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Abbreviations used in the Thesis 

AR Androgen receptor 
BRCA1 BRCA1 DNA repair associated coding gene 
BRCA2 BRCA2 DNA repair associated coding gene 
CARTPT CART Prepropeptide coding gene 
CGA Glycoprotein Hormones, Alpha Polypeptide 
CHGB Chromogranin B 
CI Confidence interval 
COL9A1 Collagen Type IX Alpha 1 Chain coding gene 
CSN3 Casein Kappa 
DEG Differentially expressed genes 
DNA Deoxyribonucleic acid 
ECM Extracellular matrix 
ER Oestrogen receptor 
FABP4 Fatty Acid Binding Protein 4 coding gene 
FOXA1 Forkhead Box A1 coding gene 
GATA3 GATA binding protein 3 coding gene 
GPX2 Glutathione Peroxidase 2 coding gene 
HER2 Human epidermal growth factor receptor 2 
HR Homologous recombination 
IRS4 Insulin receptor substrate 4 coding gene 
MMP9 Matrix metalloproteinase 9 
mRNA Messenger RNA 
ORM1 Orosomucoid 1 
PARP poly (ADP-ribose) polymerase 
PPI Protein–protein interaction 
PR Progesterone receptor 
RNA Ribonucleic acid 
SLC39A6 Solute Carrier Family 39 Member 6 coding gene 
STRING Search Tool for the Retrieval of Interacting Genes/Proteins. 
TFF1  Trefoil factor 1 
TFF3 Trefoil factor 3 
TNBC Triple negative breast cancer 
TPSD1 Tryptase Delta 1 
TRH Thyroid releasing hormone 
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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 
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specific 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 
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. 

Hypothesis of the Thesis 
Distinct transcriptomic signatures in breast cancer molecular subgroups may serve as 

predictive biomarkers, enabling personalised therapeutic strategies. 
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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. 
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1 Materials and methods 

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 1.1. 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).  
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Figure 1.1  Study design and analytical workflow 



 

10 

2 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. 

2.1 TNBC vs non-TNBC molecular profile 

2.1.1 Clinical and pathological characteristics of the study groups 
The clinical and pathological characteristics of the TNBC study cohort (n = 19) were 

analyzed after stratification 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. 

2.1.2 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. 
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2.1.3 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.  

In the biological process group, 13 genes including GDF, MYF5, COL9A1, COL11A2, 

COL19A1, DLK1, EXTL1, ZIC1, ALX1, NCAN, DLX6, MMP9 and EN1 were 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).  

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. 

2.1.4 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. Following this, 

clustering analysis identified three distinct functional modules within the network. Module 1 

(Figure 2.1) 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 2.2) 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 2.3) 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.  
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Hub genes were then selected leading to the identification of eight key hub genes: 

FOXA1, ESR1, TFF1, GATA3, TFF3, AR, SLC39A6, and COL9A1 (Figure 2.4). 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.  

 

Figure 2.1  Significant module-1 selected 
from PPI network including genes 

COL5A3, COL19A1, COL9A1, COL5A5, 
COL11A2 

Figure 2.2  Significant module-2 selected from PPI 
network including genes TFF1, TFF3, GATA3, 

FOXA3, ESR1, SLC39A6 

Figure 2.3  Significant module-3 selected 
from PPI network including genes GP2, 

LY6K, MSLN, LYPD6B, MMP9, HMOX1, 
CD163, MPO 



 

13 

 

2.2 BRCA1 monoallelic somatic inactivation molecular profile 

2.2.1 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. Accordingly, the cohort was divided into two groups: BRCA1−, 

representing cases with monoallelic somatic inactivation, and BRCA1+, representing tumours 

with two active BRCA1 alleles. 

The clinical and pathological characteristics of the study cohort (n = 36) were analysed 

after stratification 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. 

  

Figure 2.4  Subnetwork of 8 hub genes (ESR1, FOXA1, GATA3, TFF1, TFF3, 
SLC39A6, AR, COL9A1) 
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2.2.2 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 and 16 were 

downregulated 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. 

The volcano plot (Figure 2.5) 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.  
 

 

Figure 2.5  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 2.6. 

Following hub gene analysis identified MMP9 and GPX2 as central nodes with the network. 
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Figure 2.6 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. 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.  

The enrichment analysis conducted using the STRING tool revealed significant 

enrichment of proteins within the extracellular region (GO:0005576) and extracellular space 

(GO:0005615). 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. 
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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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