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ABSTRACT 

 

Breast cancer is the most common cancer in women globally, with incidence rates 

increasing and survival rates varying widely depending on early detection and access 

to treatment. In Ireland, the number of diagnoses is increasing (National Cancer 

Registry, 2016), with 89% of new cases being invasive breast cancer. To reduce the 

number of individuals with invasive cancer, there is an urgent need for specific and 

sensitive diagnostic biomarkers for the earliest stages of breast cancer.  

 

Ductal carcinoma in situ (DCIS) is a non-obligate precursor to invasive ductal 

carcinoma. With an increasing number of studies linking long, non-coding RNAs 

(lncRNAs) to various cancers, we have specifically selected to examine lncRNAs as 

novel DCIS biomarkers and to characterise their biological roles. To do so, we aimed 

to perform a transcriptomic study focused on lncRNAs using two patient-derived 

DCIS cell lines (ETCC-006 and ETCC-010) and one cellular model of DCIS, 

MCF10DCIS.com. However, since ETCC-006 and ETCC-010 cells have been poorly 

studied in the literature, we started by conducting a detailed molecular characterization 

of those cells, comparing them to other breast cancer cell lines. Contrary to previously 

published results, we found that ETCC-006 and ETCC-010 cells in culture are more 

similar to triple negative breast cancer cell lines based on hormone receptor status. 

Next, we performed a lncRNA-capture RNA sequencing (RNAseq) on those 

characterized cells. From those experiments, we identified 92 common differentially 

expressed lncRNAs in those cells compared to MCF-10A cells. Using data from The 

Cancer Genome Atlas (TCGA), we reduced our targets to six lncRNAs whose altered 

expression is associated with adverse breast cancer patient outcomes. Next, we aimed 

to functionally characterize those targets by monitoring proliferation and migration 
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after altering their expression levels. This led us to focus specifically on LOC729970, 

an uncharacterized lncRNA in the literature. To investigate its molecular function, we 

identified LOC729970 specific proteins interactors by mass spectrometry. Then, we 

chose to focus on the glycolytic enzyme GAPDH and the angiogenic factor CYR61 to 

confirm their interaction with LOC729970. 

 

Ultimately, our goal is to identify and characterise lncRNA biomarkers in DCIS with 

the hope of establishing a list of lncRNAs involved in the transition toward IDC. This 

could then lead to the development of diagnostic tools that could change how early 

breast cancer is detected and treated in patients worldwide.  
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Chapter 1 
 

Introduction 
 

Breast carcinoma is the most common cancer affecting women globally according to 

the World Health Organization (1); indeed, it is responsible for over 500,000 cancer 

deaths every year. Mammography has been historically, and remains presently, the 

main method for detection of breast cancer (2). While painless and cost-effective, 

mammography has detection limits, showing low resolution and sensitivity (3). This 

implies that using only mammography for the screening of breast cancer can result in 

either false negative where the tumor is not detected or false positive where there is 

actually no tumor. It is estimated that false negative results represent up to 20% of the 

screenings (4). Alternatively, false positive results can lead to an overtreatment of the 

patient that would have health implications in the future (4). The identification of novel 

biomarkers for early detection has been a focus in cancer research, in particular serum 

biomarkers (3). Long non-coding RNAs (lncRNAs) are part of the panel of serum 

biomarkers and will be the focus of this thesis in early breast cancer. In this 

introduction, we aim to give a brief overview of key features of cancer and particularly 

breast cancer (BC) and ductal carcinoma in situ (DCIS), lncRNAs and to highlight the 

gap of research between the two. We will start with a short introduction of the normal 

breast which is essential to understand the changes that occur in breast cancer. Next, 

we will focus on breast cancer, its origin and its characteristics. Finally, we will 

conclude with a presentation on lncRNAs, their diversity and their role both in normal 

and disease context.  
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1.1  Normal breast 
 

The breast is a specialized structure, specific to mammals, that contain the mammary 

glands (5). Mammary glands, whose function is to produce and deliver milk to 

newborns, have been an essential part of the evolutionary success of mammals (6).  

 

1.1.1 Anatomy of the breast in humans 
 

The human breast is mainly composed of adipose and glandular tissue, both connected 

by a fibrous tissue called Cooper’s ligament (5). The glandular tissue is functional and 

is responsible for the production and secretion of milk. Delivery of milk to the nipple 

occurs through a complex network of lobes and ducts. Each lobe contains several 

lobules, themselves divided into small alveoli (Figure 1.1). Small ductules extract the 

milk from the alveoli and transport it to a main duct to which they are connected, itself 

connected to the nipple (7). Interestingly, the duct walls are composed of two layers 

of epithelial cells. The inner layer contains epithelial cells with the ability to 

differentiate into milk secretory cells, while the outer layer of cells have a phenotype 

close to smooth muscle cells (8). 

 

1.1.2 Development of the breast in humans 
 

Breast development in humans is cyclic and divided in several phases. It starts at the 

neonatal stage where a system of small-branched channels is established in the 

mammary adipose tissue (9). The next growth phase happens around the puberty where 

the ducts expand and further branch to form secondary ducts. Puberty is also the stage 

where alveolar buds develop. Successful menstrual cycles allow the duct network to 

additionally branch to form a structure more and more complex (10). Breast 
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development is not complete until the pregnancy stage where the functional 

differentiation of the gland occurs to form an organ capable of producing milk. After 

the pregnancy, when the lactation is stopped, the breast undergoes through a 

remodeling which results in the loss of those functional structures (11). The breast 

morphology then resembles the one observed pre-pregnancy. However, the structure 

of the mammary gland is different from the pre-pregnancy stage, with an increase in 

lobe number. All the morphologic changes are tightly regulated by endocrine 

interactions involving mostly estrogen, progesterone and prolactin (5).  

 

Figure 1.1: Anatomy of the human female breast. The mammary gland is composed 

of lobes interconnected through ducts. Each lobe is a complex structure subdivided in 

smaller lobules themselves subdivided into alveoli. During pregnancy, the lobes 

undergo differentiation to produce a mammary gland capable of producing and 

secreting milk through the network of ductules and ducts up to the nipple. Figure 

adapted from brainkart.com – Chapter: Essentials of Anatomy and Physiology – The 

Reproductive Systems (12) and drawn in BioRENDER.com. 
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1.2 Invasive breast cancer 
 

Before focusing on invasive breast cancer (IBC) specifically, we need to define what 

cancer is, its causes and consequences. Cancer is a genetic disease (13) that can also 

be defined as the process that transform normal cells into malignant cells (14). During 

their transformation, malignant cells acquire capacities called hallmarks of cancer, 

recapitulated in many review articles (14–16), that allow them to grow abnormally 

(Figure 1.2). Indeed, malignant cells are capable of evading apoptosis (17), of avoiding 

the host immune system (18). Moreover, they show no susceptibility to growth 

suppressors factors that regulate the proliferation of normal cells. In fact, malignant 

cells do not require growth factors; indeed, signaling pathways responsible for cell 

growth are mis-regulated to maximize the cellular proliferation potential (19). By 

triggering expression of the telomerase, they acquire replicative immortality (20). 

Moreover, to further promote their growth, metabolic changes are induced to stimulate 

energy production (21). Angiogenesis is also promoted around the tumor mass for the 

transport of oxygen and nutrients (22). Interestingly, the host immune system attempts 

at fighting the cancer can result in a local inflammation, favorable for the cancer 

growth. Indeed, factors stimulating the angiogenesis and allowing apoptosis evasion 

are secreted, thus promoting tumor growth (23). Here it is important to highlight that 

a tumor can be either a benign or malignant mass. This difference relies mostly on the 

ability of malignant cells to invade other organs by a process called metastasis (24). 

High genome instability, including both genetic mutations and epigenetic 

modifications, is observed in cancer. The DNA damage response system is impaired 

which partially explains how cancer cells acquire those characteristics, making them 

perfectly adapted for an uninterrupted growth (25).  
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Figure 1.2: Next generation of hallmarks of cancer. This schematic highlights the 

strategies that cancer cells use to grow in the host organism. It summarizes cancer 

research conducted until 2011 and lays the foundations of the cancer research that has 

been conducted since then. Used with permission from Hanahan and Weinberg, Cell 

(2011) (15). 

 

1.2.1 Definition and origin of IBC 
 

IBC is simply defined as the development of a malignant tumor in the breast. It is 

associated with several risk factors that include environmental factors (diet, physical 

activity, obesity and alcohol consumption) and intrinsic factors such as age and genetic 

predisposition (26).  
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The genetic predisposition to IBC has been identified since 1990 with the discovery 

of the pathogenic mutations in the genes BRCA1 (BReast CAncer gene 1) and BRCA2 

(BReast CAncer gene 2). Both genes contribute to DNA repair and transcriptional 

regulation in response to DNA repair (27). Mutations in BRCA1 and BRCA2 confer an 

increased risk of up to 85% to develop breast cancer (28). Other mutations associated 

with an increased risk of breast cancer have been identified since then. A few examples 

include TP53 (Tumor protein 53 or p53), a master regulator of the G1/S checkpoint or 

PTEN (Phosphatase and Tensin homolog), a negative regulator of PI3K 

(phosphatidylinositol-3-kinase) that controls pathways involved in cell growth 

including cell proliferation and migration (29).  

 

For cases where no genetic component is identified, cancer researchers have proposed 

a role for breast cancer stem cells (BCSCs) (30). Indeed, those show properties similar 

to those observed in normal stem cells (NSCs), including self-renewal, unlimited 

proliferation, slow replicative rate, high DNA repair capacity and the ability to divide 

into daughter cells with various differential potential. Cancer stem cells (CSCs), 

however, show little control of the self-renewal or differentiation program. Because 

they are resistant to chemotherapy, CSCs represent a challenge to completely eradicate 

the cancer (30). Interestingly, a hypothesis that the perinatal period of life influences 

the risk of developing breast cancer has been proposed (31). Indeed, breast stem cell 

number is decided in utero and the larger that number is, the more likely it is, to 

develop IBC during adulthood. Supporting this theory, a study has shown that breast 

cancer incidence is lower in women going through breast augmentation surgery (32).  

Moreover, in utero exposure to estrogen and IGF-1 (Insulin-like growth factor-1), a 

growth hormone, increases breast cancer risk. Indeed, an association between an in 
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utero low estrogen environment and a lower breast cancer incidence of the offspring 

has been shown in pre-eclampsia cases (33) or when the mother smokes during the 

pregnancy (34) – both notorious for inducing a reduction in maternal estrogen levels. 

Furthermore, in utero exposure to carcinogens in rat models leads to the development 

of breast cancer in the adult animal (35), thus supporting the hypothesis that BCSC 

play an essential role in breast cancer development as early on as the prenatal period. 

However, that theory does not fully explain what drives breast tumorigenesis. Indeed, 

a high degree of heterogeneity is observed in malignant tumors, yet according to the 

BCSC theory tumor growth should occur by clonal expansion. In reality, 

tumorigenesis is probably the result of the combination of clonal expansion from 

BCSC and from more differentiated progenitors cells (36–38). 

 

1.2.2 IBC classifications 
 

IBC can be classified differently depending on the criteria analyzed. One type of 

classification are based on the tumor grade with the histological grading system – the  

Tumor, Node, Metastasis (TNM) classification or the molecular subtypes (39).  

 

Histological grading can be divided into four grades (grade 1 to 4), with grade 1 breast 

cancer displaying tumor cells that are most similar to normal cells, moving to grade 4 

where tumor cells proliferate rapidly and show mobility (39). In breast cancer 

specifically, the Nottingham histological system is the most commonly used. It is 

determined by the evaluation of tubule formation, the degree of nuclear pleomorphism 

and mitotic count and is divided in three grades, from grade 1 associated with better 

prognosis to grade 3 associated with the worst prognosis (40). In comparison, the TNM 

classification takes into consideration the size of the tumor (from 0 no tumor, to 4 
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where the tumor has grown into the chest wall and skin), whether it has spread to the 

lymph nodes (from 0 no tumor cells in the lymph nodes, to 3 tumor cells are present 

in more than ten nodes) and whether the tumor has spread to other organs (39). Taken 

together, those criteria divide tumors in five stages, stage 0 applying to non-invasive 

BC and stage 1-4 applying to IBC.  

 

IBC develops mainly in two part of the breast (Figure 1.1), the duct where it is called 

invasive ductal carcinoma (IDC). It can also develop in the lobes where it will be called 

invasive lobular carcinoma (ILC), this only represents 10% of IBC cases. ILC differs 

from IDC in epidemiology, through molecular alterations, the treatment required and 

patient outcome, ILC showing a worse outcome for stage-matched IDC (41). We will 

focus on IDC from this point.  

 

IDC is classified clinically based on the expression of three hormone receptors: 

estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth 

factor receptor 2 (HER2/ERBB2) (42). Hormone receptor (HR) positive IDC is 

characterized by expression of ER/PR, and it represents up to 60% of IDC cases. It is 

treated with hormonal therapy including tamoxifen, a molecule that blocks estrogen 

binding to the estrogen receptor to ultimately block cell proliferation (43) and 

aromatase inhibitors, agents blocking estrogen production (44). HR positive IDC is 

subdivided into two subtypes, luminal A and B. Luminal A tumors tend to be ER 

and/or PR positive with negative HER2; whereas, luminal B tumors are mostly ER 

and/or PR positive with positive HER2 (or high expression of the proliferation marker 

Ki67 and negative HER2). Tumors where HER2 is overexpressed, with or without 

expression of ER/PR, constitute their own subtype called HER2 positive. They 
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represent about 20% of all IBC cases (42). Those are treated with drugs targeting 

HER2. Finally, triple negative breast cancer (TNBC) applies to any tumor that show 

no expression of ER/PR/HER2. Those represents up to 15% of IBC cases. Since no 

expression of HR is observed, hormonal therapy is not helpful for those cases. 

Treatment of TNBC includes a combination of breast surgery removal, radiotherapy 

and chemotherapy (42). Recently, several studies have highlighted the efficacy of 

immunotherapy treatment for TNBC treatment. Immunotherapy induces T-cell 

activation, in charge of recognizing cancer cells and activating the adaptive immune 

system response, through the targeting of programmed cell death protein 1 (PD-1) 

(45). The combination of immunotherapy and chemotherapy has shown promising 

results in TNBC treatment (45). 

 

In addition to being characterized by the expression of different molecular markers, 

each IDC subtype is associated with different patient outcome. HR positive IDC is 

associated with the best overall survival after diagnosis with about 85% of patients 

experiencing more than 5-years survival. HER2 positive subtype is usually more 

aggressive than HR positive and has been associated with a poorer prognosis until 

recently. Indeed, advances in treatment compromising a combination of 

immunotherapy targeting HER2 and antibody-drug conjugates have greatly improved 

the prognosis of HER2 positive BC (46). TNBC, however is associated with the worst 

prognosis and a high risk of recurrence compared to other subtypes (42). Interestingly, 

with tumor heterogeneity, it has been speculated that cells belonging to different 

subtypes cohabit and cooperate together within the same breast tumor (47). 
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1.2.3 IDC incidence and statistics in Ireland 
 

In Ireland, it is estimated that for 100,000 people from the general population, 123.5 

women and 1 man will develop breast cancer every year. This translates into a risk of 

1/10 to develop breast cancer for women before the age of 75 (48). Those statistics 

include non-invasive breast cancer cases; however, the National Cancer Registry 

Ireland estimates that almost 30% of invasive cancer occurs in the breast in women 

(48). Regarding mortality, for 100,000 women 25 will die of breast cancer, translating 

into a risk of 1/54 of dying from breast cancer before 75. While the mortality rate 

associated with breast cancer in women is not negligible, breast cancer only comes 

second in the list of death associated to cancer after lung cancer (48). This highlights 

the quality of treatments available for breast cancer patients and the importance of 

early diagnosis, with over 70% of breast cancer cases first diagnosed at stage I and II 

(48).  

 

1.3 Ductal Carcinoma In Situ 
 

1.3.1 Definition and origin of ductal carcinoma in situ 
 

Ductal carcinoma in situ (DCIS) is a non-obligate precursor to invasive breast cancer. 

It results from an abnormal proliferation of epithelial cells in the duct of the breast and 

is associated with a lack of invasive growth in the local stroma (49). The first step 

toward DCIS tumorigenesis is called atypical ductal hyperplasia, corresponding to the 

stage where epithelial cells start to abnormally proliferate (47, 48) (Figure 1.3). DCIS 

stage is reached when the duct is mostly filled with tumor cells. If the tumor cells break 

out from the duct to invade local tissues, it then turns into IDC. While the reason 
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remains still mostly unknown, DCIS transitions into IDC in 15-50% of cases (52). 

Yeong et al. recently reviewed several factors possibly implicated in DCIS progression 

to IDC with a special attention given toward the tumor microenvironment (53). Hence, 

a remodeling of the stromal extra cellular matrix, a change in expression of certain 

genes involved in normal myoepithelial cell function and a role for cytokine signaling 

between DCIS cells and cancer-associated fibroblasts has been proposed, although 

each remains to be further investigated. 

 
Figure 1.3 Tumorigenesis process in the duct of the breast. Epithelial cells 

abnormally proliferate and colonize the duct as stages progress until the DCIS stage 

where the duct is mostly full. Once tumor cells invade neighboring tissue, it evolves 

into IDC. Adapted from Casasent, Edgerton and Navin (2016) (51). 

 

Since 1982, the use of mammography for screening purposes has translated into an 

increase in DCIS incidence. DCIS incidence varies with age. While it still remains low 

in women under the age of 40, partially due to a lack of screening, it increases with 

age and peaks around 70-79. DCIS-associated risk factors, and more generally what 

causes its development, remains poorly understood. Some studies seem to indicate that 

DCIS shares common environmental risk factors with IDC. Hence, alcohol intake and 

hormone replacement therapy are associated with an increased risk of developing 

DCIS (49). However, no clear association between obesity and DCIS has been shown 

(54).  
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Genetic predisposition to DCIS has been poorly studied. While mutations in BRCA1 

and BRCA2 are associated with an increased risk of developing DCIS, other genetic 

associations remained unclear until recently (55). In 2016, Petridis et al. (56) aimed to 

compare if DCIS and IDC share similar genetic predispositions and whether those 

association are of similar strength. They found that 67% known IDC-associated loci 

are also associated with DCIS, with ER positive, IDC-associated loci also associating 

with ER positive DCIS. Case-only analysis showed no difference in the strength of the 

association. Moreover, no loci associated specifically to DCIS were found. This large-

scale study, compromising 5,067 cases of DCIS, 24,584 cases of IDC and 37,467 

controls pooled from 38 studies, highlights DCIS and IDC common genetic 

predispositions, in addition to sharing common environmental risk factors. Taken 

together, this suggests that DCIS and IDC are similar; however, the fact remains that 

DCIS does not transition to IDC in every patient. This implies that genetic 

predisposition alone is not responsible for the transition from DCIS to IDC and that 

other factors should be investigated to understand that transition. 

 

1.3.2 DCIS classification 
 

DCIS is characterized by a broad spectrum of cases, which made necessary the need 

for a specific classification system. Traditionally, DCIS is classified based on the 

predominant architectural pattern of the lesion, including comedo, solid, cribriform 

and micropapillary (57). Comedo DCIS is the most recognizable DCIS type due to the 

high presence of cells with abnormal morphology. At the center of duct, comedo DCIS 

is associated with necrosis and microcalcification, most likely due to a lack of oxygen 

and nutrients (58). Moreover, comedo DCIS lesions tend to be larger than other types 

of DCIS and more often associated with microinvasion. 
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As for other types, solid DCIS is formed by a compact proliferation of cells that fill 

almost entirely the duct. It can be associated with some necrosis and microcalcification 

and can be present in combination with comedo DCIS (57). Cribriform DCIS is 

identified by the presence of small duct-like structures in the duct. Those sub-ducts are 

round and rigid and may present some calcifications (57). Micropapillary DCIS is 

characterized by the presence of papillary structures that extend into the ductal lumen. 

Microlumens can be formed in micropapillary DCIS, sometimes associated with 

calcifications, similar to those observed in cribriform DCIS (57).  

 

As suggested, several types of DCIS can be found within the same lesion. This pushed 

the scientific community to find a more appropriate classification system (59). They 

settled on nuclear grading, which is more reproducible than the previous classification 

system and associated with better prognostic values. This grading system is divided 

into three categories: low, intermediate and high-nuclear grade (60). Low nuclear 

grade is characterized by the proliferation of cells with small round/oval nuclei and 

associated with rare mitoses. It is the closest phenotypically to normal cells (57). On 

the opposite, high-nuclear grade is associated with large cells, their nuclei showing 

different morphologies. Cells are highly mitotic and necrosis and calcification are 

often present (57). As expected, intermediate nuclear grade lies in between. Although 

necrosis can be seen in all stages, its likelihood increases with the grade (61). It extends 

from a single cell to a whole region like what is observed in comedo DCIS. On the 

opposite, cell polarization is more common in low nuclear grade DCIS since those 

look the most like normal cells and its likelihood decreases with the stage (61).  
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1.3.3 Detection and treatment of DCIS, an on-going debate 
 

As mentioned previously, DCIS is first diagnosed by mammography then confirmed 

by analysis of a core needle biopsy. Once the diagnosis is done, the lack of knowledge 

allowing to determine which DCIS cases will develop IDC if untreated forces the 

medical body to proceed to DCIS treatment.  

 

DCIS treatment involves a combination of breast surgery and post-surgery therapy 

(62). DCIS surgery treatment ranges from a local excision (also referred to as breast 

conserving surgery - BCS), where the tumor and surrounding tissue is removed, to a 

mastectomy, where the whole breast is removed. While mastectomy was used 

traditionally, the recent success of BCS has now orientated treatment toward this 

approach, especially in cases where the DCIS lesion is well localized (49). However, 

in patients associated with additional BC risk-factor, such as carrying mutations in a 

BRCA gene, mastectomy is still preferred. Post-surgery treatment mainly includes 

radiation therapy and hormonal therapy. Radiation therapy is recommended when 

BCS is performed to reduce the risk of local recurrence. This is especially necessary 

in high-nuclear grade DCIS considered as high-risk DCIS (49).  

 

Some studies have investigated if radiation therapy could be bypassed in low-risk 

DCIS cases. However, the identification of a DCIS group showing no benefit from 

radiation therapy is still unclear. The benefit of hormonal therapy in DCIS treatment 

is still being discussed. Indeed, tamoxifen has been investigated in several clinical 

trials post-BCS with inconsistent results. While a significant reduction of BC risk 

occurrence was shown in the group with tamoxifen treatment, the follow up study 

twelve years later showed no difference in patient overall survival between the treated 
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and control group (40, 50, 51). This is largely explained by the study design, as 

tamoxifen treatment was not given according to the patient’s ER status. Hence, a recent 

study has now shown that tamoxifen treatment in ER positive DCIS is associated with 

a decreased risk of BC occurrence and better overall survival, while no effect is 

evidenced in the ER negative DCIS group (65). However, long term intake of 

tamoxifen is associated with several side effects including hot flashes, vaginal 

secretion, thrombosis and endometrial cancer (66). This suggests that tamoxifen 

overtreatment of DCIS can have dramatic consequences, highlighting the need for 

clinical studies to strongly categorize patients that would benefit from tamoxifen 

treatment. Alternatively, treatment with aromatase inhibitors are under study. While 

those inhibitors seem to benefit ER positive DCIS cases as much as tamoxifen, they 

are also associated with important side effects including an increased risk of bone 

fractures (54, 55).  

 

Some studies estimate that 20% to 40% of DCIS cases are HER2 positive ; however, 

it is not routinely tested in DCIS. In 2013, a trial was initiated to investigate the benefits 

in HER2 testing in DCIS (69). This could have clinical implications as an anti-HER2 

therapy and could then be implemented in DCIS treatment.  

 

As suggested previously, DCIS treatment is surrounded by many controversies 

centered on the same question – whether it is over-treated (57, 58). Indeed, 

improvement in screening tools has translated into an increase in the number of women 

diagnosed with DCIS (72). However, despite assumptions of the opposite, IDC 

incidence has not decreased. This implies that DCIS is over-diagnosed and over-

treated. Thus, it has been proposed that instead of being treated, DCIS patients should 
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be under active surveillance to monitor whether the DCIS lesion progresses (73). 

Indeed, in lobular carcinoma in situ, a lesion with similar risk of progression to IBC 

as DCIS, active surveillance is offered to patients (74). However, overtreatment of 

DCIS may be a necessary step until DCIS progression to IDC is better understood. 

There has been a research focus of the DCIS to IDC transition through the 

identification of biomarkers that will allow patient stratification. 

 

1.4 DCIS-known markers 
 

In this section, we will review some of DCIS-known markers. DCIS has been 

characterized at different levels mostly related to DNA with genomic alterations, 

epigenetic modifications and dysregulation of gene expression. Some specific RNAs 

and cancer-associated protein coding genes have also been investigated in the context 

of DCIS. A few examples will be presented here.  

 

Interestingly, several types of cancer, including BC, have been associated with tumor 

infiltrating lymphocytes, which are under investigation for their value as a prognostic 

tool and their role in therapy (75). Similarly, DCIS has been characterized by the 

presence of a specific population of tumor infiltrating lymphocytes (76). However, 

since the exact function of these cells and their link to risk of recurrence remains 

unclear, we will not be presenting those results. 

 

1.4.1 Genomic alterations specific to DCIS 
 

Most studies investigating genomic alterations in DCIS seem to hint that changes 

occur mostly in high nuclear grade DCIS (77,78). However, low-grade DCIS is also 

characterized by some genomic alterations, especially with the chromosome 16q loss 
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(79) and 1q gain (80). In high-grade DCIS, there tends to be a frequent gain of 5p, 8q, 

17q and 20q, frequent amplifications of 11q13, 17q12 and 17q22-24 (76, 77) and a 

loss of 8p, 11q, 13q and 14q (79). Interestingly, 8p loss differs among DCIS cases. 

Indeed, in high-grade DCIS a whole arm loss is observed in 65% of cases. In low to 

intermediate DCIS, a partial loss of the 8p arm occurs in combination with a proximal 

gain in 29% of cases. The whole arm 8p loss observed in high-grade DCIS can happen 

in low to intermediate DCIS but that only concerns 12% of cases (78). Poorly 

differentiated DCIS is characterized by a loss of heterozygosity in chromosome 17, in 

addition to regions 6q25-q27, 8q24, 9p21, 13q14 and 17p13.1 (77, 79).  

 

The work presented here is mostly focused on low and high nuclear grade since 

intermediate grade seems to share genomic alterations with both low and high-grade 

and no clear pattern specific to intermediate nuclear grade DCIS has been evidenced 

(78).  

 

Regarding individual genes present within chromosomal regions altered, MYC (8q24) 

and HER2 (17q12) have been shown to be amplified in high nuclear grade DCIS (78). 

Moreover, high nuclear grade DCIS is also specifically characterized by a copy 

number alteration of CCNE1 (19q12) and AURKA (20q13) and amplification of 

CCND1. Somatic mutations have been evidenced in the gene PIK3CA in both mixed 

DCIS, where a mix between of DCIS and IDC is observed, and pure DCIS but findings 

suggest that those mutations do not drive the transition into IDC (73, 80, 81). 
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1.4.2 Epigenetic modifications in DCIS 
 

With epigenetic modifications proven to be drivers in the carcinogenesis process, those 

have been studied in DCIS to investigate whether they would constitute a better tool 

to evaluate overdiagnosis and overtreatment. DNA methylation, a reversible DNA 

modification, is deposited onto CpG islands, GC-rich regions present around gene 

promoters, to regulate gene expression (87). Indeed, dense methylation induces the 

silencing of the promoter. Loss of methylation is characteristics of many cancers to 

allow expression of oncogenes. However, hypermethylation of the promoter of tumor 

suppressor genes is most commonly observed (87). Two different studies comparing 

DCIS to normal and IDC (88,89), identified 72 common loci with differential 

methylation statuses, with mostly homebox and polycomb genes. This needs to be 

further confirmed in additional studies. However, methylation patterns comparing 

normal tissue from healthy people, adjacent normal tissue in DCIS patients and DCIS 

tissue have shown that adjacent normal tissue already shows wide-spread changes in 

methylation (85, 86). This implies that DNA methylation plays a role in early BC 

progression.  

 

Histone modifications constitute a major regulator of gene expression, along with 

DNA methylation. Those modifications mostly include mono- di- tri-methylation and 

acetylation, but phosphorylation and ubiquitination are also observed. Histone 

modifications form a complex and very plastic system controlled by protein “writers” 

that deposit the marks, “readers” that read them and “erasers” that erase them (87).  

 

Each modification has a unique role. For example, mono-methylation of H3K9, 

H3K27 or H3K79 is mostly associated with active transcription; whereas, di-
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methylation is mostly associated with a repressive role (85, 86). However, when a di-

methyl mark is deposited onto H3K79, it is associated with activation. Tri-methylation 

of H3K27 is repressive. Interestingly, the protein responsible for its deposition shows 

expression already at the DCIS stage. This supports the hypothesis that epigenetic 

remodeling occurs early in the breast carcinogenesis (87, 88). Similarly, lysine-

specific demethylase 1 (LSD1), a histone methylation eraser, is expressed at increasing 

levels from grade 1 DCIS to grade 3 DCIS (96).  

 

Acetylation is mostly associated with active transcription. Compared to histone 

methylation, histone acetylation is fairly stable between normal and adjacent normal 

tissue. The most noticeable change in DCIS is a loss of H4 acetylation in normal 

adjacent, suggesting again an early event in cancer progression (97). However, histone 

modifications studies in cancer have mostly focused on IBC and very few studies have 

investigated those early events in the breast carcinoma development (87).  

 

Super enhancers are formed when multiple enhancers are clustered together through 

chromatin interactions induced by changes in chromosome conformation. A study has 

shown that in the BC cell line MCF-7, RACK7, a tumor suppressor gene, occupies the 

most active super-enhancers regions to repress expression of the S100A (calcium-

binding protein) family of oncogenes (98). Analysis of RACK7 expression in matched 

DCIS and IDC biopsy of six patients shows a lower expression in IDC. Although, 

more studies on the subject need to be conducted, mis-regulation of super enhancers 

might play an important role in tumor development and the downregulation of RACK7 

might participate in the transition from DCIS to IDC (98). 
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1.4.3 Gene expression panels for the prediction of DCIS 10-year risk of 

recurrence  
 

Some gene expression panels have been developed to predict the 10-year risk of BC 

of recurrence. Formerly Genomic Health, a commercial laboratory has established a 

test specific for DCIS, for patients undergoing BCS without radiation (99). This test 

called Oncotype DX DCIS test (100) is derived from the Oncotype DX test (101) that 

is characterized by a twenty-one gene signature list with sixteen cancer-related genes 

and five reference genes. Since those tests have been getting a lot of attention from the 

medical body, we will briefly present the test specific to DCIS.  

 

Using a subset of twelve genes from the twenty-one gene signature, the 10-year risk 

of DCIS recurrence is calculated. Among those genes, five are related to proliferation 

(MKI67 – Ki67, STK15 also called AURKA, BIRC5 – Survivin, CCNB1 – Cyclin B1 

and MYBL2 - MYB Proto-Oncogene Like 2). The Oncotype DX DCIS test also 

includes PR and GSTM1 (Glutathione S-Transferase M1) and five references genes 

(102).  Risk of 10-year recurrence is then divided into three categories, low, 

intermediate and high risk.  

 

The adequacy of the DCIS Oncotype test to predict BC recurrence was analyzed by 

comparing histopathologic features of DCIS lesions with their respective calculated 

score (99). Hence, high risk scores are associated with dense chronic inflammation 

around the lesion, a symptom often found in more advanced cases, high mitotic count 

and no expression of PR. On the opposite, low risk scores are associated with no sign 

of inflammation, expression of PR and low mitotic count, all associated with good 

prognosis (99). Overall, this study suggests that those histopathologic features 
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(inflammation, mitotic count and expression of PR) correlate with the DCIS oncotype 

score for low and high-risk cases. Since histopathologic features cannot identify 

intermediate risk cases, they could not be compared to the Oncotype DX DCIS test.  

 

Interestingly, two studies show a discrepancy between histological features and the 

Oncotype DX DCIS score with around a fifth of the cases where the score and the 

histopathologic features do not correlate (103,104). However, an analysis was 

conducted on two different cohorts (104–106):  ECOG-ACRIN E5194 with 561 cases 

of low to intermediate grade DCIS according to histopathological features and 104 

cases with high-grade DCIS and the Ontario DCIS cohort (n = 3,762). They show that 

for 10% to 15% of cases, low risk clinicopathological features had an intermediate to 

high risk of local recurrence with the Oncotype DX DCIS test. This implies that the 

DCIS Oncotype score can identify cases with low risk features, but that are associated 

with high risk of local recurrence, if no additional treatment after BCS is carried out.  

 

1.4.4 Protein markers of DCIS 
 

With DCIS being a non-obligate precursor to IDC, many proteins characteristic of 

IDC’s aggressiveness are assessed at the DCIS stage. Hence, many studies have 

detected expression of some cancer-associated protein in DCIS and we have chosen to 

present only a few key examples.  

 

Hence, ER, PR, HER2 and Ki67 are used to determine the aggressiveness of the DCIS 

tumor (71). DCIS lesions that show no expression of ER, PR and/or high expression 

of HER2 and/or high Ki67 are associated with aggressiveness and a higher risk of local 
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recurrence. On the opposite, expression of ER, PR and low Ki67 is associated with 

low grade DCIS.  

 

In 2014, McNamara et al. (107) investigated the role of the androgen receptor (AR), a 

steroid hormone nuclear receptor (108) and related metabolic enzymes in DCIS 

aggressiveness. They showed that low levels of AR and androgen-metabolizing 

enzymes are associated with an increased aggressive behavior in TNBC and DCIS. 

However, this needs to be further investigated.  

 

p53 is a tumor suppressor induced in response to DNA damage (109) and responsible 

for multiple cell cycle checkpoints control (110). In cancer, TP53 is the most 

frequently mutated gene (111) and evidence has shown that mutations in the TP53 

gene can be found in some DCIS cases (66, 107). Those are associated with a more 

aggressive behavior and should therefore be treated accordingly with a combination 

of radiation therapy and BCS (112).  

 

Levels of p16, a checkpoint regulator of the G1 to S phase transition (113), have been 

measured by immunohistochemistry in 41 DCIS cases (109, 110).  High p16 levels are 

associated with a higher risk to evolve into IDC. 

 

p21 expression is activated by p53 in response to DNA damage. It inhibits the 

transition from the G1 to S phase, and in some cases can potentially inhibit the 

transition from the G2 to M phase (116). Hence, while p21 is expressed in a third of 

DCIS tumors, only one study showed an association between its expression and local 

recurrence (117). 
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Interestingly, expression of another regulator of the G1 to S phase transition, cyclin 

D1, (118) correlates with a lower risk of local recurrence in DCIS. It is most likely due 

to some pro-apoptotic function of the protein (112, 114). 

 

Bcl-2 is a negative regulator of apoptosis (120). While it is expressed in half of DCIS 

cases, Bcl-2 shows no association with local recurrence (117).  

 

COX-2 is a regulator of angiogenesis in normal breast.  In tumors, COX-2 function is 

unknown, although it seems to be linked with oncogenic functions such as increased 

proliferation and decreased apoptosis (115). Hence, in IDC, COX-2 expression has 

been shown to be associated with a shorter disease-free survival (115). COX-2 is also 

overexpressed in DCIS. Therefore, it has been assumed that this may increase the risk 

of DCIS local recurrence. However, the role of COX-2 as a prognostic marker for 

DCIS recurrence remains to be investigated with studies only showing a correlation 

with cell proliferation (121) and studies concluding on an association with DCIS 

recurrence (115).  

 
1.4.5 miRNA markers 
 

miRNAs are a class of small RNAs with regulatory functions in gene expression. They 

have mostly been shown to negatively regulate gene expression by binding to their 

RNA transcript. This induces the recruitment of enzymes involved in mRNA decay 

and ultimately mRNA degradation (122). miRNAs have been associated with cancer 

where they can have either oncogenic or tumor suppressor functions (123). While 

studies have mostly focused on IDC, the role of miRNAs in DCIS and its progression 

towards IDC is now under investigation.  
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The first study exploring miRNAs in breast epithelial cells compared the expression 

of miRNAs in epithelial cells of healthy normal tissue, IDC tissue and cell lines (123). 

Hannafon et al. (2017) identified miRNAs whose expression is restricted to a specific 

cell type (123). From this work, miR-145 and miR-205 were expressed specifically in 

the myoepithelial cell layer of normal tissue, while let-7a, miR-21 and miR-214 were 

expressed in the luminal epithelial cell layer. Interestingly, let-7a was present in 

normal tissue, and miR-21 was present in tumor tissue. Unlike other miRNAs, miR-

214 was associated with a complex expression pattern (123).  

 

In 2011, Hannafon et al. (124) had previously compared the miRNA profile of healthy 

normal tissue, matched adjacent normal and DCIS tissue. They identified thirty-five 

miRNAs differentially expressed between those groups, of those 18 had already been 

implicated in IDC (125). This suggests that changes in miRNA expression could 

constitute an early event in BC development. 

 

DCIS seems to be characterized by an increase in miR-21 expression and a decrease 

in many miRNAs including miR-98 and let-7, with those changes being conserved in 

IDC (126). A reanalysis of this same study identified 66 miRNAs showing lower 

expression in DCIS compared to normal whereas only nine showed differential 

expression in IDC compared to DCIS. This suggests that most changes in miRNA 

expression occur early in the carcinogenesis process, at a stage as early as atypical 

ductal hyperplasia (ADH). Indeed, a study comparing ADH, DCIS and IDC shows 

that the most significant changes in miRNAs expression occur between the transition 

from normal to ADH (127).  
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We recapitulate the markers described in this section in Table 1.1. 

Marker Tissue Type of 
alteration Target Reference 

Genomic 
alteration 

Low grade 
DCIS 

Loss 
16q 74 

whole 8p arm loss 
(12% of cases) 

78 

Gain 

1q 75 
partial loss of 8p with 

proximal gain 
(29% of cases) 

78 

High-grade 
DCIS 

Loss 
8p, 11q, 13q and 14q 74 

whole 8p arm loss 
(65% of cases) 78 

Gain 

5p, 8q, 17q and 20q, 
11q13, 17q12 
and 17q22-24 

76,77 

MYC (8q24) and 
HER2 (17q12), 

CCND1 
73 

copy number 
alteration of CCNE1 
(19q12) and AURKA 

(20q13) 

73 

Poorly 
differentiated 

DCIS 
Loss 

hetetozygosity in 
chromosome 17 

and in regions 6q25-
q27, 8q24, 

9p21, 13q14 and 
17p13.1 

77, 79 

Mixed DCIS Mutation PIK3CA gene 73, 80, 81 

Epigenetic 
modification 

Comparison 
DCIS and 

IDC 

Differential 
methylation 

72 loci including 
mostly homebox 

and polycomb genes 
83, 84 

Super 
enhancer 

RACK7 expression 
higher in DCIS 93 

Comparison 
DCIS and 

normal 
adjacent 

Differential 
methylation  85, 86 

Histone 
modification 

Loss of H4 
acetylation in 

adjacent 
normal 

92 

DCIS H3K27 87, 88 
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DCIS grade 1 
to 3 

LSD1, methylation 
eraser, level 

increasing with DCIS 
grade 

91 

Gene 
expression 

panel 

DCIS – 
Oncotype DX 

DCIS 
 

MKI67, STK15, 
BIRC5, CCNB1, 

MYBL2, PR, GSTM1 
and five references 

genes 

95, 97 

Protein DCIS  

ER, PR, HER2 and 
Ki67 

66 

Androgen receptor 
and related metabolic 

enzymes 
102 

p53 66, 107 
p16 109, 110 
p21 112 

Cyclin D1 112, 114 
Bcl-2 112 

COX-2 110, 116 

miRNA 

Myoepithelial 
cell layer of 

normal tissue 

Differential 
expression 

miR-145 and miR-
205 119 

Luminal 
epithelial cell 

layer of 
normal tissue 

let-7a 119, 120 

Luminal 
epithelial cell 
layer of tumor 

tissue 

miR-21 119 

DCIS miR-98 and let-7 120 
 

Table 1.1: Summary of the DCIS-known-markers presented in the section above. 

A few examples of genomic alterations, epigenetic modifications, protein and miRNA 

markers of DCIS are recapitulated in this table. 
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1.5 Non-coding RNA 
 

Advances in high throughput sequencing technologies have challenged the old 

mRNA-centric dogma by revealing that 62% to 75% of the human genome is 

transcribed (122, 123). Those studies have shown that transcription is not specific to 

protein coding genes and that it, actually, initiates in many genomic regions. This 

transcriptional activity, also called pervasive transcription in reference to its 

widespread nature (129), is regrouped under the term of non-coding RNA since it does 

not encode for a protein. While the function of some non-coding RNAs such as tRNAs 

and rRNAs have been known since the 1950s, the role of most of that transcriptional 

activity is still unknown (130). Non-coding RNAs have been subclassified based on 

their size with RNAs shorter than 200 nucleotides called small non-coding RNAs and 

transcripts longer than 200 nucleotides called long non-coding RNAs. Small non-

coding RNAs are mostly regulatory molecules (131). MicroRNAs (miRNAs) and 

endogenous short interfering RNAs (siRNAs) are both responsible for repression of 

gene expression (131). Piwi-associated RNAs (piRNAs) are responsible for the 

repression of transposable elements in the germ line (132). Small nuclear RNAs 

(snRNAs) are involved in splicing events and small nucleolar RNAs (snoRNAs) act 

as guides for chemicals modifications of other types of RNAs (132).  

 

Long non-coding RNAs constitute a large portion of the transcriptional activity 

observed in humans. Those are involved in a wide variety of functions in normal and 

pathologic contexts that we will describe in the next section (132). 
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1.5.1 Definition and classification of lncRNAs 
 

As mentioned, lncRNAs are defined by a length over 200 nucleotides and generally 

lacking protein-coding potential. As a class of RNAs, they include a large variety of 

transcripts implicated in many functions. Since their discovery is relatively recent, 

their sub-classifications have mostly been based on empirical attributes originally used 

to detect them (128). Thus, lncRNAs are subdivided in different classes of transcripts 

including long intergenic non-coding RNAs (lincRNAs), circular intronic RNAs 

(ciRNAs), antisense RNAs (asRNAs) and enhancer-associated RNAs (eRNAs) 

(Figure 1.4) (133,134). In the next section, we will focus on the most studied classes 

of lncRNAs. 

 

RNA sequencing (RNAseq) experiments using total RNA instead of the 

polyadenylated fraction, led to the discovery of very long intergenic transcripts of up 

to 1 meganucleotides in size (135). Corresponding to 10% of the human genome (136), 

those transcripts are involved in numerous biological functions including pluripotency, 

cancer, apoptosis, cell cycle progression and senescence (126, 129).  
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Figure 1.4: Sub-classification of long non-coding RNAs. A hypothetical protein 

coding gene locus is represented in green (locus 1). Different classes of non-coding 

RNAs are represented. CAR: chromatin-associated RNA; ciRNA: circular RNA; 

eRNA: enhancer-associated RNA; lincRNA: long intergenic non-coding RNA; 

vlincRNA: very long intergenic non-coding RNA. Figure adapted from St Laurent et 

al. (134). 

 

Some lncRNAs are transcribed using the same sequence as protein-coding genes. In 

consequence, they share some sequence similarity; however, they do not code for a 

protein. Those are called sense overlapping. They can be composed of a combination 

of exons and introns from the protein-coding gene (138). In some cases, the lncRNA 
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sequence is totally encoded in the intronic sequence of the protein-coding gene (139). 

A single-molecule sequencing experiment has estimated that those lncRNAs 

constitutes 40 to 50% of all cellular RNAs by mass, if ribosomal RNA is excluded 

(140).  

 

In 50 to 70% of protein-coding genes, lncRNAs transcripts are generated from the 

antisense DNA strand of the one encoding the protein-coding gene (141). Some 

promoter and enhancer elements have also been shown to produce non-coding 

transcripts (137). Enhancer producing RNAs have a better chance to be functional in 

reporter assays compared to those that do not (142). This suggests that the eRNA has 

a functional role.  

 

LncRNAs have a strong relationship with repeated regions and transposable elements. 

Indeed, many lncRNA promoters are presents in a repeated region, especially those 

associated with the pluripotent context (137). Interestingly, lncRNAs in cancer and 

pluripotency share common regulatory architectures, adding support to the stem cell 

theory in BC development (143). This strong relationship is also supported by the 

choice of the RNA polymerase responsible for their transcription. Indeed, while 

lncRNAs that resemble mRNAs and have a polyadenylated tail are mostly transcribed 

by the RNA polymerase II, lncRNAs with a strong association and/or ancestry with 

repeated elements are transcribed by the RNA polymerase III, also responsible for the 

transcription of Alu, B1 and B2 elements (144).  

 

Competing endogenous RNAs (ceRNAs) are regulatory transcripts competing with a 

given mRNA for regulatory molecules including miRNAs. Hence, any transcripts with 
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sequence similarity to an mRNA is potentially a ceRNA, including transcribed 

pseudogenes (145).  

 

Some lncRNAs that serve as miRNA or piRNA precursors can have duals functions, 

one as a small regulatory molecule after processing and one as an lncRNA (146). 

Similarly, small peptides encoded by lncRNAs have been identified in cells (147). 

Although the extent of this phenomenon remains to be examined, those lncRNAs could 

also have dual functions, one as a lncRNA and one with an encoded peptide (148).  

 

As lncRNAs classification encompasses many categories, based either on the 

functionality or the physical attributes of the transcripts, a main limitation of this 

system remains the likelihood that lncRNAs will be classified in several categories.  

 

1.5.2 Function of lncRNAs 
 

LncRNAs are involved with many biological functions (149) (Figure 1.5). As 

highlighted previously, they show mainly regulatory function, both at the post-

transcriptional level in the cytoplasm and at the transcriptional level in the nucleus. 

Interestingly, many studies have shown that lncRNAs are predominately nuclear (150–

152). 

 

Nuclear lncRNAs are mostly involved in the regulation of gene expression, but 

through different mechanisms. Importantly, the act of transcription of the lncRNA 

itself can promote chromatin remodeling. This results in chromatin accessibility of 

enhancers regions thus regulating gene expression (153). LncRNAs can also act as 
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scaffolds around enhancers regions to promote the formation of a protein complex, 

bridging together the enhancer and promoter region (154). They also act at the 

epigenetic level by recruiting chromatin modifiers. For example, PRC2 (polycomb 

repressive complex-2) is a histone methyltransferase responsible of repressing gene 

expression. It has been shown to be recruited to its target loci by several lncRNAs 

including HOTAIR (HOX Transcript Antisense RNA) (155). Some lncRNAs have 

been implicated in the regulation of the maintenance of the nuclear architecture (132). 

Firre is a famous example; its deletion inducing a loss of the normal nuclear 

architecture (156). Moreover, lncRNAs also modulate gene expression by interacting 

with transcription factors. One example is the binding of the lncRNA RMST to SOX2 

(SRY-box 2) target genes to induce SOX2 recruitment (157). On the other hand, the 

binding of a lncRNA to a promoter region can also prevent the binding of transcription 

factors to control gene expression (152, 153). 

 

In the cytoplasm, lncRNAs mostly fulfill they roles by interacting with proteins. For 

example, some STAU1 (Staufen 1)-binding sites are present in a class of lncRNAs. 

This allows those transcripts to interact with some mRNA and to form double stranded 

RNAs. Ultimately, this will induce the recruitment of STAU1 and mRNA degradation 

through STAU1-mediated mRNA decay (149, 150). Moreover, translation of mRNAs 

can be regulated by lncRNAs through interactions with the mRNA followed by the 

recruitment of translational repressors (161,162). Protein stability can also be affected 

by lncRNAs. For example, lncRNA-p21 binding to von Hippel-Lindau (VHL) protein 

prevents VHL-mediated ubiquitination of HIF-1α (hypoxia-induced protein-1α), thus 

inducing accumulation of HIF-1α (161,163). LncRNAs also regulate RNA-binding 

protein availability, thus preventing them from exerting their original function (161). 
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We have evocated ceRNAs previously and interestingly, many lncRNAs have been 

shown to function as ceRNAs to modulate miRNAs activity, especially in cancer (164–

166). Interestingly, some cytoplasmic lncRNAs have been shown to modulate signal 

transduction pathways. For example, the lncRNA lnc-DC binds to STAT3 (signal 

transducer and activator of transcription 3) and promotes its phosphorylation by 

preventing the inhibitory function of SHP1 (tyrosine phosphatase Src-homology 2 

domain (SH2)-containing PTP-1) (161,167). The lncRNA LINK-A has been shown to 

modulate the AKT pathway through LINK-A binding with the PIP3 

(phosphatidylinositol-3,4,5-trisphosphate). This suggests that the modulation of 

signaling pathways by lncRNAs is not regulated only through protein interactions 

(168). In addition, many studies have shown that lncRNAs interact with ribosomes 

(169). Carlevaro-Fita et al. suggests that cytoplasmic lncRNAs are sent to the ribosome 

to induce their degradation (170). 

 

As mentioned, lncRNAs have roles both in the nucleus and the cytoplasm. Thus, in 

addition to having a system that regulates their expression and degradation, their 

nuclear export and subcellular localization also needs to be tightly regulated. In some 

cases, this is critical for the functional integrity of organelles, including the 

mitochondria (161,171).  



 57 

 

Figure 1.5: Long non-coding RNAs and their mechanism of action in cells. 

LncRNAs are regulatory molecules that intervene at different stages to regulate mostly 

transcription and translation. This figure recapitulates different mechanism in which 

lncRNAs are involved both in the nucleus and in the cytoplasm. Used with permission 

from Kung et al. (154).  
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1.5.3 Examples of lncRNAs in the normal context 
 

Since lncRNAs expression is tightly regulated both in time - some lncRNAs are 

expressed at specific developmental stages (172), and space - expression of some 

lncRNAs is limited to a given tissue (173), the section below discusses some examples 

of lncRNA function in a normal physiological context.  

 

X chromosome inactivation, a phenomenon specific to therian mammals that allows 

dose compensation of genes present on the X chromosome in females, has been largely 

studied as an example of the role of lncRNAs in the normal context. Although in 

mouse, X inactivation is well understood, in humans it remains elusive. However, it is 

known that it is controlled by lncRNAs, especially XIST (X-inactive specific 

transcript) and XACT (X-active coating transcript) that are capable of coating the X 

chromosome, to either induce its inactivation or to prevent it (174).  

 

Cell differentiation is another example of a physiological event also regulated by 

lncRNAs. In haemopoietic differentiation for example, lncHSC-2, an enhancer-

derived lncRNA, controls the activity of TCF3 (transcription factor 3 also called E2A) 

to regulate haemopoietic stem cells self-renewal and maturation into myeloid-

lymphoid progenitors (175). In brain development, several lncRNAs have been 

associated with neural cell fate determination. Indeed, Dlx1 (distal-less homebox 1) 

antisense lncRNA is upregulated during GABAergic (γ-aminobutyric acid) neuron 

differentiation whereas it is downregulated during oligodendrocyte differentiation. 

One study has suggested that Dlx1 antisense modulates neuronal differentiation by 

regulating its homeobox gene neighbors (176).  
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The function of lncRNA in the maintenance of the pluripotent state of embryonic stem 

cells (ESCs) was first suggested in 2008 when Dinger et al showed that pluripotency-

associated transcription factors regulate the expression of some lncRNAs (69, 70). The 

lncRNA AK028326 is involved in a regulatory feedback loop for Oct4 (octamer-

binding transcription factor 4), a pluripotency-associated transcription factor (179). In 

mice, AK028326 was identified as critical for the maintenance of the pluripotency 

state. Indeed, knockdown of AK028326 induced a simultaneous downregulation of 

pluripotent markers and upregulation of mesodermal markers (180). Several examples 

of lncRNAs with a function in the pluripotent state maintenance of ESCs have since 

been demonstrated. Interestingly, lncRNAs are also critical in induced pluripotent 

stem cells (iPSCs) for the reprogramming. For example, lncRNA-p21 interaction with 

SETDB1 (SET Domain Bifurcated Histone Lysine Methyltransferase 1) and DNMT1 

(DNA (cytosine-5)-methyltransferase 1) controls, respectively, the maintenance of 

H3K9me3 histone modification and CpG methylation of pluripotency-associated gene 

promoters to prevent reprogramming (181).  

 

1.6 LncRNAs in disease 
 

Since lncRNAs are so integrated into the biology of the cell, it is only natural that they 

have be implicated in disease development. Although the functions of most lncRNAs 

in relation to disease have been studied mostly in neurological and cancer contexts, 

they have also been implicated in endothelial disorders, including diabetes and 

hypertension-related endothelial dysfunction (182). 
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1.6.1 LncRNAs in neurologic diseases 
 

As mentioned previously, many examples of lncRNAs associated with neurologic 

diseases have been described. For example, BACE1-AS (Beta-Secretase 1 Antisense 

RNA), is transcribed from an intron of the BACE1 ((Beta-Secretase 1) gene in an 

antisense manner. It increases BACE1 mRNA stability, ultimately stimulating an 

increase of Aβ 1-42, an early event in Alzheimer’s disease (AD) (74, 75). Another 

lncRNA, BC200, which is elevated in AD brain tissue, shows lower expression in 

dendrites and higher expression in somata. This change in expression affects the 

microtubule-dependent transport and possibly the axonal and dendritic blockage, 

another early event of AD pathogenesis (185).  

 

MALAT1, which is highly expressed in neurons, has been linked with Parkinson’s 

disease (PD) where it is suggested to promote alpha-synuclein expression. Indeed, 

aggregation of alpha-synuclein has been associated with neurotoxic pathways that 

ultimately leads to neurodegeneration (186). Additionally in PD, the lncRNA 

HOTAIR promotes LRRK2 (Leucine-rich repeat kinase 2 ) mRNA levels (187). 

LRRK2 is a protein kinase involved in the control of neuronal cell morphology, 

proliferation and motility. HOTAIR stabilizes LRRK2 mRNA which leads to neuronal 

degeneration. Interestingly, HOTAIR’s role in neuronal degeneration has also been 

observed through the regulation of caspase-3 activity. Indeed, Wang. et al (2017) (188) 

have shown that HOTAIR knockdown induces a reduction of apoptosis. Liu et al. 

(2018) suggests that HOTAIR functions as a ceRNA for miR-143-3p, thus modulating 

caspase-3 expression (189).  
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Preliminary studies now suggest an association between dopamine signaling and 

lncRNAs, with implications to afflictions such as substance dependence, depression 

and schizophrenia. Hence, in 2015, Bannon et al. identified some differentially 

expressed lncRNAs between midbrain dopamine neurons of cocaine addicts and 

healthy-matched controls post-mortem (185, 186). They proposed a role for 

TRAF3IP2 (TRAF3 Interacting Protein 2) antisense as a regulator of epigenetic 

modifications. Another study shows that Gomafu, an lncRNA associated with 

schizophrenia, regulates dopaminergic transmission in mice (192). 

 

1.6.2 LncRNAs in cancer 
 

The association between lncRNAs and cancer has now been established and is well 

studied, although the function of the large majority of lncRNAs associated with cancer 

remains elusive. In 1999, Bussemakers et al identified the first lncRNA associated with 

cancer, Prostate Associated Cancer 3 (PCA3), which is now used as a biomarker for 

prostate cancer (188, 189). A year later, PCGEM1 (prostate cancer gene expression 

marker 1) was also linked with prostate cancer (195) then MALAT1 (metastasis 

associated lung adenocarcinoma transcript 1) was identified as a prognostic marker for 

lung cancer survival. Since that time, with the variety of genome-wide technologies 

available (microarray and RNAseq), the number of lncRNAs linked with cancer is 

continually increasing.  

 

In most studies, to associate a lncRNA with cancer, a comparison of the level of 

expression of the lncRNA is done between cancer and normal cells. However, 

differential expression is not enough to characterize a lncRNA as oncogene or tumor 

suppressor. Thus, experiment analyses used to study the function of protein-coding 
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genes in cancer are now applied to study the function of lncRNAs. Since those are not 

always appropriate, we have seen an increase in the development of novel tools more 

adapted to lncRNAs study like antisense oligonucleotides (ASO) or locked nucleic 

acids (LNA) GapmeRs (Qiagen) which induce the transcript degradation using the 

RNase H1 degradation pathway.  

 

LncRNAs study has also revealed novel challenges. Human lncRNAs show very little 

conservation in other species with 80% orthologous transcripts in chimpanzee but only 

38% in mouse (196). This limited level of conservation restricts the use of animal 

models. Knockout animal models cannot be generated. Alternatively, xenografts of 

human knockout cells are used to question the function of a lncRNA in tumor 

formation.  

 

Fundamentally, the role of lncRNAs in cancer are no different than what is observed 

in a normal context. For example, if a lncRNA promotes expression of an oncogene, 

this lncRNA will be silenced in a normal context. In cancer, oncogenic-associated 

transcription factors might induce the expression of this lncRNA, which in turn will 

induce expression of its oncogene target (197). Hence, most lncRNAs associated with 

cancer are involved in the regulation of factors implicated in one or more hallmarks of 

cancer (198). For example, lncRNAs in cancer can be involved in the regulation of 

signaling pathways such as NF-kB, AKT and Notch (199), of the epithelial to 

mesenchymal transition (EMT) (200), or metastasis (201). 

 

Interestingly, lncRNA can be packed in exosomes – lipid vesicles that can contain 

nucleic acids, proteins and lipids and are utilized by cells to send signals to other cells 
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(202). Research indicates that exosome-packed lncRNA UCA1 (Urothelial Cancer 

Associated 1) increases tamoxifen-resistance in breast cancer cells (203), exosome-

packed MALAT1 promotes tumor cell migration in non-small-cell lung carcinoma 

(204) and exosome-packed H19 promotes angiogenesis in the tumor 

microenvironment (199, 200). Moreover, in addition to promoting tumor progression, 

those exosome-packed lncRNAs carry value as diagnostic and prognostic biomarkers 

(199, 201, 202). 

 

Researchers are now considering targeting lncRNAs as a novel form of treatment for 

cancer (208). In 2016, Leucci et al. carried out intravenous injections of GapmeRs 

against the lncRNA SAMMSON (Survival Associated Mitochondrial Melanoma 

Specific Oncogenic Non-Coding RNA) in patient-derived xenograft melanoma 

models (209). They showed a reduction in cell proliferation and the induction of 

apoptosis. However, the study lacked a serious number of controls. Indeed, reduction 

in SAMMSON expression was not shown. Additionally, there was no evidence for the 

presence of the GapmeRs in the tissue. Further studies will thus have to be carried out, 

but those preliminary results are promising for a novel form of therapy (209). 

 

1.6.2.1 Examples of lncRNAs associated with breast cancer 

 

LncRNAs involved in breast cancer development are numerous. Among those, several 

promote cell proliferation either alone like H19 (210) and LSINCT5 (Long Stress-

Induced Non-Coding Transcript 5) (211) or in combination with other carcinogenic 

factors like steroid receptor RNA activator (212). Some lncRNAs stimulate breast 

carcinogenesis by affecting EMT, like GHET1 (Gastric Carcinoma High Expressed 
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Transcript 1) (213) or through the promotion of cell drug resistance, such as UCA1 

(214), as discussed previously.  

 

Interestingly, the lncRNA CRALA (Chemoresistance-Associated LncRNA) has been 

found to be elevated in chemoresistant BC cell lines, and its knockdown is capable of 

resensitizing the cells to chemotherapy in vitro. High expression of CRALA is 

associated with poor prognosis in patients, suggesting that cells are not respondent to 

chemotherapy. Clinical trials targeting CRALA would have to be performed before 

concluding on its role in breast cancer therapy (215).  

 

As hinted earlier, many lncRNAs have an important role in the regulation of 

pluripotency and with stemness being linked with cancer development, lncRNAs 

involved in the regulation of pluripotency deserve to be studied in the context of 

cancer. Hence, SOX2, a transcription factor involved in the regulation of stemness in 

human ESCs and iPSCs (216), has its coding sequence present within the intron of 

SOX2OT, a multi exon lncRNA. Both have been shown to be upregulated in BC, with 

expression of SOX2OT in vitro inducing an upregulation of SOX2 (217). This could 

constitute an early event in BC carcinogenesis. Another example is BMI1 (Proto-

Oncogene, Polycomb Ring Finger), a master regulator of stemness of stem cells 

present in organs at the adult stage (218). Indeed, the lncRNA FAL1 (focally amplified 

lncRNA on chromosome 1) regulates BMI1 protein stability thus regulating stemness. 

Additionally, FAL1 has also been found to regulate the transcription of several genes 

involved in regulating proliferation and apoptosis (219).  
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LncRNAs can also have protectives roles in BC development. For example, GAS5 

(Growth Arrest Specific 5) shows higher expression in normal cells compared to BC 

cells in vitro. Its presence facilitates apoptosis when cells undergo UV radiation or are 

treated with cisplatin (220). In support of this, in vitro experiments have shown that 

GAS5 expression is upregulated under stress conditions, such as genotoxic stress or 

stress induced under serum starvation conditions, thus making the cells more 

susceptible to apoptosis (221).  

 

1.6.2.2 LncRNA in DCIS 

 

We have previously described some of the research conducted in the identification of 

miRNAs either specific to DCIS or important in the transition from DCIS to IDC. We 

have also described some examples of lncRNAs involved in breast cancer progression. 

Now, we want to address where lncRNAs fit in DCIS research. A research in PubMed 

associating the terms ‘DCIS’ and ‘lncRNA’ results in only five results. When the 

research is extended to ‘ductal carcinoma in situ’ and ‘long non-coding RNA’ or 

‘preinvasive breast cancer’ and ‘RNA’, hundreds of results are available, although, 

very few actually relate to DCIS and lncRNAs. This highlights a lack of research on 

the biological function of lncRNA in DCIS. 

 

In 2004, Iacoangeli et al (222) identified BC200 as the first lncRNA associated with 

DCIS. BC200 has since been linked with numerous types of cancer (223) but this was 

the first study that showed BC200 association with cancer by comparing in situ 

hybridization staining of normal human breast, IBC and DCIS tissue. BC200 

expression was detected in nuclear high-grade nuclear DCIS, which is associated with 

the worst prognosis in patients. The same team has recently shown that BC200 
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expression can be detected in blood of IBC patients with high sensitivity and 

specificity, making of BC200 a candidate for diagnostic purposes (224). Next, Abba 

et al proposed to characterize molecularly nuclear high-grade DCIS. They performed 

an RNAseq experiment using thirty samples of high-grade DCIS fresh frozen tissue 

with matched adjacent normal tissue (77). Among the differentially expressed genes 

identified, 193 correspond to lncRNAs, with 127 antisense lncRNAs and 66 intergenic 

lncRNAs. In their RNAseq data, HOTAIR and HOTAIRM1 (HOXA Transcript 

Antisense RNA, Myeloid-Specific 1) were present. The authors suggest that those may 

regulate HOX gene expression in trans- and cis- in early stage of BC development. 

Unlike work from Iacoangeli et. al., BC200 is not part of the Abba et al. dataset. We 

suspect that this results from the technique used to prepare the library for RNAseq. 

Indeed, BC200 is an RNA polymerase III transcript so when polyadenylated 

enrichment is used during the library preparation, the probability of detecting it is low.  

 

Instead of investigating which lncRNAs are associated with DCIS at a genome-wide 

level, Zhang et al. (225) decided to analyze the expression level of a limited panel of 

lncRNAs in BC using chromogenic in situ hybridization. This includes four lncRNAs 

associated with oncogenesis (HOTAIR, H19, KCNQ1OT1 and MALAT1) and two 

with tumor suppressor functions (MEG3 and ZFAS1). From this work, they detected 

higher expression of HOTAIR, H19 and KCNQ1OT1 in IBC and DCIS compared to 

normal, with HOTAIR and H19 showing a slight increase in IDC compared to DCIS. 

Interestingly, HOTAIR and KCNQ1OT1 were found to be expressed in tumor cells; 

whereas, H19 was expressed in stromal microenvironment cells.  
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Recently, RNAseq has been used to identify novel lncRNAs linked with DCIS. This 

time, instead of using polyadenylated enrichment, Rao et al (226) used a ribosomal 

RNA removal approach to capture as many lncRNAs as possible. Sixty-nine lncRNAs 

with differential expression between DCIS and normal and 12 between DCIS and IDC 

were identified. The authors focused on 21 lncRNAs with MIAT, FAM83H-AS1, 

ST8SIA6-AS1 and AC109826.1 showing higher expression in DCIS and IDC 

compared to normal, and EPB41L4A-AS1, WDFY3-AS2, RP11-392O17.1 and RP11-

295M3.4 showing lower expression in DCIS and IDC compared to normal.  

 

FAM83H-AS1 (FAM83H antisense RNA 1), WDFY3-AS2 (WDFY3 antisense RNA 

2), ST8SIA6-AS1 (ST8SIA6 antisense RNA 1), ADIPOQ-AS1 (ADIPOQ antisense 

RNA 1) and LINC00861 are the only lncRNAs differentially expressed in both Rao et 

al. and Abba et al. dataset. However, only FAM83H-AS1, ST8SIA6-AS1 and 

LINC00861 show a higher expression in DCIS compared to normal for both datasets. 

Indeed, ADIPOQ-AS1 and WDFY3-AS2 expression is higher in DCIS compared to 

normal in the Abba et al. dataset, whereas it is lower in DCIS in the Rao et al dataset.  

 

More recently, expression of the lncRNA BHLHE40-AS1 has been shown to increase 

with disease progression. Through the regulation of IL-6 (interleukin-6)S/STAT3 

signaling, BHLHE40-AS1 promotes proliferation, motility and invasive capacities of 

DCIS cells (227). 

 

1.7 Aims of the project 
 

In this introduction chapter, we have highlighted the importance of investigating novel 

biomarkers for DCIS. Protein-coding genes markers have proven to be disappointing 
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at best, particularly as biomarkers for early detection and stratification of DCIS 

patients that would require treatment. We have, in a second part, shown the importance 

of lncRNAs in the biology of the cell where they are major actors in the tight regulation 

of each biological process at different stages of development. In disease, lncRNAs also 

play an important role, in particular in cancer development where dysregulation of the 

expression of some lncRNAs can have dramatic effects. However, investigation of the 

lncRNAs associated with cancer and their function has mostly focused on invasive 

cancer, despite the evidence that regulatory changes occur early in the carcinogenesis 

process. We have presented some research focusing particularly on lncRNAs in DCIS; 

however, it remains limited. Indeed, with about 16,000 to 90,000 different lncRNAs 

identified (228), many of those associated with cancer, we are convinced that only a 

very small subset of DCIS-linked lncRNAs has been uncovered. This is why we have 

chosen to focus on the identification of lncRNAs associated with DCIS, with hope of 

filling this gap.  

 

In the laboratory, we have obtained several cell lines developed as DCIS models. 

However, limited research has been conducted on those cell lines, so the first aim of 

this thesis focused on the study of those cells by conducting a molecular and cellular 

characterization of the DCIS cell lines. Those results will be presented in Chapter 3. 

This allowed us to establish a baseline of the cells’ behavior. This work is a necessary 

step for the planning and interpretation of the experiments in the next chapters. The 

second aim of this thesis was to identify DCIS-linked lncRNAs and this work will be 

described in Chapter 4. We have reviewed, in this introduction, two approaches that 

have been used to identify lncRNAs associated with DCIS. We have chosen to use a 

capture-based approach in our study onto our DCIS cell lines and a DCIS patient 
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cohort. Our hope with using this approach is to uncover a larger number of DCIS-

linked lncRNAs without the “mRNA noise pollution”. Finally, the last aim of this 

thesis was to investigate the function of some DCIS-linked lncRNAs. In Chapter 5, we 

will examine the function of six lncRNAs candidates whose expression is associated 

with adverse overall survival in an IDC patient cohort from The Cancer Genome Atlas 

(TCGA). By altering the level of expression of those lncRNAs in our DCIS cell lines, 

we planned to determine if they show any oncogenic or tumor suppressor like 

functions and to identify the mechanism in which they intervene. Ultimately, we are 

hoping that we will identify lncRNAs with clinical relevance with the ambition that 

those could be used in DCIS diagnosis and treatment. 
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Chapter 2 
 

Materials and Methods  
 

2.1 Materials 
 

2.1.1 Cell lines 

 
MCF-10A, MCF-7 and MDA-MB-231 originally from ATCC were a kind gift from 

Prof Rosemary O’Connor (UCC, Cork, Ireland). MCF10DCIS.com cells were 

obtained from Wayne State University (Michigan, USA). ETCC-006 and ETCC-010 

were purchased from Leibniz-Institut DSMZ (Germany). Cell lines were authenticated 

using short, tandem repeat (STR) profiling (Eurofins Genomics) and were 

mycoplasma-free. 

 

2.1.2 Bacterial strain 
 

Strain DH5a of Escherichia coli (E.coli) from the Doctor Dean lab was used for all 

cloning applications (transformation and plasmid preparation). The bacterial cultures 

were grown in Luria-Bertani (LB) medium or agar with selective antibiotics as 

required. 
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2.1.3 Chemicals and consumables 
 

Table 2.1: Chemical and consumables used for the experiments described in this 

thesis. 

Product Company Reference 
number 

Tissue Culture 
Dulblecco’s Modified Eagle Medium 
(DMEM) Sigma-Aldrich D6429 

Roswell Park Memorial Institute (RPMI) 
medium Sigma-Aldrich D8758 

DMEM/Nutrient Mixture F-12 Ham 
(DMEM/F12) Sigma-Aldrich D8062 

Penicillin-Streptomycin Sigma-Aldrich P4333 
Trypsin-EDTA Sigma-Aldrich T4049 
Fetal Bovine Serum Sigma-Aldrich F7524 
Horse Serum Gibco 16010159 
4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid 
(HEPES) 

Gibco 15630-080 

CaCl2 Sigma-Aldrich C3881 
Insulin Sigma-Aldrich I6634 
Epidermal Growth Factor Peprotech 100-15 
Cholera Toxin Sigma-Aldrich C9903 
Hydrocortisone Sigma-Aldrich H0135 
Phosphate Buffered Saline Sigma-Aldrich P5493 
Oestradiol Sigma-Aldrich E2758 
(Z)-4-Hydrotamoxifen Sigma-Aldrich H7904 
Dishes/flasks/pipettes/cell scrapers Sarstedt  
Dimethylsulfoxide (DMSO) – MTT Sigma-Aldrich D8418 
Dimethylsulfoxide (DMSO) – sterile Sigma-Aldrich D4540 
100% Ethanol Central Stocks  
Trypan Blue solution Sigma-Aldrich T8154 
Culture-Inserts 2 Well for self-insertion Ibidi 80209 
Lipofectamine RNAiMax Transfection 
Reagent ThermoFisher Scientific 13778075 

Opti-MEM I Reduced Serum Medium ThermoFisher Scientific 31985070 
siRNAs GenePharma  
Crystal Violet Sigma-Aldrich C0775 
 
Molecular Biology 
Plastic consumables Sarstedt  
dNTP ThermoFisher Scientific R0193 
Phusion High-Fidelity DNA Polymerase New England Biolabs M0530S 
DreamTaq Green PCR Master Mix (2X) ThermoFisher Scientific K1081 
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FIREpol DNA Polymerase Solis BioDyne 01-01-0000S 
HyperLadder 1kb Bioline BIO-33053 
HyperLadder 100bp Bioline BIO-33056 
Agarose Bioline BIO-41025 
SafeView Nucleic Acid Stain NBS Biologicals NBS-SV5 
Restriction Endonucleases New England Biolabs  
T4 DNA ligase ThermoFisher Scientific EL0014 
LB medium Sigma-Aldrich 51208 
LB agar Sigma-Aldrich L2897 
Carbenicillin disodium salt Sigma-Aldrich C1389 
Kanamycin sulfate Sigma-Aldrich K4000 
Zeocin InvivoGen Ant-zn-05 
DNA oligonucleotides Integrated DNA 

Technologies 
 

Antisense oligonucleotides  Integrated DNA 
Technologies 

 

PCR/gel extraction kit Invitrogen K220001 
DNA extraction (miniprep) New England Biolabs T100L 
DNA extraction (midiprep) Macherey-Nagel 740412.50 
 
Quantitative Real-Time PCR 
RNeasy FFPE kit Qiagen 73504 
TRIzol Reagent ThermoFisher Scientific 15596026 
Chloroform:Isoamyl alcohol Sigma-Aldrich C0549 
Isopropanol Sigma-Aldrich I9516 
Glycogen Roche 10901393001 
Ethyl alcohol, Pure Sigma-Aldrich E7023 
UltraPure Distilled Water Invitrogen 10977-035 
Turbo DNA-free kit ThermoFisher Scientific AM1907 
SuperScrip II Reverse Transcriptase ThermoFisher Scientific 18064014 
Random Primers ThermoFisher Scientific 48190011 
SYBR Green JumpStart Taq ReadyMix Sigma-Aldrich S4438 
MicroAmp Optical Adhesive Film ThermoFisher Scientific 4311971 
MicroAmp Fast Optical 96-Well Reaction 
Plate with Barcode, 0,1 mL ThermoFisher Scientific 4346906 

Step One Plus Real Time PCR system Applied Biosciences  
 
Western Blotting 
SDS-Page Running Buffer Central Stocks  
Methanol Sigma-Aldrich 32213 
Sodium dodecyl sulphate (SDS) Sigma-Aldrich L3771 
Glycerol Sigma-Aldrich G6279 
b-mercaptoethanol Sigma-Aldrich 63689 
Bromophenol Blue powder Sigma-Aldrich B0126 
30% Acrylamide Sigma-Aldrich A3574 
Ammonium persulfate Sigma-Aldrich A3678 
Tetramethylethylenediamine (TEMED) Sigma-Aldrich T9281 
Protein ladder ThermoFisher Scientific 26616 
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Immobilon-FL Transfer Membranes Merck Millipore IPFL00010 
Dried milk Marvel  
Tween 20 Sigma-Aldrich P2287 
Bovine serum albumin (BSA) Sigma-Aldrich A7906 
NP-40 alternative Merck 492016 
Protease inhibitor cocktail, EDTA-free Roche 04 693 159001 
Pierce BCA Protein Assay Kit ThermoFisher Scientific 23225 
Odyssey Li-Cor  

 

2.1.4 Antibodies 
 

Table 2.2: Antibodies used for Western blotting and indirect immunofluorescence. 

Protein targeted Company Reference number 
b Actin Sigma-Aldrich A5441 
b Catenin Santa Cruz sc7963 
b1 Integrin Millipore #1952 
Cyclin B1 Cell Signaling 

Technology 
#4135 

Cyclin D1 Abcam ab16663 
E-cadherin BD Biosciences #610181 
Estrogen Receptor α Cell Signaling 

Technology 
#8644 

GAPDH Santa Cruz sc47724 
HER2 Cell Signaling 

Technology 
#4290 

IGF-1R Cell Signaling 
Technology 

3027 

N-cadherin Abcam ab19348 
Pan AKT Cell Signaling 

Technology 
#2920 

Pan ERK Cell Signaling 
Technology 

#4696 

Pan p-AKT Cell Signaling 
Technology 

#4060 

Pan p-ERK Cell Signaling 
Technology 

#4377 

p-EGFR Cell Signaling 
Technology 

#3777 

Progesterone Receptor 
A/B 

Cell Signaling 
Technology 

#8757 

Vimentin Santa Cruz sc32322 
IRDye 800CW or 680 RD Li-Cor  
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DyLight 488 Donkey 
anti-mouse 

Jackson Immunoresearch  

 

2.1.5 Oligonucleotides 

 
Table 2.3: DNA primers used for the quantitative qRT-PCR experiments. 

Gene targeted Forward Primer (5’-3’) Reverse Primer (5’-3’) 

bActin CAGAGCAAGAGAGGCAT
CCT 

ACGTACATGGCTGGGGTG 

BC200 TAATCCCAGCTCTCAGGG
AGGCTAA 

GGTTGTTGCTTTGAGGGAAGTTA
CGC 

CCAT1 GCAGGCAGAAAGCCGTA
TCT 

TCCCAGGTCCTAGTCTGCTT 

CCNB1 CCAAATCAGACAGATGG
AAAT 

GCCAAAGTATGTTGCTCGA 

cMYC CAAACCTCCTCACAGCCC
ACT 

TGACACTGTCCAACTTGACCC 

CTSL2 GCTATGGATGCAGGCCAT
TC ACACCATGATCCAGGTTTTTGC 

DSCAM-AS1 ACCACAACAACAACAAC
AG 

ATGATGAGACCAGAACTTCC 

ESR1 CCACCAACCAGTGCACC
ATT 

GTCTTTCCGTATCCCACCTTTC 

GAPDH GAGTCAACGGATTTGGTC
GT TTCCCGTTCTCAGCCTTG 

GSTM1 CTATGATGTCCTTGACCT
CCACCGTA 

ATGTTCACGAAGGATAGTGGGTA
GCT 

HER2 TCCTGTGTGGACCTGGAT
GAC 

CCAAAGACCACCCCCAAGA 

Ki67 CCACACTGTGTCGTCGTT
TG CCGTGCGCTTATCCATTCA 

LINC00313 CAGGCTGACTGAACCCA
GAG 

CTGTACAGAGGGAAGAAGATTTC
A 

LINC00313_spliced GCTCCTTCTCCTTACATA
GCCA 

GCAGGGTCTAAGTGCTTCCA 

LINC00473 ATGCGCGTCAGCATACTT
TG 

CCAAAGCACAACGAGCACCA 

LINC00707 AGGCTCCTTCTCCTTACA
TAGC TTCATCGAGGTTTCCCGCTG 

LINC00707_spliced GGGAAAACAGAGGCAGA
CTCAAGAGTCTGG 

GTGCTCAGTCTGACTTGCACA 

LINC02035 CCAGGTGACACTTGATGC
CT 

CAGCCTGCTGGAGCACTATT 

LOC100131564 CCAGCCGTTCCAGTACAA
CT 

CACCCTGGCCCCAAAAGTTA 

LOC100134040 TCAGTCTTGGCAAGTATC
TGTACC 

TCCTCCAGGAACAAAAGCTTCA 
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LOC100134040_splic

ed 

AGCTGCGTTCGGACCCGT
CTGATCGTA 

AACAGCTTCGCTGCCTTGGTCA 

LOC105372815 TCTTCAACATGGCGGTCG
AT 

GTGGCAGAAGTGGAGTGGAG 

LOC541471 AGGACTGGAGTGCCACC
TAT 

AGGCACGAGATTTTCTGGCA 

LOC729970 ACAGGGAACAGAACCTT
CGC 

CACCCCTCAACGGACATGAA 

LOC729970_spliced CCCCTTGTGCTCTCAGAA
CT 

CTGCACTGTGGTCAAAGGCT 

MGC45800 AGCTGTTGTCAAGAGAGGG
C 

GCTTGCAAAACAGACAGCGA 

MIR100HG TCGAACTTTGGAGTGTGGCA TCCCTGGTTACTGCCCAGAT 

MIR210HG AGTTCCTGTTGCCAAGCTGA GGATGGTCCTGTTGGCTGAA 

MMP13 TCCCAGGAATTGGTGATAAA

GTAGA 

CTGGCATGACGCGAACAATA 

MUC5B-AS1 CTCTGTGAGGATCCAGTGGA

CG 

TGTGCTTTGCTGTGACGACT 

MYBL2 AAAACAGTGAGGAGGAAC CAGGGAGGTCAAATTTAC 

PR TACCCGCCCTATCTCAACTA

CCTG 

GGACACCATAATGACAGCCTGATG 

STK15 GGAGAGCTTAAAATTGCAG

ATTTT 

GCTCCAGAGATCCTTCTCAT 

Survivin ACCGCATCTCTACATTCAAG CAAGTCTGGCTCGTTCTC 

TRPC1 ATGTCGTGGTTGTGATTGTG

CTT 

CTTTGGTGAGGGAATGATGTTGA 

UBC TCGAGAATGTCAAGGCAAA

GATC 

GAGTGGACTCTTTCTGGATGTTGTA 

ZNF667-AS1 TGTGACAAGTTCTTCAGGCG GGATGAATGCCGATTGCAGAC 

 

2.1.6 Plasmid 

 
Table 2.4: DNA plasmids used in the experiments described in the thesis. 

Plasmid Origin 
pcDNA3 Dr. Justin McCarthy lab (UCC) 
pcDNA3_tRSA_G-
quartet_BC200 Dr. Kellie Dean lab (UCC) 

pcDNA3_BC200 Digested BC200 from pcDNA3_tRSA_G-
quartet_BC200 and cloned into pcDNA3 

pUC57_LINC00473 GenScript 
pUC57_ LINC00707 GenScript 
pUC57_ MIR210HG GenScript 
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pcDNA3_LINC00473 
Digested LINC00473 from 
pUC57_LINC00473 and cloned into pcDNA3 

pcDNA3_LINC00707 Digested LINC00707 from 
pUC57_LINC00707 and cloned into pcDNA3 

pcDNA3_MIR210HG Digested MIR210HG from pUC57_ 
MIR210HG and cloned into pcDNA3 

pcDNA3_LOC100134040 LOC100134040 amplified from gBlock Gene 
Fragment (IDT) and cloned into pcDNA3 

pcDNA3_LOC729970 LOC729970 amplified from gBlock Gene 
Fragment (IDT) and cloned into pcDNA3 

pcDNA3_LINC00313 LINC00313 amplified from gBlock Gene 
Fragment (IDT) and cloned into pcDNA3 

gRNA_cloning-vector Addgene #41824 
SP_dCas9_VPR Addgene #63798 

1.1_gRNA_cloning-vector 
Annealed 1.1_sgRNA cloned into 
gRNA_cloning-vector 

1.3_gRNA_cloning-vector Annealed 1.3_sgRNA cloned into 
gRNA_cloning-vector 

2.3_gRNA_cloning-vector Annealed 2.3_sgRNA cloned into 
gRNA_cloning-vector 

2.9_gRNA_cloning-vector Annealed 2.9_sgRNA cloned into 
gRNA_cloning-vector 

pcDNA3_tRSA_G-
quartet_LOC729970 Dr Kellie Dean Lab (UCC) 

pcDNA3_tRSA_G-
quartet_LOC729970_AS Dr Kellie Dean Lab (UCC) 

 

2.1.7 siRNAs 

 
Table 2.5: Sequence of siRNAs used for the knock-down experiments. 

Gene targeted Sequence (5’-3’) Region 
targeted 

Negative 
Control-FAM 

GGCUCAACUACGCAACACUAUAATT  

Negative Control GGCUCAACUACGCAACACUAUAATT  
bActin UGAAGAUCAAGAUCAUUGCTT 1058-1077 

LINC00473 
GCGCCGGGAGAUGCAUCACGAUGAATT 749-774 
CCCUGUCUGCAAAGAUCCAGUUUAATT 995-1020 

LINC00707 
AGUGUGCUCUAUGCUGGCUUGAAUATT 1036-1061 
ACAGGUGGAUAAGACUAACACUGAATT 1298-1323 

MIR210HG CAGGUGUGGUCAUAUCUUCTT 161-180 
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CCCACUUGGCCUAUGCAUUTT 1674-1693 

LOC100134040 
GGACCCGUCUGAUCGUAAATT 17-36 
GCUUUAAAUUUGGGUAGCATT 468-487 

LOC729970 
GCAGCUGGUAGACUAGAUATT 47-66 
CCAUUUCAGUUCCUGUUAUTT 667-686 

LINC00313 GGCUUCCUGGAUUGCAUAATT 35-54 
CCCACUAUCUGCUAGGAAATT 386-405 

MEG8 GCGAGGAAGAUCAUGGUUGTT 1627-1646 
GGAUCAAGAUUGUUGUGUUTT 3183-3202 

 

The sequence in red represents a dTdT overhang to increase siRNA efficiency.  

 

2.1.8 Antisense oligonucleotides 
 

Table 2.6: Sequence of antisense oligonucleotides (ASOs) used for the LOC729970 

knock-down experiments. 

Antisense 

oligonucleotide 

Sequence (5’-3’) Region 

Targeted 

Negative Control TTATAGTGTTGCGTAGTTGAGCC  

ASO1 TATCTAGTCTACCAGCTGC 47-65 

ASO2 AAATCTGTCCTAGGTGTGC 219-237 

ASO3 CTTCCTTGTTTATGTGACAACAGGGG 536-561 

ASO4 ATAACAGGAACTGAAATGG 667-685 

 

2.2 Methods 
 

2.2.1 Tissue Culture 
 

MCF-10A were maintained in DMEM/F12 supplemented with 5% horse serum, 10 

µg/ml insulin, 20 ng/ml EGF, 100 ng/ml cholera toxin and 0.5 µg/ml hydrocortisone. 

MCF-7 and MDA-MB-231 were cultured in DMEM supplemented with 10% FBS and 

1% P/S. MCF10DCIS.com were cultured in DMEM/F12 supplemented with 5% horse 

serum, 1.05 mM calcium chloride and 10 mM HEPES. ETCC-006 and ETCC-010 
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were cultured in RPMI supplemented with 10% FBS and 1% P/S. All cell lines were 

grown at 37°C in 5% CO2 humidified atmosphere.  

 

Cells were routinely passaged every three days. Briefly, after a wash in PBS, cells 

were incubated in trypsin-EDTA until detached, resuspended in media to inactivate 

the trypsin and plated at densities varying depending on the cell line. To make cellular 

stocks, cells were washed with PBS, trypsinised, spun at 800g for 3 minutes at room 

temperature then resuspend in freezing media. For MCF-7, MDA-MB-231, ETCC-

006 and ETCC-010 freezing media consisted in 50% FBS, 40% media (DMEM or 

RPMI) and 10% of sterile DMSO. MCF-10A were frozen in a mixture of 45% media, 

45% horse serum and 10% sterile DMSO. MCF10DCIS.com were frozen in a mixture 

of 70% DMEM/F12, 20% calf serum and 10% sterile DMSO. Cells resuspended in 

freezing media were stored at -80°C overnight in an insulated box before being 

transferred into liquid nitrogen for long-term storage. Cells were thawed at 37°C, 

immediately after resuspended in media and cultured overnight at 37°C in 5% CO2 

humidified atmosphere. Media was changed the next day.  

 

2.2.2 Transfection 
 

2.2.2.1 siRNA transient transfection 

 

siRNA transfection was performed using Lipofectamine RNAiMAX reagent. Briefly, 

siRNA stock was diluted to obtain a 10 µM working solution. For each 24-well plate, 

3 µl of the siRNA working solution was added to 96 µl of OptiMEM I Reduced 

medium; then 1.5 µl of lipofectamine RNAiMAX was added to the mix and 

resuspended gently. The mix was plated into the wells and left to incubate for 20 
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minutes. In the meantime, cells were trypsinised and resuspended in media that did not 

contain P/S. 65,000 cells were added to the mix per 24 well-plate. The next day, media 

was changed. Cells were harvested after 24 hours, 48 hours or 72 hours. 

 

2.2.2.2 Plasmid DNA transient transfection 

 

Lipofectamine 3000 Reagent (Invitrogen) was used to transfect DNA into MCF-10A, 

MCF-7, MDA-MB-231 or ETCC-006 cell lines as per manufacturer instructions. The 

media was changed six to eight hours after transfection. 

 

2.2.3 Plasmid construction 
 

2.2.3.1 LINC00473, LINC00707, MIR210HG, LINC00313, LOC729970, 

LOC100134040 and BC200 overexpression constructs 

 

A gBlock gene fragment corresponding to the cDNA sequence of LOC729970 

(NR_033998.1), LOC100134040 (NR_148939.1) and LINC00313 (NR_026863.1) 

was purchased from Integrated DNA Technologies. The cDNA sequence of 

LINC00473 (NR_026860.1), LINC00707 (NR_038291.1) and MIR210HG 

(NR_038262.1) cloned in pUC57 was purchased from GenScript. BC200 was digested 

from pcDNA3_tRSA_G-quartet_BC200 and inserted into the EcoRI and XhoI 

restriction sites of pcDNA3. LINC00473 and LINC00707 were digested from pUC57_ 

LINC00473 and pUC57_ LINC00707 and inserted into the BamHI and NotI restriction 

sites of pcDNA3. MIR210HG was digested from pUC57_ MIR210HG and inserted 

into the EcoRI and XhoI restriction sites of pcDNA3. LINC00313 was amplified from 

the gBlock gene fragment and inserted into the restriction sites BamHI and XhoI of 
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pcDNA3. LOC729970 was amplified from the gBlock gene fragment and inserted into 

the restriction sites KpnI and NotI of pcDNA3. LOC100134040 was amplified from 

the gBlock gene fragment and inserted into the restriction sites BamHI and NotI of 

pcDNA3. All constructs generated are summarized in the Table 2.5. 

 

2.2.3.2 Ligation 

 

50 ng of digested vector DNA treated with Antarctic phosphatase (New England 

Biolabs) was used in a ligation reaction with digested insert DNA at a molar ratio 

varying between 1:3 to 1:5 using T4 DNA ligase (New England Biolabs). 

 

2.2.3.3 Transformation 

 

1 µl to 3 µl of ligation reaction was transformed into Escherichia coli DH5α cells by 

heat shock for 45 seconds at 42°C. Cells were then grown in super optimal broth 

(SOB) media for an hour, centrifuged for 3 minutes at 3000 rpm and plated onto a 

LB agar plate with the appropriate antibiotic. 

 

2.2.3.4 Sequencing 

 

Purified plasmid DNAs were confirmed by Sanger sequencing (GATC or Eurofins). 

 

2.2.4 Agarose gel electrophoresis 
 

Agarose was dissolved in Tris-Acetate EDTA (TAE) buffer (40 mM Tris-Acetate and 

1 mM EDTA) by microwave heating. The mixture was left to cool to a temperature 

close to room temperature and SafeView Nucleic Acid Stain (NBS Biologicals) was 

added (2.5 µl for 50 ml agarose gel). After mixing, gel was casted and left to set. 
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Samples were prepared in 6X DNA loading dye and ran in TAE buffer at 100V at 

room temperature for 30 min. 

 

2.2.5 RNA 

 

2.2.5.1 TRIzol RNA isolation 

 

Samples were lysed using TRIzol (Thermo Fisher Scientific). Briefly, 200 µl of 

chloroform was added per 1 ml of TRIzol reagent, samples were homogenized and 

then left at room temperature for 3 min. The aqueous phase was separated by 

centrifugation and RNA was precipitated using isopropanol. After two washes using 

75% ethanol, the RNA pellet was airdried, resuspended in water and incubated at 58°C 

for 10 min to fully resuspend the RNA. 

 

2.2.5.2 RNeasy FFPE RNA isolation kit (Qiagen) 

 

Tissue sections were incubated in an oven for one hour at 60°C, then washed three 

times in xylene, twice in 100% ethanol, once in 90% ethanol, once in 80% ethanol and 

twice in water. Each wash was left for 3 minutes. Tissue sample were scrapped off the 

slides, resuspended in buffer PKD (provided in the kit) with proteinase K and left 

overnight to incubate at 56°C. The remainder of the protocol was performed as per 

manufacturer’s instructions. 

 

2.2.5.3 cDNA synthesis 

 

1 µg of RNA was treated with DNase to eliminate contaminating DNA using TURBO 

DNase (Invitrogen) then used in a cDNA synthesis reaction using Superscript II 
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(Thermo Fisher Scientific) as per manufacturer instructions. Reactions lacking reverse 

transcriptase enzyme were also performed in the same condition as controls. The 

synthesized cDNA was diluted 1:5 and used for quantitative reverse transcriptase PCR 

(qRT-PCR). 

 

2.2.5.4 Quantitative Reverse Transcriptase PCR 

 

The diluted cDNA was used in qRT-PCR reactions. Briefly, 1 µl of cDNA (2.5 ng/ul) 

was combined with SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich) in 20 µl 

reactions and run using the following conditions:  

- 95°C 10 min 

- 94°C 30 sec, 57°C 45 sec, 72°C 1 min repeated 39 times 

- 94°C 30 sec, 57°C 45 sec, 72°C 15 min 

- Melting curve stage 

After analysis of the melting curve, data was analyzed using the DDCT method. 

 

2.2.5.5 RNAseq at EMBL, library preparation and sequencing 

 

Total RNA was extracted using TRIzol reagent according to the manufacturer’s 

instructions. The RNA integrity was measured using the RNA 6000 nano kit (Agilent). 

Libraries were prepared using the NEB Ultra II Directional RNA Library Prep Kit for 

Illumina (NEB #E7760) and NEBNext Poly (A) mRNA Magnetic Isolation Module 

(NEB #E7490). The bioinformatic analysis was performed using the Galaxy platform 

(230). FASTQ reads were trimmed and filtered for quality and adapter using 

Trimmomatic (231) and aligned to the Human reference genome (hg19) using RNA 

Star (232). featureCounts was used to quantify gene expression (233) and differential 
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expression analysis was performed with DESeq2 (234) respectively between ETCC-

006 and ETCC-010 against MCF-10A (study: ERP000799; experiment: ERX016686, 

biosample: SAMEA1484687). Genes with p-value < 0.05 were selected for reactome 

pathway-based analysis (235). 

 

2.2.5.6 Library preparations and capture 

 

RNA extracted from ETCC-006, ETCC-010, MCF10DCIS.com and MCF-10A from 

three different replicates was used to prepare libraries using the KAPA Stranded RNA-

Seq Library Preparation kit (Roche) and SeqCap RNA Enrichment System (Roche) 

following the protocol described by Feng and Zhang (2016) (236).  

 

A cohort of DCIS patients was recruited in collaboration with Dr Conleth Murphy, 

Bon Secours Hospital, Cork, Ireland. FFPE (formalin-fixed paraffin-embedded) 

blocks of DCIS tissue and normal-adjacent tissue were obtained from seven patients. 

Only patients showing pure DCIS lesions were recruited, patients showing a mix of 

DCIS and IDC were thus discarded from the study. All participants to the study signed 

an informed consent form. The study was approved by the research ethics committee 

of the cork teaching hospitals (CREC).  

 

The lncRNA capture approach was utilized using RNA extracted from DCIS lesion 

and adjacent-normal tissue from DCIS patients to prepare RNA sequencing libraries. 

Only RNA from lesions showing over 30% of tumor cells (n = 5) was used for the 

library preparation. 
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2.2.5.7 Sequencing and bioformatics 

 

RNA sequencing libraries prepared using RNA extracted from cell lines were sent for 

Illumina HiSeq 4000 75 bp pair end sequencing to Edinburgh Genomics. RNA 

sequencing libraries prepared using RNA extracted from tumor and normal patient 

tissue were sent for Illumina HiSeq 4000 100 bp pair end sequencing to Genome 

Technology Center, NYU. FastQ reads were trimmed and filtered based on quality 

then aligned to the Human reference genome (hg19) using TopHat (237). Genes and 

transcript levels were quantified using cufflinks (238) and differential expression 

analysis was conducted using cuffdiff (238). Volcano plots and heatmaps were 

generated using CummeRbund (238). 

 

2.2.6 Western blotting 

 

Samples were lysed using NP-40 lysis buffer (150 mM NaCl, 50 mM Tris HCl pH=8, 

1% NP-40 and 1X cOmplete EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich)) 

for 30 min on ice, then centrifuged for 30 min at 12,000g at 4°C. Protein levels were 

quantified using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) and equal 

amounts of protein samples (40-50 μg) were resuspended in SDS loading buffer and 

run in SDS-PAGE gel at 100V for 2 hours. Proteins were transferred onto a PDVF 

(polyvinylidene difluoride) membrane (Merck-Millipore) for 1 hour at 100V then 

blocked with 5% milk or BSA for 1 hour at room temperature and incubated with the 

primary antibody overnight at 4°C. The next day, the membrane was washed with 

TBST (tris buffered saline tween) for 5 min 3 times, incubated with secondary 

antibody for 1 hour at room temperature, washed with TBST for 5 min 3 times and 

visualized using Odyssey Imaging Systems (LI-COR Biosciences). 
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2.2.7 β-actin immunofluorescence 

 

Cells were seeded in a 6-well plate onto sterile coverslips and allowed to grow for 48 

hours. Cells were then fixed with 4% PFA (paraformaldehyde) in PHEM buffer 

(containing PIPES, HEPES, EGTA and MgCl2), quenched with 50 mM ammonium 

chloride and permeabilized with 0.1% Triton X in PHEM buffer for 5 min. Non-

specific antibody binding was blocked by incubating the coverslips with 5% goat 

serum/PHEM for 30 min. Cells were stained with anti-β actin (1:400) overnight at 4°C 

in an humidified chamber and washed with PHEM. The coverslips were then incubated 

with anti-mouse 488-fluorophore (1:1000) conjugated secondary antibody and DAPI 

(4′,6-diamidino-2-phenylindole) at room temperature for 1 h then washed with PHEM. 

The coverslips were mounted onto Fluoroshield histology mounting medium (Sigma 

Aldrich). Images were acquired using a Leica DM6000 upright fluorescence 

microscope. 

 

2.2.8 Cell growth monitoring 

 

MCF-10A, MCF-7, MDA-MB-231, MCF10DCIS.com, ETCC-006 and ETCC-010 

cells were seeded at a density of 50,000 cells per 12-well plate in triplicate. Media was 

replaced every third day. Cells were trypsinized, resuspended into medium and 

counted every 24 h over a period of 6 days. Trypan blue was used to monitor the 

viability of the cells. Population doubling time was calculated (16) using values at day 

2 and day 5 with the following formula: 

Population Doubling Time = !"#$%&'(	×	+,-	(/)
+,-(1&($2	3422	("564#)7+,-	(&(&%&$2	3422	("564#)

 . 
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2.2.9 Plating efficiency assay 

 

MCF-10A, MCF-7, MDA-MB-231, MCF10DCIS.com, ETCC-006 and ETCC-010 

cells were seeded at a density of 2,000 cells per 6-well plate in triplicate. Media was 

replaced every third day. Cells were washed with PBS (phosphate buffered saline) and 

fixed with 96% ethanol for 10 min, then stained with 0.05% crystal violet in 20% 

ethanol for 30 min. Staining was assessed using an Odyssey Scanner and quantified 

using ImageJ software. 

 

2.2.10 Clonogenic growth assay 

 

MCF-10A, MCF-7, MDA-MB-231, MCF10DCIS.com, ETCC-006 and ETCC-010 

cells were seeded at a density of 300,000 cells in an agar suspension (0.4% agar) over 

an agar underlay (0.8% agar) for assessment of anchorage-independent growth. Media 

was changed every 5 days. After 3 weeks of growth, the agar layers were stained with  

1% crystal violet at 4°C overnight and distained through water washes every 24 hours 

until single colonies appeared. Staining was assessed using an Odyssey Scanner and 

counted by hand. 

 

2.2.11 MTT assay 
 

Cell viability of cells transfected with either vectors to overexpress, or siRNAs to 

knockdown, expression of LINC00313, LINC00473, LINC00707, MIR210HG, 

LOC729970 and LOC100134040 was assessed by MTT assay. Briefly, cells were 

cultured in 96-well plate and thiazolyl blue tetrazolium bromide reagent (Sigma-

Aldrich) was added at a final concentration of 0.5 mg/ml then left to incubate for 90 
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min at 37°C and 5% CO2. The media was removed and 100 μl of DMSO was added to 

each well to dissolve the purple formazan crystals. Absorbance was measured at 570 

nm using an Infinite 2000 spectrophotometric plate reader (Tecan). 

 

2.2.12 Wound healing assay 

 
MCF-10A, MCF-7, MDA-MB-231, MCF10DCIS.com, ETCC-006 and ETCC-010 

cells were seeded as to form a monolayer in culture-inserts 2 well (Ibidi, #80209) the 

day before performing the assay. Removal of the insert created a wound of 500 μm 

width. Wound closure was monitored 5 hours, 9 hours and 12 hours after removal of 

the insert. Images were acquired using the EVOS FL Auto Imaging System 

(Thermofisher Scientific). Wound width was quantified using the ImageJ software. 

 

2.2.13 Subcellular fractionation 
 

To determine the localization of lncRNAs into nuclear and cytoplasmic compartments, 

approximatively 10 million cells were trypsinized and washed with cold PBS. Half of 

the sample was kept as the total fraction and half was used for subcellular fractionation. 

Both samples were resuspended in buffer A (10 mM Tris-HCl pH = 7.5, 1.5 mM 

MgCl2, 140 mM NaCl, 0.05% Nonidet P40, 1X cOmplete EDTA-free Protease 

Inhibitor Cocktail (Sigma-Aldrich) and RNasin at 100U/ml (Promega)) and incubated 

10 minutes on ice before SDS loading dye or TRIzol was added to the total fraction. 

The other fraction was added on top of a layer of buffer A plus sucrose (10 mM Tris-

HCl pH = 7.5, 1.5 mM MgCl2, 140 mM NaCl, 0.05% Nonidet P40, 50% sucrose) and 

centrifuged for 10 minutes at 12,000 g. The upper phase (cytoplasmic fraction) was 

collected and resuspended in SDS loading dye or TRIzol, the total nuclear fraction was 
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resuspended in buffer B (10 mM Tris-HCl pH = 7.5, 100 mM NaCl, 1 mM EGTA, 

300 mM sucrose, 0.5 mM sodium metavanadate, 50 mM sodium fluoride, 1 mM 

PMSF, 0.5% Triton X-100, 1X cOmplete EDTA-free Protease Inhibitor Cocktail 

(Sigma-Aldrich) and RNasin at 100U/ml (Promega)) and left 10 minutes to incubate 

on ice. Next, it was centrifuged at 2,000 g for 5 minutes at 4°C, the supernatant (nuclear 

soluble fraction) and pellet (chromatin fraction) were collected and resuspended into 

SDS loading dye or TRIzol for either protein or RNA analysis, respectively. 

 

2.2.14 RNA affinity purification and mass spectrometry analysis 
 

LOC729970 protein interactors were isolated using the tethered RNA affinity capture 

system described by Iioka et al. (239) following the protocol published by Iioka et al 

(240). Briefly, LOC729970 RNA tagged with a tRNA scaffold and a streptavidin 

aptamer (Figure 2.1.A) was synthesized in an in vitro transcription reaction and bound 

to streptavidin beads. In parallel, 80% confluent cells (15 cm dishes) were harvested, 

protein lysates are prepared and blocked with white egg avidin (10 μg/mg protein) and 

yeast RNA (0.5 mg/mg protein) then combined with the tethered RNA-bound 

streptavidin beads for the affinity purification as shown in Figure 2.1.B. An antisense 

version of the RNA was used as a negative control in parallel to allow for the 

identification of specific protein interactors. Samples were resuspended in SDS 

loading dye and sent for mass spectrometry analysis at the proteomics facility of the 

center of excellence for mass spectrometry in King’s College London, UK. 

 

2.2.15 RNA immunoprecipitation 
 

The cDNA sequence of GAPDH (glyceraldehyde 3-phosphate dehydrogenase), 

CYR61 (cysteine-rich angiogenic protein 61) and PABP (poly(A)-binding protein) 
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was cloned into a mammalian vector to allow for tagging of the proteins with MYC at 

the C-terminus. Briefly, six million ETCC-006 cells were plated the day before 

transfection on a 15 cm dish. 30 µg of plasmid DNA was transfected using 

Lipofectamine 3000 as per manufacturer’s instructions, and the media was changed 6 

hours after transfection. 48 hours after transfection, the cells were trypsinized and 

washed twice with cold PBS. They were resuspended in equal volume of polysome 

lysis buffer (100 mM KCl, 5 mM MgCl2, 10 mM HEPES-NaOH pH 7, 0.5 % Nonidet 

P-40 (NP- 40), 1 mM dithiothreitol (DTT), 200 units/ml RNase OUT and 1X cOmplete 

EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich)) and incubated for 5 min on 

ice. Protein lysates were stored at - 80°C to promote cell lysis. Myc-Trap magnetic 

beads (Chromotek) were washed for 5 min three times at 4°C in NT-2 buffer (25 mM 

Tris-HCl pH 7.4, 75 mM NaCl, 1 mM MgCl2, 0.05 % NP-40, 20 mM EDTA pH 8.0, 

1 mM DTT, 200 units/ml RNase OUT and 1X cOmplete EDTA-free Protease Inhibitor 

Cocktail (Sigma-Aldrich)). After the washes, beads were resuspended in 900 µl NT-2 

and kept on ice. The protein lysates were centrifuged for 10 min at 4°C at 20,000 g. 

1% of the total sample was kept as input fraction and resuspended in SDS loading dye 

or TRIzol and the rest was added to the beads. The mix lysate/bead was incubated on 

a rotating wheel at 4°C for 2 hours. After the immunoprecipitation, beads were washed 

three times with 1 ml NT-2 and resuspended in SDS loading dye or TRIzol for protein 

or RNA analysis, respectively. 
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Figure 2.1: tRSA construct and RNA-affinity purification procedure. (A) 

Schematic of the tRSA construct. The target RNA is tagged by tRNA scaffold and a 

streptavidin aptamer. (B) Schematic of RNA affinity purification procedure. The 
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previous construct is synthesized in an in vitro transcription reaction and bound to 

streptavin beads. Protein lysates are prepared and blocked with white egg avidin and 

yeast RNA. The RNA bound to the beads is incubated with the blocked protein lysate. 

After several washes, only the proteins bound to the RNA are recovered.  
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