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Ágrip 

Brjóstakrabbamein er algengasta krabbameinið meðal kvenna í heiminum í dag. Um 5-10% 

brjóstakrabbameina eru talin tengjast erfðum og vera að völdum stökkbreytinga í BRCA1 og BRCA2 

genum. Rannsóknir hafa sýnt fram á að BRCA1 og BRCA2 taka þátt í margskonar mikilvægum 

frumuferlum og eru nauðsynleg til þess að verja erfðamengið gegn skemmdum og viðhalda þar með 

stöðugleika þess, m.a. með DNA endurröðunarviðgerð og stuðningi við DNA eftirmyndun. Sýnt hefur 

verið fram á að BRCA2 gegnir mikilvægu hlutverki við stöðugleika litningaenda (Bodvarsdottir et al., 
2012). Einnig hefur verið sýnt fram á að þegar DNA endurröðunarviðgerð er óvirk vegna galla í BRCA1 

eða BRCA2 taka við villugjarnari DNA viðgerðir sem m.a. er stýrt af PARP-1 og FANCD2 (Kais et al., 

2016).  

Markmið verkefnisins var meðal annars að skoða tjáningu virku einingu telomerasa (hTERT) og 

FANCD2 í brjóstakrabbameinum í tengslum við meinfræðilega þætti og brjóstakrabbameinsháða lifun 

þar sem sérstök áhersla er lögð á BRCA2 arfbera. Einnig var markmiðið leita betri meðferðarúrræða 

sem myndu gagnast gegn þoli á olaparib PARP hemli með alisertib Aurora-A hemli sem beint yrði gegn 

virkjun á FANCD2 í frumum sem skerta BRCA2 tjáningu.  
Vefjalitanir fyrir hTERT og FANCD2 voru framkvæmdar á 470 brjóstakrabbameinssýnum á 

örvefjasneiðum (e. tissue microarrays). Tölfræðilega marktæk tengsl fundust á milli FANCD2 

kjarnatjáningar og lægri greiningaraldurs, stærri æxla, æxlisgráðunar og aukinnar Ki-67 tjáningar. Einu 

tölfræðilega marktæku tengslin sem fundust við hTERT kjarnalitunar voru við lægri æxlisgráðu hjá 

BRCA2 arfberum. Hvorki hTERT né FANCD2 kjarnalitun tengdust brjóstakrabbameinsháðri  lifun.   

Tjáning AURKA, BRCA2 og FANCD2 var könnuð hjá A176, sem er BRCA2 arfblendin 

brjóstafrumulína og MCF10A, brjóstafrumulínu sem er búin til úr heilbrigðum brjóstavef og notuð sem 
viðmið. Tjáning AURKA og BRCA2 reyndist meiri í A176 en í MCF10A en tjáning FANCD2 var minni í 

A176 en í MCF10A án þess þó að tölfræðileg marktækni mældist. BRCA2 og FANCD2 tjáning var bæld 

með siRNA í frumulínunum til þess að kanna innbyrðis áhrif og samspil á milli þessara gena. Þegar 

BRCA2 var slegið niður í frumulínunum sást aukin tjáning á FANCD2 í A176 en ekki í MCF10A. Þetta 

er öfugt við upphaflegt ástand í A176 frumulínunni. BRCA2 og FANCD2 voru bæld í frumulínunum í sitt 

hvoru lagi og svo saman ásamt því að meðhöndlað var með alisertib og olaparib. Ekki fengust 

fullnægjandi niðurstöður úr lifunargreiningunni til að meta áhrif FANCD2, Aurora-A og BRCA2 tjáningar 

á svar við lyfjameðferð. Niðurstöður benda þó til að að  þegar minni tjáning er á báðum BRCA2 

samsætunum í A176, bætir FANCD2 það upp með aukinni virkni og að meðferðarþol myndist gegn 

olaparib vegna aukinnar tjáningar á FANCD2.   
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Abstract 

Breast cancer (BC) is the most common cancer among women in the world. Around 5-10% of BC is 

considered hereditary and caused by mutations in the BRCA1 and BRCA2 genes. BRCA1 and BRCA2 

proteins have been shown to be involved in a multitude of pivotal cellular processes and are required 

for maintenance of chromosomal stability including DNA homologous recombination (HR) repair and 
DNA replication support. It has been shown that BRCA2 has an important role in maintaining the stability 

of chromosomal ends (Bodvarsdottir et al., 2012). It has also been demonstrated that when DNA HR 

repair is inactive because of BRCA1 or BRCA2 deficiency, more error prone DNA repair pathways 

controlled by PARP-1 and FANCD2, take over (Kais et al., 2016).  

 Tissue staining for the active unit of telomerase (hTERT) and FANCD2 was performed on 470 

BC samples on tissue microarrays (TMAs). It was evaluated whether overexpression of these proteins 

in the cell nuclei were associated with clinicopathological parameters or BC specific survival 

emphasizing BRCA2 mutation carriers. Another aim was to look for improved therapy options against 
olaparib PARP inhibition treatment tolerance with alisertib Aurora-A inhibition that could work against 

FANCD2 activation in cells lacking BRCA2 expression. Statistical significance was found for high 

FANCD2 nuclear expression and low age at diagnosis, larger tumor sizes, tumor grade and increased 

Ki-67 expression. The only statistical significance with high hTERT nuclear expression was found with 

lower tumor grades among BRCA2 mutation carriers. Neither hTERT nor FANCD2 nuclear staining were 

found to be associated with BC specific survival.  

BRCA2 and FANCD2 were knocked down by siRNA separately in the cell lines. When BRCA2 

was knocked down an increase in FANCD2 expression was seen in the BRCA2 heterozygous breast 
cell line A176 but not in the control breast cell line MCF10A. There were no sufficient conclusions from 

the cell viability assay to evaluate the effect of FANCD2, Aurora-A and BRCA2 expression on response 

to medication. However, the results indicate that when A176 loses BRCA2 expression FANCD2 

expression increases and leads to olaparib drug resistance. 
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1. Introduction 

Cancer is a diverse disease described by uncontrolled growth and spread of abnormal cells with the 
ability to invade or metastasize to other parts of the body. Often genomic instability goes together with 

carcinogenesis. Genomic instability refers to a situation when the genome maintenance system fails to 

protect the genome’s integrity. If the genomes integrity is disrupted it is more likely for mutations to occur 

within the genome. Defects in a number of mechanisms, including repair of DNA damage, replication 

stress and other aberrations have been described to fuel genomic instability in cancer. Evolutionary 

preserved pathways of DNA repair play an important role in the maintenance of genomic stability. It is 

then not surprising that factors responsible for detecting and repair of DNA damage have been described 
as key regulators of tumorigenesis. Today, the targeting of DNA repair pathways has become a leading 

therapeutic strategy (Kalimutho et al., 2019; Nikolaev and Yang, 2017)   

 Usually, cancer occurs from multiple mutations over a lifetime, but some types of cancer have 

been linked to inherited gene mutations (Yao and Dai, 2014). Cancer itself is not inherited, but the 

mutant genes increase incidence of particular cancer types. Two examples of genes that increase 

hereditary cancer risk are BRCA1 and BRCA2, especially for breast and ovarian cancer. The key 

molecular mechanism underlying cancer predisposition in BRCA mutation carriers is genomic instability 

caused by defects in DNA replication and repair. Inherited monoallelic mutations in these genes are 
associated with the development of cancer in multiple organs, one of them is breast cancer (BC) (Narod 

and Salmena, 2011). BRCA1 and BRCA2 are directly involved in the homologous recombination (HR) 

pathway of double strand break (DSB) repair and also serve a main role of DNA interstrand cross-links 

(ICLs) repair in the Fanconi anemia (FA) pathway. HR is a potentially error-free machinery of DNA 

damage repair (DDR) that uses unimpaired DNA molecules as a template to repair DNA breaks 

(Rodgers and McVey, 2016). HR requires RAD51 localization to DSBs which can be observed as foci 

of RAD51 localization within the nucleus. BRCA2 interacts directly with RAD51 and is required for the 

formation of RAD51 foci (Whelan et al., 2018).      
 During ICL repair, BRCA1 and BRCA2 act together with the FA pathway to stabilize stalled 

replication forks at ICL sites and to repair DNA lesions. BRCA1 and BRCA2 are a part of the FA pathway 

and are known as FANCD1 (BRCA2) and FANCS (BRCA1). Today 22 distinct FA genes have been 

identified (Dong et al., 2015). These different genetic groups are referred to as complementation groups 

and the proteins encoded by these genes make up the FA network of proteins that cooperate in the 

repair of ICLs (Niraj et al., 2019). One of these genes, FANCD2, plays important roles in BRCA1/2-

deficient cells by maintaining fork stability and reducing replication stress. It has been demonstrated that 
FANCD2 is overexpressed in BRCA1/2-deficient cells. Thus, FANCD2 inactivation promotes synthetic 

lethality to BRCA1/2-deficient cells and tumors (Kais et al., 2016).    
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1.1 Breast cancer  

BC is one of the most common cancer among women in the world.  In 2018, more than 2 million new 

BC cases were diagnosed and nearly 630,000 deaths were estimated worldwide (Nicolas et al., 2018). 
The international incidence of female BC varies notably, being highest in the United States and Northern 

Europe, intermediate in Southern and Eastern Europe and South America, and lowest in Asia (Alkabban 

and Ferguson, 2018). BC is usually thought as only affecting women, but BC in men accounts for less 

than 1% of all BC cases, although males tend to have poorer outcome due to delays in diagnosis. The 

prognosis of BC patients has been improving during last decades and patients diagnosed at an early 

age have the most promising prognosis (Contractor et al., 2008) 

BC is a complex disease composed of multiple subtypes with distinct morphologies and clinical 
implications. BC classification is complicated but very important where, as, treatment resources and 

prospect differ between groups. The main reason for this classification is to be able to choose the best 

treatment and demonstrate the function of a given therapy for a specific BC. The estrogen and 

progesterone hormones can affect BC risk where almost two-thirds of all BCs diagnosed are classified 

as hormone dependent. Hormones are chemicals made by the body that control how cells and organs 

do their work. Ovarian hormones initiate breast development, and monthly menstrual cycles induce 

regular breast cell proliferation until menopause. Estrogen is a female hormone made mainly in the 

ovaries but tissues in the breasts actually also produce small amounts of estrogen. Estrogen is important 
for sexual development and other body functions. From monthly period until menopause estrogen 

stimulates normal breast cells. Having a higher lifetime exposure to estrogen may increase BC risk but 

80% of all BCs grow according to estrogen and/or progesterone supply. These are called hormone-

receptor-positive BCs. This is a very powerful factor to identify because these cancers can be treated 

effectively by blocking estrogen in the body from attaching to the receptor (Atashgaran et al., 2016; 

Subramani et al., 2017)          

 To determine cancer's location, growth and how much it has grown, and if or where it has 

spread, professionals use staging and grading. The purpose of grading BC is to organize various 
elements and characteristics of cancer. The tumor, node, metastasis (TNM) staging system for BC is 

an internationally accepted system used to determine the disease stage. TNM staging is used to predict 

BC patients´ prospect, but it reflects on cancer’s distribution when diagnosed, that is the tumor size (T), 

lymph node metastasis (N) and distant metastasis (M). The results are combined to determine the stage 

of cancer for each patient (Veronesi et al., 2006). By using a microscope and looking at cancer cells it 

is possible to estimate the histological grade of the tumor. The grading is done by determining how much 

the cancer looks like normal cells. Low grade or grade I tumors are well-differentiated, this means that 
the tumor cells are organized and look more like normal tissue. The factors used to determine tumor 

grade differs with each type of cancer. In BC, histological tumor grade refers to the evaluation of 

morphological characteristics and is a rather simple and cheap method, requiring only appropriately 

prepared hematoxylin-eosin stained tumor tissue sections to be evaluated by a trained pathologist using 

a standard protocol. There are different systems used for determining the grade of BC. One of these 

systems is the Nottingham Histologic Score system (also named “the Elston-Ellis modification of Scarff-

Bloom-Richardson grading system”). This system emphasizes the percentage of tubule formation on 
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the tumor, the mitotic count and rate, and the degree of nuclear pleomorphism, arriving at a combined 

histological grade (Rakha et al., 2010). 

As the discoveries of basic science have led to better clinical treatment, a new feeling of hope 

has arisen. Today the number of long-term survivors increase as BC has shifted from an acute to a 

chronic condition which brings greater focus to this area of research.  

 

1.3 Hereditary breast cancer 

Genetic depletion in DNA repair are strongly related to BC risk. Approximately 5-10% of BC is 

considered hereditary and is thought to be caused by an inherited predisposition to BC that is passed 

down through a family in an autosomal dominant manner. In some of these families the underlying 
genetic cause is not known, however, many of these cases are caused by germline mutations in genes 

that are associated with BC risk with the highest prevalence of the BRCA1 and BRCA2 genes (Brewer 

et al., 2017; Collins and Politopoulos, 2011). These genes were discovered in 1994 and 1995 

respectively and reside on chromosome 17 for BRCA1 and chromosome 13 for BRCA2 (Friedman et 

al., 1994). Both BRCA1 and BRCA2 have an unusual large exon 11, non-coding exon 1 and a 

translational start site in exon 2. Their proteins are generally located in the nucleus and contain 

phosphorylated residues. BRCA1 and BRCA2 genes are tumor suppressors and are highly involved in 

ensuring genome stability. BRCA1 is involved in both the G2/M and S checkpoint activation and in DNA 
repair through its interaction with DNA repair proteins and cell cycle regulators. Therefore, the BRCA1 

protein has a diverse role in multiple DNA repair pathways, including HR and single-strand annealing. 

BRCA2 regulates HR and is directly involved in RAD51-mediated repair in response to DNA damage. 

BRCA2 brings RAD51 to the DSB site and provides the repair. The mean age of BC diagnosis is 40 and 

43 years for BRCA1 and BRCA2 mutation carriers, respectively (Pfeffer et al., 2017).   

 The most recurrent mutation in the BRCA2 gene in Iceland is the founder mutation 

c.771_775del5 (BRCA2 999del5) which is present in 0.6% of the general population and 6-7% of 

unselected BC patients (Mikaelsdottir et al., 2004; Rafnar et al., 2018; Thorlacius et al., 1997). This 
mutation is a five base pair deletion in exon 9 of the BRCA2 gene that leads to a premature stop codon 

and therefore an early truncation of the BRCA2 protein which leads to a degradation of the protein 

(Mikaelsdottir et al., 2004). This mutation is the only BC associated BRCA2 mutation known in the 

Icelandic population but another BRCA2 mutation in the Icelandic population, known as BRCA2 K3326 

has been associated to lung cancer (Rafnar et al., 2018). It is more likely for BRCA1 mutation carriers 

to be diagnosed with triple-negative (TN) BC than non-carrier patients. TNBC are described as 

progesterone receptor (PR) negative, estrogen receptor (ER) negative and human epidermal growth 
factor receptor 2 (HER2) negative tumors. The clinical importance of this subgroup relates to poorer 

prognosis than other subtypes, with higher nuclear grade and higher proliferative rate and lack of 

targeted treatment options. In contrast, carriers of BRCA2 mutations seem to share similar pathologic 

characteristics with non-carrier patients (Stefansson et al., 2011). BRCA2-associated breast tumors are 

usually high-grade, estrogen-receptor positive, and HER2-negative but include also some proportion of 

TNBC. It has been demonstrated that BRCA2 mutation carriers in Iceland have a poorer prognosis than 
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sporadic cases if their tumors are ER-positive in our study cohort (Jonasson et al., 2016). The survival 

difference between BRCA2 mutation carriers and non-carriers is statistically significant only among 

women who did not receive adjuvant chemotherapy, indicating that the disparity in survival might be 

eliminated by use of chemotherapy. These findings suggest that estrogen signaling pathways might 

differ in cancers depending on the state of BRCA2 (Jonasson et al., 2016). Aurora-A overexpression 

and BRCA2 wild-type allele loss among BRCA2 999del5 mutation carriers has been associated with 

very poor BC specific survival in our study cohort (Aradottir et al., 2014). Therefore, treatment that 
selectively targets Aurora-A overexpression may be critical for BRCA2 related BC. Alisertib, a selective 

inhibitor of Aurora-A that is going through clinical trials has been shown to have favorable safety profile 

among BC patients with endocrine-resistant ER positivity (Haddad et al., 2018).  

 

1.3 Fanconi anemia pathway 
FA is a rare inherited disorder that occurs in all ethnic groups with an estimated incidence of one to five 

in 1,000,000 live births (Li et al., 2018). It is characterized by bone marrow failure during childhood, 

developmental defects, growth retardation, infection susceptibility and predisposition to cancer. FA is 

the most common genetic cause of aplastic anemia and one of the most common genetic reasons for 

hematologic malignancy (van de Vrugt et al., 2019). FA is a DNA repair-deficiency disorder which is 

closely associated with chromosomal instability and hypersensitivity to DNA damage reagents. This 

hypersensitivity is demonstrated as an elevated number of chromosomal breaks and radial formations 

as well as decreased cell survival. FA is caused by homozygous germline mutations in any of the 22 FA 
genes. The FA genes form a complex pathway, called the FA pathway, that repairs stalled replication 

forks during S-phase of the cell cycle. This pathway is also involved in functions such as inflammation, 

autophagy, viral infection, mitochondrial metabolism and oxidative stress (Niraj et al., 2019). The primary 

purpose attributed to the FA pathway is the removal of a significant barrier, the DNA ICL, which is known 

to disturb DNA replication and genetic transcription. The proteins encoded by the FA genes have been 

placed into three groups based on the stage of ICL repair. These three groups are the FA core complex 

which is a multisubunit ubiquitin ligase complex, the FANCI/FANCD2 (FA ID) protein complex, and the 

downstream effectors that participate directly in the final stages of ICL repair through HR(Figure 1) (Che 
et al., 2018).          

 Somatic and germline mutations or epigenetic silencing of the FA genes are found in many 

cancers, including BC. The first link between FA and BC was discovered when biallelic mutations in the 

primary BC susceptibility gene BRCA2 were found to be the cause of the FA-D1 phenotype (Howlett et 

al., 2002). Recently, a patient with homozygous mutations in the BRCA1 gene was defined as FANCS 

(Cheung and Taniguchi, 2017). This discovery was identified in a 23-year-old female with multiple 

congenital abnormalities consistent with FA-like disorder. This woman had biallelic BRCA1 mutations 
and BC. Cells from this patient showed a deficiency in BRCA1 and RAD51 localization to DNA-damage 

sites, together with radial chromosome formation and hypersensitivity to ICL-inducing agents. By the 

ectopic introduction of BRCA1 transgene, these functions were recovered. Also, it has been shown that 

mutations in FANCN/PALB2 gene confer a moderate BC risk whereas it encodes a protein that functions 

as a tumor suppressor by binding and colocalizing with BRCA2 in nuclear foci (Catucci et al., 2018).  



  

18 

While FA is a rare disease, it is a disease model that can reveal the function of a group of 

proteins that have essential roles in the maintenance of genomic integrity. In response to DNA damage 

BRCA1, BRCA2, RAD51 and FA proteins work together to maintain genomic integrity and malformations 

in the genes that encode for these proteins leads to extreme sensitivity to cross-linking agents (Bunting 

et al., 2012). When mammalian chromosome breaks, the exposed DNA ends can activate two signaling 

pathways, the ATM (Ataxia telangiectasia) and ATR (Ataxia telangiectasia and Rad3-related) kinase 

pathways. These two pathways are critical mediators of DDR that arrest the cell division cycle and can 
induce cell death. DNA ICLs induced lesion is recognized by the FANCM–FAAP24–MHF1/2 complex 

which in turn activates the FA pathway (figure 1). FA core complex is activated, and it stimulates UBE2T 

(E2ubiquitin-conjugating enzyme), resulting in the mono-ubiquitination of FANCD2 and FANCI, which 

interact with several downstream components (e.g., BRCA1, RAD51, BRCA2) for DNA repair. For 

activation of the FA pathway the FANCA protein, which is one of the eight FANC proteins that assemble 

the core complex (Benitez et al., 2018), along with FA-associated proteins (FAAPs), needs to be 

phosphorylated by a well-known mitotic kinase, Aurora-A. In response to DNA damage Aurora-A directly 

phosphorylates FANCA at S165 (Chun et al., 2016). FANCA, in turn, activates FANCD2 by mono-
ubiquitination. Mono-ubiquitination of FANCD2 is required to allow cells to tolerate perturbations during 

DNA replication (figure 1). If cells have mutations in any of the core complex proteins, they are not able 

to mono-ubiquitinate FANCD2. Over 90% of FA patients are defective in this step (Whiteaker et al., 

2018). FANCD2 gene expression is strongly associated with the repopulation ability of cancer cells and 

that FANCD2 depletion in these cells decreases their recurrence ability (Lyakhovich and Surralles, 

2007). 
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  Figure 1.The FA pathway. Stalling of replication forks on DNA ICLs induces lesion recognition by the  
FANCM–FAAP24–MHF1/2 complex and subsequent recruitment of the FA core complex, 
which, in turn, recruits the mono-ubiquitinated FANCD2–FANCI to the ICL region. Aurora-A 
kinase is required for the activation of the FA pathway through direct phosphorylation of 
FANCA at S165. The recruited FA core complex subsequently mono-ubiquitinates its two 
substrates, FANCD2 and FANCI, on chromatin. The mono-ubiquitinated FANCD2–FANCI 
becomes an active form, recruits newly identified nuclease FAN1 or interacts with a series of 
DNA repair proteins at the damaged sites, and facilitates downstream repair pathways (Che 
et al., 2018). 
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The FANCD2 protein is required for maintenance of chromosomal stability and is mono-

ubiquitinated in response to DNA damage. Mono-ubiquitinated FANCD2 localize to nuclear foci with 

other proteins like BRCA1 and BRCA2 that are involved in homology-directed DNA repair (Kee and 

D'Andrea, 2010). It has been demonstrated that tumors deficient in BRCA1 and BRCA2 have an 

increase in FANCD2 to maintain fork stability and these tumors are characterized by high levels of 

replication stress. FANCD2 promotes alternative end-joining (alt-EJ) DNA repair which is an error-prone 

mechanism of DNA DSB repair. Loss of FANCD2 enhances cell death in BRCA1/2-deficient tumors 
uncovering a synthetic lethal relationship between FANCD2 and BRCA1/2. It also defines FANCD2 as 

a central performer arranging the choice of DNA repair pathway at the replication fork (Kais et al., 2016). 

High expression of FANCD2 has been shown to be concomitant with enhanced cell proliferation, 

hormone receptor negativity and worse overall survival among BC patients (van der Groep et al., 2008). 

This was further confirmed by a clinically important link between oxidative stress and FANCD2 protein 

amount in breast tumors (Fagerholm et al., 2013). That study also showed that expression of FANCD2 

correlated with characteristics of aggressive cancer, high grade and proliferation, hormone receptor 

negativity, HER2 amplification and elevated p53 expression. Higher FANCD2 expression was also 
associated to worse BC prognosis.  

Poly (ADP-ribose) polymerases, or PARP proteins, are a family of 17 proteins that help 

damaged cells to repair themselves and share the ability to catalyze the transfer of negatively charged 

ADP-ribose to specific amino acid residues on substrate proteins, or to ADP-ribose itself. It has been 

shown that cells with defects in BRCA1 or BRCA2 are hypersensitive to cancer treatment of PARP 

inhibitors that stop the PARP from doing its repair work in cancer cells resulting in synthetic lethality. 

The sensitivity of BRCA1/2-deficient cells to PARP inhibitors is based on the synthetic lethal relationship 

between the BRCA1/2 and PARP genes. In BRCA1/2-deficient cells PARP inhibitors are suggested to 
cause an increase in DNA single-strand breaks (SSBs), which are converted during replication to 

irreparable toxic DNA DSBs (Dziadkowiec et al., 2016). Cells deficient in BRCA1/2 upregulate the error-

prone Polq/PARP1-mediated alt-EJ DNA repair pathway, thereby compensating for defective HR (Kais 

et al., 2016). Polq is an A-family translesion synthesis polymerase that prevents RAD51 assembly on 

single-stranded DNA and mediates PARP1-dependent alt-EJ to resume DNA replication (Verma and 

Greenberg, 2016). BRCA1/2-deficient tumors exhibit a compensatory increase in FANCD2 expression 

and activity. Up on loss of BRCA1/2 proteins in BRCA1/2-deficient tumors, FANCD2 localizes to stalled 

replication forks where it promotes replication fork protection and restart. FANCD2 recruits Polq and 

CtIP to stalled forks and is required for alt-EJ. As a consequence, FANCD2 overexpression in BRCA1/2 

mutant cells confers resistance to PARP inhibitors through replication fork stabilization (Kais et al., 2016) 

(Figure 2).  
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Figure 2. Model for FANCD2 functions in BRCA1 and BRCA2-deficient tumors. FANCD2 has a   
role in HR and alt-EJ repair pathways and maintains genomic stability by protecting fork 
stability. HR is the predominant pathway under normal conditions and the alt-EJ pathway is 
thought to play only a minor role (left figure). Inactivation of BRCA1 or BRCA2 has no 
consequence on cell survival, but it induces both the localization of FANCD2 to stalled forks 
and the hyperactivation of the alt-EJ pathway (middle figure). As a consequence, loss of both 
BRCA1/2 and FANCD2 pathways induces cell death, defining a synthetic lethal interaction 
between the BRCA and the FA pathways (right figure) (Kais et al., 2016). 

 

1.4 Genomic instability and telomeres 

Telomeres are located at the ends of chromosomes and are protected from being recognized as DNA 

DSBs by capping. Such protection of mammalian telomeres has been attributed to the shelterin 

complex. The shelterin complex is comprised of 6 proteins that binds to the telomeric DNA (de Lange, 

2005). These proteins are TRF1 and TRF2 (Telomeric Repeat binding Factors 1 and 2), POT1 

(Protection Of Telomere), TIN2 (TRF2 and TRF1-Interacting Nuclear protein 2), Rap1 (the human 

ortholog of the yeast Repressor/Activator Protein 1) and TPP1. TRF2 and POT1 particularly have well-

defined direct roles in protecting telomeres from activating ATM and ATR kinase pathways. Uncapped 

ends of eukaryotic chromosomes can be mistaken for single ended DSBs and have to be protected from 

the cellular DDR pathways. If not, cells might permanently arrest in the cell cycle, and attempts to repair 
the chromosome ends would have massive consequences for genome integrity (de Lange, 2009). 

During the past two decades, scientists have realized that telomeres are more than just simple caps that 

cover chromosome ends. Telomeres are complex machinery that have an active role in genome 

maintenance (Arnoult and Karlseder, 2015). Human telomeres measure between 5 and 15 kb and their 

repeat unit DNA is 5′TTAGGG/CCCTAA3′, ending in a single-stranded G-rich 3’ overhang that measures 

between 35 and 600 nucleotides (Joksic et al., 2012). This G-rich strand serves as an anchor for 

telomerase binding by pairing with telomerase RNA subunit and, as a result, telomerase elongates the 
overhang by adding telomeric sequences. Telomeres need to be guarded against a cell's DNA repair 

systems due to these single-stranded overhangs because they look like damaged DNA. The G-

overhang loops back with the rest of telomeric DNA to form a telomere loop (T-loop) which protects 

telomeres from being recognized as double-stranded breaks. At every cell division telomeres shorten 

as a result of replication insufficiency leading to permanent cell cycle arrest and are signs of cellular 
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aging. Approximately 50–200 bp of telomeric repeat sequences are lost each time a mammalian cell 

divides. Some cells can reverse telomere shortening by expressing telomerase, an enzyme that extends 

the telomeres of chromosomes by making DNA using RNA as a template (Muraki et al., 2012). It has 

been demonstrated that overexpression of telomerase is connected to worse BC prognosis (Lu et al., 

2011) and also chromosomal instability (Bodvarsdottir et al., 2007).     

 A study from 2012 in our laboratory indicated that the BRCA2 protein plays a role in telomere 

stabilization and protection from chromosome end-to-end fusions (CEFs), which is the result of two 
chromosome ends fused together (Bodvarsdottir et al., 2012). BRCA2-deficient cells were shown to 

have frequent telomere sister chromatid exchanges (T-SCE), which is characteristic of cells using 

alternative lengthening of telomeres (ALT) instead of telomerase for telomere maintenance. Breast 

tumors from BRCA2 mutation carriers showed a significantly higher incidence of CEFs than other breast 

tumors despite standard telomere DNA content and active telomerase expression (Bodvarsdottir et al., 

2012). Cancer cells activate or upregulate telomerase that is composed of the active human telomerase 

reverse transcriptase (hTERT) unit that complexes with other proteins and a human telomerase RNA 

component (hTERC) containing a template site for DNA elongation and together make a 
ribonucleoprotein enzyme complex of the telomerase (Jafri et al., 2016). Telomerase was discovered in 

Tetrahymena thermophila in 1985. Oncogenic abilities of tumors can activate telomerase making them 

biologically immortal and able to replicate fast without aging. The MYC oncogene is an essential 

transcriptional regulator of hTERT that directly controls its expression by promoter binding and 

association with other transcription factors (Wu et al., 1999).  
In 90% of human cancers, telomere length is maintained by telomerase (Cong et al., 2002) while 

10% of cancers use an alternative mechanism of telomere lengthening classified as ALT-positive 

cancers, where they utilize recombination to elongate telomeres (De Vitis et al., 2018). hTERT is often 
upregulated in cells that divide rapidly, including both embryonic stem cells and adult stem cells. It 

lengthens the telomeres of stem cells, which results in an increased lifespan of the stem cells by allowing 

for unlimited division without reduction of telomeres. Hence, it is essential for the self-renewal properties 

of stem cells (Shay and Wright, 2011). An increasing amount of data implies that several cellular factors, 

viral factors like HPV type 16 E6, and pathways involved in cell senescence, immortalization and 

carcinogenesis act on the hTERT promoter (Horikawa et al., 2004). The activity of the hTERT promoter 

is monitored, either directly or through signaling pathways, by oncogene products and tumor suppressor 
proteins. In many tumors, hTERT expression is specifically localized to the telomerase-positive cancer 

cells, while it is inactive in most of the surrounding healthy cells ((Leão et al., 2018). Based on these 

findings, the investigation of activating and repressive mechanisms of hTERT transcription in cancer 

and healthy cells, respectively, has become an area of intense interest in cancer research. 
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2 Aims 
The aim of the study is to look for improved diagnosis and treatment opinions for BC with the focus on 

BRCA2 mutation carriers. Overexpression of FANCD2 and hTERT will be tested on BC tissue 
microarrays (TMAs) rich of tumor tissues from BRCA2 mutation carriers, but these candidate biomarkers 

have been shown to be associated with BC prognosis (Fagerholm et al., 2013; Poremba et al., 2002). 

The effect of Aurora-A inhibitor and PARPi on BRCA2 mutated BC cell lines will be tested with focus on 

FANCD2 expression. The scientific value of the project includes evaluating the impact of treatment with 

Aurora-A inhibitor on deficinet BRCA2 BC cell lines with and without treatment with a PARPi. The results 

from this research can indicate whether hTERT and FANCD2 can be used for clinicopathological 

analyses in BC diagnosis and if Aurora-A inhibitor should be recommended as a treatment option for 
specific subtypes or genotypes of BC. 

 

The project can be divided into specific aims:  

1. Evaluation on whether overexpression of hTERT or FANCD2 in BC cell nuclei is related to 

clinopatholgical parameters and BC-specific survival emphasizing BRCA2 mutation 

carriers.  

2. Analyse if the alisertib Aurora-A inhibitor could outflank FANCD2 related olaparib PARPi 

resistance in BRCA2-deficient BC cell line 
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3. Materials and methods  

3.1 Study cohort 
The study cohort included 477 well-defined BC patients who had already been screened for the Icelandic 

BRCA2 999del5 and BRCA1 5193G/A mutations as previously described (Aradottir et al., 2015). The 

tumors were examined on TMAs. Of the 477 primary breast tumors, 127 had the hereditary BRCA2 

999de5 mutation, 7 had a BRCA1 mutation and 343 patients were negative for these BRCA germline 

mutations and were defined as sporadic cases. The BRCA1 mutation carriers were excluded from 

statistical analysis, due to small patient number. Immunohistochemistry (IHC) was used to evaluate 

hTERT and FANCD2 protein expression. Data on clinical parameters (including tumor size, nodal 

metastasis, tumor grade and DNA index) were obtained from the Department of Pathology, National 

University Hospital, Reykjavik, Iceland. This work was carried out according to permits from the 

Bioethics Committee (VSNb2017110050/03.01). 

3.2 Immunohistochemical staining for hTERT and FANCD2 
TMAs were constructed by selecting viable and representative regions enriched for tumor cells from 

formalin-fixed and paraffin-embedded tumor tissues. A total of 15 TMA slides representing three core 

samples from each case were stained by IHC with the polyclonal rabbit hTERT antibody (Anti-

Telomerase (Ab-2) Rabbit pAb; Merch Millipore) and the monoclonal mouse FANCD2 antibody (FI17: 

sc-20022; Santa Cruz Biotechnology). The IHC procedure for hTERT and FANCD2 followed the 
instructions as previously descibed (Bodvarsdottir et al., 2007; Kais et al., 2016; Poremba et al., 2002). 

First, the TMA microscope slides were pretreated as following. They were warmed up on a heat plate 

at 60°C for 1 hour. Then they were deparaffinized in 2 changes of xylene, 5 minutes each and hydrated 

in 2 changes of 100% ethanol for 5 minutes each. Heat-induced antigen retrieval was achieved in a 10 

mM citrate buffer pH 6 for 10 min in an autoclave at 120°C following overnight incubation with the hTERT 

(dilution 1:400 in PBS) and FANCD2 (dilution 1:100 in PBS) antibodies at 4°C in a humid chamber. Anti-

rabbit and anti-mouse HRP-DAB cell & tissue staining kit (R&D systems; catalog numbers: CTS005 and 

CTS002) was used for antibody detection of hTERT and FANCD2, respectively, following the 

manufacturer's recommendations.         
 The only difference between the IHC procedures of hTERT and FANCD2 was for the FANCD2 

antibody a tyramide signal amplification (TSA® biotin detection kit from PerkinElmer, catalog number: 

NEL700A001KT) step was added to the protocol which increases the sensitivity up to 100-fold following 

(Fagerholm et al., 2013). There was no visible expression of FANCD2 without the TSA step. The slides 

were incubated in TSA Plus Working Solution after they had been incubated with 1-3 drops of HSS-HSP 

(Vial B) and washed with PBS. The slides were incubated with TSA Plus Working Solution for 7 minutes 

at room temperature and then washed in PBS for 15 minutes. Next, the slides were incubated in anti-
fluorescein-HRP for 30 minutes and then washed in PBS for 15 minutes. All samples were treated with 

3, 3'-diaminobenzidine (DAB) for 10 minutes that reacts with peroxidase and produced a dark brown 

color. Sections were then counterstained with hematoxylin. The clarity of the brown color in the nuclei 

was evaluated and rated. The brown color appears in a peroxidase reaction if an antibody has bound. 
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The sections were scored positive or negative according to hTERT and FANCD2 nuclear staining. The 

scoring was done by subjective assessment. All sections were scored by the same two individuals 

(Snædís Ragnarsdóttir, master student and Sigríður Klara Böðvarsdóttir, PhD) in a blinded manner 

under the guidance of a pathologist (Professor Jón Gunnlaugur Jónasson). For hTERT, the samples 

were rated from 0-3 where grade 0 was negative or cytaoplasmic staining only, grade 1 was 1-10% 

positive nuclei staining and, grade 2 was 10-50% positive nuclei staining and grade 3 was ≥50% positive 

nuclei staining. The final evaluation for each sample was then the average of the total assessment of 
the nuclear staining from both estimators. Similar evaluation was used to rate FANCD2 nuclear staining 

except the overall nuclear staining was milder. Therefore grade 1 was given for minor nuclear staining, 

grade 2 for some positive nuclear staining and grade 3 for clear positive nuclear staining.   

3.3 Epithelial breast cell lines 
Two human breast epithelial cell lines were used in this study. One of them is BRCA2-heterozygous and 
one wild-type. The BRCA2-heterozygous cell line BRCA2-999del5-1N (in this thesis it will be referred to 

as A176) is derived from adjacent normal epithelium of a breast tumor from BRCA2 999del5 mutation 

carrier. This cell line was grown in H14 medium which is composed of DMEM (Dulbecco’s Modified 

Eagle’s Medium) supplemented with 250 ng/ml insulin,10μg/ml transferrin, 10 ng/ml EGF, 2.6ng/ml 

sodium selenite, 0.1nM estradiol, 0.5μg/ml hydrocortisone and 5μg/ml prolactin. The other cell line MCF-

10A, which is a non-tumorigenic epithelial cell line, was used as a reference cell line. It was cultured in 

H14 medium with 10% FBSs. Cells were cultured at 37°C in a humidified 5% CO2 atmosphere. 

3.4 Knockdown of BRCA2 and FANCD2 
For the qPCR and the cell viability assay, knockdown of BRCA2 and FANCD2 was done using siRNA 

Lipofectamine™ RNAiMAX Transfection Reagent (Invitrogen, catalog number: 13778150) following the 

manufacturer’s recommendations. Both cell lines were grown to approximately 80% confluence in 25 

cm2 tissue culture flasks and trypsinized. For the qPCR the cells were seeded on to 6 well plate, with 

9.5 cm2 growth area and tripsinized at ~50% confluency 24 hours later. For the cell viability assay the 
cells were seeded on to 96 well plate, with 0.35 cm2 growth area where A176 was diluted to 5000 cells 

per well but MCF10A to 2500 cells per well and transfected 24 hours later. The cells were transfected 

with LipofectamineTM RNAiMAX transfecting agent with added siRNA for FANCD2 (10 mM, 5'-

GGAGAUUGAUGGUCUACUATT-3' ThermoScientific, catalog number: 4427037, S4988) and BRCA2 

(10 mM, ThermoScientific, catalog number: 4427038, S2085) and a negative siRNA (10 mM, 

ThermoScientific, S844), in a H14 medium with supplements for A176 and H14 medium containing 10% 

serum for MCF10A, for 48 hours. For the qPCR experiment, mRNA was then extracted from the cells, 
see next chapter. For the cell viability assay, 24 hours after siRNA treatment cells were treated with 

olaparib and alisertib separately for 72 hours and then stained with crystal violet dye to measure cell 

viability, see chapters 3.6 and 3.7. 

 



  

26 

3.5 mRNA expression analysis 
mRNA was isolated from all cell samples using the Trizol Reagent (Invitrogen). All tubes, pipette tips, 

and water were RNase free (supplied from Ambion, California, USA). All laboratory work areas were 

cleaned using RNase ZAP (Ambion) for all procedures to ensure no RNase contamination. All samples 

and solutions were kept on ice unless instructed otherwise. Media was removed, and 1ml of TRI reagent 
(10 cm2) added to the cells. Next, samples were moved to a RNase free Eppendorf tubes and incubated 

for 5 minutes at room temperature (RT). 200 µl of chloroform was then added to the samples, and they 

were then shaken vigorously for 15 seconds and left for 11 minutes at RT. Samples were then 

centrifuged at 12.000 g for 10 minutes at 4°C. The top layer of the sample was then removed to a clean 

tube. 500 µl of isopropanol was added to the samples and they were then vortexed for 5-10 seconds 

and incubated for 7 minutes at RT. Next, the samples were centrifuged at 12.000 g for 8 minutes at 4°C. 

The supernatant was then discarded and 1ml of 75% ethanol added to the pellet. The samples were 

then centrifuged at 7500 g for 5 minutes at 4°C and the ethanol removed. The pellet was air dried and 

dissolved in 20 µl of nuclease-free water. RNA samples were then frozen at -80°C. 

The purified mRNA from A176 and MCF10A cells was reverse transcribed into cDNA using 

SuperScript III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen catalog number: 18080400).  

For each sample, a master mix was made by adding 1 μl of Oligo(dT)12-18(500 μg/ml), 10 μl total RNA, 

1 μl of dNTP mix (10 mM each) to an eppendorf tube and DEPC-treated H2O used to fill the glass up to 

12 μl. The master mix was then heated to 65°C for 5 minutes and quickly chilled on ice. The contents of 

the tube were then collected by brief centrifugation and then 4 μl of 5X First – Strand buffer, 2 μl of 0.1 

M DTT and 1μl of RNaseOUTTM added to the master mix. This was mixed and incubated at 42°C for 5 
minutes. The reaction was then inactivated by heating at 70°C for 15 minutes. Now the cDNA was ready 

to be used as a template for amplification in a polymerase chain reaction (PCR). SYBR green real-time 

quantitative PCR assay mix was used to detect the relative quantity of AURKA, FANCD2, and BRCA2 

using HPRT reference gene to measure fold change. The primers used for AURKA, FANCD2 and 

BRCA2 detection were as follows:  

 

AURKA detection; forward: 5¢-TGGAGGTCCAAAACGTGTTCTC-3¢; reverse: 5¢- 

TGCCCACTATTTACAGGTAATGGA-3¢ (Vidarsdottir et al., 2012). 

 

FANCD2 detection; forward: 5'-CAAACAGAATGAAGCCAGCA-3';reverse: 5'-
CCATGGTCACAGCACCAATA-3' (Kais et al., 2016). 

 

BRCA2 detection; forward: 5'-ACTCTGCCGCTGTACCAATC -3'; reverse: 5'-

GGTGTCTGACGACCCTTCAC-3'.  

 

HPRT; forward: 5'-CCTGGCGTCGTGATTAGTGAT -3'; reverse: 5'- 
AGACGTTCAGTCCTGTCCATAA-3' (Kozera and Rapacz, 2013). 

 

The expression of AURKA, FANCD2, and BRCA2 was measured using PowerUp SYBR Green PCR 
Master Mix (2x; Applied Biosystems), and all qPCRs were performed in CFX384 TouchTM Real-Time 
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PCR Detection System (Bio-Rad). SYBR green is a fluorescent dye that emits a signal as it binds to 

dsDNA. A Master Mix was prepared with the superSYBRgreen® reagent and primers, with a 10 μM final 

concentration of each primer and 20-40 ng of cDNA template, and a final reaction volume of 5 μl. Each 

reaction was run in triplicates. The qPCR run started with a 2-minute holding stage at 50°C and hot start 

for 10 minutes at 95°C, this was followed by 40 cycles of 15 second denaturing at 95°C and 1-minute 

extension at 60°C. A melting curve was obtained at the end of each qPCR run to verify the product 

specificity. Log of the DNA concentration was plotted against the Ct (cycle threshold) value. The 
amplification efficiency (Eff) of each PCR run was calculated from the slopes of the standard curves; 

Eff= 10(-1/slope). If the efficiency of the run is 100%, there is a doubling of the target DNA in each cycle, 

Eff=2. The ratio between all the primer pairs was then used to calculate the relative difference between 

cell lines. 

3.6 PARP and Aurora-A inhibition 
The drug used were the PARPi olaparib (AZD2281 from AstraZeneca; London, UK) and the Aurora-A 

kinase inhibitor alisertib (MLN8237 from Selleck Chemicals, Houston USA). The olaparib compound 

was diluted to a 10 mM stock solution and stored at -20°C. The alisertib compound was in 10 mM stock 

solution in DMSO and was stored at -20°C. Cells were treated in triplicate with 1μM, 5μM and 10μM 

concentrations of olaparib and 0.25 μM, 0.5 μM and 1 μM of alisertib, separately, for 72 hours without 

media change and compared with untreated cells incubated for the same period of time. 

3.7 Cellular viability 
To measure cell viability after treatment with olaparib and alisertib, the cells were stained with crystal 

violet. This dye stains viable cells that adhere to their culture vessel. Lysed cells simply fall away from 

their vessel surface and are not stained by this dye. This was done by removing the old media from the 

cells, washing them with PBS once and then adding 100 µl of crystal violet to the cells for 30 minutes. 

Next the cells were washed in PBS, three times for 5 minutes and then 200 µl of 10% acedic acid was 

added to the cells for 30 minutes on a shaker. The light absorption was then measured at 570nm in a 

UV meter.  

First both cell lines were seeded in three different cell numbers and treated with three different 

concentrations of each drug, 1 µM, 5 µM and 10 µM for three hours. This was done to optimize the 

experimental conditions for the survival analysis. The concentration chosen for olaparib was 5 µM but 

after treatment of the same concentrations with alisertib, there was no cell viability. The experiment was 

then repeated for alisertib with lower concentrations, 0.25 µM, 0.5 µM and 1 µM for three days. The 

concentration chosen for alisertib was 1µM (supplementary figures 1-2). Cells treated with 5 µM olaparib 

were stained again with crystal violet and tested for cell viability. The cells treated with 1 µM alisertib 

were placed inside a IncuCyte live-cell analysis where images of the collective cell spreading are 

recorded every 2 hours for a total duration of 96 hours. 
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3.8 Statistical analysis 
Association between categorical variables was studied using either Fisher’s exact test or the Chi square 

test. All p values were 2-sided. BC specific survival was examined using the Kaplan-Meier. Analysis in 

a 2-sided t-test was used to compare quantitative variables. The statistical package GraphPad Prism8 

was used for statistical analysis. The foldchange was calculated with 2-∆Ct method as described in (Pfaffl, 
2001).  
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4. Results  

4.1 hTERT and FANCD2 immunohistochemical nuclear staining 
The evaluation of the active unit of human telomerase, hTERT, was according to percentages of cells 

with positive nuclear staining and the intensity of the IHC brown color (figure 3). For some samples it 

was challenging to evaluate the expression of hTERT in the nucleus because of cytoplasm staining. The 

grade 0 was given it there was no brown color and all the nuclei were blue (figure 3a). When the nuclei 

were blue but there was some brown color the grade 1 was given for 1-10% positive nuclear staining 

(figure 3b). If 10-50% of the nuclei were brown the grade 2 was given (figure 3c) and if more than 50% 

of the nuclei were brown the grade 3 was given (figure 3d). For statistical analysis grades 0, 1 and 2 
were combined to increase power for calculation. More than half of the breast tumor samples were 

evaluated with grade 3 nuclear staining (table 1). 

 

Figure 3. Evaluation of hTERT nuclear immunohistochemical staining on breast cancer tissue 
microarrays. Grade 0 (a) was given when no nuclear staining was detected, grade 1 (b) when 
only 1–10% nuclear staining was detected, grade 2 (c) when 10–50% of nuclear staining was 
detected and grade 3 (d) when over 50% nuclear staining was detected. The size bar refers 
to 10µm.   

 
 
The evaluation of FANCD2 nuclear staining was done by measuring the intensity of the brown color 

(figure 4). The grade 0 was given it there was no brown color and the nuclei were completely blue (figure 

4a). When the nuclei were blue, but some brown color was detected the grade 1 was given  

a

c 

b 

d 
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(figure 4b). If some brown nuclear staining was detected the grade 2 was given (figure 4c). If clear brown 

nuclear staining was detected grade 3 was given (figure 4d).  Only 13% of breast tumor samples had 

clear FANCD2 nuclear staining and no difference was between the sporadic and the BRCA2 mutated 

subgroups (table 1). 

 

Figure 4. Evaluation of FANCD2 nuclear immunohistochemical staining on breast cancer tissue   
microarrays. Grade 0 (a) was given when no nuclear staining was detected, grade 1 (b) 
when only minor nuclear staining was detected, grade 2 (c) when some nuclear staining was 
detected and grade 3 (d) when over clear nuclear staining was detected. The size bar refers 
to 10 µm.   

  

4.2   hTERT and FANCD2 nuclear staining in relation to clinicopathological 
parameters 

Characteristics of the breast tumors are listed in table 1. In summary, the breast tumors from sporadic 

cases and BRCA2 mutation carriers did not differ in tumor size, age at diagnosis, node metastasis, 
expression of estrogen or progesterone receptors, phenotypes, metastasis, Aurora-A expression, Ki-67 

expression or DNA index. However, the tumor grade was shown to be significantly lower among the 

sporadic BC cases compared to the BRCA2 mutation carriers. 

 

a
. 

b 

c d
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Table 1. Patient characteristics at baseline. Clinical and pathological parameters for the 470 breast 
cancer cases analyzed in this study. 

  
BRCA2 mutation 

carriers 
Sporadic 

cases P value*** All cases 

hTERT nuclear 
staining     0.237   

0-2 51 (53%) 157 (50%)  208 (48%) 
3 46 (47%) 159 (50%)  226 (52%) 

Total 97 316  434 
Unknown 30 27  36 

Total 127 343  470 

FANCD2 nuclear 
staining     0.999   

0-2 104 (87%) 279 (87%)  352 (88%) 
3 16 (13%) 42 (13%)  56 (12%) 

Total 120 321  441 
Unknown 7 22  29 

Total 127 343  470 

Node metastasis     0.396   

Negative 56 (46%) 165 (51%)  221 (49%) 
Positive 65 (54%) 159 (49%)  224 (51%) 

Total 121 324  445 
Unknown 6 19  25 

Total 127 343  470 

Estrogen receptor     0.723   

Negative 32 (26%) 92 (28%)  124 (28%) 
Positive 91 (74%) 234 (72%)  325 (72%) 

Total 123 326  449 
Unknown 4 17  21 

Total 127 343  470 

Progesterone 
receptor     0.667   

Negative 48 (39%) 133 (41%)  181 (41%) 
Positive 76 (61%) 188 (59%)  264 (59%) 

Total 124 321  445 
Unknown 3 22  25 

Total 127 343  470 

Phenotype*     0.397   

Luminal A/B 93 (77%) 229 (73%)  322 (74%) 
Non-luminal 28 (23%) 86 (27%)  114 (26%) 

Total 121 315  436 
Unknown 6 28  34 

Total 127 343  470 

Grade      0.019   

1 12 (9%) 49 (20%)  61 (17%) 
2 66 (52%) 100 (41,5%)  166 (45%) 
3 49 (39%) 93 (38,5%)  142 (38%) 

Total 127 242  369 
Unknown 0 101  101 

Total 127 343  470 

Metastasis     0.062   

Negative 47 (98%) 46 (87%)  93 (92%) 
Positive 1 (2%) 7 (13%)  8 (8%) 

Total 48 53  101 
Unknown 79 290  369 

Total 127 343  470 
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*The luminal A subgroup was defined as estrogen receptor positive and with  Ki-67 expression <14%. The luminal B 

subgroup was defined as estrogen receptor positive and with Ki-67 expression ≥14% (Cheang et al., 2009). 

**DNA index is given as aneuploid and diploid where DNA index upon 1,00 ± 0,15 is defined as aneuploid and DNA 

index <0,85 and >1,15 is defined as diploid. 
***P values were from Fisher and Chi-square tests. 

 

 

 

A statistically significant association was observed between FANCD2 nuclear staining and age younger 

than 50 years at time of BC diagnosis among all cases (P value: 0.003) and sporadic cases (P value: 

0.005 table 2). No significant association was observed between hTERT and age at diagnosis.  

 

 
 

 

 

 

 

 

Aurora-A nuclear 
staining     0.121   

Negative 45 (39%) 140 (48%)  185 (46%) 
Positive 69 (61%) 150 (62%)  219 (54%) 

Total 114 290  404 
Unknown 13 53  66 

Total 127 343  470 

Ki-i67     0.105   

Low (<14%) 44 (36%) 138 (45%)  182 (42%) 
High (≥14%) 78 (64%) 169 (55%)  247 (58%) 

Total 122 307  429 
Unknown 5 36  41 

Total 127 343  470 

Tumor size     0.955   

T1 51 (47%) 151 (47%) 
 

202 (47%) 
T2 46 (43%) 141(44%)  187 (43%) 
T3 11 (10%) 30 (9%)  41 (10%) 

Total 118 316  430 
Unknown 9 27  40 

Total 127 343  470 

Age at diagnosis     0.602   

<50 years 72 (57%) 181 (54%)  253 (54%) 
≥50 years 55 (43%) 157 (46%)  212 (46%) 

Total 120 321  465 
Unknown 7 22  5 

Total 127 343  470 

DNA index**      0.642   

Aneuploid 36 (58%) 90 (62%)  126 (61%) 
Diploid 26 (42%) 55 (38%)  81 (39%) 
Total 62 145  207 

Unknown 65 198  263 
Total 127 343  470 
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Table 2. hTERT and FANCD2 nuclear expression in relation to age at diagnosis 

  
 

 
A statistically significant association was observed between FANCD2 nuclear staining and tumor sizes 

for all cases (P value: 0.012, table 3). For sporadic cases we also observed a trend between FANCD2 

nuclear staining and tumor sizes, although not statistically significant. No statistical significance was 

observed between hTERT nuclear staining and tumor sizes.   

 
Table 3. hTERT and FANCD2 nuclear expression in relation to tumor size  

 

hTERT 
<50%

hTERT  
≥50% P value

FANCD2 
<50%

FANCD2 
≥50% P value

All cases 0.772 0.003

Age ³50 years 95 (49%) 100 (51%) 186 (92%) 16 (8%)

Sporadic cases 0.735 0.005

Age <50 years 82 (49%) 87 (51%) 139 (82%) 31 (18%)

Age ³50 years 74 (51%) 72 (49%)  140 (93%) 11 (7%)

BRCA2 mutation 
carriers

1.000 0.419

Age <50 years 30 (43%) 39 (57%) 58 (84%) 11 (16%)

Age ³50 years 21 (43%) 28 (57%) 46 (90%) 5 (10%)

Age <50 years 112 (47%) 126 (53%) 197 (82%) 42 (18%)

hTERT 
<50%

hTERT 
≥50% P value

FANCD2 
<50%

FANCD2 
≥50% P value

All cases 0.592 0.012

T1 (≤ 20 mm) 90 (49%) 94 (51%) 169 (88%) 22 (22%)

T2 (>20 and ≤50) mm) 84 (47%) 94 (53%) 146 (81%) 34 (29%)

T3 (> 50 mm) 16 (40%) 24 (60%) 38 (97%) 1 (3%)

Sporadic cases 0.449 0.055

T1 (≤ 20 mm) 65 (47%) 72 (53%) 131 (91%) 13 (9%)

T2 (>20 and ≤50) mm) 69 (51%) 67 (49%) 109 (80%) 28 (20%)

T3 (> 50 mm) 11 (38%) 18 (62%) 27 (96%) 1 (4%)

BRCA2 mutation 
carriers 0.254 0.268

T1 (≤ 20 mm) 25 (53%) 22 (47%) 38 (81%) 9 (9%)

T2 (>20 and ≤50) mm) 15 (47%) 27 (53%) 37 (86%) 6 (14%)

T3 (> 50 mm) 5 (45%) 6 (55%) 11 (100%) 0 (0%)
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A statistically significant association was observed between hTERT nuclear staining and low tumor 

grades among BRCA2 mutation carriers (P value: 0.025, table 4). FANCD2 nuclear staining was on the 

other hand found to be associated with tumor grade 2 for all cases (P value: 0.001) and sporadic cases 

only (P value<0.001, table 4).  

 

Table 4. hTERT and FANCD2 nuclear expression in relation to tumor grades 

 
 
 
A statistically significant association was observed between FANCD2 nuclear staining and high >14% 

Ki-67 expression for all cases (P value<0.001) and sporadic cases only (P value: 0.007, table 5). For 

BRCA2 mutation carriers we also observed a trend towards increased FANCD2 nuclear staining and 

high >14% Ki-67 expression, although not statistically significant. No significant association was, 

however, found between hTERT nuclear expression and Ki-67 expression. 

 

 

 

 
 

 

 

 

 

 

 hTERT 
<50%

hTERT 
≥50%

P value

 
FANCD2

<50%
FANCD2 

≥50%
P value

All cases 0.334 0.001

Grade 1 28 (51%) 27 (49%) 56 (93%) 4 (7%)

Grade 2 66 (42%) 90 (58%) 119 (77%) 36 (23%)

Grade 3 68 (50%) 68 (50%) 115 (90%) 13 (10%)

Sporadic cases 0.536 p<0.001

Grade 1 24 (56%) 19 (44%) 45 (94%) 3 (6%)

Grade 2 46 (48%) 50 (52%) 67 (72%) 26 (28%)

Grade 3 41 (46%) 49 (54%) 75 (90%) 8 (10%)

BRCA2 mutation 
carriers 0.025 0.649

Grade 1 4 (33%) 8 (67%) 11 (92%) 1 (8%)

Grade 2 20 (33%) 40 (67%) 52 (84%) 10 (16%)

Grade 3 27 (59%) 19 (41%) 40 (89%) 5 (11%)
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Table 5. hTERT and FANCD2 nuclear staining in relation to Ki-67 expression 

  
 
 

A statistically significant association was observed between high FANCD2 nuclear expression and no 

Aurora-A expression for BRCA2 mutation carriers (P value<0.002) but the population is too small for it 

to be confirmed. No significant association was however found between hTERT nuclear expression and 

Aurora-A nuclear expression.  

 

Table 6. hTERT and FANCD2 nuclear staining in relation to Aurora-A nuclear staining 

  
 

 

 hTERT 
<50%

hTERT 
≥50% P value

FANCD2 
<50%

FANCD2 
≥50% P value

All cases 0.131 p<0.001

Ki67 low (<14%) 70 (42%) 98 (58%) 161 (93%) 12 (7%)

Ki67 high (≥14%) 118 (49%) 121 (51%) 198 (82%) 44 (18%)

Sporadic cases 0.287 0.007

Ki67 low (<14%) 55 (44%) 71 (56%)  121 (92%) 10 (8%)

Ki67 high (≥14%) 83 (50%) 82 (50%) 136 (81%) 32 (19%)

BRCA2 mutation 
carriers

0.248 0.081

Ki67 low (<14%) 15 (36%) 27 (64%)  40 (95%) 2 (5%)

Ki67 high (≥14%) 35 (47%) 39 (53%) 62 (83%) 13 (17%)

 hTERT  
<50%

 hTERT 
≥50% P value

FANCD2 
<50%

FANCD2 
≥50% P value

All cases 0.760 0.294

Aurora-A 0 86 (50%) 87 (50%) 155 (85%) 27 (15%)

Aurora-A 1-2 110 (51%) 104 (49%) 192 (89%) 24 (11%)

Sporadic cases 0.283 0.486

Aurora-A 0 66 (50%) 67 (50%) 125 (89%) 16 (11%)

Aurora-A 1-2 82 (56%) 64 (44%) 126 (86%) 21 (14%)

BRCA2 mutation 
carriers

0.425 p<0.002

Aurora-A 0 20 (50%) 20 (50%) 30 (73%) 11 (27%)

Aurora-A 1-2 28 (58%) 40 (67%) 66 (96%) 3 (4%)
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hTERT and FANCD2 IHC nuclear expression was also analyzed in relation to lymph node metastasis 

status, estrogen and progesterone receptor expression, luminal and non-luminal phenotypes and DNA-

index. No statistically significant association was observed between hTERT and FANCD2 IHC nuclear 

staining and these clinicopathological parameters (Supplementary tables 1-4, Appendix A). 

Neither hTERT nor FANCD2 IHC nuclear expression was not found to be associated with BC-

specific survival neither among the general study population (figure 5a) nor among sporadic (figure 5b) 

or familial BRCA2 BC cases (figure 5c). For sporadic BC cases with hTERT nuclear expression ³50%, 

the 10-year survival rate was 75.8% whereas for BRCA2 mutation carriers it was 50.8%. For Sporadic 

BC cases with FANCD2 nuclear expression ³50%, the 10-year survival rate was 74.3% whereas for 

BRCA2 mutation carriers it was 67.7%. 
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Figure 5. hTERT and FANCD2 nuclear expression in breast tumors in relation to breast cancer 

prognosis. Left panel shows Kaplan-Meier estimates of breast cancer-specific survival 
amongst the population according to hTERT nuclear staining a) in the total study population 
(n=432), b) among the BRCA2 mutation carriers (n=118) and c) among the sporadic BC cases 
(n=314). All statistical tests were two sided. The right panel shows Kaplan-Meier estimates of 
breast cancer-specific survival amongst the population according to FANCD2 nuclear staining 
a) in the total study population (n=440), b) among the BRCA2 mutation carriers (n=120) and 
c) among the sporadic BC cases (n=321). All statistical tests were two sided. 

 
 

hTERT FANCD2 

a a 

b b 

c 
c 
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4.3 AURKA, BRCA2 and FANCD2 gene expression in cell lines 
The expression of AURKA, FANCD2 and BRCA2 was examined in untreated cell lines to see how the 

expression is under normal circumstances. The A176 breast cell line is heterozygous for the BRCA2 

999del5 founder mutation, meaning that it still has one functional BRCA2 allele and active BRCA2 

expression. A176 had higher expression of the AURKA and BRCA2 genes but lower expression of the 
FANCD2 gene compared to the MCF10A reference cell line (figure 6). Given the relatively high 

expression of BRCA2 in A176, compared to MCF10A, it is possible that BRCA2 expression needs to be 

decreased to activate the FANCD2 compensation mechanism. Therefore, cells were treated with 

BRCA2 siRNA to see if by inhibiting the expression from the remaining allele, the FANCD2 expression 

would go up. The knockdown of BRCA2 and FANCD2 clearly worked since in both cases there was a 

clear drop in gene expression after siRNA treatment (figure 7, a and b). Increased FANCD2 gene 

expression was found in A176 but not in MCF10A when BRCA2 was knocked down (figure 7, a). No 
change was found in the expression of BRCA2 when FANCD2 was knocked down (figure 7, b). The 

AURKA expression goes up in A176 and down in MCF10A when BRCA2 is knocked down (figure 7, c). 

 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
Figure 6. AURKA, FANCD2 and BRCA2 gene expression in untreated cell lines according to the 

reference HPRT gene expression.  
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Figure 7. Relative gene expression according to the reference gene in the MCF10A and A176 cell 
lines of a) FANCD2 b) BRCA2 c) AURKA  with and without siRNA knockdown of BRCA2 and 
FANCD2. Data were averaged by three technical replicates in the same run and three 
biological replicates in separate runs with each primer pairs. 

 
 
 
Cell viability 
 
To see how MCF10A and A176 react to olaparib and knockdown of BRCA2 and FANCD2 cell lines were 

treated with 5 µM olaparib PARPi and BRCA2 and FANCD2 knocked down separately and 

simultaneously. The results were compared to a mock, where cells were treated with LipofectamineTM 

RNAiMAX transfecting agent but no siRNA. An increasing number of cells is seen in A176 when BRCA2 

is knocked down. This experiment was only run once in triplicate. To get some statistical evaluations, 

repeating the experiment will be necessary. When both BRCA2 and FANCD2 are knocked down in A176 
the cell number decreases, which could indicate the synthetic lethality between these two genes and 

olaparib treatment (figure 8). The question on whether FANCD2 compensates for the loss of BRCA2 in 

BRCA2 heterozygous cell lines is still unanswered and further research needed to confirm that. 

b a 
a 

b
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Figure 8. Relative survival for A176 and MCF10A treated with 5 µM olaparib PARPi with and without 

BRCA2 and FANCD2  knockdown.  
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5. Discussion 

In the first part of the study the BC prognosis related candidate biomarkers, FANCD2 and hTERT, were 

analyzed by IHC in relation to the BRCA2 mutation and various clinicopathological factors. The only 
clinicopathological parameter that was significantly different between sporadic cases and BRCA2 

mutation carriers was tumor grade, indicating higher tumor grades at baseline among BRCA2 mutation 

carriers. A statistically significant association was observed between FANCD2 nuclear staining and low 

age at diagnosis, larger tumor sizes and tumor grades. However, highest significance was found 

between FANCD2 nuclear staining and high Ki-67 expression for all cases (P< 0.001) and sporadic 

cases (P value: 0.007). These findings are in agreement with results from other studies where high 

FANCD2 nuclear expression in breast tumors was associated with high Ki-67 index (Fagerholm et al., 
2013; Feng and Jin, 2019). A high Ki-67 index usually reflects highly proliferating cells and rapid tumor 

progression (Zhang, B et al., 2010). FANCD2 and Ki-67 co-localize in BC cells, which suggests that 

FANCD2 serves a role in the DNA repair of proliferating cells (Feng and Jin, 2019). This also suggests 

that FANCD2 is contributing to replication whereas increased Ki-67 staining stands for more rapid DNA 

replication. There is no statistical significance between Ki-67 index and BRCA2 mutation carriers. This 

is not in line with previous publications (Kais et al., 2016) they revealed that FANCD2 expression 

correlated with Ki-67 expression in BRCA2 deficient cells.      

 (Bodvarsdottir et al., 2007) demonstrated that hTERT protein expression was detected in almost 
90% of 103 breast tumors by immunostaining and 58% had >50% of nuclei stained. In another study by 

(Poremba et al., 2002; Pradhan et al., 2012) , hTERT protein expression was analyzed in 477 breast 

carcinomas. (Poremba et al., 2002) detected intermediate (grade 3) hTERT immunostaining in 15.7% 

cases and strong (grade 4) hTERT immunostaining in 10.7% cases. In the present study 470 breast 

carcinomas were analyzed. 48% of cases were detected with high (³50%) hTERT nuclear staining and 

52% with low (<50%) which is a little higher than in the study of (Poremba et al., 2002) but little lower 

than found before in this Icelandic study population (Bodvarsdottir et al., 2007). No association was 

found between hTERT expression and BC specific survival in the present study but a previous study 

found hTERT nuclear expression to be associated with lower overall BC survival and hTERT suggested 

to be a strong prognostic marker for BC (Poremba et al., 2002). Fairly often it was hard to evaluate the 

hTERT staining with precision especially because of cytoplasmic staining. It cannot be ruled out that 

this affected the outcome. Very recent studies show that BRCA2 deficient tumors use alt-EJ Polq activity, 

namely brake-induced replication (BIR), to maintain their telomeres and thereby cell proliferation (Dilley 

et al., 2016; Kwon et al., 2019; Mateos-Gomez et al., 2015). This could be connected to high frequency 

of T-SCE which is characterized for cells using ALT instead of telomerase for telomere maintenance, 

seen on chromosomes from BRCA2 mutation carriers (Bodvarsdottir et al., 2012). However, the ALT 
like phenotype seen in BRCA2-deficient cells is not HR dependent as the classical ALT pathway, instead 

it is dependent on the BIR role of Polq in alt-EJ repair (Kwon et al., 2019).  

In the second part of the study the goal was to analyse if the Aurora-A inhibitor alisertib could 

outflank FANCD2 related olaparib PARPi resistance in BRCA2-deficient BC cell line, the A176. In A176 

the expression of AURKA goes up when BRCA2 is knocked down. On the other hand the expression of 
AURKA goes down in MCF10A when BRCA2 is knocked down. This is consistent with previous 
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publications where significant association was found between AURKA gene amplification and BRCA2 

mutation in breast cancer (Bodvarsdottir et al., 2007). Following study showed that Aurora-A is a 

prognostic marker for BC arising in mutation carriers (Aradottir et al., 2014).    

 A higher BRCA2 expression was seen in A176 than in MCF10A. This could mean that BRCA2 

expression needs to be decreased to activate the FANCD2 compensation mechanism or that this 

mechanism does not apply to this cell line. It might have been helpful if I had used other cell lines, both 

another control cell line, possibly HeLa cell line and another BRCA2 mutated cell lines. (Kais et al., 
2016) used Hela cells in their research on FANCD2 and BRCA2-deficient cells. It is possible that 

MCF10A has a low baseline BRCA2 expression which resulted in higher FANCD2 expression that 

distorts the comparisons of cell lines. When BRCA2 is knocked down in A176 FANCD2 expression goes 

up. This is likely because A176 has to silence expression from both BRCA2 alleles for  FANCD2 to 

compensate for the loss.          

 The survival analysis showed an increase in cell number in A176 after treatment with PARP 

when BRCA2 and FANCD2 were knocked down separately but not when both FANCD2 and BRCA2 

were knocked down simutaneously. This indicates that both BRCA2 and FANCD2 have to be silenced 
in BRCA2 mutated cell lines for the cell proliferation to stop.   

Some of the experiments were not performed due to the fact I ran out of study-time. I would 

have liked to finish the cell viability assay for alisertib treated cells and also repeat the cell viability assay 

for olaparib treated cells. FA genes collaborate with BRCA genes to form foci of DNA repair on chromatin 

following DNA damage, so it would have been interesting to look at FANCD2 nuclear foci formation 

using gH2AX foci formation induced assay. I would have liked to repeat the qPCR for A176 and MCF10A 

to better confirm the results that I have for these cell lines. Also, while the mechanism between AURKA 

regulation of BRCA2 remains unknown, it proposes an important association that can be used for 

combinatorial therapy with Aurora-A inhibitors and PARPi. PARPi like olaparib, block DNA SSB repair 

while Aurora-A inhibitors, like alisertib, block alt-EJ, an error prone DNA repair of DNA DSB by inhibiting 

FANCD2 mono-ubiquitination. This suggests that exposure to both olaparib and alisertib could  lead to 

synthetic lethality of BRCA2 mutated and BRCAwt (Hirst and Godwin, 2017). 
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6. Conclusion  

In the first part of this thesis the results showed that neither hTERT nor FANCD2 nuclear staining were 
associated with BC specific survival of BRCA2 mutation carriers or sporadic cases that is in contrary to 

results from other studies. However, some correlation was found between high hTERT and FANCD2 

nuclear staining and clinicopathological parameters including FANCD2 association with high Ki-67, 

which indicates that tumors expressing FANCD2 are proliferating faster.  

In the second part of this thesis the results indicated that in heterozygous BRCA2 999del5 cell line, the 

expression of FANCD2 is decreased compared to control cell line. This suggest that FANCD2 is not 

overexpressed in BRCA2 heterozygous cell lines. On the other hand, BRCA2 knockdown in the cell line 
does have an amplifying affect on the expression of FANCD2 but not in control cell line. This could mean 

that for FANCD2 to compensate for BRCA2 loss when the BRCA2 heterozygous cell line loose 
expression from both alleles of BRCA2. Further research is needed to study the relationship between 

Aurora-A, BRCA2 and FANCD2 in BRCA2 heterozygous cell lines to find out if Aurora-A inhibition could 

directly affect the FANCD2 dependent alt-EJ pathway and induce synthetic lethality with PARPi.   
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Appendix 

Supplemental figures 
 
 
 

Supplementary figure 1.  
Treatment with olaparib a) Three different cell numbers of MCF10A treated with three different 
concentrations of olaparib b) Three different cell numbers of A176 treated with three different 
concentrations of olaparib 

 
 

 
Supplementary figure 2. 
Treatment with alisertib a) Three different cell numbers of MCF10A treated with three different 
concentrations of alisertib b) Three different cell numbers of A176 treated with three different 
concentrations of alisertib 
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Supplemental tables 
 
 
 
Supplementary table 1. hTERT and FANCD2 nuclear expression in relation to node metastasis  

 
 
 
 

Supplementary table 2. hTERT and FANCD2 nuclear expression in relation to estrogen receptor 

 
 
 
 
 
 

 

hTERT 
<50%

hTERT 
≥50% P value

FANCD2 
<50%

FANCD2 
≥50% P value

All cases 0.624 0.391

Nodes negative 99 (49%) 105 (51%) 187 (88%) 25 (12%)

Nodes positive 97 (46%) 114 (54%) 178 (85%) 31 (15%)

Sporadic cases 0.647 0.179

Nodes negative 78 (51%) 76 (49%) 143 (89%) 17 (11%)

Nodes positive 71 (48%) 77 (52%) 123 (84%) 24 (16%)

BRCA2 mutation 
carriers

1.000 0.585

Nodes negative 21 (42%) 29 (58%) 44 (85%) 8 (15%)

Nodes positive 26 (41%) 37 (59%) 55 (89%) 7 (11%)

hTERT 
<50%

hTERT 
≥50% P value

FANCD2 
<50%

FANCD2 
≥50% P value

All cases 0.084 0.423

Negative 64 (54%) 54 (46%)  107 (89%) 13 (11%)

Positive 137 (45%) 169 (65%) 266 (86%) 43 (14%)

Sporadic cases 0.210 0.457

Negative 48 (55%) 40 (45%) 79 (90%) 10 (10%)

Positive 102 (47%) 117 (53%) 191 (86%) 32 (14%)

BRCA2 mutation 
carriers 0.286 1.000

Negative 16 (53%) 14 (47%) 28 (88%) 4 (12%)

Positive 35 (40%) 52 (60%) 75 (87%) 11 (13%)
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Supplementary table 3. hTERT and FANCD2 nuclear expression in relation to progesterone receptor  

 
 
 
 
 

Supplementary table 4. hTERT and FANCD2 nuclear expression in relation to phenotype  

 

 
 
 
 
 

hTERT 
<50%

hTERT 
≥50% P value

FANCD2 
<50%

FANCD2 
≥50% P value

0.093 0.774

All cases

Negative 90 (52%) 82 (48%) 151 (87%) 22 (13%)

Positive 109 (44%) 139 (56%) 218 (86%) 35 (14%)

0.200 0.734

Sporatic cases

Negative 68 (54%) 59 (46%) 111 (87%) 16 (13%)

Positive 80 (46%) 95 (54%) 154 (86%) 26 (14%)

BRCA2 mutation 
carriers

0.346 1.000

Negative 22 (49%) 23 (51%) 40 (87%) 6 (13%)

Positive 29 (40%) 44 (60%) 64 (88%) 9 (12%)

 hTERT  
<50%

 hTERT 
≥50% P value

FANCD2 
<50%

FANCD2 
≥50% P value

All cases 0.034 0.743

Luminal 133 (44%) 171 (56%) 268 (86%) 42 (14%)

Non-luminal 61 (56%) 48 (44%) 96 (88%) 13 (12%)

Sporadic cases 0.155 0.570

Luminal 98 (46%) 117 (54%) 190 (86%) 31 (14%)

Non-luminal 46 (55%) 37 (45%) 73 (89%) 9 (11%)

BRCA2 mutation 
carriers

0.118 0.748

Luminal 35 (40%) 54 (60%) 78 (88%) 11 (12%)

Non-luminal 15 (58%) 11 (42%) 23 (85%) 4 (15%)



  

47 

Supplementary table 5. hTERT and FANCD2 nuclear expression in relation to DNA index 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 hTERT  
<50%

 hTERT 
≥50% P value

FANCD2 
<50%

FANCD2 
≥50% P value

All cases 0.303 1.000

Aneuploid 63 (53%) 55 (47%) 95 (79%) 26 (21%)

Diploid 34 (45%) 48 (44%) 60 (79%) 13 (21%)

Sporadic cases 0.295 0.671

Aneuploid 50 (56%) 40 (44%) 70 (80%) 18 (20%)

Diploid 23 (46%) 27 (54%) 38 (76%) 12 (24%)

BRCA2 mutation 
carriers

1.000 0.521

Aneuploid 13 (46%) 15 (54%) 25 (76%) 8 (24%)

Diploid 12 (44%) 15 (56%) 22 (85%) 4 (15%)
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