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Abstract 

Breast cancer is the most diagnosed cancer among women worldwide, representing 

a significant and growing burden on global public health. Biologically and molecularly, breast 

cancer is a highly diverse disease. While its incidence continues to rise, mortality rates are gradually 

decreasing due to advancements in early detection and therapeutic interventions. 

Breast cancer research field is increasingly focusing on transcriptomic research to uncover 

molecular pathways and prognostic biomarkers in order to improve disease management. This 

Thesis brings together findings of two linked studies, investigating triple negative breast cancer 

(TNBC) and transcriptomic signatures in monoallelic somatic BRCA1 inactivation, to provide 

insights into potential therapeutic targets and prognostic markers.  

The first part of the study focuses on TNBC, a highly aggressive subtype of breast cancer 

characterised by the absence of oestrogen receptor (ER), progesterone receptor (PR), and human 

epidermal growth factor receptor 2 (HER2) expression. The transcriptome of 19 breast cancers was 

sequenced and analysed to identify differentially expressed genes and enriched pathways specific 

to TNBC. A total of 229 differentially expressed genes were identified, with identified 4 hub genes 

– FOXA1, ESR1, GATA3, and TFF1 as possible biomarkers. Functional enrichment and

protein–protein interaction analyses indicated alterations in hormone signalling and extracellular

matrix pathways, contributing to understanding of TNBC biology with potential to offer useful

information for biomarker-driven therapies.

The second part of the study explores transcriptomic patterns linked with monoallelic 

somatic BRCA1 inactivation and its correlation with event free survival in breast cancer patients. 

In this study, 36 breast cancer tissue samples were sequenced and categorised based on BRCA1 

inactivation status. Differential gene expression analysis revealed differential expression of genes, 

including TPSD1, FABP4, CARTPT, GPX2 and MMP9, which are associated with homologous 

recombination deficient tumors. Kaplan-Meier analysis indicated a tendency towards improved 

event free survival for patients with monoallelic somatic BRCA1 inactivation, suggesting this as 

a potentially favourable prognostic factor. Enrichment analysis showed significant involvement of 

extracellular proteins, providing additional insight into biology of the tumor microenvironment. 

The acquired results highlight the importance of transcriptomics in breast cancer research, 

demonstrating the value of identifying cancer subtype-specific gene expression patterns. 

These findings contribute to better understanding of breast cancer biology and provide potential for 

the development of personalised treatment strategies, advancing care for breast cancer patients 

in the future. 

Keywords: breast cancer, transcriptome, triple negative breast cancer, BRCA1 monoallelic 

inactivation. 
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Anotācija 

Krūts vēža molekulārajiem 
apakštipiem raksturīga 

gēnu ekspresija 

Krūts vēzis ir visbiežāk diagnosticētais vēža veids sievietēm visā pasaulē, un tas rada 

ievērojamu un pieaugošu slogu globālajai sabiedrības veselībai. Bioloģiski un molekulāri krūts vēzis 

ir ļoti daudzveidīga slimība. Lai gan tā izplatība turpina pieaugt, mirstības rādītāji pakāpeniski 

samazinās, pateicoties agrīnai diagnostikai un terapeitiskajām iespējām. Krūts vēža pētniecības joma 

arvien vairāk koncentrējas uz transkriptomikas pētījumiem, lai noteiktu molekulāros ceļus un 

prognostiskos biomarķierus, tādējādi uzlabojot pacientu aprūpi. Šajā disertācijā ir apkopoti secinājumi 

no divām savstarpēji saistītām pētījuma daļām, vienā pētot transkriptomu trīskārši negatīvam krūts 

vēzim (TNBC) un otrajā pētot transkriptomu monoalēliski somatiskas BRCA1 inaktivācijas gadījumā, 

sniedzot ieskatu potenciālajos terapijas mērķos un prognostiskajos biomarķieros. 

Pirmajā pētījuma daļā uzmanība vērsta uz TNBC, agresīvu krūts vēža apakštipu, ko raksturo 

estrogēna receptoru (ER), progesterona receptoru (PR) un cilvēka epidermālā augšanas faktora 

receptoru 2 (HER2) ekspresijas trūkums. Analizējot 19 krūts vēža transkriptomus, tika identificēti 

229 atšķirīgi ekspresēti gēni, no kuriem FOXA1, ESR1, GATA3 un TFF1 iezīmējās kā potenciāli 

biomarķieri. Funkcionālās bagātināšanas un proteīnu mijiedarbības analīzes norādīja uz hormonu 

signālu un ekstracelulārās matricas signālceļu izmaiņām, sniedzot pienesumu TNBC bioloģijas 

izpratnē ar potenciāli vērtīgu informāciju biomarķieru vadītu terapiju attīstībai. 

Otrajā pētījuma daļā analizēti transkriptomiskie modeļi, kas saistīti ar monogēno somatisko 

BRCA1 inaktivāciju, un tās ietekme uz beznotikumu dzīvildzi krūts vēža pacientēm. Šajā pētījuma 

sadaļā sekvencēti 36 krūts vēža audu paraugi un kategorizēti pēc somatiskā BRCA1 inaktivācijas 

statusa. Atšķirīgi ekspresēto gēnu analīze atklāja atšķirīgi ekspresētus gēnus, tostarp TPSD1, FABP4, 

CARTPT, GPX2 un MMP9, kas saistīti ar homologās rekombinācijas trūkumu audzējos. Kaplana-

Meiera analīze norādīja uz uzlabotu beznotikumu dzīvildzi pacientiem ar monogēno somatisko 

BRCA1 inaktivāciju, kas liecina par šo kā potenciāli labvēlīgu prognostisko faktoru. Bagātināšanas 

analīze uzrādīja nozīmīgu ekstracelulārā matriksa proteīnu iesaisti, sniedzot papildu izpratni par 

audzēja mikrovides bioloģiju. 

Šo pētījumu rezultāti uzsver transkriptomikas nozīmīgumu krūts vēža pētniecībā, parādot 

specifisku gēnu ekspresijas modeļu identificēšanas nozīmību. Šī darba rezultāti veicina dziļāku 

izpratni par krūts vēža bioloģiju potenciālu personalizētu ārstēšanas stratēģiju izstrādei, uzlabojot 

krūts vēža pacientu aprūpi nākotnē. 

Atslēgvārdi: krūts vēzis, transkriptoms, trīskārši negatīvs krūts vēzis, BRCA1 monoalēliska 

inaktivācija. 
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Introduction 

Breast cancer is the most diagnosed malignancy among women globally, accounting for 

nearly 1 in 4 cancer cases in women, and representing significant public health challenges.  

In 2022 there were 2.3 million new cases of female breast cancer, making it the second leading 

cancer globally (11.6 % of all new cancer cases), and approximately 666 000 deaths, ranking it 

the fourth leading cause of cancer mortality (6.9 % of all cancer deaths) (Arnold et al., 2022; 

Bray et al., 2018). Although incidence rates are rising, mortality from breast cancer has 

gradually decreased due to improvement in early detection and therapeutic management 

(Kesson et al., 2012). 

Triple negative breast cancer (TNBC) molecular subtype accounts for approximately 

15–20 % of all breast cancer cases, characterised by absence of oestrogen (ER), progesterone 

(PR) and human epidermal growth factor receptor 2 (HER2) expression and is of particular 

concern due to its aggressive clinical behaviour and poor prognosis (Garrido-Castro et al., 2019; 

Shen et al., 2020). Predominantly TNBC affects younger women and is associated with higher 

relapse rates and higher likelihood of metastasis (Dent et al., 2007; Haffty et al., 2006). While 

most TNBC patients lack hormone receptor or HER2-targeted treatment options and therefore 

rely on chemotherapy, a subset of TNBC is associated with hereditary breast and ovarian cancer 

(HBOC) and may benefit from targeted therapies, highlighting the need for refined stratification 

and predictive biomarkers (Hwang et al., 2019). 

Besides TNBC challenging management, breast cancer is heterogenous disease 

influenced by both genetic and environmental factors. Most common genetic factors include 

BRCA1 and BRCA2 genes, which play important role in genomic integrity through homologous 

recombination (HR) mediated DNA repair. Loss of function in these genes disrupts HR 

pathways which leads to genomic instability and tumour progression (Prakash et al., 2015). 

This can happen either through loss of function, or it can be inherited germline mutation or 

somatic alteration within tumour cells (Loboda et al., 2023). Somatic inactivation of BRCA1 is 

known to be associated with distinctive molecular patterns, which includes genomic 

rearrangements and specific mutational signatures. These signatures are called “BRCAness” 

also known as predictive biomarkers for therapeutic response to platinum-based 

chemotherapies and PARP inhibitors, highlighting its clinical significance in treatment decision 

making (Bodily et al., 2020). 

Development and advancement in high-throughput technologies such as  

RNA-sequencing has enabled scientists to look at transcriptomic profiles and molecular 

landscape of breast cancer (Chen et al., 2021; Hong et al., 2020; Rosati et al., 2024). This 

enables identification of differentially expressed genes and affected pathways within specific 
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cancer subtypes, including TNBC. Recent studies describe molecular heterogeneity of TNBC 

and highlights specific oncogenic drivers and evaluates tumour microenvironment (Kudelova 

et al., 2022; Shah et al., 2012). Transcriptomics also evaluates implications of somatic BRCA1 

inactivation therefore trying to clarify its role in tumour biology and therapy management 

(Arakelyan et al., 2021).  

This Thesis integrates finding from two complementary studies. The first one explores 

transcriptome of TNBC, the hub genes and altered pathways associated with this particular 

breast cancer subtype, which can help in potential biomarkers and therapeutic targets 

identification. The second part of the study focuses on breast cancer with monoallelic somatic 

BRCA1 inactivation, a condition of growing interest since even partial loss of BRCA1 function 

may impair DNA repair and influence tumour behaviour. By examining its association with 

event-free survival, this study provides insights into the prognostic value of somatic BRCA1 

status. Together these studies help to enhance understanding of molecular mechanisms driving 

breast cancer progression and facilitate improvement in personalised treatment strategies which 

subsequently improve patient care outcome.  

Aim of the Thesis 
Characterise the gene expression profiles and altered pathways associated with distinct 

breast cancer molecular subtypes (triple-negative breast cancer and breast cancer with 

monoallelic somatic BRCA1 inactivation) with the goal of identifying potential biomarkers and 

therapeutic targets, and to evaluate their potential clinical relevance. 

Objectives of the Thesis 
The following objectives are set to reach the aim of the Doctoral Thesis: 

1. Perform RNA-seq, identify triple negative breast cancer (TNBC) subgroup and its 

specific transcriptome pattern.  

2. Perform functional enrichment and protein–protein interaction analyses in TNBC. 

3. Perform RNA-seq, identify transcriptomic pattern of tumours with monoallelic 

somatic BRCA1 inactivation. 

4. Perform functional enrichment and protein–protein interaction analyses in  

the BRCA1 monoallelic inactivation group. 

5. Analyse cancer free survival in the group with BRCA1 monoallelic inactivation. 
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Hypothesis of the Thesis 
Distinct transcriptomic signatures in breast cancer molecular subgroups may serve as 

predictive biomarkers, enabling personalised therapeutic strategies. 

Novelty of the Thesis 
Identification of gene expression alterations in TNBC and in breast cancers with 

BRCA1-associated homologous recombination impairment provides insight into tumour 

biology and may reveal biomarkers relevant for patient stratification and personalised 

therapeutic approaches. 

Author’s contribution 
The author has performed and participated in all stages of the study, including the study 

design, RNA processing, molecular analysis, including sequencing, as well as the data analysis. 

The author also has prepared two scientific publications.  

AI Disclosure/LLM statement 
The author as a non-native English speaker, used LLM models and AI-assisted editing 

tools to refine the language in this PhD Thesis by correcting spelling and grammatical errors 

and improving the writing style. However, core authoring tasks, including the generation of 

scientific and medical insights and the drawing of conclusions, were carried out only by  

the author. Author takes full responsibility for the validity and integrity of this work. 
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1 Literature review 

1.1 Breast cancer overview 

 Global breast cancer epidemiology 
In Europe breast cancer is the most diagnosed cancer among women, with high 

incidence rates in Western, Northern, and Southern European countries. It is also the leading 

cause of cancer mortality in most European countries, accounting for 25 %, 19 %, and 15 % of 

deaths in women aged 0–44, 45–64, and 65 years or older, respectively. The risk of developing 

breast cancer before the age of 75 in Europe is estimated to be 8 %, while the risk of breast 

cancer-related death before the age of 75 is 1.6 %. Incidence rates of breast cancer in Europe 

range from 71 to 194 cases per 100 000 women, with the highest rates found in Belgium,  

the Netherlands, and Luxembourg, and the lowest rates in Albania, Bosnia and Herzegovina, 

and Montenegro (Dyba et al., 2021). 

Globally, breast cancer is the most prevalent cancer and the leading cause of  

cancer-related deaths among women. In 2022, approximately 2.3 million new cases were 

diagnosed, accounting for 11.6 % of all cancer cases, with 666 000 deaths reported, or 6.9 % of 

all cancer deaths (Figures 1.1 and 1.2) (Sung et al., 2021, Arnold et al, 2022). According to 

recent statistics, the five-year survival rate for breast cancer in Europe is estimated to be around 

85 %, with significant variations across different countries, however, survival rates for breast 

cancer are generally improving, due to advances in screening, diagnosis, and treatment 

(DeSantis et al., 2019). 

 

Figure 1.1 Distribution of new cancer cases worldwide in 2020,  
both sexes, all ages according to GLOBOCAN (Sung et al., 2021) 
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Figure 1.2  Distribution of death cases worldwide in 2020, both sexes, all ages  

according to GLOBOCAN (Sung et al., 2021) 
 

Breast cancer occurs most often in women over the age of 50 (DeSantis et al., 2019). 

Risk factors include a family history of the disease, specific genetic variants, hormonal 

influences, obesity, and alcohol consumption (Bray et al., 2018). To facilitate breast cancer 

prevention and timely diagnosis, various guidelines and programs exist across different 

European countries. One of such programs is mammography screening, where regular  

check-up is recommended for women between the ages of 50 and 69, although some countries 

extend the age range for screening to 75 (Perry et al., 2008). In addition to age-based 

mammography screening, several countries are introducing risk-based screening approaches 

that incorporate individual risk factors, genetic testing, and polygenic risk scores (PRS) to better 

stratify women’s risk of breast cancer (Mars et al., 2024). 

Overall, breast cancer remains a significant public health challenge in Europe, but 

increased awareness and improved access to screening, diagnosis, and treatment can help to 

reduce the burden of this disease on individuals, their families, society and health care and 

social care system. 

 Epidemiology of breast cancer in Latvia 
The incidence of newly diagnosed female breast cancer cases in Latvia has remained 

relatively stable between 2014. and 2023., fluctuating around 109–132 cases per 

100 000 population (Figure 1.3). However, a marked increase is observed in 2024, reaching 

132.6 cases per 100 000, the highest rate recorded during the examined period (Slimību 

Profilakses un Kontroles Centrs [SPKC], 2025). 
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Figure 1.3  Newly diagnosed (registered) female breast cancer cases in Latvia  

from 2013–2023 per 100 000 population (SPKC, 2025) 

 
Figure 1.4  Breast cancer (C50) diagnosis by stages in 

Latvia in 2023 in % (SPKC, 2025) 

The majority of breast cancer diagnoses in 2023 were at stage II, accounting for 38 % 

of cases. This suggests that a significant proportion of individuals were diagnosed with breast 

cancer at a relatively advanced stage followed by stage I diagnoses constituted the next largest 

proportion at 36 %, indicating a substantial number of early-stage diagnoses as well. Figure 1.4 

also highlights a high proportion of diagnoses at more advanced stages. Stage III and IV 

diagnoses accounted for 17 % and 9 % of cases, respectively (Figure 1.4). These stages 

typically indicate more aggressive forms of breast cancer with a higher risk of metastasis and 

poorer prognosis. 
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Figure 1.5  Female breast cancer diagnosis by age groups in 2023 

 (SPKC. Statistikas Dati. Slimību Profilakses Un Kontroles Centrs., 2025) 

Increasing trend in the number of breast cancer cases is seen as age increases, with  

the highest number of cases being diagnosed in the 65–69 age group (Figure 1.5). This aligns 

with the common understanding that the risk of breast cancer generally increases with age, 

particularly after menopause. The data also suggests that while breast cancer can occur in 

younger age groups, it becomes more prevalent as women get older. 

 
Figure 1.6  Case-fatality rate of breast cancer patients depending on  

the stage of diagnosis in 2023 in % (SPKC,2025) 

The data indicates that the 1-year fatality rate (in 2023) increases as the cancer stage 

advances. Specifically, individuals diagnosed with Stage IV breast cancer have the highest 

fatality rate of 25.9 %, indicating a more advanced and often less treatable stage of the disease. 

Individuals diagnosed at earlier stages (stage I, II or III) have lower 1-year fatality rates, with 

stage I having the lowest fatality rate of 2 % (Figure 1.6). This Figure underscores  

the importance of early detection and intervention in breast cancer management, as early-stage 
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diagnoses are associated with significantly lower fatality rates compared to advanced-stage 

diagnoses. 

 
Figure 1.7  5-year survival of breast cancer patients together and stage IV patients  

separately in different time periods in % (SPKC, 2025) 

 
Figure 1.8  Observed breast cancer patient’s 5-year survival rate in %,  

diagnosed from 2019–2024 by stages (SPKC, 2025) 

Latvian registry data suggests that the 5-year survival rate remains relatively stable, at 

69.3 % from 2009 to 2014, 70.5 % from 2014 to 2019, and 75.2 % from 2019–2024 for all 

breast cancer patients (SPKC, 2025). However, there is a notable change in the 5-year survival 

rate for patients diagnosed with stage IV breast cancer over time, increasing from 15.8 % from 

2009 to 2014 to 16.8 % from 2019 to 2024 (Figure 1.7). Statistics from Latvia indicate a notable 

difference in the 5-year survival rate based on the stage of breast cancer at diagnosis, with  

a rate of 91.4 % for patients diagnosed in stage I and only 16.8 % for those diagnosed in stage 

IV (Figure 1.8), which is similar to European statistics, where 5-year survival. These findings 
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are comparable to European statistics, where the 5-year survival rate exceeds 90 % for  

early-stage breast cancers, while stage IV disease shows a survival rate of about 22 %  

(Tang et al., 2025). 

 Oncogenesis of breast cancer 
Cancer oncogenesis is a complex phenomenon driven by genetic and epigenetic 

alterations, by which normal cells transform into cancer cells. At its core, oncogenesis involves 

the disruption of normal cellular regulatory mechanisms that govern processes such as cell 

proliferation, differentiation, and apoptosis. These disruptions can arise from various sources, 

including mutation in key regulatory genes, chromosomal rearrangements, and dysregulation 

of signalling pathways. 

The hallmarks of cancer, proposed by Hanahan and Weinberg, include essential traits 

acquired by cancer cells to sustain their growth and survival. These hallmarks include  

self-sufficiency in growth signals, insensitivity to growth-inhibitory signals, avoidance of 

apoptosis (also known as programmed cell death), limitless replicative potential, sustained 

angiogenesis, and tissue invasion and metastasis. The 2022 update further expands this 

framework by introducing additional hallmarks such as evasion of immune destruction and 

reprogramming of cellular metabolism, as well as emerging hallmarks includes phenotypic 

plasticity and dysregulated differentiation. (Hanahan, 2022; Hanahan & Weinberg, 2000; Peters 

& Gonzalez, 2018). By acquiring these capabilities, cancer cells can proliferate uncontrollably, 

evade the body’s natural defences, and spread to distant sites, leading to the progression of  

the disease. 

Cancer oncogenesis involves activation of proto-oncogenes, which play crucial role in 

maintaining normal cellular homeostasis by regulating essential processes like growth, 

proliferation, and survival. However, these gene can promote cell growth and proliferation, 

contributing to cancerogenesis when mutated or overexpressed (Hanahan & Weinberg, 2011). 

Conversely, the inactivation of tumour suppressor genes, which normally function to inhibit 

cell growth and promote apoptosis, is also a common feature of oncogenesis. These genetic 

alterations can occur spontaneously or may be induced by exposure to carcinogens such as 

chemicals, radiation, or infectious agents (Lee & Muller, 2010). 

The activation of oncogenesis often begins with the accumulation of somatic mutations 

within cancer cells affecting critical genes involved in cell cycle regulation and DNA repair. 

These mutations provide a growth advantage to affected cells, allowing them to proliferate 

uncontrollably and evade normal regulatory mechanisms. As these abnormal cells continue to 
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divide and accumulate additional mutations, they undergo further genetic and phenotypic 

changes that drive tumour progression (Torgovnick & Schumacher, 2015). 

In addition to genetic alterations, epigenetic modifications also play a crucial role in 

oncogenesis. Epigenetic changes, such as DNA methylation and histone modification, can alter 

the expression of genes involved in cell growth and differentiation without changing  

the underlying DNA sequence. These alterations can contribute to the dysregulation of 

signalling pathways and the development of cancerous phenotypes (Sadida et al., 2024; Sharma 

et al., 2010). 

 Sporadic breast cancer 
Sporadic breast cancer is the most common form of breast cancer, representing 

approximately 85–90 % of all cases. Unlike hereditary breast cancer, sporadic breast cancer 

arises in individuals without inherited genetic allelic variants or a family history of the disease. 

Instead, it is triggered by somatic allelic variants, alterations occurring in the DNA of cells over 

person’s lifetime, often due to environmental exposures like radiation or chemical agents 

(Fenga et al, 2016). Common somatic alterations in sporadic breast cancer include mutations 

in TP53, PIK3CA, and PTEN, along with recurrent alterations in GATA3, CDH1, AKT1, RB1, 

ESR1, and chromatin-regulating genes such as KMT2C and KMT2D (Angus et al., 2019; Kruk 

et al., 2019; Nik-Zainal et al., 2016). 

Environmental and lifestyle factors play the main roles in the development of sporadic 

breast cancer. These encompass variables such as reproductive history, hormone exposure, 

obesity, physical inactivity, alcohol consumption and dietary patterns. Additionally, factors like 

smoking, exposure to environmental pollutants, and certain socioeconomic determinants also 

contribute to an individual’s overall risk profile (Colditz & Bohlke, 2014; Kruk et al., 2019). 

While hereditary allelic variants in genes like BRCA1 and BRCA2 represent a minority of cases, 

sporadic breast cancer predominates and arises from a complex interplay of genetic, hormonal, 

and environmental influences (Michailidou et al., 2017). This complexity emphasises  

the heterogeneous nature of sporadic breast cancer, characterised by diverse molecular and 

histological subtypes that impact diagnosis, treatment strategies, and prognostic outcomes  

(Prat et al., 2015). 

The diagnosis and treatment of sporadic breast cancer typically involve a combination 

of imaging tests, biopsies, surgery, radiation therapy, and chemotherapy, depending on the stage 

and subtype of the cancer. Treatment may also include hormone therapy, targeted therapy, and 

immunotherapy, depending on the specific characteristics of the tumour (Cardoso et al., 2020). 

Overall, while sporadic breast cancer is more common than hereditary forms of breast cancer, 



 

20 

it is still a complex and challenging disease that requires personalised treatment and 

management. 

 Hereditary breast and ovarian cancer (HBOC) 
Hereditary breast cancer accounts for approximately 5–10 % of all breast cancer cases 

(Claus et al., 1996; Mahdavi et al., 2019). Breast cancer can be classified into two categories – 

familial and sporadic cases. In contrast to sporadic breast cancer the majority of hereditary 

breast cancer cases are caused by allelic variants in the BRCA1 and BRCA2 genes, which are 

tumour suppressor genes that play a key role in DNA repair (Ford et al., 1998a; Mahdavi et al., 

2019). In addition to BRCA1 and BRCA2, other genes such as PALB2, TP53, PTEN, ATM, 

CHEK2, and BARD1 contribute to inherited breast cancer risk through their involvement in 

DNA repair and cell-cycle regulation (Mahdi et al., 2013). Breast cancer risk in general 

population is 12 %, whereas BRCA1 and BRCA2 variant carriers confer risk of developing 

breast cancer of 55–72 % by age 70 for BRCA1 carriers, and 45–69 % for BRCA2 carriers. 

Other high penetrance genes include ATM, CDH1, PALB2, PTEN, STK11, TP53 which 

significantly increases lifetime risk of developing breast cancer. Moderate risk genes, including 

ATM, BARD1 and CHEK2 are associated with a 20–30 % lifetime risk depending on the variant 

(Adam et al., 1998). According to the most recent EMQN (2024) and NCCN v2.2025 

guidelines, genetic testing panels should include the high-risk genes (BRCA1, BRCA2, PALB2) 

and, when clinically indicated, extend to moderate-risk genes such as ATM, CHEK2, BARD1, 

RAD51C, RAD51D, and BRIP1 (Dwyer & Mary, 2024; McDevitt et al., 2024). Clinically, 

hereditary breast cancers with BRCA1 pathogenic variants are diagnosed at a younger age and 

more frequently display the triple-negative (ER-/PR-/HER2-) phenotype, underscoring their 

distinct biological behaviour and clinical importance.  

Genetic testing is available to identify individuals who may be at increased risk of 

developing inherited breast cancer. Guidelines for genetic testing have been established and are 

based on number of factors including personal and family history of cancer (Dubsky et al., 

2024). Identifying individuals with inherited risk for breast cancer can enable early detection 

and better management of the disease, as well as inform decisions about prophylactic measures 

such as risk-reducing surgery and chemoprevention. 

In recent years, there has been increasing interest in the use of targeted therapies for  

the treatment of inherited breast cancer, particularly in individuals with BRCA1 and BRCA2 

allelic variants. PARP inhibitors and used for the treatment of germline BRCA-mutated breast 

cancer (Litton et al., 2020). 
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The differences between sporadic and hereditary breast cancer have important 

implications for treatment and prevention. Individuals with hereditary breast cancer may benefit 

from earlier and more intensive screening, prophylactic surgery, and targeted therapies such as 

PARP inhibitors. In contrast, individuals with sporadic breast cancer may benefit from 

chemotherapy, hormonal therapy, or targeted therapies such as HER2 inhibitors, depending on 

the molecular subtype of their tumour. 

 Classification of breast cancer 
It is important to classify breast cancer in order to understand its complexity and choose 

treatment strategies. Historically, breast cancer classification was based on histopathological 

characteristics like tumour size, grade and lymph node involvement (Polyak, 2007). 

Breast cancer can develop in different parts of the breast – the ducts, lobules, or  

the tissue in between. The type of breast cancer is determined by the cells that are affected 

therefore based on cell origin it is classified into two main types: carcinomas and sarcomas. 

Carcinomas arise from the cells that line the lobules and ducts, while sarcomas are rare (< 1 % 

of primary breast cancer) and develop from the stromal components of the breast. However, 

sometimes a single tumour can have a mix of cell types. Most breast cancers are carcinomas, 

which are further categorised based on their invasiveness. Understanding these subtypes is 

crucial for determining prognosis and treatment. They are broadly grouped into non-invasive 

(or in situ), invasive, and metastatic breast cancers (Figure 1.9) (Feng et al., 2018; Peters & 

Gonzalez, 2018; Polyak, 2007). 

Breast cancer manifests in various forms, ranging from non-invasive to invasive and 

eventually to metastatic stages, each with distinct pathological characteristics and clinical 

implications. Non-invasive breast cancer, also known as carcinoma in situ, is confined to  

the ducts or lobules of the breast tissue without infiltrating the surrounding normal tissue.  

The most common type of non-invasive breast cancer is ductal carcinoma in situ (DCIS), where 

abnormal cells are found within the milk ducts but have not spread beyond the ductal walls.  

If left untreated, DCIS can progress to invasive breast cancer (Allred, 2010). Invasive breast 

cancer, on the other hand, occurs when cancerous cells break through the ductal or lobular walls 

and invade the surrounding breast tissue. This stage is marked by the potential for cancer cells 

to spread to nearby lymph nodes and other organs, posing a greater risk of metastasis. Metastatic 

breast cancer, also known as stage IV breast cancer, occurs when cancer cells spread from  

the breast to distant sites in the body, such as the bones, liver, lungs, or brain. Invasive Ductal 

Carcinoma (IDC) accounts for about 80 % of all breast cancers and involves cancer cells 

invading the surrounding breast tissue. It includes various subtypes like tubular, medullary, 
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mucinous, papillary, and cribriform carcinomas. Invasive Lobular Carcinoma (ILC) constitutes 

10–15 % of breast cancers and typically affects older women. It presents distinct characteristics 

from IDC, often growing as single cells or in sheets, and has unique molecular features (Makki, 

2015; Veronesi et al., 2005; Virnig et al., 2010) 

Breast cancer classification into non-invasive, invasive, and metastatic forms enables 

the selection of appropriate treatment strategies according to tumour behaviour and disease 

progression. Early detection and timely intervention are crucial for preventing disease 

advancement and improving survival outcomes. Understanding the molecular and pathological 

characteristics of different subtypes, such as invasive ductal and lobular carcinomas, provides 

valuable insight for personalised therapeutic decisions and improved patient management 

(Redig & McAllister, 2013). 

 
Figure 1.9  Hypothetical model of breast tumour progression (Polyak, 2007) 

Breast cancer can be characterised by genetic and clinical diversity, encompassing 

multiple subtypes. Over time, the classification of these subtypes has undergone significant 

refinement. Immunohistochemistry is the most commonly used and widely recognised tool to 

classify breast cancers into biologically distinct subtypes and serve as prognostic and predictive 

tools (Zaha, 2014). It focuses on the expression of hormone receptors, including oestrogen 

(ER), progesterone (PR), and human epidermal growth factor receptor 2 (HER2). This method 

identifies four primary subtypes: luminal A, luminal B, HER2 and basal like (Zaha, 2014). 

Recent advancements in cancer research and a deeper molecular understanding of breast cancer 

suggest that the current clinical classification model could be further enhanced by incorporating 

additional molecular markers, such as specific miRNAs (e. g. let-7, miR-155, miR-150,  

miR-153) and pathogenic variants (e. g. p53, BRCA1 and BRCA2) (Prat et al., 2015). 
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Luminal A breast cancer, representing approximately 40 % of cases, is  

oestrogen-receptor (ER) and/or progesterone-receptor (PR) positive and HER2 negative. It has 

low levels of Ki-67, grows slowly, and has a favourable prognosis. Treatment typically involves 

hormonal therapy (Cheang et al., 2009).  

Luminal B breast cancer, accounting for less than 20 % of cases, shares similar hormone 

receptor status with luminal A but has higher levels of Ki-67 and may be HER2 positive.  

It grows slightly faster and has a slightly worse prognosis (Cheang et al., 2009). 

HER2-enriched breast cancer, comprising 10–15 % of cases, lacks ER and PR 

expression but has high levels of HER2 and proliferation genes. These cancers grow rapidly 

and typically have a worse prognosis but can be targeted with HER2-directed therapies 

(Łukasiewicz et al., 2021). 

Triple-negative/basal-like breast cancer (TNBC), making about 15–20 % of cases, lacks 

expression of ER, PR, and HER2. It tends to be more aggressive, higher grade, and more 

common in younger women and those with germline BRCA1 pathogenic variants. Treatment 

options have traditionally been limited to chemotherapy, but recent advancements include  

the use of PARP inhibitors for BRCA1 pathogenic variant carriers (Ensenyat-Mendez et al., 2021). 

Normal-like breast cancer resembles luminal A disease but has a slightly worse prognosis. 

It is ER and/or PR positive, HER2 negative, and has low Ki-67 levels (Feng et al., 2018). 

Understanding the molecular subtypes of breast cancer is crucial for tailoring treatment 

strategies and improving outcomes for patients. Advances in genomics and transcriptomics 

have enabled the identification of these subtypes and the development of diagnostic and 

prognostic tools to guide clinical decision-making. These tools, such as the Oncotype Dx, 

Breast Cancer Index, and PAM50 Risk of Recurrence score, provide valuable information for 

personalised treatment approaches and risk assessment (Yersal, 2014; Prat et al., 2015). 

Both molecular and histological subtypes of breast cancer have important implications 

for diagnosis, treatment, and prognosis. Understanding the molecular and histological 

characteristics of a breast cancer tumour can help determine the appropriate course of treatment 

and provide valuable information about the likelihood of recurrence (Table 1.1). 
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Table 1.1 

Molecular/intrinsic subtypes of breast cancers  
adapted from Feng et al (Feng et al., 2018) 

Subtypes Molecular 
Signatures Characteristics Treatment optionsa 

Luminal A ER+, PR±, HER2-, 
Low Ki67 

∼70%, Most common Hormonal Therapy 
Best prognosis Targeted Therapy 

Luminal B ER+, PR±, HER2±, 10%–20% Hormonal Therapy 
High Ki67 Lower survival than Luminal A Targeted Therapy 

HER2 ER-, PR-, HER2+ 5%–15% Targeted Therapy 
Triple 
Negative 

ER-, PR-, HER2- 15%–20% Limited Targeted 
Therapy More common in black women 

Diagnosed at younger age 
Worst prognosis 

Normal-like ER+, PR±, HER2-, 
Low Ki67 

Rare Hormonal Therapy 
Low proliferation gene cluster 
expression 

Targeted Therapy 

a Besides conventional surgical and non-surgical treatment. 

1.2 Molecular pathways in breast cancer 
Normal human development relies on intricate signalling pathways that facilitate 

communication between cells and their environment. These pathways, essential for regulating 

cell proliferation, survival, and migration, are often targeted by cancer cells and cancer stem 

cells (CSCs) (Sever & Brugge, 2015). Cancer arises from genetic and epigenetic changes that 

disrupt the normal controls on cell behaviour, allowing uncontrolled growth and spread. Many 

of these changes affect signalling pathways governing cell division, death, differentiation, and 

motility. For instance, activating mutations in proto-oncogenes can lead to overactivation of 

these pathways, while inactivation of tumour suppressors removes crucial inhibitors of 

signalling. Key signalling pathways involved in normal mammary gland development and 

breast cancer stem cell activities includes oestrogen receptor (ER) signalling, HER2 signalling, 

and canonical Wnt signalling. 

 Oestrogen receptor signalling and breast cancer 
Oestrogen receptors (ERs) play a crucial role in breast cancer biology, representing  

a key target for therapeutic intervention. These receptors exist in two main forms: membrane 

oestrogen receptors, primarily G protein-coupled receptors, and nuclear oestrogen receptors, 

including ERα and ERβ. ERα and ERβ function as transcription factors, modulating  

the expression of target genes upon ligand binding. Encoded by the ESR1 gene, ERα is widely 

expressed in breast tissue and is implicated in the development and progression of breast cancer. 

Similarly, ERβ, encoded by the ESR2 gene, exhibits distinct but overlapping functions with 
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ERα, contributing to the regulation of breast cancer growth and survival (Cheskis et al., 2007; 

V. Kumar et al., 1987; Renoir et al., 2013) 

Structurally, ERα and ERβ share common features, including six functional domains 

with varying degrees of similarity. Notably, the DNA-binding domain (DBD) facilitates  

the interaction between ER dimers and oestrogen response elements (EREs) within  

the promoter regions of target genes. This interaction initiates a cascade of events leading to 

the transcriptional activation or repression of genes involved in cell proliferation, 

differentiation, and survival (Figure 1.10) (Cheskis et al., 2007; Renoir et al., 2013). 

 
Figure 1.10  Oestrogen receptor signalling (Feng et al., 2018) 

In addition to the classical ERE-dependent pathway, ERs can regulate gene expression 

through ERE-independent mechanisms, involving a complex interplay of co-activators and  

co-repressors. These molecular interactions modulate ER-mediated transcriptional activity and 

contribute to the diverse biological functions of ERs in breast cancer. Notably, BRCA1,  

a tumour suppressor gene frequently mutated in hereditary breast ovarian cancer, plays a critical 

role in regulating ERα signalling. Loss of BRCA1 function can disrupt the balance between ERα 

and its co-regulators, leading to aberrant oestrogen signalling and promoting breast cancer 

development (Fan et al., 1999, 2001; Fuentes & Silveyra, 2019). 

ERα-driven signalling pathways are implicated in various aspects of breast cancer 

progression, including tumour growth, metastasis, and therapy resistance. One  

well-characterised mechanism by which ERα promotes tumour growth is through its interaction 

with cyclin D1, a key regulator of cell cycle progression. Cyclin D1 activates cyclin-dependent 



 

26 

kinases (CDKs) 4 and 6, facilitating cell cycle entry and promoting cell proliferation (Cicatiello 

et al., 2004; Said et al., 1997). The cross talk between ERα and cyclin D1 pathways underscores 

the complexity of oestrogen signalling in breast cancer and highlights potential therapeutic 

targets for intervention. 

Moreover, the role of ER isoforms, particularly ERα36, in breast cancer pathogenesis is 

gaining attention. ERα36, a truncated isoform of ERα, has been associated with aggressive 

tumour phenotypes and poor prognosis in breast cancer patients. Its aberrant expression can 

modulate the response to endocrine therapy, contributing to treatment resistance and disease 

progression. Understanding the distinct functions of ER isoforms and their implications for 

breast cancer biology may provide insights into novel therapeutic strategies and personalised 

treatment approaches for ER-positive breast cancer patients (Thiebaut et al., 2020). 

 HER2 signalling and breast cancer 
Human epidermal growth factor receptors (EGFRs), including HER1, HER2, HER3 and 

HER4, constitute a family of tyrosine kinase receptors present in both normal tissues and 

various cancer types. Among them, human epidermal growth factor receptor-2 (HER2) is a key 

member, functioning as a receptor tyrosine kinase with distinct structural domains:  

an extracellular ligand-binding domain, a transmembrane domain, and an intracellular domain. 

The constitutive activity of HER2 allows it to form dimers with other molecules, influencing 

multiple cellular functions through various pathways (Roskoski, 2014; Sergina & Moasser, 2007). 

Upon ligand binding, HER2 undergoes dimerisation, leading to phosphorylation of 

tyrosine residues in its intracellular domain and subsequent activation of downstream signalling 

pathways like the mitogen-activated protein kinase (MAPK) and phosphatidylinositol  

4,5-bisphosphate 3-kinase (PI3K) pathways (Figure 1.11), heavily implicated in breast 

tumorigenesis (Burgess, 2008; Mayer & Arteaga, 2016) . 

Amplification of HER2 is observed in various human breast cancer cell lines, resulting 

in HER2 protein overexpression, which drives tumour cell proliferation and cancer progression 

(Cheng, 2024; Iqbal & Iqbal, 2014; Slamon et al., 1987). Targeted therapies have been 

developed to bind specific molecules in these signalling pathways, offering effective treatment 

for appropriately selected patients. Recent studies have unveiled novel mechanisms underlying 

HER2-driven tumorigenesis, including the influence of intermediary factors like MED1 and its 

association with inflammation and cancer stem-like cell expansion. Additionally, epigenetic 

mechanisms such as DNA methylation and histone modifications play a role in regulating 

HER2 expression (Singla et al., 2017). 
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HER2 status, determined through immunohistochemistry (IHC) or fluorescent in situ 

hybridisation (FISH), identifies patients who may benefit from HER2-targeted therapies, such 

as monoclonal antibodies or tyrosine kinase inhibitors (TKIs). These treatments have 

significantly improved the prognosis of patients with HER2-positive neoplasms (Romond  

et al., 2005; Untch et al., 2018). However, breast cancer cells expressing HER2 are more prone 

to metastasis, highlighting the importance of HER2 testing in selecting appropriate patients for 

targeted therapy (Schwartz & Erban, 2017). Progesterone-induced paracrine signals may induce 

migration in early primary tumour cells, activating mammary stem cells, consistent with  

the stem-cell-like qualities stimulated by HER2. 

HER2 molecular analysis has become integral in the diagnostic work-up of breast cancer 

patients, aiding in the selection of targeted therapies. As research continues to elucidate  

the complex interplay between HER2 signalling and breast cancer progression, further 

advancements in targeted therapies and diagnostic strategies are anticipated to improve patient 

outcomes and treatment specificity (Hosseini et al., 2016; Nwabo et al., 2014; Schwartz & 

Erban, 2017). 

Human epidermal growth factor receptors (EGFRs), including HER1 to HER4, 

constitute a family of tyrosine kinase receptors present in both normal tissues and various cancer 

types. Among them, human epidermal growth factor receptor-2 (HER2/NEU, c-ERBB2) is  

a key member, functioning as a receptor tyrosine kinase with distinct structural domains:  

an extracellular ligand-binding domain, a transmembrane domain, and an intracellular domain. 

The constitutive activity of HER2 allows it to form dimers with other molecules, influencing 

multiple cellular functions through various pathways. Upon ligand binding, HER2 undergoes 

dimerisation, leading to phosphorylation of tyrosine residues in its intracellular domain and 

subsequent activation of downstream signalling pathways like the mitogen-activated protein 

kinase (MAPK) and phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K) pathways, heavily 

implicated in breast tumorigenesis (Gutierrez & Schiff, 2011). 

Amplification of HER2 is observed in various human breast cancer cell lines, resulting 

in HER2 protein overexpression, which drives tumour cell proliferation and cancer progression. 

Targeted therapies have been developed to bind specific molecules in these signalling 

pathways, offering effective treatment for appropriately selected patients. Recent studies have 

unveiled novel mechanisms underlying HER2-driven tumorigenesis, including the influence of 

intermediary factors like MED1 and its association with inflammation and cancer stem-like cell 

expansion. Additionally, epigenetic mechanisms such as DNA methylation and histone 

modifications play a role in regulating HER2 expression (Feng et al., 2018). 
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HER2 status, determined through immunohistochemistry (IHC) or fluorescent in situ 

hybridisation (FISH), identifies patients who may benefit from HER2-targeted therapies, such 

as monoclonal antibodies or tyrosine kinase inhibitors (TKIs). These treatments have 

significantly improved the prognosis of patients with HER2-positive neoplasms. However, 

breast cancer cells expressing HER2 are more prone to metastasis, highlighting the importance 

of HER2 testing in selecting appropriate patients for targeted therapy. Progesterone-induced 

paracrine signals may induce migration in early primary tumour cells, activating mammary 

stem cells, consistent with the stem-cell-like qualities stimulated by HER2 (Feng et al., 2018). 

HER2 molecular analysis has become integral in the diagnostic work-up of breast cancer 

patients, aiding in the selection of targeted therapies. As research continues to elucidate  

the complex interplay between HER2 signalling and breast cancer progression, further 

advancements in targeted therapies and diagnostic strategies are anticipated to improve patient 

outcomes and treatment specificity (Cheng, 2024). 

 
Figure 1.11  HER2 signalling (Feng et al., 2018) 
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 Other signalling pathways affected in breast cancer 
Besides dysregulated pathways discussed previously, there are many other pathways 

which if dysregulated, can significantly impact normal mammary development and contribute 

to breast cancer progression. Among these pathways are Cyclin dependent kinases (CDKs), 

Notch signalling, Sonic Hedgehog (SHH) signalling, Breast tumour kinase (BRK), 

PI3K/AKT/mTOR pathway and many others (Kamdje, 2014) 

CDKs, which regulate cell cycle progression, are overexpressed in breast cancer, with 

cyclin D1 amplification observed in more than 50 % of cases (Casimiro et al., 2012). Oestrogen 

utilises cyclin D1 to exert its mitogenic effects, and high tumour expression of cyclin D1, along 

with overexpression of HER2, is associated with reduced recurrence-free survival and 

tamoxifen responsiveness (Ahlin et al., 2017). Oral CDK4/6 inhibitors have shown promise in 

inhibiting cell cycle progression, particularly in ER-positive cell lines (Murphy & Dickler, 

2015; Wang et al., 2024) 

Notch signalling, involving Notch receptors and ligands, plays a role in breast cancer 

pathogenesis. Aberrant activation of Notch signalling is a common feature in breast cancer, 

evidenced by increased NICD (Notch intracellular domain) accumulation and target gene 

expression observed in various breast cancer cell lines and primary samples (Mittal et al., 2009; 

Stylianou et al., 2006; Weijzen et al., 2002). Notably, overexpression of Notch receptors and 

ligands is prevalent in breast tumours and correlates with poorer patient prognosis (Reedijk  

et al., 2005). Dysregulation of Notch signalling is particularly seen in the triple-negative breast 

cancer (TNBC) subtype, where Notch receptor overexpression is associated with its aggressive, 

metastatic, and therapy-resistant phenotype (Zhong et al., 2016; Giuli et al., 2019). Specifically, 

Notch4 expression is notably elevated in TNBC, with one study reporting its presence in 55.6 % 

of TNBC samples compared to only 25.5 % of ER+ samples (Wang et al., 2018). 

The Sonic Hedgehog (SHH) signalling pathway plays a critical role in embryonic tissue 

patterning and organ development. In breast cancer, dysregulation of the SHH pathway has 

been implicated in tumorigenesis and disease progression (Jiang & Hui, 2008). SHH signalling 

is involved in organizing cell growth and differentiation during mammary gland development. 

Disruption of downstream targets of the SHH pathway, such as Patched homolog-1 (PTCH-1) 

or glioma-associated oncogene-2 (GLI-2), can lead to defects in ductal morphogenesis (Jiang 

& Hui, 2008). Moreover, aberrant activation of SHH signalling has been associated with 

invasive breast cancer phenotypes and poor prognosis (Jeng et al., 2013). Higher expression 

levels of SHH and its downstream targets have been correlated with increased breast cancer 

invasiveness (Doheny et al., 2020). 
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Breast tumour kinase (BRK) is a non-receptor tyrosine kinase that is commonly 

overexpressed in about 60–85 % of human breast carcinomas. This overexpression is not 

observed in normal mammary glands or benign lesions, underscoring its significance in breast 

cancer pathology. Studies have demonstrated that BRK plays a crucial role in promoting cell 

proliferation and migration in breast cancer cells (Barker et al., 1997; Miah et al., 2012). 

Depletion of BRK has been shown to impair epidermal growth factor receptor  

(EGFR)-regulated signalling pathways, suggesting that BRK is intricately involved in 

mediating EGFR signalling cascades that contribute to breast cancer progression (Li et al., 

2012). The inhibition or downregulation of BRK activity may therefore represent a promising 

therapeutic strategy for attenuating breast cancer cell growth and metastasis.  

The PI3K/AKT/mTOR pathway is a crucial signalling cascade involved in regulating 

various cellular processes, including cell growth, proliferation, survival, and metabolism. 

Dysregulation of this pathway has been implicated in the development and progression of breast 

cancer (Hoxhaj & Manning, 2020). Oncogenic pathogenic variants in phosphatidylinositol  

3-kinase (PI3K), particularly PIK3CA mutations are frequently observed in breast cancer and 

can lead to the dedifferentiation of mammary progenitor cells, facilitating tumorigenesis 

(deGraffenried et al., 2004; Isakoff et al., 2005) . Hyperactivation of AKT and subsequent 

mTOR activation downstream of PI3K signalling contribute to resistance to endocrine therapies 

and poor clinical outcomes in breast cancer patients (Pérez-Tenorio & Stål, 2002). Activation 

of AKT is associated with reduced response rates to endocrine therapy and worse overall 

survival. Therefore, targeting the PI3K/AKT/mTOR pathway represents a promising 

therapeutic strategy for breast cancer treatment, with ongoing research focused on developing 

inhibitors and combination therapies to effectively disrupt aberrant signalling in breast cancer 

cells and improve patient outcomes. 

Understanding these signalling pathways and their interactions provides valuable 

insights into breast cancer biology and potential therapeutic targets for improving patient 

outcomes. 

 DNA repair mechanisms and double strand breaks 
Double-strand breaks (DSBs) are a type of DNA damage that can occur spontaneously 

or be caused by exposure to environmental factors such as ionizing radiation or certain types of 

chemotherapy drugs. DSBs can lead to genetic mutations, chromosomal rearrangements, and 

ultimately, cancer. In order to repair DSBs, cells have evolved several mechanisms, one of 

which is homologous recombination (HR) (Jackson & Bartek, 2009). 
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HR is a high-fidelity DNA repair pathway that uses a homologous DNA molecule as  

a template to repair DSBs. The process of HR is initiated when a DSB is recognised by  

the MRN complex, which recruits ATM and ATR kinases to the site of damage. The ATM and 

ATR kinases phosphorylate downstream targets, leading to the activation of several HR factors, 

including BRCA1 and BRCA2. These proteins facilitate the resection of the broken DNA ends, 

allowing for the invasion of a homologous DNA molecule and the formation of a joint molecule. 

The joint molecule is then processed and resolved, resulting in the repair of the DSB 

(Symington & Gautier, 2011).  

 BRCA1 and BRCA2 genes in breast cancer development  
BRCA1 and BRCA2 genes are important in the pathogenesis of breast cancer. Allelic 

variants in these genes are associated with a high risk of developing breast and ovarian cancer. 

BRCA1 and BRCA2 are tumour suppressor genes that encode proteins involved in DNA repair 

through the homologous recombination pathway (Kuchenbaecker et al., 2017; Lord & 

Ashworth, 2012). 

BRCA1 allelic variants are linked to an increased risk of developing triple-negative 

breast cancer, which is a more aggressive subtype of breast cancer that lacks oestrogen, 

progesterone, and HER2 receptors. Studies have shown that BRCA1-mutated breast tumours 

have distinct molecular characteristics, including high-grade histology, high proliferation rate, 

and frequent TP53 allelic variant (Arimura et al., 2024; Colomer et al., 2024; Manié et al., 

2009). Transcriptomic profiling of TNBCs has identified the upregulation of genes involved in 

cell proliferation, metastasis, and epithelial-to-mesenchymal transition (EMT), such as MMP9 

and ZEB1 (Jang et al., 2015; Kalavska et al., 2020; Maturi et al., 2018). These molecular 

characteristics contribute to the high metastatic potential and aggressive behaviour of TNBC. 

BRCA1 mutated tumours also might display a high tumour mutational burden (TMB) and is 

associated with increased expression of immune checkpoints like PD-1 and PD-L1 (Vugt & 

Parkes, 2022), which suggests that these patients might benefit from checkpoint blockade 

therapies in combination with chemotherapy.  

In addition, BRCA1-mutated tumours have been found to be more sensitive to 

chemotherapy, particularly platinum-based agents (Tutt et al., 2010). 

BRCA2 allelic variant are also associated with an increased risk of developing breast 

cancer, although the risk is not as high as that associated with BRCA1 allelic variant. BRCA2 

allelic variant are more commonly associated with the development of oestrogen  

receptor-positive breast cancer (Ford et al., 1998; Vidarsdottir et al., 2023). Similar to  

BRCA1-mutated tumours, BRCA2-mutated tumours also have distinct molecular 
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characteristics, including a high frequency of TP53 allelic variant and genomic instability  

(Nik-Zainal et al., 2016). Unlike BRCA1-mutated tumours, however, BRCA2-mutated tumours 

have been found to be less sensitive to platinum-based chemotherapy (Chen et al., 2023). 

BRCA1 and BRCA2 pathogenic variant have important implications for the treatment 

and management of breast cancer. Women with a known BRCA1 or BRCA2 pathogenic variants 

may be offered risk-reducing mastectomy or oophorectomy to reduce their risk of developing 

breast and ovarian cancer (Bertozzi et al., 2023; Rebbeck et al., 2009). In addition, BRCA1 and 

BRCA2 allelic variant may also impact treatment decisions for breast cancer. For example, 

women with BRCA1-mutated tumours may be more likely to benefit from platinum-based 

chemotherapy, while women with BRCA2-mutated tumours may not (Byrski et al., 2009; Chen 

et al., 2023; Tutt et al., 2010). 

Testing for BRCA1 and BRCA2 allelic variant is now widely available and 

recommended for women with a family history of breast and ovarian cancer or those diagnosed 

with breast cancer at a young age. In addition, genetic testing may also be recommended for 

men with a family history of breast cancer, as BRCA1 and BRCA2 allelic variant can also 

increase the risk of developing male breast cancer (Dubsky et al., 2024) . 

 BRCA1 and BRCA2 gene pathogenic variants in Latvian population 
Maksimenko et al. examined a small, founder-negative, high-risk Latvian cohort with  

a 26-gene panel and found pathogenic and likely pathogenic variants in 44 % of probands  

(6 in BRCA1 and 1 in BRCA2), several of which were novel for the Latvian population, in that 

way demonstrating the added yield of multigene testing beyond the three common BRCA1 

founder variants (Maksimenko et al., 2018). Complementing this, Loza et al. screened 9,543 

individuals for BRCA1 founder variants and then sequenced 164 founder-negative, high-risk 

cases by NGS, identifying pathogenic/likely pathogenic BRCA1/2 variants in 26.8 % and 

describing a recurrent BRCA1 c.5117G>A (p.Gly1706Glu) variant. The authors suggest 

expanding local testing strategies in appropriate patients (Loza et al., 2021). Together, these 

Latvian data support international practice that early identification of germline BRCA1/2 

variants informs surveillance and risk-reduction and, in eligible HER2-negative breast cancer 

patients, can guide targeted therapy with PARP inhibitors.  

1.3 Breast cancer treatment options 
Breast cancer is treated in different ways and treatment is tailored for each patient 

individually based on tumour subtype, stage and molecular characteristics. Surgery still remains 

the main strategy for local disease management, from lumpectomy to mastectomy, which is 
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often combined with lymph node biopsy or axillary dissection in order to access regional spread 

of diseases (Moo et al., 2018).  

Breast cancer molecular subtypes play essential role in treatment decisions because 

different subtypes respond differently to various therapeutic approaches. Luminal A and B 

breast cancers, which express oestrogen and/or progesterone receptors, are generally treated 

with endocrine therapy, such as tamoxifen or aromatase inhibitors. These agents work by 

blocking oestrogen’s effect cancer cells, reducing tumour growth and recurrence. Additionally, 

chemotherapy may also be recommended for some patients with luminal breast cancer, 

depending on factors such as tumour size, lymph node involvement, and patient age  

(Loibl et al., 2024; Mohammed, 2021) 

HER2-enriched breast cancer, which overexpresses the HER2 protein, may be treated 

with various HER2-targeted therapies that have been developed over time. These include 

monoclonal antibodies like pertuzumab and margetuximab, trastuzumab-based antibodies-drug 

conjugates such as T-DM1 and T-DXd, as well as tyrosine kinase inhibitors including lapatinib 

and tucatinib among other options. These drugs specifically target HER2-positive cancer cells 

and can improve survival rates in patients with HER2-positive breast cancer. These targeted 

therapies have revolutionised treatment landscape for HER2-positive breast cancer by 

improving outcomes and reduced recurrence when used in combination with standard 

chemotherapeutic regimens (Mercogliano et al., 2023).  

Triple-negative breast cancer (TNBC) poses significant treatment challenges due to 

molecular heterogeneity and aggressive behaviour. This tumour type lacks expression of 

oestrogen, progesterone and HER2 receptors, and it is generally treated with systemic 

chemotherapy as primary treatment option with agents such as anthracyclines and taxanes 

administered in both – neoadjuvant and adjuvant settings (Obidiro et al., 2023). Chemotherapy 

remains the first-line approach due to the unavailability of endocrine or HER2-targeted 

therapies, however, other options exist such as immunotherapy, radiotherapy and surgery. 

Recent advances indicate that PARP inhibitors show promise by exploiting deficiencies in 

DNA repair mechanisms, particularly in tumours with BRCA allelic variants (Dibitetto et al., 

2024; Lord & Ashworth, 2017). Furthermore, immunotherapy agents are increasingly being 

studies and integrates into treatments regiments by offering potential benefits for patients with 

high tumour mutation burden (Kwa & Adams, 2018).  

Treatment decisions are complex and highly individualised. Apart from molecular 

subtypes there are other factors that play significant role in determining the most appropriate 

treatment plan, such as tumour size, location, extent of lymph node involvement. Some patients 

may benefit from combination of surgery, radiotherapy and systemic agents in order to treat 



 

34 

both – local and systemic diseases. Other patients may benefit from more conservative approach 

based on their risk profile and treatment tolerance. 

Moreover, ongoing advances in molecular diagnostics and transcriptomic profiling are 

helping clinicians to refine and tailor treatment strategies. Healthcare teams can identify 

biomarkers that predict treatment responses and tailor therapies accordingly by integrating and 

analysing detailed gene expression data with clinical parameters. This personalised approach 

not only maximises therapeutic efficacy but also minimises unnecessary toxicity in that way 

improving patient outcomes.  

1.4 Triple negative breast cancer 
Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer 

characterised by the absence of oestrogen receptor (ER), progesterone receptor (PR), and 

human epidermal growth factor receptor 2 (HER2) expression (Aysola et al., 2012; Pal et al., 

2011). TNBC accounts for approximately 15–20 % of all breast cancer cases and occurs more 

frequently in younger women, individuals of African ancestry, and carriers 

of BRCA1 pathogenic (Boyle, 2012; Sporikova et al., 2018). Although the precise causes of 

TNBC are not fully understood, both genetic and environmental factors are known to contribute 

to its development (Fabbri et al., 2020; Suba, 2014). Several genetic alterations have been 

identified that increase the risk of TNBC, including variants in BRCA1, BRCA2, and TP53. 

More than 75 % of women with BRCA1 related breast cancer develop the TNBC subtype 

(Bayraktar et al., 2011; Choi et al., 2023). Pathogenic variants in TP53 are also associated with 

a higher risk of TNBC, reflecting the gene’s crucial role in regulating cell growth and 

maintaining genomic stability (Arimura et al., 2024).  

In addition to genetic predisposition, environmental exposures may influence TNBC 

risk. Studies have shown that contact with endocrine-disrupting compounds such as bisphenol 

A (BPA), bisphenol P (BPP), and bisphenol M (BPM)can increase TNBC risk (Liu et al., 2023; 

Zhang et al., 2016). Similarly, exposure to ionizing radiation, including chest radiotherapy for 

Hodgkin lymphoma, has been linked to an elevated likelihood of developing TNBC (Horst  

et al., 2014).  

Clinically, TNBC presents major therapeutic challenges due to its aggressive behaviour 

and lack of responsiveness to conventional targeted treatments. Unlike other breast cancer 

subtypes, TNBC does not respond to endocrine or HER2-targeted therapies, 

making chemotherapy the primary systemic treatment option. Standard regimens typically 

include anthracycline and taxane based agents, which are administered in both adjuvant and 

neoadjuvant settings. In recent years, platinum-based compounds such as carboplatin and 
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cisplatin have seen increasing use, as growing evidence shows that they can enhance 

pathological complete response (pCR) rates, particularly in tumours with BRCA1/2 alterations 

or homologous recombination repair deficiency (Poggio et al., 2018).  

Beyond conventional chemotherapy, treatment strategies for TNBC are being reshaped 

by molecularly targeted and immune-based approaches. PARP inhibitors have emerged as  

an important therapeutic class, especially for patients carrying germline or somatic BRCA1/2 

pathogenic variants. By exploiting the defective DNA repair pathways characteristic of these 

tumours, PARP inhibition induces synthetic lethality, leading to selective tumour cell death 

while sparing normal cells (Dibitetto et al., 2024; Lord & Ashworth, 2017).  

At the same time, immunotherapy has revolutionised TNBC treatment. The PD-1 

inhibitor pembrolizumab, when administered with chemotherapy, has demonstrated significant 

clinical benefit in high-risk, early-stage TNBC. Findings from the KEYNOTE-522 

trial revealed substantial improvements in both pathological complete response and event-free 

survival, resulting in its incorporation into current clinical guidelines for use in neoadjuvant and 

adjuvant treatment regimens (Schmid et al., 2022). These advances illustrate an ongoing shift 

from uniform chemotherapy-based management towards biomarker-based precision therapy 

aimed at improving long-term outcomes in TNBC. 

In conclusion, TNBC remains an aggressive breast cancer subtype with complex genetic 

and environmental determinants. Pathogenic variants in BRCA1, BRCA2, and TP53 increase 

susceptibility, while environmental exposures may further contribute to disease onset. 

Chemotherapy remains basis of treatment. However, emerging targeted and immune 

based therapies such as PARP inhibitors and immune checkpoint inhibitors, are showing 

considerable promise. Ongoing research continues to emphasise the need for robust molecular 

biomarkers capable to predict treatment response and identifying therapeutic vulnerabilities.  

By characterizing the unique gene expression and mutational landscapes of TNBC, researchers 

are uncovering the mechanisms underlying its aggressiveness and therapy resistance. Such 

insights pave the way for more refined personalised treatment strategies and improved patient 

outcomes (Kudelova et al., 2022).  

1.5 Molecular breast cancer biomarkers 

 Mutational signature 
Mutational signatures are distinctive patterns of somatic mutations that reflect  

the underlying DNA damage and repair processes active during the development and 

progression of breast cancer (BC). These signatures are identified through comprehensive 

genomic sequencing and bioinformatics analyses, this enables researchers to uncover molecular 
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mechanisms driving different BC subtypes. Each mutational signature is characterised by  

the type, context, and distribution of pathogenic variants across the genome, providing valuable 

insights into the etiological factors and biological pathways implicated in tumorigenesis 

(Alexandrov et al., 2013). 

Different BC subtypes exhibit unique mutational signatures that correlate with their 

distinct biological behaviours and clinical outcomes. For instance, TNBC often display 

signatures associated with homologous recombination deficiency (HRD), frequently linked to 

allelic variants in BRCA1 and BRCA2 genes. These HRD-related signatures indicate affected 

ability to repair double-strand DNA breaks, leading to genomic instability and increased 

mutation rates (Nik-Zainal et al., 2016). In contrast, luminal subtypes, such as luminal A and 

luminal B, typically exhibit mutational signatures related to hormone-driven proliferation and 

specific DNA repair deficiencies, reflecting their reliance on oestrogen receptor signalling and 

associated regulatory mechanisms (Puppe et al., 2020). 

The identification of mutational signatures has significant clinical implications, 

particularly in the area of precision oncology. Understanding the mutational landscape of BC 

subtypes facilitates the development of targeted therapies tailored to the specific genetic 

alterations present in a tumour. For example, TNBCs with HRD signatures are more likely to 

respond to PARP inhibitors, which uses the defective DNA repair pathways to induce synthetic 

lethality in cancer cells (Helleday, 2011). Additionally, mutational signatures can serve as 

prognostic biomarkers, correlating with patient survival rates and the likelihood of disease 

recurrence, thereby informing treatment decisions and therapeutic strategies (Alexandrov et al., 

2013).  

Furthermore, mutational signatures provide valuable insights into historical exposures 

to mutagens, such as ionizing radiation or tobacco carcinogens, contributing to the etiological 

understanding of BC. This information is crucial for identifying risk factors and developing 

preventive measures which can reduce incidence of specific BC subtypes. As research 

advances, the integration of mutational signature analysis with other omics data, including 

transcriptomics and proteomics, promises to enhance the comprehensive molecular 

characterisation of breast cancer, ultimately leading to improved diagnostic accuracy, 

personalised treatment plans, and better patient outcomes (Bailey et al., 2018). 

 Transcriptome in breast cancer research 
Transcriptomics, the comprehensive study of RNA transcripts produced by the genome, 

has become an important area of breast cancer (BC) research, providing deep insights into gene 

expression patterns and how these patterns drive tumour development, progression, and 
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heterogeneity. While genomics focuses on static DNA alterations, transcriptomics analyses  

the real-time functional state of cells by examining RNA expression profiles, thereby clarifying 

how genetic information is translated into cellular behaviour. This approach is crucial for breast 

cancer, a highly heterogeneous disease with distinct molecular subtypes that require precise 

molecular classification for effective patient management. 

Gene expression refers to the process by which genetic information is used to synthesise 

proteins, the building blocks of cells. RNA expression patterns are pivotal in the development 

and progression of breast cancer. Altered RNA expression can lead to changes in cellular 

behaviours such as proliferation, differentiation, and survival, driving processes like tumour 

growth, metastasis, and therapy resistance (Ciriello et al., 2013; Shi et al., 2024). Studies have 

identified dysregulated pathways in breast cancer, including those involved in cell cycle 

regulation, DNA repair, and cell signalling (Ortega et al., 2020). For instance, overexpression 

of HER2 is associated with aggressive BC subtypes, while reduced expression of the tumour 

suppressor gene BRCA1 is linked to both sporadic and inherited forms of the disease (Mavaddat 

et al., 2012). 

Transcriptomics provides a comprehensive view of the molecular pathways that 

characterise different BC subtypes by examining RNA profiles from tumour tissues. These 

include luminal A, luminal B, HER2-positive, and triple-negative breast cancer (TNBC).  

Each subtype displays unique clinical features and therapeutic responses, making precise 

molecular classification essential for effective patient management This approach, which is 

based on data analysis, enhances our understanding of tumour biology and plays a critical role 

in the discovery of biomarkers – specific genes or gene signatures that can predict patient 

outcomes, assess therapy responses, and guide targeted treatment strategies (Nolan et al., 2023). 

Advances in transcriptomic technologies, such as RNA sequencing, have facilitated  

the identification of differentially expressed genes (DEGs) with exceptional accuracy, 

providing insights into the distinct molecular features of breast cancer. Aberrant gene 

expression during BC progression underscores the need for actionable molecular markers. 

Recent studies have highlighted several genes as potential diagnostic, prognostic, and 

therapeutic targets, emphasizing the importance of identifying effective gene signatures for 

tailoring therapies, particularly for high-risk patients. These findings contribute to  

the development of innovative diagnostic tools and personalised treatments, advancing 

precision oncology and improving patient outcomes (Rosati et al., 2024). 
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 Differential gene expression  
A key application of transcriptomics in cancer research, including breast cancer, is  

the identification of differentially expressed genes (DEGs). These DEGs exhibit significant 

changes in expression levels between cancerous and normal tissues or among different breast 

cancer subtypes. Differential gene expression analysis provides insights into the molecular 

mechanisms driving tumorigenesis, progression and heterogeneity, which is helpful in 

diagnostics, prognostics and therapeutic strategy (Tuly et al., 2023).  

Differential gene expression reveals specific expression patterns associated with 

molecular subtypes of breast cancer and is helping to define molecular characteristics of 

specific breast cancer types, such as triple-negative breast cancer (TNBC) or hormone  

receptor-positive subtypes. Transcriptomic data also enable the classification of breast cancer 

into subtypes like luminal A, luminal B, HER2-positive, and TNBC, each distinguished by 

specific clinical features and therapeutic outcomes (Perou et al., 2000; Shan et al., 2024).  

For examples, luminal subtypes typically exhibit high expression of hormone receptor genes 

like ESR1 (oestrogen receptor) and PGR (progesterone receptor), which are linked to hormone 

driven proliferation and better prognosis. Whereas TNBC is characterised by the absence of 

oestrogen, progesterone, and HER2 receptors, and interestingly they often show upregulation 

of genes involved in cell proliferation, metastasis and DNA repair deficiencies (Hu et al., 2024). 

Altered RNA expression patterns are associated with changes in cellular behaviour, 

including proliferation, survival, and metastasis. For example, overexpression of the oncogene 

HER2 is linked to aggressive breast cancer phenotypes, while reduced expression of BRCA1/2 

has been tied to both inherited and sporadic forms of the disease. Advances in RNA sequencing 

technologies now allow researchers to analyse these patterns with high precision, facilitating 

the discovery of novel diagnostic, prognostic, and predictive biomarkers. These findings are 

driving the development of innovative diagnostic tools and personalised therapeutic strategies, 

improving patient outcomes and advancing the field of precision oncology. 

 Pathway enrichment analysis 
Once the differentially expressed genes (DEGs) have been identified between two 

groups of samples, pathway enrichment analysis can be used to explore the biological pathways 

significantly associated with these genes. This computational method highlights pathways or 

processes that are enriched in DEGs or are closely linked to specific samples or diseases.  

Pathway enrichment analysis offers multiple benefits in biomarker identification and 

validation. It aids in in potential biomarkers identification by pinpointing genes that are 

overrepresented in particular pathways. Furthermore, it helps validating the biological 

importance of these genes by examining their roles within the enriched pathways, followed by 
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analysing their interactions at the protein level. This analysis also connects gene expression 

changes to specific diseases, therefore providing insights into potential disease markers and 

uncovering new therapeutic targets (Rosati et al., 2024).  

For examples, in a study by Chen et al. (Chen et al., 2021) pathway enrichment analysis 

was employed to explore the biological functions of differentially expressed genes (DEGs) in 

breast cancer. The results showed that upregulated DEGs were notably associated with 

pathways such as p53 signalling, progesterone-mediated oocyte maturation, protein 

degradation, and cellular uptake processes. In contrast, downregulated DEGs were primarily 

linked to pathways like AMP-activated protein kinase (AMPK), adipocytokine, and peroxisome 

proliferator-activated receptor (PPAR) signalling. Through protein–protein interaction (PPI) 

network analysis, researchers identified 12 genes associated with breast cancer prognosis. Their 

findings highlighted the critical roles these pathways and genes play in the progression and 

outcomes of the disease. The study offered valuable insights into the molecular mechanisms 

driving breast cancer and underscored the potential of these genes and pathways as prognostic 

biomarkers and therapeutic targets, leading way for future research and clinical applications. 

 Transcriptomics in Biomarker discovery 
Transcriptomic studies have significantly deepened understanding of the molecular 

landscape of breast cancer, revealing novel biomarkers and therapeutic targets. In particular, 

transcriptomic profiling in TNBC has uncovered the upregulation of genes involved in cell 

proliferation, metastasis, and epithelial-to-mesenchymal transition (EMT) (Grasset et al., 

2022). For example, expression of matrix metalloproteinase 9 (MMP9) is associated with 

absence neoadjuvant chemotherapy response in this aggressive breast cancer subtype 

(Błaszczak et al., 2025; Kalavska et al., 2020; Lejeune et al., 2023). 

TNBC is also frequently associated with homologous recombination deficiencies 

(HRD), often linked to BRCA1/2 allelic variants. This deficiency not only results in  

the upregulation of DNA repair genes such as RAD51 but also renders tumours particularly 

vulnerable to DNA-damaging agents, including platinum-based chemotherapies and poly 

(ADP-ribose) polymerase (PARP) inhibitors (Llop-Guevara et al., 2021). In BRCA1/2-deficient 

tumours, the heightened activity of DNA damage response pathways creates a context for 

synthetic lethality, which PARP inhibitors effectively exploit (Helleday, 2011). Moreover, 

breast cancers harbouring BRCA1 allelic variants often exhibit increased PD-L1 and PD-1 

expression along with enhanced immune cell infiltration. This immunogenic profile not only 

supports the potential efficacy of immune checkpoint inhibitors but also provides a rationale 
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for integrating these agents with conventional treatments to achieve synergistic therapeutic 

effects (Han et al., 2023). 

Apart from protein-coding genes, transcriptomics has highlighted the critical roles of 

non-coding RNAs as biomarkers. MicroRNAs (miRNAs) such as miR-21 are consistently 

upregulated in breast cancer and have been linked to poor prognosis and chemotherapy 

resistance (Dan et al., 2021). Similarly, long non-coding RNAs (lncRNAs) like HOTAIR 

contribute to metastasis and tumour progression by altering chromatin structure and gene 

expression (Sideris et al., 2022). 

In clinical practice, comprehensive gene expression panels such as Oncotype DX and 

PAM50 have leveraged transcriptomic data to classify breast cancer into intrinsic subtypes and 

predict treatment responses. Oncotype DX, which assesses the expression of 21 genes, 

estimates the risk of recurrence and potential benefit from chemotherapy in early-stage, 

hormone receptor-positive breast cancer (Davey et al., 2022). PAM50 evaluates 50 genes to 

classify tumours into subtypes luminal A, luminal B, HER2-enriched, and basal-like – 

providing crucial prognostic information that guides personalised therapy (Kensler et al., 2019). 

Furthermore, integrating transcriptomic data with other omics layers, such as genomics 

and proteomics, enhances the identification and validation of robust biomarkers. For instance, 

combining mutational signatures with gene expression profiles can elucidate how specific 

genetic alterations influence regulatory networks and therapeutic responses, thereby uncovering 

novel targets for precision oncology (Rosati et al., 2024). 

These advances in biomarker discovery not only underscore the power of transcriptomic 

approaches in breast cancer biology, but also lay the groundwork for their application in routine 

clinical practice. By translating detailed molecular insights into actionable diagnostic and prognostic 

tools, transcriptomics would be able to transform patient management and therapy selection. 

 Transcriptomics potential in clinical practice 
Comprehensive study of RNA transcripts in a cell has improved out understanding of 

disease biology, including breast cancer. By uncovering gene expression patterns and molecular 

pathways driving tumour progression, transcriptomics is a powerful tool in biomarker 

identification, predicting treatment responses and developing targeted therapies. Integrating 

transcriptomics in clinical practice has huge potential for improving precision medicine and 

patient outcome.  

In breast cancer transcriptome analysis have established identification of intrinsic 

subtypes, such as luminal A, luminal B, HER2-enriched, and triple negative breast cancer.  

Each has distinct biological characteristics and treatment responses. Clinical practices also use 
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gene expression assays such as Oncotype DC and MammaPrint in order to assess recurrence risk 

and guide decisions on adjuvant chemotherapy in early-stage breast cancer(Andre et al., 2022).  

Transcriptomics also plays role in therapeutic response prediction. Tumours with 

homologous recombination deficiency (HRD) are often linked with BRCA1/2 pathogenic 

variants, and therefore exhibit specific transcriptomic signatures associated with sensitivity to 

DNA damaging agents such as platinum-based chemotherapy and poly (ADP-ribose) 

polymerase (PARP) inhibitors. Studies have shown that transcriptomics patterns reflecting 

BRCAness or HDR-related features can guide selection of PARP inhibitors for patients 

regardless of BRCA1/2 allelic variants at the same time showing similar molecular 

vulnerabilities (Oshi et al., 2022).  

Transcriptomics has also uncovered novel therapy targets. As an example, in TNBC via 

transcriptomic profiling was identified pathways like PI3K/AKT/mTOR and JAK/STAT as 

drivers of tumour growth and evasion of immune system, which allows to develop targeted 

inhibitors. Also, discovery of immune-related gene expression signatures has facilitated the use 

on immune checkpoint inhibitors in tumours with high immune activity, such as PD-L1 

expression (Serrano García et al., 2024).  

Despite the promising role of transcriptomics, its integration into routine clinical 

practice has many challenges, including high costs, complexity of data, the need for robust 

validation in diverse patient populations (Tsimberidou et al., 2022). However, technologies like 

next generation sequencing become more accessible and computational tools for data analysis 

improves over time. It is expected that transcriptomics in clinical workflow will expand offering 

hope for more precise and effective cancer care through personalised treatment strategies, 

disease progression monitoring, understanding mechanisms of resistance (Cuppen et al., 2022).  

In summary, transcriptomics has rapidly evolved into a powerful tool that has deepened 

out understanding of the molecular mechanisms driving breast cancer and it also holds promise 

for transforming clinical practice. Its capacity to identify intrinsic subtypes, predict therapeutic 

responses, and uncover novel targets underlines its potential to guide personalised treatment 

strategies. Despite current challenges like high costs, data complexity and the need to future 

validations, the accessibility of next generation sequencing and advances in bioinformatics are 

steadily bridging the gap between research and routine clinical application.  

Based on these insights our study aims to leverage transcriptomic profiling to elucidate 

the molecular landscape associated with TNBC in one part and monoallelic somatic BRCA1 

inactivation in breast cancer in second part of the study. By exploring the differential gene 

expression patterns and associated pathways in this specific context, we hope to uncover 

potential biomarkers that could improve prognosis and inform therapeutic decision-making.  
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2 Materials and methods 

2.1 Study group 
A total of 65 fresh-frozen breast cancer samples, obtained from patients diagnosed and 

surgically treated between 2012 and 2017, were collected from the tissue repository of  

the Rīga Stradiņš University Institute of Oncology (RSU IO) and the study design and workflow 

are shown in Figure 2.1. Ten patients were excluded from the analysis due to predefined 

exclusion criteria, including the presence of germline BRCA1 mutations, unconfirmed 

histopathological diagnosis, and insufficient sequencing quality. Remaining 55 patients had  

a histologically confirmed breast cancer diagnosis and had not received neoadjuvant 

chemotherapy, hormone therapy, or radiotherapy prior to surgery. Clinical data including age 

at diagnosis, therapeutic interventions, and survival outcomes, were available through medical 

reports. 

Following surgery, most patients received adjuvant chemotherapy, with or without 

hormone therapy (including trastuzumab/Herceptin) and/or radiotherapy. In some cases, 

patients received hormone therapy or radiotherapy alone or in combination. 

The obtained cancer samples were used for two main research components of this Thesis: 

1. Transcriptome profiling of TNBC – aiming to identify differentially expressed genes 

and alterations in signalling pathways associated with triple negative breast cancer vs  

non-triple-negative breast cancer (n = 19).  

2. Transcriptome profiling of tumours with monoallelic somatic BRCA1 inactivation vs 

tumours with both active BRCA1 alleles, including Kaplan-Meier survival analysis to evaluate 

the impact of BRCA1 status on event-free survival (n = 36).  

2.2 Ethics 
The study was conducted in accordance with the Declaration of Helsinki and was 

approved by the Central Medical Ethics Committee (No 1/18-09-19 (19 September 2018)). 

Informed consent was obtained from all subjects involved in the study (Annex 1; Annex 2; 

Annex 3). 
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Figure 2.1 Study design and analytical workflow 

2.3 DNA extraction and MLPA analysis 
MLPA analysis was performed on 44 breast cancer samples to detect copy number 

variations (CNVs) and promotor region methylation in the BRCA1 genes. DNA was extracted 

using the QIAamp DNA Mini Kit (Qiagen, cat no 56304), and MLPA was conducted with  

the ME001 Tumor Suppressor Probemix 1 (MRC Holland, cat no ME001-025R; supplementary 

Table 2) following the manufacturer’s protocol. Amplified products were separated by capillary 

electrophoresis using Sanger sequencing platform ABI 3500 (Thermo Fisher Scientific, 

Waltham, MA, USA) and analysed with Coffalyser software (Version: v.250317.1029). 

Samples with BRCA1 promoter deletion and/or methylation were considered to have 

monoallelic somatic BRCA1 inactivation. 
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2.4 RNA sequencing  

  Isolation of RNA 
The RNA isolation was performed using TRIzol reagent, cat.no 15596026 (Life 

Technologies, Carlsbad, CA, USA) followed by RNA purification using Direct-zolTM RNA 

MiniPrep kit, cat.no R2050 (Zymo Research, Irvine, CA, USA), according to  

the manufacturer’s instructions. The isolated RNA was stored at −80 °C until further analysis. 

The concentration of RNA was determined using Qubit 4.0 Fluorometer and Qubit RNA Assay 

kit, cat no Q32852 (Thermo Fisher Scientific/Life Technologies) and NanoDrop 2000. RNA 

quality and degradation was evaluated with Qubit RNA IQ assay kit (Thermo Fisher 

Scientific/Life Technologies) and Qubit 4.0 Fluorometer.  

  Library preparation and transcriptome sequencing 
A total of 57 tumour samples were subjected to RNA sequencing across two 

experimental groups. 21 samples for subsequent triple-negative breast cancer (TNBC) and  

non-TNBC group analysis were sequenced on the Illumina HiScanSQ platform (later during 

analysis 2 samples were excluded due to low sequencing quality), while 36 samples 

corresponding to the somatically inactivated BRCA1 and BRCA1 active groups were sequenced 

on MGI DNBSEQ-G50 and G200 platforms. 

For the Illumina workflow, cDNA libraries were prepared using the TruSeq Stranded 

mRNA Library Preparation Kit (Illumina, San Diego, USA). Library quality and fragment size 

distribution were assessed using the QIAxcel Advanced System (QIAGEN GmbH, Hilden, 

Germany) prior to sequencing. Libraries that met quality control criteria were hybridised on  

a flow cell using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, USA), and 

sequencing was performed with the TruSeq SBS Kit v3-HS according to the manufacturer’s 

instructions. 

For the MGI workflow, all 36 samples were processed using MGI reagent kits. cDNA 

libraries were constructed using the MGIEasy RNA Directional Library Prep Kit V2.1, and all 

libraries were circularised using the MGIEasy Circularisation Module. Library quality and 

fragment size distribution were assessed using the QIAxcel Advanced System (QIAGEN 

GmbH, Hilden, Germany) prior to sequencing. Sequencing was performed with  

DNBSEQ-G50RS and DNBSEQ-G200RS platforms using the DNBSEQ-G50RS or  

SNBSEQ-G200RS High-Throughput Sequencing Kits (MGI, Wuhan, China), following  

the manufacturer’s recommended protocols. 
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 Bioinformatics analysis 
Upon obtaining the raw reads, CLC Genomics Workbench (version 23.0.5, Qiagen) was 

used to assess sequencing quality (Q20 and Q30), evaluate GC content, and perform 

downstream transcriptomic analyses. High-quality reads were aligned to the reference genome 

GRCh37.p13 (hg19), gene expression levels were quantified as RPKM, and TNBC versus  

non-TNBC groups were defined based on transcriptome profiles. Differential expression 

analysis was conducted using a negative binomial generalised linear model within CLC for 19 

Illumina HiScanSQ sequenced samples and 36 MGI G50/G200 sequenced samples comparing 

monoallelically somatically inactivated BRCA1 to BRCA1-active tumours. Genes with  

a Bonferroni-adjusted p-value < 0.05 were considered significantly differentially expressed and 

subjected to further analysis. 

 Functional and pathway enrichment analysis 
GO enrichment analysis of three categories, such as biological process (BP), cellular 

component (CC) and molecular function (MF) was performed to understand biological 

functions of identified DEGs. Analysis was performed with “ToppFun” from the “ToppGene 

Suite” Gene Ontology tool, (Division of Biomedical Informatics, Cincinnati Children’s 

Hospital Medical Center, USA, https://toppgene.cchmc.org) p<0.05 was set as the threshold 

value. 

 Construction of PPI network and the identification of hub genes 
The online tool STRING (Search Tool for the Retrieval of Interacting Genes, 

https://string-db.org) (Szklarczyk et al., 2019) was utilised to develop a protein–protein 

interaction (PPI) network of selected differentially expressed genes (DEGs) with the aim of 

analysing their possible role in triple-negative breast cancer (TNBC) pathogenesis and in cancer 

with BRCA1 inactivation. Interactions were filtered using a minimum required confidence score 

of 0.4 (medium confidence), and edges were restricted to evidence derived from experimental 

data, curated databases, and co-expression. The STRING database provides information about 

predicted and experimental interactions of proteins, and only interactions with a combined score 

greater than 0.04 were considered significant and used to construct a network model, which 

was visualised using Cytoscape (version 3.8.2). Subsequently, significant functional modules 

were screened using the MCODE plug-in (Gary et al 2003) for Cytoscape, and hub genes were 

identified using Cytohubba (Chin et al 2014). The MCC and DMNC ranking methods were 

applied and their outputs compared. 
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 Target transcript validation by qPCR 
For the technical validation of target transcripts from the same cancer samples, 

complementary DNA (cDNA) was synthesised using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems™, Cat. No 4368814, Thermo Fisher Scientific, USA) 

according to the manufacturer’s recommendations. Quantitative real-time PCR (qPCR) was 

subsequently performed with TaqMan™ Gene Expression Assays (FAM-labeled, Cat. 

No 4331182, Thermo Fisher Scientific) together with the TaqMan™ Fast Advanced Master 

Mix (Cat. No 4444557, Thermo Fisher Scientific). Amplification and detection were carried 

out on the Applied Biosystems™ ViiA™ 7 Real-Time PCR System. Expression levels were 

normalised to the geometric mean of two reference genes, RPLP1 and RPL13A, and further 

analysed with Python (version 3.10.7) using scipy.stats, NumPy and Pandas libraries. 

 Survival analysis 
Survival analysis was performed using the Kaplan-Meier method to evaluate differences 

between study groups. Event-free survival was defined as the time from the date of diagnosis 

to the date of documented disease recurrence. Patients who had not experienced an event at  

the time of the last follow-up were censored at that point. Differences between groups were 

assessed using the log-rank test. Statistical analyses were conducted in R (v4.4.2) using  

the ‘survival’ package for Kaplan-Meier analysis, with log-rank tests evaluated by the Peto and 

Peto method. 

 Statistical analysis of clinical variables 
P-values were calculated using two-sided statistical tests selected according to variable 

type and data distribution. Continuous variables were compared between groups using  

the Mann–Whitney U test due to small sample sizes and non-normal distributions, while 

categorical variables were analysed using Fisher’s exact test because of small expected counts. 
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3 Results 

The study of this Thesis consists of two parts. The first part is focused on transcriptome 

analysis with the aim to reveal differentially expressed genes (DEGs) between triple negative 

breast cancer (TNBC) group and the non-TNBC group. The second part examined DEGs in 

patient samples with somatic monoallelic BRCA1 inactivation compared to those with both 

active BRCA1 alleles. 

3.1 TNBC vs non-TNBC 

 Clinical and pathological characteristics of the study groups 
Table 3.1 summarises the clinical and pathological characteristics of the TNBC study 

cohort (n = 19), stratified into TNBC (n = 5) and non-TNBC (n = 14) groups based on acquired 

RNA-seq data. The median age was lower in the TNBC group (52 years) compared with  

the non-TNBC group (65.5 years), although this difference did not reach statistical significance. 

No significant differences were detected between the groups with respect to tumour (T) stage, 

nodal (N) status, or overall clinical stage. Most tumours in both groups were classified as T2 

and clinically staged as I or II. Molecular subtype distribution reflected the expected biology: 

luminal and HER2-positive tumours were observed exclusively in the non-TNBC group, 

whereas the TNBC group consisted solely of triple-negative cases. Adjuvant treatment patterns, 

including chemotherapy, endocrine therapy, and radiotherapy, were comparable between 

groups. Trastuzumab therapy was administered only in HER2-positive non-TNBC cases, as 

expected. Although not statistically significant, overall survival tended to be lower in the TNBC 

subgroup at the last follow-up in 2025. 

Table 3.1 
Clinical characteristics of TNBC and non-TNBC groups 

Characteristics Total (n = 19) TNBC (n = 5) Non-TNBC (n = 14) p-value 
Age, median (range) 63.0 (34–85) 52.0 (39–71) 65.5 (34–85) 0.19 
T stage n (%) n (%) n (%) 1.00 

T1 7 (36.8) 2 (40.0) 5 (35.7)  

T2 10 (52.6) 3 (60.0) 7 (50.0)  

T3 2 (10.5) 0 (0.0) 2 (14.3)  

N stage n (%) n (%) n (%) 0.84 
N0 10 (52.6) 2 (40.0) 8 (57.1)  

N1 4 (21.1) 2 (40.0) 2 (14.3)  

N2 1 (5.3) 0 (0.0) 1 (7.1)  

N3 4 (21.1) 1 (20.0) 3 (21.4)  
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Table 3.1 continued 

Characteristics Total (n = 19) TNBC (n = 5) Non-TNBC (n = 14) p-value 
Clinical stage n (%) n (%) n (%) 0.92 

IA 6 (31.6) 1 (20.0) 5 (35.7)  
IIA 4 (21.1) 2 (40.0) 2 (14.3)  
IIB 4 (21.1) 1 (20.0) 3 (21.4)  

IIIA 1 (5.3) 0 (0.0) 1 (7.1)  
IIIC 4 (21.1) 1 (20.0) 3 (21.4)  

Molecular subtype* n (%) n (%) n (%) 0.07 
Luminal 10 (52.6) 2 (40.0) 8 (57.1)  

HER2-positive 7 (36.8) 1 (20.0) 6 (42.9)  
TNBC 2 (10.5) 2 (40.0) 0 (0.0)  

Adjuvant treatment n (%) n (%) n (%)  
Chemotherapy 10 (52.6) 2 (40.0) 8 (57.1) 0.63 

Endocrine therapy 7 (36.8) 2 (40.0) 5 (35.7) 1.00 
Radiotherapy 18 (94.7) 4 (80.0) 14 (100.0) 0.26 
Trastuzumab 4 (21.1) 1 (20.0) 3 (21.4) 1.00 

Overall survival (status at last 
follow-up 2025) n (%) n (%) n (%) 0.06 

Alive 10 (52.6) 1 (20.0) 9 (64.3)  
Decease 9 (47.4) 4 (80.0) 5 (35.7)  

* Based on pathology reports (from patient medical history data). 

 Transcriptome analysis  
The study included sequencing of 19 samples, yielding a median Q30 quality score of 

85.4 % and an average read count of 40 million per sample. The TNBC samples were sequenced 

at approximately 300× depth. Based on global transcriptome analysis, samples were classified 

into two distinct groups: the triple-negative breast cancer (TNBC) group, which consisted of 5 

samples with low or not identified transcripts of ER, PR, and HER2 genes, and the non-TNBC 

group, comprising the remaining 14 samples. The sequencing results identified a total of 53,854 

(DEGs). After applying Bonferroni correction (p < 0.05), 229 DEGs were statistically 

significant, including 124 genes that were downregulated and 105 genes that were upregulated 

in the TNBC group. 

 Gene ontology (GO) enrichment analysis 
Gene Ontology enrichment analysis of the 42 upregulated genes revealed significant 

associations across molecular function, biological process, and cellular component categories 

(Table 3.2). In the biological process group, 13 genes including GDF, MYF5, COL9A1, 

COL11A2, COL19A1, DLK1, EXTL1, ZIC1, ALX1, NCAN, DLX6, MMP9 and EN1 were 
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enriched in skeletal system development (p = 2.06 × 10⁻⁷). A set of 10 genes (COL9A1, MYF5, 

COL11A2, COL19A1, COL5A3, NCAN, LOXL4, LOXL3, MMP9, MIA) showed strong 

enrichment for extracellular matrix and collagen organisation (p = 4 × 10⁻⁶), while CD163, 

LOXL4, LOXL3, and MARCO were implicated in scavenger receptor and cargo receptor activity 

(p < 1 × 10⁻⁴). At the molecular function level, enrichment was observed for extracellular matrix 

structural constituents conferring tensile strength and protein-lysine oxidase activity, driven 

largely by collagen and LOXL family members. Within the cellular component category,  

the most significant terms included collagen trimer (COL11A2, COL19A1, COL5A3, C1QL2, 

C1QL4, FCN1, MARCO; p = 1.23 × 10⁻⁹) and collagen-containing extracellular matrix 

(p = 1.64 × 10⁻⁵).  
Table 3.2 

Biological annotation of upregulated genes in TNBC versus non-TNBC groups 

Genes from input GO: Molecular function p-value 
4/42 COL9A1, COL11A2, 

COL19A1, COL5A3 
GO:0030020 extracellular matrix structural 

constituent conferring tensile 
strength 

2.66 × 10-5 

4/52 CD163, LOXL4, LOXL3, 
MARCO 

GO:0005044 scavenger receptor activity 6.23 × 10-5 

2/5 LOXL4, LOXL3 GO:0004720 protein-lysine 6-oxidase 
activity 

1.66 × 10-5 

4/82 CD163, LOXL4, LOXL3, 
MARCO 

GO:0038024 cargo receptor activity 3.66 × 10-5 

2/11 L1CAM, 
GFRA3 

GO:0008046 axon guidance receptor activity 9.00 × 10-5 

Genes from input GO: Biological process p-value 
13/583 GDF , MYF5, COL9A1, 

COL11A2, COL19A1, DLK1, 
EXTL1, ZIC1, ALX1, NCAN, 
DLX6, MMP9, EN1 

GO:0001501 skeletal system development 2.06 × 10-7 

10/431 COL9A1, MYF5, COL11A2, 
COL19A1, COL5A3, NCAN, 
LOXL4, LOXL3, MMP9, MIA 

GO:0030198 extracellular matrix 
organisation 

4.21 × 10-6 

10/432 COL9A1, MYF5, COL11A2, 
COL19A1, COL5A3, NCAN, 
LOXL4, LOXL3, MMP9, MIA 

GO:0043062 extracellular structure 
organisation 

4.30 × 10-6 

10/434 COL9A1, MYF5, COL11A2, 
COL19A1, COL5A3, NCAN, 
LOXL4, LOXL3, MMP9, MIA 

GO:0045229 external encapsulating 
structure organisation 

4.48 × 10-6 

4/63 COL11A2, COL5A3, LOXL4, 
LOXL3 

GO:0030199 collagen fibril organisation 8.82 × 10-6 

6/198 MYF5, MYF6, COL19A1, 
POPDC2, SOX8, CHRNA1 

GO:0007519 skeletal muscle tissue 
development 

9.41 × 10-5 

6/211 MYF5, MYF6, COL19A1, 
POPDC2, SOX8, CHRNA1 

GO:0060538 skeletal muscle organ 
development 

1.33 × 10-4 

2/5 LOXL4, LOXL3 GO:0018057 peptidyl-lysine oxidation 1.35 × 10-4 
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Table 3.2 continued 

Genes from input GO: Cellular components p-value 
8/87 COL11A2, COL19A1, 

C1QL4, COL5A3, C1QL2, 
FCN1, MARCO 

GO:0005581 collagen trimer 1.23 × 10-9 

10/498 COL9A1, COL11A2, 
COL19A1, L1CAM, 
COL5A3, TMEFF2, FCN1, 
NCAN, CSPG4, MMP9 

GO:0062023 collagen-containing 
extracellular matrix 

1.64 × 10-5 

Genes from input GO: Cellular components p-value 
10/633 COL9A1, COL11A2, 

COL19A1, L1CAM, 
COL5A3, TMEFF2, FCN1, 
NCAN, CSPG4, MMP9 

GO:0031012 extracellular matrix 1.23 × 10-4 

10/635 COL9A1, COL11A2, 
COL19A1, L1CAM, 
COL5A3, TMEFF2, FCN1, 
NCAN, CSPG4, MMP9 

GO:0030312 external encapsulating 
structure 

1.26 × 10-4 

12/1053 CRLF1, L1CAM, MUC16, 
DLK1, CHRNA1, CD163, 
GFRA3, FCN1, CSPG4, 
LY6K, DCBLD2, MSLN 
 

GO:0009986 cell surface 5.19 × 10-4 

4/106 MUC16, DEFA3, NCAN, 
CSPG4 

GO:0005796 Golgi lumen 6.79 × 10-4 

2/12 COL11A2, COL5A3 GO:0005583 fibrillar collagen trimer 8.94 × 10-4 
2/12 COL11A2, COL5A3 GO:0098643 banded collagen fibril 8.94 × 10-4 

6/323 PCSK2, COL9A1, COL11A2, 
COL19A1, COL5A3, MSLN 

GO:0005788 endoplasmic reticulum lumen 1.34 × 10-4 

6/345 SOX10, NPTX2, MUC16, 
CDH19, GFRA3, FCN1 

GO:0019898 extrinsic component of 
membrane 

1.87 × 10-3 

7/480 CRLF1, L1CAM, MUC16, 
DLK1, CD163, GFRA3, 
FCN1 

GO:0009897 external side of plasma 
membrane 

2.14 × 10-3 

2/21 COL11A2, COL5A3 GO:0098644 complex of collagen trimers 2.78 × 10-3 
2/22 MPO, SCGB3A2 GO:0071682 endocytic vesicle lumen 3.05 × 10-3 

 

In contrast, the 11 downregulated genes (ABCC8, KCNJ11, SHROOM3, RAB17, 

PDZK1, ABCC11, SHROOM1, P2RY2, RAB27B, GP2, TJP3) showed enrichment only within 

cellular component categories, including inward-rectifying potassium channels and the apical 

plasma membrane (Table 3.3) 
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Table 3.3 

Biological annotation of down-regulated genes in TNBC versus non-TNBC groups 

Genes from input GO: cellular components p-value 
2/4 ABCC8, KCNJ11 GO:0008282 inward rectifying potassium 

channel 
1.41 × 10-4 

9/414 SHROOM3, RAB17, 
PDZK1, ABCC11, 

SHROOM1, P2RY2, 
RAB27B, GP2, TJP3 

GO:0016324 apical plasma membrane 1.94 × 10-4 

 PPI network analysis and hub gene detection 
To examine the interaction among proteins encoded by the differentially expressed 

genes (DEGs), a protein–protein interaction (PPI) network was created using data from  

the STRING database. This network consisted of 188 nodes and 182 edges (Figure 3.1). 

Following this, clustering analysis identified three distinct functional modules within  

the network. Figure 3.1 marks the positions of these modules within the full network, while  

the extracted module subnetworks are shown in Figures 3.2–3.4. Module 1 (Figure 3.2) is 

enriched in collagen and basement-membrane components, forming a tight extracellular matrix 

interaction cluster consistent with structural remodelling. Its connectivity suggests coordinated 

regulation of matrix organisation that can facilitate changes in tissue architecture linked to 

invasion. Module 2 (Figure 3.3) represents a canonical luminal/oestrogen receptor regulatory 

circuit, with ESR1 linked to key cooperating transcription factors GATA3 and FOXA1 and 

downstream luminal markers (TFF1/TFF3, SLC39A6). Its presence within the network points 

to an ER/luminal-like program captured in the data, suggesting biological heterogeneity within 

the analysed samples. Module 3 (Figure 3.4) contains two connected subgroups: a cluster of 

tumour-associated surface proteins (MSLN, LY6K, GP2, LYPD6B) and a cluster cantered on 

MMP9 that includes MPO, HMOX1, and CD163. The two subgroups are linked through MSLN, 

forming a single module with a denser interaction core around MMP9 and MSLN.  

Hub genes were then selected leading to the identification of eight key hub genes: 

FOXA1, ESR1, TFF1, GATA3, TFF3, AR, SLC39A6, and COL9A1 (Figure 3.5). Notably, seven 

of these hub genes (FOXA1, ESR1, TFF1, GATA3, TFF3, AR, SLC39A6) showed reduced 

expression in the TNBC group when compared to the non-TNBC group, while COL9A1 was 

the only gene with increased expression in the TNBC group. The genes were ranked according 

to their importance within the network: ESR1 was the highest ranked, followed by FOXA1 and 

GATA3 in shared second position, TFF1 and TFF3 in third, SLC39A6 in fourth, and both 

COL9A1 and AR in fifth place.  
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Figure 3.2  Significant module-1 selected 
from PPI network including genes 

COL5A3, COL19A1, COL9A1, COL5A5, 
COL11A2 

Figure 3.3  Significant module-2 selected from PPI 
network including genes TFF1, TFF3, GATA3, 

FOXA3, ESR1, SLC39A6 

Figure 3.1  Protein–protein interaction (PPI) network constructed from differentially 
expressed genes (DEGs). Nodes represent proteins encoded by DEGs. Red nodes indicate 

upregulated and blue nodes downregulated expression in TNBC group 
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Figure 3.5  Subnetwork of 8 hub genes 
(ESR1, FOXA1, GATA3, TFF1, TFF3, SLC39A6, AR, COL9A1) 

Figure 3.4  Significant module-3 selected from PPI network including 
genes GP2, LY6K, MSLN, LYPD6B, MMP9, HMOX1, CD163, MPO 
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3.2 BRCA1 monoallelic somatic inactivation molecular profile 

 Clinical and pathological characteristics of the study groups 
A cohort of 36 tumour samples was classified into two study groups based on BRCA1 

status, which was determined using MLPA analysis: those with monoallelic somatic 

inactivation and those without. Among these, 16 samples exhibited a monoallelic deletion 

within the BRCA1 promoter region, while one sample demonstrated promoter 

hypermethylation. The remaining 19 samples showed no evidence of deletion or methylation 

in the BRCA1 promoter region (Supplementary Table 1). Accordingly, the cohort was divided 

into two groups: BRCA1−, representing cases with monoallelic somatic inactivation, and 

BRCA1+, representing tumours with two active BRCA1 alleles. 

Table 3.4 summarises the clinical and pathological characteristics of the study cohort 

(n = 36), stratified into BRCA1− (n = 17) and BRCA1+ (n = 19) groups. The median age was 

slightly higher in the BRCA1+ group (68 years) compared with the BRCA1− group (58 years). 

No statistically significant differences were observed between groups regarding tumour (T) or 

nodal (N) stage, clinical stage, histological grade, Ki-67 proliferation index, or molecular 

subtype. Most tumours were classified as T2 stage, grade 2, and luminal A or luminal B 

molecular type. With respect to treatment, both groups received chemotherapy, endocrine 

therapy, and radiotherapy at comparable frequencies, while trastuzumab was administered only 

in the BRCA1− subgroup. 

Table 3.4 

Clinical characteristics of BRCA1− and BRCA1+ groups 

Characteristics 
Study 

population, 
n = 36 

BRCA1− group  
(n = 17) 

BRCA1+ group 
(n = 19) p-value 

Age, median (range)  59.5 (37–81) 58 (38–81) 68 (37–76)  
BMI, kg/m2 , median 
(range) 

28.9 (20.5–44.6) 27.1 (21.9–43.0) 29.0 (20.5–44.6) 0.78 

T stage, n(%)  n (%) n (%) n (%) 

0.16 

Tis  1 (2.78) 0 (0.00) 1 (5.26) 
T1  10 (27.78) 4 (23.53) 6 (31.58) 
T2  21 (58.33) 13 (76.47) 8 (42.11) 
T3  3 (8.33) 0 (0.00) 3 (15.79) 
T4  1 (2.78) 0 (0.00) 1 (5.26) 

N stage, n(%)  n (%) n (%) n (%) 

0.24 
N0  26 (72.22) 13 (76.47) 13 (68.42) 

Nmic  2 (5.56) 2 (11.76) 0 (0.00) 
N1  7 (19.44) 2 (11.76) 5 (26.32) 
N3  1 (2.78) 0 (0.00) 1 (5.26) 
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Table 3.4 continued 

Characteristics 
Study 

population, 
n = 36 

BRCA1− group  
(n = 17) 

BRCA1+ group 
(n = 19) p-value 

Clinical stage, n(%)  n (%) n (%) n (%) 

0.25 

0  1 (2.78) 0 (0.00) 1 (5.26) 
IA  9 (25.00) 3 (17.65) 6 (31.58) 
IB  1 (2.78) 1 (5.88) 0 (0.00) 

IIA  14 (38.99) 10 (58.82) 4 (21.05) 
IIB  8 (22.22) 3 (17.65) 5 (26.32) 

IIIA  1 (2.78) 0 (0.00) 1 (5.26) 
IIIB  1 (2.78) 0 (0.00) 1 (5.26) 
IIIC  1 (2.78) 0 (0.00) 1 (5.26) 

Grade  n (%) n (%) n (%) 

0.74 
G1  5 (13.89) 3 (17.65) 2 (10.53) 
G2  22 (61.11) 10 (58.82) 12 (63.16) 
G3  6 (16.67) 2 (11.76) 4 (21.05) 

not known  3 (8.33) 2 (11.763) 1 (5.26) 
Ki67 index:  n (%) n (%) n (%) 0.34 

< 20%  15 (41.67) 5 (29.41) 10 (52.63) 
> 20%  15 (41.67) 9 (52.94) 6 (31.58) 

Unknown  6 (16.67) 3 (17.65) 3 (15.79) 
Molecular subtype:  n (%) n (%) n (%) 0.28 

Luminal A  10 (27.78) 3 (17.65) 7 (36.84) 
Luminal B  13 (36.11) 6 (35.29) 7 (36.84) 

TNBC  7 (19.44) 4 (23.53) 3 (15.79) 
HER2 positive  3 (8.33) 3 (17.65) 0 (0.00) 

 

Unknown 3 (8.33) 1 (5.88) 2 (10.53) 
Adjuvant treatment:  n (0%) n (0%) n (0%) 

 

Chemotherapy  14 (38.89) 7 (41.18) 7 (36.84) 1 
Endocrine therapy 
(Tamoxifen or AI)  

13 (36.11) 6 (35.29) 7 (36.84) 1 

Radiotherapy  26 (72.22) 11 (64.71) 15 78.95) 0.69 
Trastuzumab  2 (5.56) 2 (11.76) 0 (0.00) 0.76 

 Differentially expressed genes 
Analysis of RNA sequencing (RNA-seq) data identified 39 differentially expressed 

genes (DEGs) between the study groups, using Bonferroni-adjusted p < 0.05 and a maximum 

group mean > 10 as selection criteria. Of these, 23 genes were upregulated (Table 3.5) and 

16 were downregulated (Table 3.6) in the BRCA1− group. It’s noteworthy that, except for four 

transcripts, all identified DEGs were protein-coding genes. The remaining four corresponded 

to lncRNAs or rRNAs (not included in the Tables). 
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Table 3.5  

The list of upregulated DEGs in BRCA1− group 

Gene Log₂ fold change Fold change p-value HGNC 
NRIP3 2.37 5.17 1.81 × 10-08 HGNC:1167 

TUBGCP3 2.42 5.37 7.66 × 10-08 HGNC:18598 

GPX2 2.72 6.60 6.25 × 10-08 HGNC:4554 

PXDNL 2.84 7.15 3.21 × 10-07 HGNC:26359 

FSIP1 3.06 8.32 5.60 × 10-09 HGNC:21674 

IL20 3.35 10.22 1.31 × 10-07 HGNC:6002 

MMP9 3.75 13.46 6.45 × 10-08 HGNC:7176 

TPSD1 3.81 14.06 3.600 × 10-07 HGNC:14118 

TPSAB1 3.85 14.43 1.45 × 10-08 HGNC:12019 

TRH 4.36 20.56 2.56 × 10-10 HGNC:12298 
AKR1B10 4.37 20.75 5.45 × 10-07 HGNC:382 

ORM1 4.52 22.86 4.80 × 10-07 HGNC:8498 

CGA 4.75 26.90 1.18 × 10-06 HGNC:1885 

BEX1 4.87 29.27 5.66 × 10-10 HGNC:1036 

TBX10 5.72 52.82 9.21 × 10-10 HGNC:11593 

FGG 5.81 56.16 5.42 × 10-08 HGNC:3694 

CASP14 6.27 77.34 4.16 × 10-10 HGNC:1502 

CRISP3 7.06 133.61 1.41 × 10-16 HGNC:16904 

CSN3 7.10 137.58 1.92 × 10-10 HGNC:2446 

HTN1 9.80 891.01 1.74 × 10-12 HGNC:5283 

ALPI 10.61 1566.05 4.67 × 10-16 HGNC:437 

 
Table 3.6  

List of downregulated DEGs in BRCA1− group 

Gene Log₂ fold change  Fold change  p-value  HGNC 
CARTPT −9.88  −944.90  4.29 × 10-20  HGNC:24323 

SBSN −8.98  −504.29  2.71 × 10-19  HGNC:24950 

IRS4 −8.00  −256.83  1.06 × 10-16  HGNC:6128 

CHGB −7.93  −243.21  2.68 × 10-17  HGNC:1930 

CYP2A7 −7.44  −173.43  4.19 × 10-22  HGNC:2611 

KRT6A −5.37  −41.46  4.43 × 10-10  HGNC:6443 

DCD −5.27  −38.53  4.59 × 10-09  HGNC:14669 

OBP2B −4.04  −16.48  1.14 × 10-10  HGNC:23381 

KRT86 −3.62  −12.30  7.03 × 10-09  HGNC:6463 

DMKN −3.30  −9.83  1.16 × 10-08  HGNC:25063 

FABP4 −3.09  −8.49  2.50 × 10-07  HGNC:3559 

IFITM10 −2.23  −4.68  3.22 × 10-08  HGNC:40022 

AOC3 −2.03  −4.08  3.70 × 10-07  HGNC:550 

ITGA7 −1.85  −3.61  1.25 × 10-06  HGNC:6143 

 

The volcano plot (Figure 3.6) displays the overall distribution of gene expression alterations, 

represented by log2 fold change. Among the most strongly upregulated transcripts were TRH, 

MMP9, TPSD1, and CGA, while CARTPT, CHGB, and IRS4 showed notable downregulation.  
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Figure 3.6  Volcano plot of differentially expressed genes between BRCA1− and BRCA+ groups 

To investigate the functional connections among proteins encoded by the identified 

DEGs, we employed the STRING tool (Szklarczyk et al., 2019). Through this analysis, we 

gained valuable insights into the molecular pathways and processes possibly linked to 

monoallelic somatic inactivation of the BRCA1 gene in breast cancer, as shown in Figure 3.7. 

Following hub gene analysis identified MMP9 and GPX2 as central nodes with the network. 
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Figure 3.7  Protein-protein interaction (PPI) network of DEGs in the BRCA1  

monoallelic inactivation group  

Gene Ontology (GO) cellular component analysis of the differentially expressed genes 

(DEGs) showed enrichment in the extracellular region and extracellular space (Figure 3.8). 

These terms exhibited the largest number of associated genes and the lowest false discovery 

rates (FDR), suggesting a strong overrepresentation of extracellular protein-encoding genes.  

 
Figure 3.8  Functional Enrichment of Genes in Extracellular Space and  

Extracellular Region (GO Analysis) 

Analysis of subcellular localisation with the COMPARTMENTS database revealed that 

most DEGs were associated with the extracellular space (Figure 3.9). This alignment with  

the GO results highlights the significance of extracellular functions in the group with 

inactivated BRCA1 gene. 
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Figure 3.9 Subcellular localisation enrichment of differentially expressed genes (DEGs) in 

BRCA1 monoalelically inactive group using COMPARTMENTS database 

Principal component analysis (PCA) was carried out to evaluate overall gene expression 

profiles in the two groups. The results did not reveal a distinct separation, indicating that 

transcriptomic differences are likely modest and not well represented by the main principal 

components (Figure 3.10). 

 
Figure 3.10  PCA analysis of DEGs 

Blue dots represent samples without BRCA1 inactivation; 
green dots represent samples with BRCA1 inactivation. 

The enrichment analysis conducted using the STRING tool revealed significant enrichment 

of proteins within the extracellular region (GO:0005576) and extracellular space (GO:0005615) 
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(Table 3.7). Notable genes associated with these categories include TPSD1, FABP4, ORM1, ALPI, 

CARTPT, TRH, CSN3, and MMP9, among others. Additionally, the identification of thyroid gland 

disease as an enriched category suggests potential connections between breast cancer and thyroid 

dysfunction, with enriched genes such as TRH, IRS4, CHGB, and CGA possibly contributing to  

the interaction between breast cancer and thyroid-related processes. 

Table 3.7  

Biological annotation of upregulated genes in BRCA1- group 

#Category  Term ID  Term 
description  

Genes 
from 
input  

Strength  
False 

discovery 
rate  

Matching 
proteins 

in network 
(labels)  

GO 
Component 

GO:0005576 Extracellular 
region 

23/4175 0.49 3.74 × 10-05 TPSD1, 
FABP4, 
ORM1, 
ALPI, 

CARTPT, 
TRH, 
CSN3, 
FGG, 

DMKN, 
TPSAB1, 
PXDNL, 

AKR1B10, 
IL20, 

MMP9, 
CHGB, 
KRT6A, 
CRISP3, 

DCD, 
HTN1, 
SBSN, 

KRT86, 
CGA, 

OBP2B 
GO 

Component 
GO:0005615 Extracellular 

space 
20/3247 0.54 5.90 × 10-05 TPSD1, 

FABP4, 
ORM1, 

CARTPT, 
CSN3, 
FGG, 

DMKN, 
TPSAB1, 
PXDNL, 

IL20, 
MMP9, 
CHGB, 
KRT6A, 
CRISP3, 

DCD, 
HTN1, 
SBSN, 

KRT86, 
CGA, 

OBP2B 
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Table 3.7 continued 

#Category  Term ID  Term 
description  

Genes 
from 
input  

Strength  
False 

discovery 
rate  

Matching 
proteins 

in network 
(labels)  

DISEASES DOID:50 Thyroid 
gland 

disease 

4/50 1.65 0.0113 TRH, 
IRS4, 

CHGB, 
CGA 

COMPARTMENTS  GOCC:0005576  Extracellular 
region  

17/2079  0.66  4.18 × 10-05  FABP4, 
ORM1, 
ALPI, 

CARTPT, 
TRH, 
CSN3, 
FGG, 

TPSAB1, 
PXDNL, 

AKR1B10, 
IL20, 

MMP9, 
CHGB, 

CRISP3, 
DCD, 
HTN1, 
CGA  

Hub gene analysis performed with the MCC and DMNC algorithms (Chin et al., 2014) 

identified MMP9 and GPX2 as central nodes in the interaction network. Notably, GPX2 ranked 

highest in both approaches, while MMP9 shared the top position with GPX2 in the DMNC 

method and was placed second by MCC. 

To confirm the RNA-seq results, quantitative PCR (qPCR) was conducted on a selected 

panel of genes (FABP4, CARTPT, MMP9, TPSD1). Although the qPCR analysis demonstrated 

expression trends for FABP4, MMP9, and GPX2 that were directionally consistent with  

the RNA-seq data, none of the assessed genes showed statistically significant differences 

between the BRCA-active and BRCA-inactive groups (Table 3.8; supplementary Table 3).  

This discrepancy may be attributed to probe-specific detection bias in quantifying transcript 

abundance using the TaqMan qPCR system. 
Table 3.8 

Selected transcripts technical validation by qPCR 

Gene Log2FC Fold Change p-Value 
FABP4 −1.80 0.29 0.07 

CARTPT 0.39 1.31 0.61 
MMP9 0.36 1.29 0.66 
GPX2 1.92 3.77 0.28 
TPSD1 −0.28 0.82 0.55 
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The transcriptomic profiles of breast cancer cases with BRCA1 promoter 

hypermethylation (n = 1) and those with promoter deletions (n = 16) were compared to assess 

whether the mechanism of BRCA1 loss influences downstream gene expression. Analysis of 

key homologous recombination related genes (RAD51, BRCA2, PALB2, CHEK1, CDKN1A, 

ATM) revealed no statistically significant differences between the two groups (Table 3.9). 

While modest fold changes were detected (e. g. BRCA2, FC = 1.28; RAD51, FC = 1.15), none 

reached significance (p < 0.05). These findings indicate that the specific mode of BRCA1 

inactivation has minimal impact on the expression of downstream DNA repair genes. 

Table 3.9 

Expression of genes involved in HR pathway downstream from BRCA1 gene 

Gene Log2FC Fold Change p-Value 
RAD51 0.20 1.15 0.85 
BRCA2 0.36 1.28 0.65 
CHEK1 −0.41 −1.33 0.63 

CDKN1A 0.16 1.12 0.85 
ATM −0.43 −1.35 0.55 

 Survival analysis 
Kaplan-Meier analysis revealed a trend towards prolonged event-free survival in  

the BRCA1 inactivation group (p < 0.09), as illustrated in Figure 3.11. The hazard ratio 

(HR = 5.17; 95 % CI: 0.60–44.3) indicates a potential survival difference between groups, 

though it did not reach statistical significance. Overall, patients with monoallelic BRCA1 

inactivation (BRCA1−) tended to have longer event-free survival compared with those with 

two active BRCA1 alleles (BRCA1+). 
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Figure 3.11  Kaplan-Meier plot of event free survival based on BRCA1 

monoallelic inactivation status HR 5.17, 95% CI 0.60 and 44.3. 

Patients were stratified into MMP9-high and MMP9-low groups based on MMP9 

expression. Kaplan-Meier curves (Figure 3.12) showed no significant difference in event-free 

survival (log-rank p = 0.4). Patients with high MMP9 expression show a trend toward longer 

event-free survival, though the difference is not statistically significant. 

 

Figure 3.12  Kaplan-Meier plot of event-free survival based on MMP9 
expression status (high vs low) HR 0.48, 95% CI 0.09–2.64 (p = 0.4). 

Patients were divided into FABP4-high and FABP4-low groups based on FABP4 

expression. Kaplan-Meier analysis (Figure 3.13) showed no statistically significant difference 
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(log-rank p = 0.13), but there was a visible trend toward better event-free survival in  

the FABP4-low group. The HR estimate supports this direction but is not significant. 

 

Figure 3.13  Kaplan-Meier plot of event-free survival based on FABP4 
expression status (high vs low) HR 5.17, 95% CI 0.60–44.3 (p = 0.13) 

Patients were divided into TPSD1-high and TPSD1-low groups based on TPSD1 

expression. Kaplan-Meier analysis (Figure 3.14) showed no statistically significant 

difference in event-free survival between groups (log rank p = 0.30), although the curve for 

the TPSD1-high group remained higher over follow-up. The hazard ratio was 0.41 (95 % 

CI 0.07–2.23; p = 0.30), but the estimate was not statistically significant. 

Figure 3.14  Kaplan-Meier plot of event-free survival based on TPSD1 
expression status (high vs low) HR 0.41, 95% CI 0.07–2.23 (p = 0.30). 
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Patients were divided into GPX2-high and GPX2-low groups based on GPX2 

expression. Kaplan-Meier analysis (Figure 3.15) showed no difference in event-free survival 

between groups (log-rank p = 0.90), with largely overlapping survival curves throughout 

follow-up. The hazard ratio was 0.91 (95 % CI 0.18–4.53; p > 0.90), indicating no statistically 

significant association. 

 

 

 

 

 

 

 

 

 
 

Figure 3.15  Kaplan-Meier plot of event-free survival based on GPX2 
expression status (high vs low). HR 0.91, 95% CI 0.18–4.53 (p > 0.90). 
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4 Discussion 

The first section is dedicated to analysing the transcriptome of triple-negative breast 

cancer (TNBC), while the second examines the transcriptome of breast cancers with somatic 

inactivation of BRCA1 gene, with a particular focus on evaluating the transcriptome’s potential 

as a prognostic and predictive tool. Despite significant advancements, breast cancer remains  

a life-threatening disease, underscoring the need for continued research to identify reliable 

biomarkers for improved patient outcomes. 

4.1  Transcriptome analysis of triple negative breast cancer (TNBC)  
samples compared to non-TNBC 
Transcriptome analysis of triple negative breast cancer (TNBC) samples compared to 

non-TNBC samples has revealed differentially expressed genes (DEGs), with many of them 

being involved in extracellular matrix (ECM) organisation and structure. GO analysis of  

the DEGs have confirmed that pathways related to collagen trimer formation, extracellular 

matrix structural constituents that confer tensile strength, and scavenger receptor activity are 

significantly enriched in TNBC.  

Additionally, the protein–protein interaction (PPI) network analysis has identified 

several hub genes critical for ECM integrity. For instances, COL9A1 has emerged as key 

structural gene, while transcription factors and secreted proteins like, ESR1, GATA3, TFF1, and 

TFF3 were found to be downregulated in TNBC samples. This pattern of dysregulation points 

to an altered tumour microenvironment in TNBC, which is associated with more aggressive 

behaviour and poorer clinical outcomes (Yu & Di, 2017). Targeting ECM related pathways is 

now being explored as promising therapeutic strategy to reduce tumour invasion and metastasis 

(Babar et al., 2023). 

Differentially expressed gene (DEG) association with TNBC 

ESR1 
The ESR1 gene encodes the oestrogen receptor alpha (ERα), a transcription factor that 

plays a crucial role in the development and progression of breast cancer (Miziak et al., 2023) 

In TNBC, ESR1 expression is typically low or absent, which is the opposite for  

receptor–positive tumours where high ESR1 levels correlate with responsiveness to endocrine 

therapy. The absence of ESR1 in TNBC is linked to an aggressive tumor phenotype, increased 

metastatic potential, and limited options for targeted endocrine therapies (Dustin et al., 2019; 

Li et al., 2021).  

Recent studies have also suggested that, in a subset of TNBC cases, ESR1 expression 

can be reactivated through epigenetic modifications, raising the possibility that epigenetic 
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therapies might restore hormone sensitivity and open new treatment avenues (Al-Kabariti & 

Abbas, 2023). This reactivation could potentially convert a portion of TNBC into a more 

treatable, hormone-responsive state, highlighting the pivotal role of epigenetic regulation in 

maintaining the balance of key signalling pathways involved in tumor suppression. 

Furthermore, the loss of ESR1 not only deprives tumors of the benefits associated with 

oestrogen receptor signalling but may also contribute to an altered tumor microenvironment by 

disrupting normal cell–cell communication and immune surveillance. Such disruptions can 

create conditions that favour tumor growth, invasion, and metastasis, ultimately exacerbating 

disease progression (Lopez et al., 2025). As research continues to understand these molecular 

intricacies, integrating epigenetic therapies could emerge as a new strategy in managing TNBC 

by offering new hope for improved clinical outcomes in patients with limited treatment options. 

GATA3 
Similarly, transcription factor GATA3 plays a critical role in the development and 

differentiation of luminal epithelial cells in the breast and is frequently lost in TNBC. In breast 

cancer, GATA3 expression is typically associated with hormone receptor-positive and  

HER2-positive subtypes and is considered a marker of luminal differentiation. The loss of 

GATA3 not only disrupts normal differentiation process but also is associated with markedly 

reduced overall survival and an increased risk of metastasis (Querzoli et al., 2021a). Apart from 

maintaining luminal identity, GATA3 regulates downstream gene involved in cell adhesion, 

immune response and migration, therefore loss of GATA3 factor can lead to disorganised cell 

architecture and impaired cell-cell communication, which in turn promote tumour invasiveness 

and immune evasion (Bacha et al., 2024; Bai et al., 2022).  

However, in triple-negative breast cancer (TNBC), GATA3 expression is frequently lost, 

which is thought to contribute to the more aggressive phenotype of this subtype. Studies have 

shown that loss of GATA3 expression in TNBC is associated with decreased overall survival 

and increased risk of metastasis. Therefore, GATA3 is considered a potential prognostic marker 

and therapeutic target for TNBC (Querzoli et al., 2021b)  In our study, GATA3 appeared to be 

downregulated in the DEG set, which is in-line with other published data, suggesting that it 

could be a potential marker for differentiation of TNBC from non-TNBC subtypes. Notably,  

in the TNBC absence of GATA3 may reflect a loss of specific progenitor markers, therefor 

increasing tumour aggressiveness. While GATA3 expression is generally associated with more 

favourable prognosis in hormone receptor positive breast cancers, its role in TNBC is more 

complex. For example, some studies show association between low expression of GATA3 and 

poor prognosis in TNBC (Yang et al., 2017), while other studies suggests that some rare TNBC 
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subtypes can still express GATA3 (Yoon et al., 2022). Our data by showing significant 

downregulation of GATA3 in TNBC samples align with these observations that TNBC show 

decreased GATA3 expression and underscore its potential as biomarker for distinguishing 

TNBC from other breast cancer subtypes. Some research is exploring strategies to restore 

GATA3 activity through gene therapy and epigenetic modulations, which may help re-induce 

differentiation and reduce tumour aggressiveness (Garcia-Martinez et al., 2021).  

FOXA1 
Out study have demonstrated that FOXA1 is significantly downregulated in TNBC 

samples when compared to non-TNBC samples, therefore underscoring its potential role in 

driving tumour development. As a member of forkhead box family, FOXA1 functions as  

a pioneer factor and binds to chromatin and allows recruitment of other transcription factors to 

regulatory regions. FOXA1 interacts with oestrogen and androgen receptors, which is essential 

for the proper transcription activation of luminal genes, therefore involved in breast cancer 

development and progression. FOXA1 expression has been linked to TNBC characteristics such 

as tumour size, lymphovascular invasion, histological grade, and HER2 status, suggesting  

a stratification value for TNBC patients without ER expression (De Lara et al., 2019) 

FOXA1 expression is typically linked with more differentiated phenotype and improved 

clinical outcomes in ER-positive breast cancer (Metovic et al., 2022). In contrast our finding 

along with recent literature indicate that low FOXA1 expression in TNBC correlates with 

enhanced cancer malignancy traits such as cell proliferation, invasion and the acquisition of 

stem-like properties (Dai et al., 2019; U. Kumar et al., 2021).  

Furthermore, low levels FOXA1 may disrupt critical signalling pathways that governs 

cell cycle progression and apoptosis, therefore contributing to chemoresistance (Metovic et al., 

2022). The combined assessment of FOXA1 and GATA3 expression has shown promise in 

refining molecular classification of TNBC (Albergaria et al., 2009; Govindan et al., 2020). 

Based on these observations, the combined expression of FOXA1 and GATA3 may enhance 

TNBC molecular characterisation and provide prognostic insights (Albergaria et al., 2009). 

AR 
In recent years, due to advances in molecular profiling have refined the subclassification 

of TNBC into distinct subtypes – basal like 1, basal like 2, mesenchymal and luminal androgen 

receptor (LAR) variants (Lehmann et al., 2011, 2016). The LAR subtype is characterised by 

the expression of the androgen receptor (AR), this subtype has unique biological features like 

lower proliferation rate and more differentiated phenotype (Vtorushin et al., 2022). AR is 

expressed in majority of primary breast cancer cases (Fan et al., 2023) and is more frequently 
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expressed in hormone receptor positive breast cancer compared to TNBC cases (Vera-Badillo 

et al., 2014). Some studies report that AR-positive TNBC is associated with improved outcomes 

(Asano et al., 2017), while others have found little or even no prognostic benefit (Collins et al., 

2011). In our TNBC cohort, AR expression was significantly reduced with AR emerging as  

a hub gene, which indicates a link between low AR levels and more aggressive tumour 

behaviour. What is interesting that more studies show that co-expression of AR and GATA3 can 

influence chemotherapy response, with some data indicating that this co-expression may 

influence chemotherapeutic effectiveness (Kim et al., 2016). However, TNBC with increased 

expression of AR is correlated with better clinical outcomes, but with reduced sensitivity to 

chemotherapy and lower rates of pathological complete response following neoadjuvant 

chemotherapy (Gerratana et al., 2018; Mohammed et al., 2020). Given our cohort’s low AR and 

GATA3 expression, a poorer prognosis may be inferred. 

These findings have increased interested in AR-targeted therapies which are currently 

being evaluated in clinical trials (Sridhar et al., 2025), that way offering potential therapies for 

patients with AR-positive TNBC. Overall, while the prognostic significance of AR in TNBC is 

still under debate, its role as a biomarker and therapeutic target continues to be a focus of active 

investigation, underscoring the need for personalised treatment strategies in this heterogeneous 

disease. 

Despite controversies around AR’s role, certain findings align the AR subtype with 

improved outcomes, reduced chemotherapy sensitivity, and less pathologic complete response 

after neoadjuvant therapy. This subtype may benefit from AR-targeted treatments (Gerratana 

et al., 2018). 

Combined with findings from existing literature, key genes such as GATA3, FOXA1, 

AR, and SOX10 emerge as relevant molecular markers in TNBC (Hu et al., 2024). Notably,  

the combination of low GATA3 expression with high SOX10 levels appears to define a distinct 

TNBC subgroup with a particularly aggressive phenotype. Similarly, reduced FOXA1 

expression, has been linked to features of malignancy and stemness in TNBC, suggesting that 

the joint evaluation of GATA3 and FOXA1 could refine TNBC classification and provide 

valuable prognostic information (Albergaria et al., 2009). 

TFF1 and TFF3 
Additional hub genes also offer promising insights. TFF1 and TFF3 both encodes 

proteins associated with mucin production and gastrointestinal tissues, these genes show 

decreased expression in TNBC tumours in our data set. While elevated serum levels of these 

trefoil factors have been observed in breast cancer patients (Elnagdy et al., 2018), lower tissue 
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expression of TFF1 in particular has been correlated with TNBC and improved prognosis  

(Yi et al., 2020). This difference between serum and tissue levels highlights the need for further 

research, but our data suggests the potential of TFF1 and TFF3 as biomarker for TNBC.  

Furthermore, gene SLC39A6, which is commonly overexpressed in ER-positive breast 

cancers, is downregulated in TNBC group in our study, underscoring its specificity for hormone 

receptor positive subtypes. In contrast, the upregulation of COL9A1, which encodes  

the collagen type IX alpha chain, points to a possible role for altered collagen dynamics in 

TNBC biology, although the impact of collagen remodelling on tumour behaviour remains  

an area of active investigation.  

Altogether these finding emphasise the molecular heterogeneity of TNBC and 

emphasise the potential of integrating multiple biomarkers, including GATA3, FOXA1, AR, 

SOX10, TFF1, TFF3, SLC39A6 and COL9A1, into a comprehensive diagnostic and prognostic 

framework that may ultimately guide personalised therapeutic strategies.  

4.2 Transcriptomics alterations associated with monoallelic somatic  
BRCA1 inactivation 
Investigation in this study further explored distinct transcriptomics alterations 

associated with monoallelic somatic BRCA1 inactivation. The study was based on global 

transcriptome sequencing of breast cancer tissue samples to identify differentially expressed 

genes and signalling pathways associated with monoallelic somatic BRCA1 inactivation.  

The Kaplan-Meier analysis assessed the differences in event free survival between two distinct 

subgroups, and it was observed that patients with BRCA1 promotor inactivation tended to have 

longer event free survival (p < 0.09). This finding implies that BRCA1 inactivation may be 

linked to better clinical outcomes. Therefore, future investigation into these finding could offer 

valuable insights into the underlying mechanisms driving the disease and would help to develop 

more targeted and effective therapeutic strategies for breast cancer patients. 

Additionally, the STRING database analysis revealed functional interaction among 

differentially expressed genes in the context of BRCA1 inactivation. By focusing on proteins 

localised in the extracellular region and space, several key genes like TPSD1, FABP4, CARTPT, 

TRH, CSN3, MMP9, GPX, ORM1 were identifies that have been linked to cancer progression 

in previous published data (An et al., 2024; Gonzalez-Avila et al., 2019; Hao et al., 2018; 

Sobiepanek et al., 2022). These proteins appear to play pivotal roles in shaping the tumour 

microenvironment by influencing extracellular matrix composition and mediating cell-to-cell 

communication. Such interactions may affect processes like cell adhesion, migration, and 

invasion, which are critical processes for tumour development metastasis (Popova & Jücker, 
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2022). Understanding roles of these molecules could provide new insight into molecular 

mechanisms driving breast cancer progression.  

The extracellular region and extracellular space are one of main components in  

the tumour microenvironment, contributing significantly to cancer progression and metastasis 

(Winkler et al., 2020). Proteins identified in these categories often participate in intricate 

signalling networks, modulating cell behaviour, angiogenesis, and immune responses within 

the tumour microenvironment. Furthermore, the study on the transcriptome of TNBC tumours 

revealed that differentially expressed genes (DEGs) were associated with processes such as 

extracellular matrix organisation, collagen fibril organisation, and the composition of  

collagen-c matrix (Popova & Jücker, 2022).  

Differentially expressed gene (DEG) association with 
monoallelic somatic BRCA1 inactivation in breast cancer 

TPSD1  
Our results indicate TPSD1 gene to be upregulated in tumours with monoallelic somatic 

BRCA1 inactivation. The TPSD1 gene encodes protease tryptase delta, which is predominantly 

secreted by mast cells, which play different roles in tumour biology. Mast cells assist to  

the remodelling of the extracellular matrix (ECM) through release of tryptases, which are 

bioactive substances and are able to degrade ECM components and facilitate angiogenesis –  

a crucial process for tumour growth and metastasis (Sobiepanek et al., 2022). Previous study 

by Kankkunen et al demonstrated a significant increase in tryptase containing mast cells in 

malignant breast carcinomas when compared to benign lesions (Kankkunen et al., 1997). Other 

research has shown that mast cells often accumulate in tumours prior to neovascularisation and 

are frequently located near the newly formed blood vessels. Higher mast cell density have been 

correlated with increased microvessel density and poorer patient prognosis, which was 

supported by the study where experimental models in pancreatic cancer revealed that genetic 

inactivation of mast cells led to reduced intratumoral microvessel density and slower tumour 

growth. Moreover, higher mast cell activity together with elevated tryptase release, has been 

correlated with cancer growth, particularly enhanced angiogenesis (Iamaroon et al., 2003; 

Wroblewski et al., 2017). Studies also suggests that mast cells can directly and indirectly 

decrease tumour sensitivity to anti-angiogenic therapies, suggesting that mast cell activity could 

increase the efficacy of these therapies (Wroblewski et al., 2017).  

In the studied cohort, elevated TPSD1 expression was associated with improved  

event-free survival, a finding that differs from the conventional view that mast cell tryptases 

function as pro-tumorigenic molecules. This observation might indicate that in the context of 

BRCA1-deficient tumours tryptase delta could be involved in alternative pathways that 
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modulate immune responses or promote tissue repair, thereby contributing to a less aggressive 

tumour phenotype. However, the precise mechanism remains unknown by which TPSD1 

influences the tumour microenvironment and clinical outcomes in BRCA1-inactivated breast 

cancer.  

FABP4 
Fatty Acid Binding Protein 4 (FABP4), also known as adipocyte protein 2 (aP2), is  

a member of the FABP family, playing a crucial role in lipid metabolism and cellular signalling. 

FABP4 is primarily expressed in adipocytes and macrophages, where it facilitates  

the transportation of fatty acids and other lipophilic molecules within cells (Furuhashi et al., 2014).  

Typically, high levels of FABP4 are observed in breast cancer tissues, where they are 

associated with aggressive tumour behaviour (Hao et al., 2018). Elevated FABP4 expression 

has been linked with increased cell proliferation, migration, invasion, which subsequently 

promotes tumour growth and metastasis. FABP4 also contributes to angiogenesis by 

modulating lipid signalling pathways, which are essential for the formation of new blood 

vessels and maintenance of solid tumours. Studies have demonstrated that highly expressed 

FABP4 in adipocytes and macrophages can enhance the transfer of fatty acids to tumour cells, 

therefore fuelling metabolic pathways that support rapid tumour growth and resistance to 

apoptosis (Liu et al., 2022; Sun & Zhao, 2022a). 

The transcriptomic analysis in this study revealed a noticeable reduction in FABP4 

expression in breast cancer patients with monoallelic somatic BRCA1 inactivation.  

This observation suggests potential regulatory interplay between BRCA1 and FABP4, where 

the loss of BRCA1 function may lead to alterations in lipid metabolism and associated with 

signalling cascades. Also, when comparing all patient event free survival based on FABP4 

expression, patients with low expression showed tendency towards better event free survival. 

The FABP4 downregulation in this context could contribute to a less aggressive tumour 

phenotype, potentially explaining the improved event free survival observed in BRCA- group. 

It is conceivable that reduced FABP4 levels diminish supply of lipids required for rapid tumour 

cell proliferation and invasion. Additionally, this unique molecular profile may influence key 

pathways such as PI3K/AKT and MAPK, which are known to mediate cellular responses to 

metabolic stress and growth signals (Sun & Zhao, 2022).  

CARTPT 
 Recent study by Kast et al has highlighted that higher body mass index and significant 

weight gain during adulthood increased risk for postmenopausal breast cancer in BRCA1 variant 

carriers (Kast et al., 2023). These finding emphasises the crucial role in lifestyle factors, like 
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diet and exercise, that are important in chancing cancers risks among individuals with genetic 

predispositions, potentially through mechanisms involving altered hormonal environment and 

chronic inflammation. In contrast, body mass index did not differ significantly between  

the BRCA1-inactivated and BRCA1-active groups in our cohort. 

In parallel, the gene CARTPT, which encodes the cocaine- and amphetamine-regulated 

transcript peptide, has gained attention due to its involvement in breast cancer cell survival and 

resistance to endocrine therapies like tamoxifen (Brennan et al., 2012). CARTPT has been 

identified in both in primary and metastatic breast cancer tissues. In oestrogen receptor-positive, 

lymph node-negative tumours it has been proposed as an independent predictor of poor 

prognosis (Brennan et al., 2012). Mechanistically, CARTPT enhances transcription activity of 

oestrogen receptor alpha (ERα) via mitogen-activated protein kinase (MAPK) pathway in  

a ligand-independent fashion. In various cancer cell models CARTPT functions as an oncogene 

by activating the ERK pathway thereby stimulating pro-survival signals, inhibiting apoptosis and 

increasing cyclin D1 levels. Notably, this activity appears to protect tumour cells from  

tamoxifen-induced cell death, underscoring its potential as therapeutic target (Owe-Larsson et al., 2023).  

In this study, tumours with somatic monoallelic BRCA1 inactivation exhibited reduced 

CARTPT expression. It is possible that compromised DNA repair capacity resulting from 

BRCA1 inactivation alters gene expression patterns, including that of CARTPT. This altered 

expression profile may partially explain the improved event free survival observed in  

the Kaplan-Meyer analysis, particularly among patients receiving hormone therapies such as 

tamoxifen or anastrozole. 

MMP9 
Matrix metalloproteinase 9 (MMP9) is a member of the matrix metalloproteinase family 

enzymes that are essential for degradation and remodelling of the extracellular matrix  

(ECM) – a complex network of proteins and carbohydrates that provides structural support to 

cells and regulates various cellular processes, including cell adhesion, migration, and signalling 

Traditionally, MMP9 is associated with cancer progression, as its proteolytic activity facilitates 

tumour invasion and metastasis by breaking down ECM barriers (Gonzalez-Avila et al., 2019). 

However, the findings in this study show the opposite association: higher MMP9 expression 

correlates with a trend toward improved event free survival in somatically inactivated BRCA1 

cohort. The same direction of effect was observed in the overall cohort, where higher MMP9 

expression similarly trended towards better event-free survival (but not statistically significant). 

This observation suggests that the role of MMP in cancer is diverse and context dependent.  
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Recent studies indicate that MMP9 may exert both pro-tumorigenic and  

anti-tumorigenic effect. While ECM degradation function can promote metastasis, MMP9 also 

participates in modulating the immune response, regulating angiogenesis, and facilitates tissue 

repair. For instance, MMP9 are capable of generating matrikines, which are bioactive ECM 

fragments and have anti-angiogenic properties. MMP9 also can modulate immune cell 

recruitment (Huang, 2018; Wells et al., 2015). Moreover, inflammatory signals, which are often 

upregulated in the settings of genomic instability such as that observed in BRCA1 inactivation, 

can further induce MMP9 expression, therefore suggesting a link between DNA repair 

deficiencies, inflammatory responses and MMP9 regulation (Zhao et al., 2023).  

 In the context of BRCA1 inactivation, the inflammatory milieu of the tumour 

microenvironment may induce an MMP9 expression profile that contributes to immune 

modulation or tissue remodelling, rather than solely facilitating invasion. Since there is lack of 

studies directly examining how somatic BRCA1 inactivation relates to increased MMP9 

expression, further research is necessary to unravel these mechanisms and to determine if  

the dual roles of MMP9 can be exploited for therapeutic benefits (Wang et al., 2022). 

Although direct studies connecting somatic BRCA1 inactivation and increased MMP9 

expression are limited, genomic instability inherent to homologues recombination deficiency 

(HDR) can create a pro-inflammatory tumour microenvironment. Inflammatory cytokines 

released in this context may upregulate MMP9 expression, contributing to extracellular matrix 

remodelling and, paradoxically, improved clinical outcomes. This potential mechanistic connection 

underscores the need for further investigation into whether HRD-induced inflammation mediates 

MMP9 upregulation (Leifler et al., 2013; Wang et al., 2022; Zhao et al., 2023). 

GPX2 
GPX2 was markedly upregulated in breast cancer cases with BRCA1 promoter 

inactivation and emerged as a hub gene, pointing to a possible role in tumour development 

under BRCA1-deficient conditions in this study. As a regulator of oxidative stress, GPX2 may 

enhance cancer cell survival by mitigating reactive oxygen species that accumulate due to 

impaired DNA repair (An et al., 2024). The elevated expression of GPX2 could therefore 

represent an adaptive mechanism to oxidative damage in the absence of functional BRCA1. 

These observations suggest GPX2 may serve as a potential biomarker and therapeutic target in 

BRCA1-inactivated breast tumours. 
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ORM1  
Recent study by Qiong and Yin demonstrated that ORM1 promotes resistance to 

epirubicin in breast cancer, particularly via upregulation of matrix metalloproteinase 2 and 9 

(MMP2 and MMP9). This is of particular relevance to the present study, as increased ORM1 

expression was observed in breast cancer samples with somatic BRCA1 inactivation, 

accompanied by an unexpected association between elevated MMP9 levels and improved 

event-free survival. This study suggests that ORM1 drives chemoresistance through ECM 

remodelling, which is done through MMP upregulation. This in turn facilitates tumour cell 

survival and invasive potential. The upregulation of ORM1 in BRCA1-inactivated tumours 

could reflect similar mechanism, where genomic instability by inactivated BRCA1 induces  

an acute-phase inflammatory response that in turn increases ORM1 expression, which then 

increases MMP9 activity. As previously discussed, MMP is usually associated with promoting 

invasion and metastasis, but due to its dual functionality it can encompass pro-tumorigenic and 

anti-tumorigenic effect (Leifler et al., 2013; Qiong & Yin, 2021). Thus, the result in this study 

together with Qiong and Yin shows potential link between ORM1 driven MMP9 upregulation.  

TRH 
 The observation in this study suggests that breast cancer samples with somatic BRCA1 

inactivation show increase in thyroid releasing hormone (TRH) expression, pointing to  

a previously unknown connection between BRCA1 deficiency and thyroid hormone signalling 

within the tumour microenvironment. Typically, TRH is known for its central role in regulating 

thyroid function through the hypothalamic-pituitary-thyroid axis, but it is also expressed in  

non-thyroid tissues, there it can affect cell growth and survival (Trubacova et al., 2022). 

Upregulation of TRH expression in the context of BRCA1 inactivation suggests that these 

tumours are activating alternative endocrine pathways to support their growth and adapt to 

genomic instability. Possible explanation could be that in response to BRCA1 loss, cancer cells 

might be compensating by modulating TRH-related pathways to enhanced cell proliferation 

and survival, in that way influencing tumour behaviour and possibly altering their response to 

therapies. Although this is highly speculative, it opens new research ideas to explore how 

endocrine factors, which are traditionally associated with thyroid functions, might be used in 

BRCA1-deficient cancers (Baldini et al., 2022; Cortellino & Longo, 2023). 

IRS4 
Further exploring potential endocrine alterations observed in BRCA1-inactivated 

tumours, another important gene from DEG analysis emerged, which is Insulin Receptor 

Substrate 4 (IRS4). Unlike TRH, which was upregulated, IRS4 expression was significantly 
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decreased in the BRCA1-inactivated group. IRS4 is critical mediator of insulin signalling and 

has been widely recognised for its role in promoting cellular growth and survival (Guijarro  

et al., 2023). Dysregulation of this pathway is a common hallmark of cancer, and elevated IRS4 

levels have been reported in various breast cancer tissues, where they are thought to enhance 

PI3K-pathway activity. In fact, recent studies have characterised IRS4 as an oncogene with  

a potential role in driving constitutive PI3K activation and even contributing to resistance 

against HER2-targeted therapies (Guijarro et al., 2023; Ikink et al., 2016). The decreased 

expression of IRS4 in our cohort may reflect a unique regulatory pattern in BRCA1-deficient 

tumours, which might influence tumour metabolism and responsiveness to therapy. Together, 

the different expression patterns of TRH and IRS4 highlight the complex interplay between 

endocrine signalling, metabolic regulation, and genomic instability in shaping breast cancer 

behaviour.  

CGA and CHGB 
Chromogranin A (CGA) and Chromogranin B (CHGB) are members of the granin 

family, traditionally associated with secretory granules in neuroendocrine cells. Their 

overexpression in breast cancer subtypes has been linked to increased neuroendocrine features, 

elevated angiogenesis, and altered cellular signalling pathways (Giovanella et al., 2001).  

In response to genomic stress due to BRCA1 loss, tumor cells may adopt alternative survival 

pathways, sometimes linked to endocrine or neuroendocrine signalling. In this sense, increased 

CGA and CHGB could be part of a compensatory mechanism that modifies the tumor 

microenvironment. One possibility is that these granins interact with components of  

the immune system or extracellular matrix in a manner that restricts metastatic spread, or that 

they render the tumor more sensitive to DNA-damaging treatments, given the pre-existing 

deficiency in BRCA1-dependent DNA repair (Weisbrod et al., 2013). 

4.3 Strengths and weaknesses of the study 

 Strengths of the study 
This study has several notable strengths. First, high-throughput RNA-sequencing 

technology was used to generate comprehensive transcriptomic profiles across distinct breast 

cancer subtypes, particularly, triple negative breast cancer (TNBC) and tumours with 

monoallelic somatic BRCA1 inactivation. This approach enabled the identification of 

differentially expressed genes and enriched pathways that may serve as potential biomarkers or 

therapeutic targets. The use on rigorous bioinformatics tools, including GO enrichment analysis 

and protein–protein interaction mapping using STRING database, further strengthens our 
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results. In addition, integration of clinical data through Kaplan-Meier survival analysis adds 

valuable information, therefore linking molecular alterations and patient outcomes.  

 Limitations of the study 
In this study has several limitations. One of the limitations was relatively small sample 

size, particularly in specific subgroups such as TNBC and BRCA1-inactivated tumours.  

One contributing factor is that most TNBC patients undergo neoadjuvant therapy, therefore are 

not eligible for the study, since tissue samples are collected during surgery. This restriction 

further reduces the number of available samples for transcriptomics analysis. Additionally,  

the cohort of breast cancer with somatic monoallelic BRCA1 inactivation was limited due to 

small available samples. Notable, two cases with germline BRCA1/2 allelic variants were also 

excluded from analysis to mainly focus on somatic alterations. These exclusions, while 

necessary to maintain homologous study group, further limit the sample size. To help address 

this limitation, sequencing depth was increased by generating a higher read count per sample. 

As a result, the result should be interpreted with caution, and larger cohorts in the future studies 

will be essential to validate these results.  

Significant limitation was the absence of detailed patient clinical information for 

available samples. This gap in the clinical dataset limited our ability to correlate observed 

transcriptomic changes with histopathological features, therapy used. Many patients were lost 

to follow-up. Especially limited clinical data was in first section of (TNBC vs non-TNBC). 

Without comprehensive clinical annotations – such as tumour grade, stage, or molecular 

subtypes beyond the broad TNBC and non-TNBC categories – it is challenging to fully interpret 

the biological significance and potential prognostic value of the identified differentially 

expressed genes. Moreover, while several potential biomarkers were identified, their clinical 

applicability remains uncertain without rigorous testing of sensitivity, specificity, and 

predictive accuracy in independent cohorts. Validation using well-characterised clinical 

datasets and functional assays will therefore be critical before these biomarkers can be 

translated into diagnostic or prognostic use. In future studies, the integration of robust, detailed 

clinical data with high-throughput transcriptomic analyses will be essential to strengthen  

the validity of our findings and to facilitate more personalised treatment strategies based on 

specific tumour phenotypes. 

4.4 Future perspectives 
Future perspectives for our work include many areas. Firstly, expanding patient cohort 

to include larger sample size to enhance the statistical power of our findings, particularly 

subgroups like TNBC and somatic inactivated BRCA1. Possible using publicly available 



 

78 

databases such as TCGA. Additionally, using multi-omics approaches could provide more 

comprehensive understanding of the molecular basis of these breast cancer subtypes, this could 

be done by combining transcriptomics with proteomics, epigenomics, and metabolomics.  

Continued research seeks reliable, clinically validated TNBC markers, yet despite 

diverse gene proposals, none have consistently translated into clinical practice. Our identified 

hub genes, including FOXA1, ESR1, TFF1, GATA3, TFF3, AR, SLC39A6, and COL9A1, reflect 

known TNBC characteristics but require validation in broader patient populations, especially 

given the limited prognostic insight provided by current molecular subtype data regarding 

outcomes such as distant metastasis-free survival.  

Furthermore, future work could explore the interplay between BRCA1 inactivation, 

endocrine signalling, and metabolic pathways. This could help in novel therapeutic target. 
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Conclusions 

1. RNA-sequencing identified 53 854 expressed genes, with 229 differentially expressed 

between TNBC and non-TNBC tumours, defining a distinct TNBC-associated 

transcriptomic profile enriched for extracellular matrix-related pathways, including collagen 

organisation and extracellular structural functions. 

2. Gene Ontology enrichment confirmed that TNBC-related DEGs are functionally linked to 

extracellular structure organisation and ECM integrity. Protein–protein interaction analysis 

identified hub genes FOXA1, ESR1, TFF1, GATA3, TFF3, AR, SLC39A6, and COL9A1, 

highlighting their central role in regulating the tumour microenvironment and endocrine 

signalling pathways.  

3. Transcriptome analysis of tumours with monoallelic somatic BRCA1 inactivation identified 

39 differentially expressed genes, predominantly enriched in extracellular region–related 

processes, indicating altered tumour-stroma interactions.  

4. Functional enrichment analysis of tumours with monoallelic BRCA1 inactivation showed 

significant enrichment of genes in extracellular region categories, including TPSD1, FABP4, 

ORM1, ALPI, CARTPT, TRH, CSN3, and MMP9. Protein–protein interaction analysis 

identified GPX2 and MMP9 as hub genes, with GPX2 consistently ranking highest across 

both algorithms. 

5. A tendency toward prolonged event-free survival in patients with monoallelic somatic 

BRCA1 inactivation was revealed by Kaplan-Meier analysis. 
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Proposals 

The findings of this Doctoral Thesis demonstrate the value of transcriptomic profiling 

for improving molecular stratification of breast cancer, particularly in clinically challenging 

subgroups. It is proposed that future studies validate the identified subtype-specific gene 

expression signatures and hub genes in larger, independent cohorts, with special emphasis on 

triple-negative breast cancer. Such validation is necessary to determine their reliability as 

prognostic or predictive biomarkers and to assess their added value beyond standard 

clinicopathological classification. 

The results further indicate that monoallelic somatic BRCA1 inactivation represents  

a biologically distinct phenotype with specific transcriptomic alterations and potential 

prognostic relevance. Future research should therefore move beyond a binary interpretation of 

BRCA1 status and systematically investigate partial BRCA1 loss, its association with 

homologous recombination related pathways, and its impact on treatment response, particularly 

to DNA-damaging agents and PARP inhibitors. 

In addition, functional validation of selected differentially expressed genes is proposed 

to clarify their role in tumour biology and therapy sensitivity. Finally, integrating transcriptomic 

data with clinical and pathological parameters in prospective studies could support more precise 

patient stratification and facilitate the development of personalised treatment strategies in breast 

cancer care. 
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Supplementary Table 1 

Table 1. MLPA results for BRCA1 CNV and methylation status 

 CNV Analysis Methylation Analysis 
ID Group FR SD Interpretation FR SD Interpretation 

1110 BRCA− 0.69 0.08 Hz deletion * 0.00 0.00 No methylation detected 
903 BRCA− 0.61 0.09 Hz deletion * Hz 0.00 No methylation detected 

1005 BRCA− 0.53 0.08 Hz deletion * 0.00 0.00 No methylation detected 
1007 BRCA− 0.65 0.09 Hz deletion * 0.00 0.00 No methylation detected 
1043 BRCA− 0.66 0.08 Hz deletion * 0.00 0.00 No methylation detected 
1047 BRCA− 0.67 0.09 Hz deletion * 0.00 0.00 No methylation detected 
1136 BRCA− 0.68 0.11 Hz deletion * 0.00 0.00 No methylation detected 
1122 BRCA− 0.67 0.10 Hz deletion * 0.00 0.00 No methylation detected 
1074 BRCA− 0.63 0.09 Hz deletion * 0.04 0.00 Very low signal 
1209 BRCA− 0.68 0.11 Hz deletion * 0.00 0.00 No methylation detected 
1088 BRCA− 0.55 0.08 Hz deletion * 0.00 0.00 No methylation detected 
1078 BRCA− 0.60 0.06 Hz deletion * 0.00 0.00 No methylation detected 
1155 BRCA− 0.64 0.07 Hz deletion * 0.00 0.00 No methylation detected 
1107 BRCA− 0.59 0.06 Hz deletion * 0.00 0.00 No methylation detected 
1046 BRCA− 0.86 0.09 Likely normal 0.00 0.00 No methylation detected 
1171 BRCA− 0.51 0.12 Hz deletion 0.69 0.05 High methylation 
1109 BRCA− 0.72 0.12 Hz deletion 0.42 0.04 Partial methylation 
1000 BRCA+ 0.82 0.08 Normal 0.00 0.00 No methylation detected 
1003 BRCA+ 0.89 0.05 Normal 0.00 0.00 No methylation detected 
1004 BRCA+ 0.73 0.09 Hz deletion 0.00 0.00 No methylation detected 
1006 BRCA+ 0.82 0.10 Normal 0.00 0.00 No methylation detected 
1008 BRCA+ 0.72 0.06 Hz deletion 0.00 0.00 No methylation detected 
1009 BRCA+ 0.81 0.06 Normal 0.00 0.00 No methylation detected 
1010 BRCA+ 1.02 0.11 Normal 0.00 0.00 No methylation detected 
1011 BRCA+ 1.02 0.14 Normal 0.00 0.00 No methylation detected 
1013 BRCA+ 0.76 0.09 Borderline 0.00 0.00 No methylation detected 
1018 BRCA+ 0.75 0.18 Borderline 0.34 0.06 Partial methylation 
1019 BRCA+ 0.84 0.08 Normal 0.00 0.00 No methylation detected 
1030 BRCA+ 0.85 0.04 Normal 0.00 0.00 No methylation detected 
1036 BRCA+ 0.79 0.07 Normal 0.00 0.00 No methylation detected 
1039 BRCA+ 0.76 0.08 Borderline 0.27 0.04 Low methylation 
1050 BRCA+ 0.70 0.07 Hz deletion 0.00 0.00 No methylation detected 
1051 BRCA+ 0.74 0.09 Borderline 0.00 0.00 No methylation detected 
1065 BRCA+ 0.76 0.07 Borderline 0.00 0.00 No methylation detected 
1068 BRCA+ 0.88 0.09 Normal 0.00 0.00 No methylation detected 
1112 BRCA+ 0.79 0.08 Normal 0.00 0.00 No methylation detected 
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Supplementary Table 2 

Table 2. ME001-D1 MS-MLPA BRCA1 probes according to chromosomal location 

SALSA MLPA probe 5162-L04543 

Gene BRCA1 

Ligation site NM_007294.4; 59-60  

Location 17-038,531 

Complete sequence TTCTCAGATAACTGGGCCCCTGC-GCTCAG 
GAGGCCTTCACCCTCTGCTCTGGGTAAAGGT 
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Supplementary Table 3 

Table 3. TaqMan probes used for transcript validation, with corresponding assay details 

Gene 
Symbol 

Interrogated 
Sequence 

Translated 
Protein 

Exon 
Boundary 

Assay 
Location 

IMAGE 
Clone ID 

Amplicon 
Length 

TPSD1 NM_012217.2 NP_036349.1 3-4 533  76 
TPSD1 AF206664.1 - 2-3 370  76 
TPSD1 BC069143.1 - 3-4 524 7217003 76 
FABP4 NM_001442.2 NP_001433.1 2-3 315  96 
FABP4 BC003672.1 - 2-3 310 3683235 96 
FABP4 BQ880795.1 - 2-3 247  96 
FABP4 BT006809.1 - 2-3 244  96 
FABP4 CD000452.1 - 2-3 316  96 
FABP4 CR456903.1 - 2-3 244  96 
FABP4 FJ224319.1 - 2-3 306  96 
FABP4 J02874.1 - 2-3 306  96 
CARTPT NM_004291.3 NP_004282.1 1-2 295  77 
CARTPT BC029882.1 - 1-2 291 5171665 77 
CARTPT CR542216.1 - 1-2 164  77 
CARTPT U16826.1 - 1-2 183  77 
MMP9 NM_004994.2 NP_004985.2 8-9 1354  67 
MMP9 AK298246.1 - 8-9 1277  67 
MMP9 AK301446.1 - 6-7 1015  67 
MMP9 AK302530.1 - 3-4 506  67 
MMP9 AK303080.1 - 6-7 1074  67 
MMP9 AK313137.1 - 8-9 1354  67 
MMP9 AK316145.1 - 9-10 1257  67 
MMP9 BC006093.1 - 8-9 1340 4054882 67 
MMP9 CN288579.1 - 3-4 542  67 
MMP9 J05070.1 - 8-9 1354  67 
GPX2 NM_002083.3 NP_002074.2 1-2 400  169 
GPX2 BC005277.1 - 1-2 240 3996732 169 
GPX2 BC016756.1 - 1-2 254 3681457 169 
GPX2 BC022820.1 - 1-2 223 5429926 169 
GPX2 BC067221.1 - 1-2 244 6668339 169 
GPX2 X68314.1 - 1-2 255  169 
RPLP1 NM_001003.2 NP_000994.1 3-4 394  68 
RPLP1 NM_213725.1 NP_998890.1 2-3 319  68 
RPLP1 AK026579.1 - 3-4 394  68 
RPLP1 AK130958.1 - 3-4 397  68 
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Supplementary Table 3 continued 

Gene 
Symbol 

Interrogated 
Sequence 

Translated 
Protein 

Exon 
Boundary 

Assay 
Location 

IMAGE 
Clone ID 

Amplicon 
Length 

RPLP1 AY303789.1 - 3-4 395  68 
RPLP1 BC003369.1 - 3-4 377 2900846 68 
RPLP1 BC007590.1 - 3-4 365 3343021 68 
RPLP1 CR450339.1 - 3-4 265  68 
RPLP1 CR542209.1 - 3-4 265  68 
RPLP1 M17886.1 - 3-4 394  68 
RPL13A NM_001270491.1 NP_001257420.1 7 929  113 
RPL13A NM_0123.3 NP_036555.1 8 1005  113 
RPL13A NR_073024.1  8 995  113 
RPL13A AB082924.1 - 5 784  113 
RPL13A AK056837.1 - 3 2142  113 
RPL13A AK130605.1 - 8 952  113 
RPL13A AK291120.1 - 8 951  113 
RPL13A AK297859.1 - 6 755  113 
RPL13A BC000514.2 - 8 934 2822802 113 
RPL13A BC000847.1 - 1 184  113 
RPL13A BC004900.2 - 7 925  113 
RPL13A BC032107.2 - 8 940  113 
RPL13A BC062537.1 - 7 931 4908022 113 
RPL13A BC070223.1 - 8 951 6736442 113 
RPL13A BC071929.1 - 7 935 5808487 113 
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