318 
endoplasmic reticulum protein 44 [Source: HGNC 
Symbol;Acc:HGNC:18311] 

EWSAT1 ENSG00000212768 novel transcript 

EXOSC3P1 ENSG00000229007 
exosome component 3 pseudogene 1 [Source: HGNC 
Symbol;Acc:HGNC:33989] 

FAM138E ENSG00000248894 novel transcript 

FAM196A ENSG00000188916 inhibitory synaptic factor 2A [Source: HGNC Symbol;Acc:HGNC:33859] 

FAM212A ENSG00000185614 inka box actin regulator 1 [Source: HGNC Symbol;Acc:HGNC:32480] 

FGD1 ENSG00000102302 
FYVE, RhoGEF and PH domain containing 1 [Source: HGNC 
Symbol;Acc:HGNC:3663] 

FGL2 ENSG00000127951 fibrinogen like 2 [Source: HGNC Symbol;Acc:HGNC:3696] 

FOXQ1 ENSG00000164379 forkhead box Q1 [Source: HGNC Symbol;Acc:HGNC:20951] 

FUCA2 ENSG00000001036 alpha-L-fucosidase 2 [Source: HGNC Symbol;Acc:HGNC:4008] 

GAPDHP70 ENSG00000249489 
glyceraldehyde 3 phosphate dehydrogenase pseudogene 70 [Source: 
HGNC Symbol;Acc:HGNC:4148] 

GBP7 ENSG00000213512 guanylate binding protein 7 [Source: HGNC Symbol;Acc:HGNC:29606] 

GFOD1-AS1 ENSG00000237786 GFOD1 antisense RNA 1 [Source: HGNC Symbol;Acc:HGNC:40956] 

GPD1 ENSG00000167588 
glycerol-3-phosphate dehydrogenase 1 [Source: HGNC 
Symbol;Acc:HGNC:4455] 

GPR132 ENSG00000183484 G protein-coupled receptor 132 [Source: HGNC Symbol;Acc:HGNC:17482] 

GTF3C6 ENSG00000155130 
general transcription factor IIIC subunit 6 [Source: HGNC 
Symbol;Acc:HGNC:20872] 
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HARBI1 ENSG00000180423 
harbinger transposase derived 1 [Source: HGNC 
Symbol;Acc:HGNC:26522] 

HEPHL1 ENSG00000181333 hephaestin like 1 [Source: HGNC Symbol;Acc:HGNC:30477] 

HIGD2A ENSG00000146066 
HIG1 hypoxia inducible domain family member 2A [Source: HGNC 
Symbol;Acc:HGNC:28311] 

HIRIP3 ENSG00000149929 HIRA interacting protein 3 [Source: HGNC Symbol;Acc:HGNC:4917] 

HLA-F-AS1 ENSG00000214922 HLA-F antisense RNA 1 [Source: HGNC Symbol;Acc:HGNC:26645] 

HNRNPA1P30 ENSG00000233780 
heterogeneous nuclear ribonucleoprotein A1 pseudogene 30 [Source: 
HGNC Symbol;Acc:HGNC:39548] 

HNRNPA1P44 ENSG00000249271 
heterogeneous nuclear ribonucleoprotein A1 pseudogene 44 [Source: 
HGNC Symbol;Acc:HGNC:48774] 

HSP90B1 ENSG00000166598 
heat shock protein 90 beta family member 1 [Source: HGNC 
Symbol;Acc:HGNC:12028] 

IGFL1 ENSG00000188293 IGF like family member 1 [Source: HGNC Symbol;Acc:HGNC:24093] 

IGHG3 ENSG00000211897 
immunoglobulin heavy constant gamma 3 (G3m marker) [Source: HGNC 
Symbol;Acc:HGNC:5527] 

IPO9-AS1 ENSG00000231871 IPO9 antisense RNA 1 [Source: HGNC Symbol;Acc:HGNC:40892] 

IQCC ENSG00000160051 IQ motif containing C [Source: HGNC Symbol;Acc:HGNC:25545] 

KIF11 ENSG00000138160 kinesin family member 11 [Source: HGNC Symbol;Acc:HGNC:6388] 

KRT18P57 ENSG00000215867 keratin 18 pseudogene 57 [Source: HGNC Symbol;Acc:HGNC:48884] 

LEF1-AS1 ENSG00000232021 LEF1 antisense RNA 1 [Source: HGNC Symbol;Acc:HGNC:40339] 

LILRA6 ENSG00000244482 
leukocyte immunoglobulin like receptor A6 [Source: HGNC 
Symbol;Acc:HGNC:15495] 

LOXL4 ENSG00000138131 lysyl oxidase like 4 [Source: HGNC Symbol;Acc:HGNC:17171] 

LRRC45 ENSG00000169683 
leucine rich repeat containing 45 [Source: HGNC 
Symbol;Acc:HGNC:28302] 

MAP3K14 ENSG00000006062 
mitogen-activated protein kinase kinase kinase 14 [Source: HGNC 
Symbol;Acc:HGNC:6853] 

MARCKSL1 ENSG00000175130 MARCKS like 1 [Source: HGNC Symbol;Acc:HGNC:7142] 

MARS ENSG00000166986 methionyl-tRNA synthetase [Source: HGNC Symbol;Acc:HGNC:6898] 

METTL1 ENSG00000037897 methyltransferase like 1 [Source: HGNC Symbol;Acc:HGNC:7030] 



 

   325 

 

MEX3A ENSG00000254726 
mex-3 RNA binding family member A [Source: HGNC 
Symbol;Acc:HGNC:33482] 

MOGAT1 ENSG00000124003 
monoacylglycerol O-acyltransferase 1 [Source: HGNC 
Symbol;Acc:HGNC:18210] 

MSRB3 ENSG00000174100 novel transcript 

MT-CO1 ENSG00000198804 
mitochondrially encoded cytochrome c oxidase I [Source: HGNC 
Symbol;Acc:HGNC:7419] 

MTRNR2L10 ENSG00000256048 novel transcript 

MUC5AC ENSG00000215182 
mucin 5AC, oligomeric mucus/gel-forming [Source: HGNC 
Symbol;Acc:HGNC:7515] 

NANOGP2 ENSG00000228670 
Nanog homeobox pseudogene 2 [Source: HGNC 
Symbol;Acc:HGNC:23100] 

NDUFA4L2 ENSG00000185633 
NDUFA4, mitochondrial complex associated like 2 [Source: HGNC 
Symbol;Acc:HGNC:29836] 

NIFK-AS1 ENSG00000236859 NIFK antisense RNA 1 [Source: HGNC Symbol;Acc:HGNC:27385] 

NOP56P3 ENSG00000257956 
NOP56 ribonucleoprotein pseudogene 3 [Source: HGNC 
Symbol;Acc:HGNC:49801] 

NRM ENSG00000137404 nurim [Source: HGNC Symbol;Acc:HGNC:8003] 

NSRP1P1 ENSG00000235614 novel transcript 

NUTF2P2 ENSG00000258300 
nuclear transport factor 2 pseudogene 2 [Source: HGNC 
Symbol;Acc:HGNC:19934] 

OR10AD1 ENSG00000172640 
olfactory receptor family 10 subfamily AD member 1 [Source: HGNC 
Symbol;Acc:HGNC:14819] 

OR13G1 ENSG00000197437 
olfactory receptor family 13 subfamily G member 1 [Source: HGNC 
Symbol;Acc:HGNC:14999] 

OR4C46 ENSG00000185928 novel transcript 

OTUB2 ENSG00000089723 
OTU deubiquitinase, ubiquitin aldehyde binding 2 [Source: HGNC 
Symbol;Acc:HGNC:20351] 

OTUD4P1 ENSG00000118976 OTUD4 pseudogene 1 [Source: HGNC Symbol;Acc:HGNC:33912] 

PABPC1L ENSG00000101104 
poly(A) binding protein cytoplasmic 1 like [Source: HGNC 
Symbol;Acc:HGNC:15797] 

PAXBP1-AS1 ENSG00000238197 PAXBP1 antisense RNA 1 [Source: HGNC Symbol;Acc:HGNC:39603] 
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PCDHGC5 ENSG00000240764 
protocadherin gamma subfamily C, 5 [Source: HGNC 
Symbol;Acc:HGNC:8718] 

PCOLCE-AS1 ENSG00000224729 PCOLCE antisense RNA 1 [Source: HGNC Symbol;Acc:HGNC:40430] 

PHTF1 ENSG00000116793 
putative homeodomain transcription factor 1 [Source: HGNC 
Symbol;Acc:HGNC:8939] 

PIK3CD-AS1 ENSG00000179840 PIK3CD antisense RNA 1 [Source: HGNC Symbol;Acc:HGNC:32346] 

PP7080 ENSG00000188242 uncharacterized LOC25845 [Source: NCBI gene;Acc:25845] 

PPL ENSG00000118898 periplakin [Source: HGNC Symbol;Acc:HGNC:9273] 

PRPS1 ENSG00000147224 
phosphoribosyl pyrophosphate synthetase 1 [Source: HGNC 
Symbol;Acc:HGNC:9462] 

PRR13P1 ENSG00000232824 proline rich 13 pseudogene 1 [Source: HGNC Symbol;Acc:HGNC:50614] 

PRSS8 ENSG00000052344 serine protease 8 [Source: HGNC Symbol;Acc:HGNC:9491] 

PSMB8-AS1 ENSG00000204261 
PSMB8 antisense RNA 1 (head to head) [Source: HGNC 
Symbol;Acc:HGNC:39758] 

RASA4CP ENSG00000228903 
RAS p21 protein activator 4C, pseudogene [Source: HGNC 
Symbol;Acc:HGNC:44185] 

RELL1 ENSG00000181826 RELT like 1 [Source: HGNC Symbol;Acc:HGNC:27379] 

RLIMP1 ENSG00000229456 
ring finger protein, LIM domain interacting pseudogene 1 [Source: HGNC 
Symbol;Acc:HGNC:39682] 

RNF217 ENSG00000146373 ring finger protein 217 [Source: HGNC Symbol;Acc:HGNC:21487] 

RNU6V ENSG00000206832 
RNA, U6 small nuclear variant sequence with SNRPE pseudogene 
sequence [Source: HGNC Symbol;Acc:HGNC:10230] 

RP1-310O13.7 ENSG00000226239 novel transcript 

RP11-101O6.2 ENSG00000234937 
proteasome (prosome, macropain) 26S subunit, non-ATPase, 7 (Mov34 
homolog) (PSMD7) pseudogene 

RP11-
1379J22.2 ENSG00000244951 novel transcript 

RP11-
153N17.1 ENSG00000233961 novel transcript 

RP11-15B17.1 ENSG00000245322 novel transcript 

RP11-178L8.1 ENSG00000243705 ribosomal protein L39 (RPL39) pseudogene 
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RP11-
214D15.2 ENSG00000227175 novel transcript 

RP11-
228B15.4 ENSG00000225032 novel transcript 

RP11-23J18.1 ENSG00000258352 
interferon induced transmembrane protein 3 (1-8U) (IFITM3) 
pseudogene 

RP11-
254B13.4 ENSG00000234040 

ribosomal protein L10 pseudogene 12 [Source :HGNC 
Symbol;Acc:HGNC:52345] 

RP11-
281O15.7 ENSG00000253144 

pseudogene similar to part of cold shock domain containing E1, RNA-
binding CSDE1 

RP11-
293A21.2 ENSG00000248340 family with sequence similarity 64, member A (FAM64A) pseudogene 

RP11-29H23.5 ENSG00000246203 novel pseudogene 

RP11-307L3.4 ENSG00000233368 novel transcript 

RP11-
342F17.1 ENSG00000213755 ribosomal protein L29 (RPL29) pseudogene 

RP11-351I21.7 ENSG00000254423 ubiquitin specific peptidase 17-like 2 ( USP17L2) pseudogene 

RP11-
386G21.1 ENSG00000253976 novel transcript 

RP11-397E7.4 ENSG00000251411 
actin related protein 2/3 complex, subunit 1A, 41kDa (ARPC1A) 
pseudogene 

RP11-
409C19.2 ENSG00000253223 

PRP3 pre-mRNA processing factor 3 homolog (S. cerevisiae) (PRPF3) 
pseudogene 

RP11-460I13.2 ENSG00000227050 novel transcript 

RP11-
473M20.5 ENSG00000205890 novel transcript 

RP11-
473N11.2 ENSG00000256238 

SPT16 homolog, facilitates chromatin remodeling subunit pseudogene 1 
[Source: HGNC Symbol;Acc:HGNC:31388] 

RP11-530C5.1 ENSG00000258048 novel transcript 

RP11-603J24.7 ENSG00000237493 RAB13 member RAS oncogene family pseudogene 

RP11-6B6.3 ENSG00000236942 GABA(A) receptor-associated protein (GABARAP) pseudogene 
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RP11-
705C15.3 ENSG00000257028 novel transcript 

RP11-
863P13.4 ENSG00000205037 novel transcript 

RP11-
867G23.12 ENSG00000254756 novel transcript 

RP11-
996F15.2 ENSG00000257176 novel transcript 

RP13-93L13.1 ENSG00000225461 novel transcript 

RP3-521E19.2 ENSG00000257494 novel transcript 

RP5-
1063M23.1 ENSG00000250770 tetraspanin 11 (TSPAN11) pseudogene 

RP5-955M13.4 ENSG00000232358 novel transcript 

RPL10AP1 ENSG00000244691 
ribosomal protein L10a pseudogene 1 [Source: HGNC 
Symbol;Acc:HGNC:19813] 

RPL5P5 ENSG00000213051 
ribosomal protein L5 pseudogene 5 [Source: HGNC 
Symbol;Acc:HGNC:35564] 

RPL7P57 ENSG00000224401 
ribosomal protein L7 pseudogene 57 [Source: HGNC 
Symbol;Acc:HGNC:35901] 

RPS10P18 ENSG00000229455 
ribosomal protein S10 pseudogene 18 [Source: HGNC 
Symbol;Acc:HGNC:36239] 

RPS15A ENSG00000134419 ribosomal protein S15a [Source: HGNC Symbol;Acc:HGNC:10389] 

RPS15AP12 ENSG00000232134 
ribosomal protein S15a pseudogene 12 [Source: HGNC 
Symbol;Acc:HGNC:36759] 

RPS3AP47 ENSG00000205873 novel transcript 

SEL1L ENSG00000071537 
SEL1L, ERAD E3 ligase adaptor subunit [Source: HGNC 
Symbol;Acc:HGNC:10717] 

SEMA6A ENSG00000092421 semaphorin 6A [Source: HGNC Symbol;Acc:HGNC:10738] 

SETD9 ENSG00000155542 SET domain containing 9 [Source: HGNC Symbol;Acc:HGNC:28508] 

SF3A3P2 ENSG00000254449 
splicing factor 3a, subunit 3 pseudogene 2 [Source: HGNC 
Symbol;Acc:HGNC:23277] 
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SLC16A13 ENSG00000174327 
solute carrier family 16 member 13 [Source: HGNC 
Symbol;Acc:HGNC:31037] 

SLC16A6P1 ENSG00000232457 SLC16A6 pseudogene 1 [Source: HGNC Symbol;Acc:HGNC:48932] 

SLC16A8 ENSG00000100156 
solute carrier family 16 member 8 [Source: HGNC 
Symbol;Acc:HGNC:16270] 

SLC25A39P1 ENSG00000226148 
solute carrier family 25 member 39 pseudogene 1 [Source: HGNC 
Symbol;Acc:HGNC:43859] 

SLC9A7 ENSG00000065923 
solute carrier family 9 member A7 [Source: HGNC 
Symbol;Acc:HGNC:17123] 

SNORA65 ENSG00000201302 
small nucleolar RNA, H/ACA box 65 [Source: HGNC 
Symbol;Acc:HGNC:10222] 

SNORD45 ENSG00000200706 novel transcript 

SNORD99 ENSG00000221539 
small nucleolar RNA, C/D box 99 [Source: HGNC 
Symbol;Acc:HGNC:32762] 

SPDYC ENSG00000204710 
speedy/RINGO cell cycle regulator family member C [Source: HGNC 
Symbol;Acc:HGNC:32681] 

SPNS2 ENSG00000183018 sphingolipid transporter 2 [Source: HGNC Symbol;Acc:HGNC:26992] 

SRP72P2 ENSG00000188451 
signal recognition particle 72 pseudogene 2 [Source: HGNC 
Symbol;Acc:HGNC:31096] 

STARD4-AS1 ENSG00000246859 STARD4 antisense RNA 1 [Source: HGNC Symbol;Acc:HGNC:44117] 

SYCP3 ENSG00000139351 
synaptonemal complex protein 3 [Source: HGNC 
Symbol;Acc:HGNC:18130] 

TADA1 ENSG00000152382 transcriptional adaptor 1 [Source: HGNC Symbol;Acc:HGNC:30631] 

TCTN1 ENSG00000204852 tectonic family member 1 [Source: HGNC Symbol;Acc:HGNC:26113] 

TERF2 ENSG00000132604 
telomeric repeat binding factor 2 [Source: HGNC 
Symbol;Acc:HGNC:11729] 

TGFB3 ENSG00000119699 
transforming growth factor beta 3 [Source: HGNC 
Symbol;Acc:HGNC:11769] 

TIMM22 ENSG00000177370 
translocase of inner mitochondrial membrane 22 [Source: HGNC 
Symbol;Acc:HGNC:17317] 

TOP1 ENSG00000198900 DNA topoisomerase I [Source: HGNC Symbol;Acc:HGNC:11986] 
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TRIM75P ENSG00000250374 
tripartite motif containing 75, pseudogene [Source: HGNC 
Symbol;Acc:HGNC:32686] 

UBE2L2 ENSG00000131982 
ubiquitin conjugating enzyme E2 L2 (pseudogene) [Source: HGNC 
Symbol;Acc:HGNC:12487] 

WDR55 ENSG00000120314 WD repeat domain 55 [Source: HGNC Symbol;Acc:HGNC:25971] 

WDR88 ENSG00000166359 WD repeat domain 88 [Source: HGNC Symbol;Acc:HGNC:26999] 

ZACN ENSG00000186919 zinc activated ion channel [Source: HGNC Symbol;Acc:HGNC:29504] 

ZBED2 ENSG00000177494 
zinc finger BED-type containing 2 [Source: HGNC 
Symbol;Acc:HGNC:20710] 

ZBTB2 ENSG00000181472 
zinc finger and BTB domain containing 2 [Source: HGNC 
Symbol;Acc:HGNC:20868] 

ZNF181 ENSG00000197841 zinc finger protein 181 [Source: HGNC Symbol;Acc:HGNC:12971] 

ZNF213 ENSG00000085644 zinc finger protein 213 [Source: HGNC Symbol;Acc:HGNC:13005] 

ZNF354C ENSG00000177932 zinc finger protein 354C [Source: HGNC Symbol;Acc:HGNC:16736] 

ZNF75BP ENSG00000258212 
zinc finger protein 75B, pseudogene [Source: HGNC 
Symbol;Acc:HGNC:13147] 

ZSCAN16 ENSG00000196812 
zinc finger and SCAN domain containing 16 [Source: HGNC 
Symbol;Acc:HGNC:20813] 
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Table 2: Genes associated with Breast Cancer Specific Survival (BCSS) identified by Artificial Neural Network analysis (Transcriptomic 

Cohort, n=112) 

Gene ID initial_alias description 

ABCA4 ENSG00000198691 
ATP binding cassette subfamily A member 4 [Source:HGNC 
Symbol;Acc:HGNC:34] 

AC003075.4 ENSG00000237773 novel transcript 

AC004951.6 ENSG00000228434 novel transcript 

AC020931.1 ENSG00000257110 novel transcript 

AC072052.7 ENSG00000231360 novel transcript 

AC073834.3 ENSG00000237655 novel transcript, antisense to TTC30A 

AC079305.10 ENSG00000222043 novel transcript 

AC080125.1 ENSG00000225406 
pseudogene similar to part of E74-like factor 2 (ets domain transcription 
factor) (ELF2) 

AC084809.2 ENSG00000226377 novel transcript 

ACBD6 ENSG00000230124 
acyl-CoA binding domain containing 6 [Source:HGNC 
Symbol;Acc:HGNC:23339] 

ACSM4 ENSG00000215009 
acyl-CoA synthetase medium chain family member 4 [Source:HGNC 
Symbol;Acc:HGNC:32016] 

ADAMTS5 ENSG00000154736 
ADAM metallopeptidase with thrombospondin type 1 motif 5 
[Source:HGNC Symbol;Acc:HGNC:221] 

ADORA2B ENSG00000170425 adenosine A2b receptor [Source:HGNC Symbol;Acc:HGNC:264] 

AKAP8L ENSG00000011243 A-kinase anchoring protein 8 like [Source:HGNC Symbol;Acc:HGNC:29857] 

ALG1L5P ENSG00000226943 
asparagine-linked glycosylation 1-like 5, pseudogene [Source:HGNC 
Symbol;Acc:HGNC:44374] 

ANKRD34B ENSG00000189127 ankyrin repeat domain 34B [Source:HGNC Symbol;Acc:HGNC:33736] 

ANO5 ENSG00000171714 anoctamin 5 [Source:HGNC Symbol;Acc:HGNC:27337] 

ASXL3 ENSG00000141431 ASXL transcriptional regulator 3 [Source:HGNC Symbol;Acc:HGNC:29357] 

ATP1B2 ENSG00000129244 
ATPase Na+/K+ transporting subunit beta 2 [Source:HGNC 
Symbol;Acc:HGNC:805] 
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B3GNT5 ENSG00000176597 
UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 5 
[Source:HGNC Symbol;Acc:HGNC:15684] 

BICC1 ENSG00000122870 BicC family RNA binding protein 1 [Source:HGNC Symbol;Acc:HGNC:19351] 

BLVRB ENSG00000090013 biliverdin reductase B [Source:HGNC Symbol;Acc:HGNC:1063] 

BMS1 ENSG00000165733 BMS1, ribosome biogenesis factor [Source:HGNC Symbol;Acc:HGNC:23505] 

C11orf24 ENSG00000171067 
chromosome 11 open reading frame 24 [Source:HGNC 
Symbol;Acc:HGNC:1174] 

C19orf12 ENSG00000131943 
chromosome 19 open reading frame 12 [Source:HGNC 
Symbol;Acc:HGNC:25443] 

C1orf147 ENSG00000162888 
chromosome 1 open reading frame 147 [Source:HGNC 
Symbol;Acc:HGNC:32061] 

C1QBP ENSG00000108561 complement C1q binding protein [Source:HGNC Symbol;Acc:HGNC:1243] 

C2orf70 ENSG00000173557 
chromosome 2 open reading frame 70 [Source:HGNC 
Symbol;Acc:HGNC:27938] 

CCDC54 ENSG00000138483 coiled-coil domain containing 54 [Source:HGNC Symbol;Acc:HGNC:30703] 

CEP350 ENSG00000135837 centrosomal protein 350 [Source:HGNC Symbol;Acc:HGNC:24238] 

CGNL1 ENSG00000128849 cingulin like 1 [Source:HGNC Symbol;Acc:HGNC:25931] 

CMB9-
22P13.1 ENSG00000173727 

Finkel-Biskis-Reilly murine sarcoma virus (FBR-MuSV) ubiquitously 
expressed (FAU) pseudogene 

CMYA5 ENSG00000164309 cardiomyopathy associated 5 [Source:HGNC Symbol;Acc:HGNC:14305] 

CNTN4-AS1 ENSG00000237990 CNTN4 antisense RNA 1 [Source:HGNC Symbol;Acc:HGNC:39985] 

CNTNAP2 ENSG00000174469 contactin associated protein like 2 [Source:HGNC Symbol;Acc:HGNC:13830] 

CSDC2 ENSG00000172346 cold shock domain containing C2 [Source:HGNC Symbol;Acc:HGNC:30359] 

CTAGE12P ENSG00000215441 
CTAGE family member 12, pseudogene [Source:HGNC 
Symbol;Acc:HGNC:37297] 

CTC-
498J12.3 ENSG00000248664 novel transcript 

CTD-
2026K11.6 ENSG00000203394 novel transcript 

CTD-
2228K2.2 ENSG00000214278 mitochondrial translational initiation factor 3 (MTIF3) pseudogene 
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CTD-
2290C23.2 ENSG00000241739 ribosomal protein L21 (RPL21) pseudogene 

CTNS ENSG00000040531 
cystinosin, lysosomal cystine transporter [Source:HGNC 
Symbol;Acc:HGNC:2518] 

CUBN ENSG00000107611 cubilin [Source:HGNC Symbol;Acc:HGNC:2548] 

CYP1B1-AS1 ENSG00000232973 CYP1B1 antisense RNA 1 [Source:HGNC Symbol;Acc:HGNC:28543] 

DCTN1-AS1 ENSG00000237737 DCTN1 antisense RNA 1 [Source:HGNC Symbol;Acc:HGNC:44151] 

DDA1 ENSG00000130311 DET1 and DDB1 associated 1 [Source:HGNC Symbol;Acc:HGNC:28360] 

DNAH7 ENSG00000118997 dynein axonemal heavy chain 7 [Source:HGNC Symbol;Acc:HGNC:18661] 

DNAJC17 ENSG00000104129 
DnaJ heat shock protein family (Hsp40) member C17 [Source:HGNC 
Symbol;Acc:HGNC:25556] 

DOCK10 ENSG00000135905 dedicator of cytokinesis 10 [Source:HGNC Symbol;Acc:HGNC:23479] 

DST ENSG00000151914 dystonin [Source:HGNC Symbol;Acc:HGNC:1090] 

EEF1D ENSG00000104529 
eukaryotic translation elongation factor 1 delta [Source:HGNC 
Symbol;Acc:HGNC:3211] 

EGFR ENSG00000146648 epidermal growth factor receptor [Source:HGNC Symbol;Acc:HGNC:3236] 

ERV3-1 ENSG00000213462 
endogenous retrovirus group 3 member 1, envelope [Source:HGNC 
Symbol;Acc:HGNC:3454] 

ETV3 ENSG00000117036 ETS variant 3 [Source:HGNC Symbol;Acc:HGNC:3492] 

EXOSC5 ENSG00000077348 exosome component 5 [Source:HGNC Symbol;Acc:HGNC:24662] 

F8 ENSG00000185010 coagulation factor VIII [Source:HGNC Symbol;Acc:HGNC:3546] 

FAM151A ENSG00000162391 
family with sequence similarity 151 member A [Source:HGNC 
Symbol;Acc:HGNC:25032] 

FAM47C ENSG00000198173 
family with sequence similarity 47 member C [Source:HGNC 
Symbol;Acc:HGNC:25301] 

FAM86KP ENSG00000163612 
family with sequence similarity 86 member K, pseudogene [Source:HGNC 
Symbol;Acc:HGNC:44098] 

FAM86MP ENSG00000186234 
family with sequence similarity 86 member M, pseudogene [Source:HGNC 
Symbol;Acc:HGNC:44100] 

FANCF ENSG00000183161 FA complementation group F [Source:HGNC Symbol;Acc:HGNC:3587] 

FANCG ENSG00000221834 novel transcript 

FCRLB ENSG00000162746 Fc receptor like B [Source:HGNC Symbol;Acc:HGNC:26431] 
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FIGN ENSG00000182263 
fidgetin, microtubule severing factor [Source:HGNC 
Symbol;Acc:HGNC:13285] 

FMR1-IT1 ENSG00000236338 novel transcript 

FOXD1-AS1 ENSG00000248003 novel transcript 

FOXD3 ENSG00000187140 forkhead box D3 [Source:HGNC Symbol;Acc:HGNC:3804] 

FZD5 ENSG00000163251 frizzled class receptor 5 [Source:HGNC Symbol;Acc:HGNC:4043] 

GIT1 ENSG00000108270 novel transcript 

GPR183 ENSG00000169508 G protein-coupled receptor 183 [Source:HGNC Symbol;Acc:HGNC:3128] 

GPR33 ENSG00000214943 
G protein-coupled receptor 33 (gene/pseudogene) [Source:HGNC 
Symbol;Acc:HGNC:4489] 

GPRIN3 ENSG00000185477 GPRIN family member 3 [Source:HGNC Symbol;Acc:HGNC:27733] 

GS1-251I9.3 ENSG00000253358 novel transcript 

GTF3C6 ENSG00000155130 
general transcription factor IIIC subunit 6 [Source:HGNC 
Symbol;Acc:HGNC:20872] 

GUCY2F ENSG00000101890 guanylate cyclase 2F, retinal [Source:HGNC Symbol;Acc:HGNC:4691] 

HAMP ENSG00000105697 hepcidin antimicrobial peptide [Source:HGNC Symbol;Acc:HGNC:15598] 

HARBI1 ENSG00000180423 harbinger transposase derived 1 [Source:HGNC Symbol;Acc:HGNC:26522] 

HDDC2 ENSG00000111906 HD domain containing 2 [Source:HGNC Symbol;Acc:HGNC:21078] 

HEPACAM ENSG00000165478 
hepatic and glial cell adhesion molecule [Source:HGNC 
Symbol;Acc:HGNC:26361] 

HEXDC ENSG00000169660 hexosaminidase D [Source:HGNC Symbol;Acc:HGNC:26307] 

IGFBP5 ENSG00000115461 
insulin like growth factor binding protein 5 [Source:HGNC 
Symbol;Acc:HGNC:5474] 

IGKV1OR10-
1 ENSG00000237592 

immunoglobulin kappa variable 1/OR10-1 (pseudogene) [Source:HGNC 
Symbol;Acc:HGNC:44978] 

IKZF5 ENSG00000095574 IKAROS family zinc finger 5 [Source:HGNC Symbol;Acc:HGNC:14283] 

ITGA9 ENSG00000144668 integrin subunit alpha 9 [Source:HGNC Symbol;Acc:HGNC:6145] 

KIAA0355 ENSG00000166398 KIAA0355 [Source:HGNC Symbol;Acc:HGNC:29016] 

KIAA1462 ENSG00000165757 junctional cadherin 5 associated [Source:HGNC Symbol;Acc:HGNC:29283] 

KLHL41 ENSG00000239474 kelch like family member 41 [Source:HGNC Symbol;Acc:HGNC:16905] 

KRTAP3-3 ENSG00000212899 keratin associated protein 3-3 [Source:HGNC Symbol;Acc:HGNC:18890] 
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LGALS4 ENSG00000171747 galectin 4 [Source:HGNC Symbol;Acc:HGNC:6565] 

LINC01074 ENSG00000227612 novel transcript 

LIPE ENSG00000079435 lipase E, hormone sensitive type [Source:HGNC Symbol;Acc:HGNC:6621] 

LRRC3C ENSG00000204913 leucine rich repeat containing 3C [Source:HGNC Symbol;Acc:HGNC:40034] 

MAP2K6 ENSG00000108984 
mitogen-activated protein kinase kinase 6 [Source:HGNC 
Symbol;Acc:HGNC:6846] 

MAP3K4 ENSG00000085511 
mitogen-activated protein kinase kinase kinase 4 [Source:HGNC 
Symbol;Acc:HGNC:6856] 

MED14 ENSG00000180182 mediator complex subunit 14 [Source:HGNC Symbol;Acc:HGNC:2370] 

MED22 ENSG00000148297 mediator complex subunit 22 [Source:HGNC Symbol;Acc:HGNC:11477] 

MEX3A ENSG00000254726 
mex-3 RNA binding family member A [Source:HGNC 
Symbol;Acc:HGNC:33482] 

MIR199A1 ENSG00000207752 microRNA 199a-1 [Source:HGNC Symbol;Acc:HGNC:31571] 

MMP25 ENSG00000008516 matrix metallopeptidase 25 [Source:HGNC Symbol;Acc:HGNC:14246] 

MPND ENSG00000008382 MPN domain containing [Source:HGNC Symbol;Acc:HGNC:25934] 

MRGBP ENSG00000101189 MRG domain binding protein [Source:HGNC Symbol;Acc:HGNC:15866] 

NAPA ENSG00000105402 NSF attachment protein alpha [Source:HGNC Symbol;Acc:HGNC:7641] 

NDUFA4L2 ENSG00000185633 
NDUFA4, mitochondrial complex associated like 2 [Source:HGNC 
Symbol;Acc:HGNC:29836] 

NIPSNAP1 ENSG00000184117 nipsnap homolog 1 [Source:HGNC Symbol;Acc:HGNC:7827] 

NLRP5 ENSG00000171487 
NLR family pyrin domain containing 5 [Source:HGNC 
Symbol;Acc:HGNC:21269] 

NPAP1 ENSG00000185823 nuclear pore associated protein 1 [Source:HGNC Symbol;Acc:HGNC:1190] 

ODF2-AS1 ENSG00000225951 ODF2 antisense RNA 1 [Source:HGNC Symbol;Acc:HGNC:49461] 

OR10K1 ENSG00000173285 
olfactory receptor family 10 subfamily K member 1 [Source:HGNC 
Symbol;Acc:HGNC:14693] 

OR1I1 ENSG00000094661 
olfactory receptor family 1 subfamily I member 1 [Source:HGNC 
Symbol;Acc:HGNC:8207] 

OR1S1 ENSG00000172774 novel transcript 

OR2A1 ENSG00000221970 
olfactory receptor family 2 subfamily A member 1 [Source:HGNC 
Symbol;Acc:HGNC:8229] 
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OR7A17 ENSG00000185385 
olfactory receptor family 7 subfamily A member 17 [Source:HGNC 
Symbol;Acc:HGNC:8363] 

OR8B4 ENSG00000198657 novel transcript 

PAXBP1-AS1 ENSG00000238197 PAXBP1 antisense RNA 1 [Source:HGNC Symbol;Acc:HGNC:39603] 

PAXIP1-AS2 ENSG00000214106 PAXIP1 antisense RNA 2 [Source:HGNC Symbol;Acc:HGNC:48958] 

PCDHB1 ENSG00000171815 protocadherin beta 1 [Source:HGNC Symbol;Acc:HGNC:8680] 

PDIA4 ENSG00000155660 
protein disulfide isomerase family A member 4 [Source:HGNC 
Symbol;Acc:HGNC:30167] 

PHOSPHO1 ENSG00000173868 
phosphoethanolamine/phosphocholine phosphatase [Source:HGNC 
Symbol;Acc:HGNC:16815] 

POM121L3P ENSG00000167390 
POM121 transmembrane nucleoporin like 3, pseudogene [Source:HGNC 
Symbol;Acc:HGNC:16440] 

PPIAP31 ENSG00000217094 
peptidylprolyl isomerase A pseudogene 31 [Source:HGNC 
Symbol;Acc:HGNC:44962] 

PPL ENSG00000118898 periplakin [Source:HGNC Symbol;Acc:HGNC:9273] 

QRSL1P3 ENSG00000257957 QRSL1 pseudogene 3 [Source:HGNC Symbol;Acc:HGNC:43669] 

RLBP1 ENSG00000140522 retinaldehyde binding protein 1 [Source:HGNC Symbol;Acc:HGNC:10024] 

RNF5 ENSG00000204308 ring finger protein 5 [Source:HGNC Symbol;Acc:HGNC:10068] 

ROPN1B ENSG00000114547 rhophilin associated tail protein 1B [Source:HGNC Symbol;Acc:HGNC:31927] 

RP1-274L7.1 ENSG00000229702 novel transcript 

RP11-
252O18.3 ENSG00000213155 zinc finger, CCHC domain containing 10 (ZCCHC10) pseudogene 

RP11-
262H14.11 ENSG00000219693 

fibroblast growth factor 7 pseudogene 8 [Source:HGNC 
Symbol;Acc:HGNC:34516] 

RP11-
286N22.8 ENSG00000256591 novel transcript 

RP11-
298I3.1 ENSG00000257285 novel transcript 

RP11-
29H23.5 ENSG00000246203 novel transcript 

RP11-
409C19.2 ENSG00000253223 

PRP3 pre-mRNA processing factor 3 homolog (S. cerevisiae) (PRPF3) 
pseudogene 
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RP11-
429J17.5 ENSG00000254549 novel transcript 

RP11-
466G12.2 ENSG00000249758 novel transcript 

RP11-
542G1.3 ENSG00000251384 novel transcript 

RP11-
544M22.3 ENSG00000232879 glutaredoxin 5 (GLRX5) pseudogene 

RP11-
592N21.1 ENSG00000212673 novel transcript 

RP11-
619A14.2 ENSG00000254933 novel transcript 

RP11-
798K23.3 ENSG00000251545 novel pseudogene 

RP11-
967K21.2 ENSG00000255953 novel transcript 

RP3-
508I15.9 ENSG00000228274 novel transcript, antisense to CBY1 

RP4-622L5.7 ENSG00000224066 novel transcript 

RPL15P18 ENSG00000228501 
ribosomal protein L15 pseudogene 18 [Source:HGNC 
Symbol;Acc:HGNC:36515] 

RPL21P134 ENSG00000233254 
ribosomal protein L21 pseudogene 134 [Source:HGNC 
Symbol;Acc:HGNC:36006] 

RPL27A ENSG00000166441 ribosomal protein L27a [Source:HGNC Symbol;Acc:HGNC:10329] 

RPL32P34 ENSG00000239524 
ribosomal protein L32 pseudogene 34 [Source:HGNC 
Symbol;Acc:HGNC:35903] 

RPL3P7 ENSG00000225093 
ribosomal protein L3 pseudogene 7 [Source:HGNC 
Symbol;Acc:HGNC:36797] 

RPS10P18 ENSG00000229455 
ribosomal protein S10 pseudogene 18 [Source:HGNC 
Symbol;Acc:HGNC:36239] 

RPS3AP47 ENSG00000205873 novel transcript 

RPS8 ENSG00000142937 ribosomal protein S8 [Source:HGNC Symbol;Acc:HGNC:10441] 
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SCN10A ENSG00000185313 
sodium voltage-gated channel alpha subunit 10 [Source:HGNC 
Symbol;Acc:HGNC:10582] 

SDPR ENSG00000168497 caveolae associated protein 2 [Source:HGNC Symbol;Acc:HGNC:10690] 

SIPA1L3 ENSG00000105738 
signal induced proliferation associated 1 like 3 [Source:HGNC 
Symbol;Acc:HGNC:23801] 

SKP1P1 ENSG00000231234 
S-phase kinase associated protein 1 pseudogene 1 [Source:HGNC 
Symbol;Acc:HGNC:33696] 

SLC27A4 ENSG00000167114 solute carrier family 27 member 4 [Source:HGNC Symbol;Acc:HGNC:10998] 

SLC39A4 ENSG00000147804 solute carrier family 39 member 4 [Source:HGNC Symbol;Acc:HGNC:17129] 

SLC7A9 ENSG00000021488 solute carrier family 7 member 9 [Source:HGNC Symbol;Acc:HGNC:11067] 

SMIM5 ENSG00000204323 small integral membrane protein 5 [Source:HGNC Symbol;Acc:HGNC:40030] 

SNORD99 ENSG00000221539 small nucleolar RNA, C/D box 99 [Source:HGNC Symbol;Acc:HGNC:32762] 

SNRPGP15 ENSG00000224543 
small nuclear ribonucleoprotein polypeptide G pseudogene 15 
[Source:HGNC Symbol;Acc:HGNC:49371] 

SNU13 ENSG00000100138 small nuclear ribonucleoprotein 13 [Source:HGNC Symbol;Acc:HGNC:7819] 

SORBS2 ENSG00000154556 
sorbin and SH3 domain containing 2 [Source:HGNC 
Symbol;Acc:HGNC:24098] 

SPAG7 ENSG00000091640 sperm associated antigen 7 [Source:HGNC Symbol;Acc:HGNC:11216] 

SPATA31A6 ENSG00000185775 SPATA31 subfamily A member 6 [Source:HGNC Symbol;Acc:HGNC:32006] 

SPDYC ENSG00000204710 
speedy/RINGO cell cycle regulator family member C [Source:HGNC 
Symbol;Acc:HGNC:32681] 

SPRED1 ENSG00000166068 
sprouty related EVH1 domain containing 1 [Source:HGNC 
Symbol;Acc:HGNC:20249] 

SRP72P2 ENSG00000188451 
signal recognition particle 72 pseudogene 2 [Source:HGNC 
Symbol;Acc:HGNC:31096] 

ST13P19 ENSG00000228110 
ST13, Hsp70 interacting protein pseudogene 19 [Source:HGNC 
Symbol;Acc:HGNC:38862] 

ST6GAL1 ENSG00000073849 
ST6 beta-galactoside alpha-2,6-sialyltransferase 1 [Source:HGNC 
Symbol;Acc:HGNC:10860] 

STAT1 ENSG00000115415 
signal transducer and activator of transcription 1 [Source:HGNC 
Symbol;Acc:HGNC:11362] 
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SYCE1L ENSG00000205078 
synaptonemal complex central element protein 1 like [Source:HGNC 
Symbol;Acc:HGNC:37236] 

SYNGR1 ENSG00000100321 synaptogyrin 1 [Source:HGNC Symbol;Acc:HGNC:11498] 

SZT2 ENSG00000198198 SZT2, KICSTOR complex subunit [Source:HGNC Symbol;Acc:HGNC:29040] 

TBX1 ENSG00000184058 T-box 1 [Source:HGNC Symbol;Acc:HGNC:11592] 

TDRKH ENSG00000182134 tudor and KH domain containing [Source:HGNC Symbol;Acc:HGNC:11713] 

TEX13B ENSG00000170925 testis expressed 13B [Source:HGNC Symbol;Acc:HGNC:11736] 

TMA16P2 ENSG00000232467 
translation machinery associated 16 homolog pseudogene 2 [Source:HGNC 
Symbol;Acc:HGNC:43781] 

TMCO1 ENSG00000143183 
transmembrane and coiled-coil domains 1 [Source:HGNC 
Symbol;Acc:HGNC:18188] 

TMED10 ENSG00000170348 
transmembrane p24 trafficking protein 10 [Source:HGNC 
Symbol;Acc:HGNC:16998] 

TMEM78 ENSG00000177800 transmembrane protein 78 [Source:HGNC Symbol;Acc:HGNC:32307] 

TMEM80 ENSG00000177042 transmembrane protein 80 [Source:HGNC Symbol;Acc:HGNC:27453] 

TOR1AIP2 ENSG00000169905 torsin 1A interacting protein 2 [Source:HGNC Symbol;Acc:HGNC:24055] 

TRBC2 ENSG00000211772 T cell receptor beta constant 2 [Source:HGNC Symbol;Acc:HGNC:12157] 

TTPA ENSG00000137561 alpha tocopherol transfer protein [Source:HGNC Symbol;Acc:HGNC:12404] 

TUBA3E ENSG00000152086 tubulin alpha 3e [Source:HGNC Symbol;Acc:HGNC:20765] 

TUBB3P1 ENSG00000220418 
tubulin beta 3 class III pseudogene 1 [Source:HGNC 
Symbol;Acc:HGNC:42339] 

U82670.9 ENSG00000229979 high-mobility group nucleosomal binding domain 2 (HMGN2) pseudogene 

UPP2 ENSG00000007001 uridine phosphorylase 2 [Source:HGNC Symbol;Acc:HGNC:23061] 

URB2 ENSG00000135763 
URB2 ribosome biogenesis homolog [Source:HGNC 
Symbol;Acc:HGNC:28967] 

USP51 ENSG00000247746 ubiquitin specific peptidase 51 [Source:HGNC Symbol;Acc:HGNC:23086] 

VSIG8 ENSG00000243284 
V-set and immunoglobulin domain containing 8 [Source:HGNC 
Symbol;Acc:HGNC:32063] 

XXbac-
B444P24.10 ENSG00000161132 proline dehydrogenase (oxidase) 1 (PRODH) pseudogene 

YIF1B ENSG00000167645 
Yip1 interacting factor homolog B, membrane trafficking protein 
[Source:HGNC Symbol;Acc:HGNC:30511] 



 

   340 

 

ZCCHC2 ENSG00000141664 zinc finger CCHC-type containing 2 [Source:HGNC Symbol;Acc:HGNC:22916] 

ZMIZ1 ENSG00000108175 zinc finger MIZ-type containing 1 [Source:HGNC Symbol;Acc:HGNC:16493] 

ZNF397 ENSG00000186812 zinc finger protein 397 [Source:HGNC Symbol;Acc:HGNC:18818] 

ZNF446 ENSG00000083838 zinc finger protein 446 [Source:HGNC Symbol;Acc:HGNC:21036] 

ZNF609 ENSG00000180357 zinc finger protein 609 [Source:HGNC Symbol;Acc:HGNC:29003] 

ZNF804A ENSG00000170396 zinc finger protein 804A [Source:HGNC Symbol;Acc:HGNC:21711] 

ZSWIM1 ENSG00000168614 novel transcript 
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Table 1: MB-MDA-231 unique variants  

Gene Transcript Census 
Tier 1 

AA 
Mutati
on 

CDS 
Mutatio
n 

Somatic 
status 

Zygosity Valid
ated 

Type Position Found 

HAUS
3 

ENST000002
43706.8 

No p.D487
H 

c.1459G
>C 

Confirmed 
Somatic 

Heteroz
ygous 

Unve
rified 

Substitution - 
Missense 

4:2236347-
2236347 

4:2236347-
2236347 

IDUA ENST000002
47933.8 

No p.F352L c.1054T
>C 

Confirmed 
Somatic 

Heteroz
ygous 

Unve
rified 

Substitution - 
Missense 

4:1002350-
1002350 

4:1002350-
1002350 

EIF2B4 ENST000004
93344.6 

No p.C458
S 

c.1373G
>C 

Confirmed 
Somatic 

Heteroz
ygous 

Unve
rified 

Substitution - 
Missense 

2:27364780-
27364780 

2:27364780-
27364780 

LONP1 ENST000003
60614.7 

No p.R542
Q 

c.1625G
>A 

Confirmed 
Somatic 

Heteroz
ygous 

Unve
rified 

Substitution - 
Missense 

19:5699087-
5699087 

19:5699087-
5699087 

GAS8 ENST000002
68699.8 

No p.E423
G 

c.1268A
>G 

Confirmed 
Somatic 

Homozy
gous 

Unve
rified 

Substitution - 
Missense 

16:90042516-
90042516 

16:90042516-
90042516 

GTF3C
1 

ENST000003
56183.8 

No p.R198
8H 

c.5963G
>A 

Confirmed 
Somatic 

Homozy
gous 

Unve
rified 

Substitution - 
Missense 

16:27462448-
27462448 

16:27462448-
27462448 

AL136
295.1 

ENST000005
30611.1 

No p.R743
Q 

c.2228G
>A 

Confirmed 
Somatic 

Heteroz
ygous 

Unve
rified 

Substitution - 
Missense 

14:24189635-
24189635 

14:24189635-
24189635 

ASPM ENST000003
67409.8 

No p.S142
2P 

c.4264T
>C 

Confirmed 
Somatic 

Heteroz
ygous 

Unve
rified 

Substitution - 
Missense 

1:197104987-
197104987 

1:197104987-
197104987 

ATP8B
2 

ENST000003
68489.3 

No p.P495
L 

c.1484C
>T 

Confirmed 
Somatic 

Heteroz
ygous 

Unve
rified 

Substitution - 
Missense 

1:154342893-
154342893 

1:154342893-
154342893 

LRIG2 ENST000003
61127.5 

No p.H628
R 

c.1883A
>G 

Confirmed 
Somatic 

Heteroz
ygous 

Unve
rified 

Substitution - 
Missense 

1:113112563-
113112563 

1:113112563-
113112563 
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Table 2 : MB-MDA-231 unique variants 

 

 

  

Ge
ne 

Transcript Census 
Tier 1 

AA 
Mutati
on 

CDS 
Mutatio
n 

Somatic 
status 

Zygosit
y 

Valida
ted 

Type Position Found 

CA
MK
4 

ENST000002
82356.8 No 

p.R338
C 

c.1012C
>T 

Confirmed 
Somatic 

Homoz
ygous 

Unver
ified 

Substitution - 
Missense 

5:111484056-
111484056 

5:111484056-
111484056 
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MDA-MB-231 unique variants  
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MDA-MB-436 unique variants  
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PPL 

variants 
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