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Breast cancer was the most commonly diagnosed form of cancer in the world 
in 2020 and 10% of women will develop breast cancer during their lifetime. 
Although the prognosis is relatively good, breast cancer is still a significant 
contributor to morbidity and death, both in Sweden and worldwide. Cancer 
is thought of as a disease with genomic aberrations at its root, but many 
aspects of tumor genomics and its effects on patient prognosis, treatment 
response, and risk for relapse are still not fully understood. In this thesis, we 
have employed massively-parallel sequencing methods to identify genomic 
aberrations in breast cancer with clinical implications. 

We have characterized chromosomal rearrangements and investigated the 
similarity between primary tumors and distant metastases as well as between 
contralateral tumors. Moreover, we have interrogated RNA sequencing data 
from a collection of more than 3000 primary breast cancers from the SCAN-B 
study and detected known hormonal treatment resistance mutations in 
estrogen receptor alpha as well as characterized the transcriptional levels and 
impact on prognosis of estrogen receptor beta. This research contributes to 
further increasing our understanding of tumor dynamics and evolution and 
moreover highlights breast tumor biomarkers that may carry relevance for 
clinical diagnostics and treatment decisions. 
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Abstract 
Women have a 10% lifetime risk of developing breast cancer, and the disease has 
surpassed lung cancer as the most frequently diagnosed type of cancer in the 
world. Breast cancer originates in the epithelial cells of the mammary gland and 
tumor cells have undergone a series of genetic and phenotypic changes that confer 
tumor promoting properties. 

Genomic rearrangement is a common phenomenon in cancer, involving breakage 
and dysfunctional repair of chromosomes. With the aim to characterize such 
variants and their progression from primary to metastatic disease, we performed 
whole-genome sequencing of paired primary tumors and metastases (study I) and 
paired contralateral breast cancers (CBC) (study II). Metastasis rearrangement 
profiles bore a remarkable resemblance to the respective primary tumors (median 
89% shared), indicating that the rearrangements were early events in tumor 
development, remaining stable throughout progression. Our study on CBC (study 
II) subsequently allowed us to identify 1 in 10 tumor pairs that likely represented 
metastatic spread rather than a new primary tumor (76% of rearrangements 
shared).  

One of the risk factors for breast cancer is high exposure to estrogens; signaling 
via estrogen receptor (ER) α is considered the most important driver for the 75% 
of tumors expressing this marker. Mutations in the gene for ERα are known to be 
common in endocrine therapy-refractory breast cancer and confer resistance to 
standard anti-hormonal treatment. In study III, we interrogated RNA-seq data from 
3217 primary breast tumors from the SCAN-B initiative and found that 1% of 
tumors were positive for one of the mutations at surgery. For those patients that 
received adjuvant endocrine therapy, the mutations were associated to worse 
overall and relapse-free survival.  

In study IV, we further explored the SCAN-B dataset to investigate the phenotypic 
properties and prognosis associated to high expression of the much less well 
studied ERβ. We discovered that this receptor was not abundantly expressed, with 
1/3 of tumors entirely negative. Further, we saw that patients with high levels of 
ERβ mRNA had slightly improved overall survival and that the expression of ERβ 
was associated to expression of genes involved in immune cell activation. 

In summary, we have employed sequencing technology to study breast cancer 
patient material to identify and assess the validity of genomic and transcriptomic 
changes that may both be of value as potential biomarkers, and in elucidating 
biological mechanisms that drive or suppress breast cancer progression. 
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Populärvetenskaplig sammanfattning 
Bröstcancer var den vanligast diagnosticerade cancertypen i världen år 2020, med 
mer än 2,2 miljoner nya fall. Årligen i Sverige diagnosticeras ungefär 8000 nya 
fall av bröstcancer och cirka 1400 personer dör i sjukdomen. Cancer är en 
sjukdom där celler i kroppen börjar dela sig snabbare än normalt något som i 
bröstcancer kan yttra sig som en knöl i bröstet, d v s en tumör. Elakartade 
cancerceller kan också erhålla förmågan att sprida sig till andra delar av kroppen 
och bilda nya tumörer – metastaser – och i det stadiet anses sjukdomen i princip 
vara obotlig. En viktig orsak till utveckling av såväl bröstcancer som andra 
cancerformer är att celler utvecklar förändringar i arvsmassan (DNA), som sedan 
nedärvs under generationer av celldelningar. Dessa förändringar är ett resultat av 
genetiska skador och kan exempelvis bestå av trasiga och omkastade kromosomer, 
så kallade kromosomala rearrangemang, eller förändringar av enstaka molekyler i 
DNA, så kallade punktmutationer. Vissa av förändringarna är aktiva och driver på 
utvecklingen av tumören, medan andra är passiva och påverkar inte 
cancersjukdomens förlopp. Genom forskning på mutationer och andra 
förändringar i cancer kan man få ledtrådar om hur tumören har utvecklats. Om 
tumören sprids till en ny plats i kroppen kan man också analysera DNA i 
metastasen för att se hur den skiljer sig från den ursprungliga cancern och försöka 
hitta faktorer som ökar risken för metastassjukdom.  

Avhandlingen omfattar fyra studier. I den första studien har vi karakteriserat 
kromosomala rearrangemang, hos elva bröstcancerpatienter och studerat hur de 
skiljer sig mellan den primära – ursprungliga – brösttumören och metastasen. Vi 
fann att förändringarna ser ganska likartade ut i primärtumör jämfört med en 
metastas från samma patient, vilket kan vara ett tecken på att de har uppstått tidigt 
under cancerns utveckling och är gemensamma för de flesta cellerna i en 
brösttumör.  

I nästa del av avhandlingen jämförde vi kromosomala rearrangemang från tumörer 
hos tio patienter som fått cancer i båda brösten, så kallad kontralateral bröstcancer. 
När en patient drabbas av detta är det viktigt att ta reda på ifall det rör sig om en 
spridning av den första tumören eller om det är en helt ny tumör, eftersom prognos 
och behandling ser annorlunda ut för de två diagnoserna. Genom att jämföra med 
data från vår tidigare studie på metastaser, kunde vi visa att minst en av de tio 
patienterna i studien som diagnosticerats med kontralateral bröstcancer i själva 
verket hade en metastas. Om även framtida forskning styrker att kontralateral 
cancer kan representera spridning av den första tumören, skulle det vara relevant 
att överväga tumörgenetisk diagnostik för dessa patienter för att bättre veta vilken 
behandling som är mest lämpad i varje enskilt fall. 
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De två sista studierna är baserade på data från SCAN-B-initiativet. SCAN-B 
initierades 2010 och erbjuder deltagande till alla patienter med nydiagnostiserad 
bröstcancer vid nio svenska cancerkliniker med målet är att utföra genetisk 
sekvensanalys på tumörmaterialet. Idag har mer än 17 000 patienter gått med och 
11 000 tumörer har analyserats.  

I den tredje studien studerade vi punktmutationer i östrogenreceptor alfa (ERα). 
Tre fjärdedelar av alla brösttumörer är beroende av signalering med könshormonet 
östrogen för att kunna växa. En förutsättning för detta är att de har en mottagare – 
receptor – för östrogen (ERα) som östrogen binder till och aktiverar, vilket sätter i 
gång cellens svar på östrogensignalen. Därför är antihormonella läkemedel som 
blockerar ERα en viktig del i behandlingen för patienter vars tumörer har denna 
receptor. Men ibland utvecklas mutationer i ERα som gör att medicinerna inte 
fungerar. Dessa mutationer har tidigare nästan uteslutande hittats i ett senare skede 
av sjukdomen och har visat sig mycket ovanlig innan tumören har utsatts för 
hormonbehandling. 

För att undersöka förekomsten och relevansen av resistensmutationer som finns 
redan vid diagnos av bröstcancer använde vi sekvensdata från mer än 3200 
tumörer från SCAN-B-studien. Vi fann att resistensmutationer i ERα förekom i ca 
1% av brösttumörerna och analyser visade att de inte var medfödda mutationer 
utan att de hade utvecklats i tumören. Vi såg dessutom att de patienter som hade 
resistensmutationerna oftare fick återfall och oftare avled under uppföljningstiden, 
vilket kan vara ett tecken på sämre svar på den antihormonella behandling som 
gavs. Även om mutationerna är relativt ovanliga skulle det alltså kunna vara 
relevant att som del av diagnostiken leta efter de här mutationerna för att hitta de 
patienter som kan tänkas behöva alternativa behandlingar. 

Slutligen, i den sista studien använde vi data från de 3200 SCAN-B-patienterna för 
att studera ERαs ”kusin” – östrogenreceptor β (ERβ). Denna receptor har mer 
otydlig roll i bröstcancer och det finns motstridiga åsikter om huruvida dess roll är 
att undertrycka eller öka aggressiviteten i cancer. Vi mätte förekomsten av ERβ-
RNA som ett mått på hur mycket av receptorn som tumörcellerna försöker 
producera och fann att en tredjedel av tumörerna i princip saknade ERβ-RNA. Den 
tredjedel av patienterna som hade högst mängd ERβ-RNA hade en något bättre 
överlevnad jämfört med övriga patienter. De här resultaten stödjer hypotesen att 
ERβ har anti-canceregenskaper. 

Sammanfattningsvis har vi karakteriserat olika typer av genetiska förändringar och 
i brösttumörer och undersökt huruvida de skulle kunna användas för att studera 
tumörers utveckling och för att förbättra diagnosmetoderna för patienter med 
bröstcancer. Vi har också studerat förekomsten och betydelsen av ERβ i 
bröstcancer. I framtiden kan denna kunskap bli viktig för att åstadkomma mer 
detaljerad profilering av brösttumörer, identifiera nya mål för anti-
cancerbehandling samt möjliggöra personligt skräddarsydda behandlingsplaner.  
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Abbreviations 

AI Aromatase inhibitor 
AJCC American Joint Committee on Cancer 
AF-1 Activation Function 1 
AF-2 Activation Function 2 
AP-1 Activator protein 1 
BAM Binary alignment/map file format 
BER Base excision repair 
bp Basepairs 
CBC Contralateral breast cancer 
CNV Copy number variant 
DNA Deoxyribonucleic acid 
ER Estrogen receptor  
E2 Estradiol 
ERα Estrogen receptor α 
ERβ Estrogen receptor β 
ERE Estrogen response element 
ESMO European Society for Medical Oncology 
ESR1 The gene symbol for estrogen receptor α 
ESR2 The gene symbol for estrogen receptor β 
FPKM Fragments per kilobase of exon per million mapped reads 
HRR Homologous recombination repair 
HER2 Human epidermal growth factor receptor 2 (gene symbol: ERBB2) 
HR Hazard ratio 
HRR Homologous recombination repair 
IHC Immunohistochemistry 
Indel Short insertion or deletion 
kb Kilobases/kilobasepairs 
KM Kaplan-Meier 
LBD Ligand-binding domain 
MMR Mismatch repair 
mRNA Messenger ribonucleic acid 
NER Nucleotide excision repair 
NHG Nottingham histological grade 
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NHEJ Non-homologous end-joining repair 
OS Overall survival 
PAM50 Prediction Analysis of Microarrays 50 gene signature 
PARP Poly-(ADP-ribose) polymerase 
PCR Polymerase chain reaction; ddPCR: droplet digital PCR 
PI3K Phosphoinositide 3-kinase  
PR Progesterone receptor (gene symbol: PGR) 
RFI Relapse-free interval 
RFS Relapse-free survival 
RNA Ribonucleic acid 
RNA-seq RNA sequencing 
RPKM Reads per kilobase of exon per million mapped reads 
SCAN-B Sweden Cancerome Analysis Network – Breast 
SERM Selective estrogen receptor modulator 
SERD Selective estrogen receptor degrader 
SNP  Single nucleotide polymorphism 
SNV Single nucleotide variant 
SV Structural variant 
TCGA The Cancer Genome Atlas 
TNBC Triple-negative breast cancer 
TNM AJCC Tumor, Node, Metastasis staging system 
TPM Transcripts per million reads 
 
Unless otherwise defined, genes and gene products are referred to by their 
gene symbols according to the HUGO Gene Nomenclature Committee 
(https://www.genenames.org/). 
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Aims of the thesis 

General aims 
• Characterize genomic and transcriptomic changes in breast cancer and

their possible roles for

o tracking the evolution of tumors

o use as biomarkers

o predictors of response and outcome

Specific aims 
• Identify large-scale genomic changes in the form of chromosomal

rearrangements and evaluate the clonal relationship between primary
tumors and paired distant metastases (study I).

• Using chromosomal rearrangements for determining clonal relationship
between contralateral breast tumors (study II)

• Detecting ESR1 mutations that confer resistance to endocrine therapy in
primary breast cancer and determine whether they have an effect on
outcome (study III).

• Characterizing mRNA expression profile of estrogen receptor β (ERβ) in
breast cancer and its clinical associations (study IV).
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Introduction 

Cancer 
“The body is a cell state in which every cell is a citizen. Disease is merely 
the conflict of the citizens of the state brought about by the action of 
external forces.” 

Rudolf Virchow in Die Cellularpathologie (1858),  
via A Dictionary of Scientific Quotations [1] 

The word cancer has roots in Latin (cancer) and Greek (karkinos), in both cases 
signifying “crab”. The term, dating to Hippocrates, is descriptive of the hardness, 
the symptoms of pain, and later of the pattern of swollen blood vessels, 
reminiscent of a crustacean, observed in some tumors. The word tumor (from 
Latin “swelling” or “lump”) refers to a mass of abnormally growing cells. Solid 
tumors may be benign, without capacity for damaging or invading surrounding 
tissues, but in the case of malignant cancer, the tumor cells are more aggressive, 
often with lethal results should the condition remain untreated.  

The development of cancer is thought of as a step-wise accumulation of cellular 
and genomic damage, throughout generations of cell division, gradually disabling 
the intrinsic control mechanisms for growth. Tissues in the body that have a high 
rate of self-renewal or are more exposed to damaging foreign agents, like the skin, 
lungs and intestinal mucosa, are particularly vulnerable. Although some pre-
cancerous or cancerous cells will perish as a result of cellular and genomic injury, 
those that survive can give rise to yet other cancer cells, making the tumor a 
micro-ecosystem where aggressive and proliferative properties can undergo 
positive selection.  

All multicellular organisms are vulnerable to the development of tumors. For 
humans, who have a relatively long lifespan, cancerous disease is common. In 
Sweden, it is estimated that one in three persons will at some point during their 
lifetime be diagnosed with cancer, and out of those around 25% will die within 
five years [2]. Worldwide, cancer is the second leading cause of death [3] with an 
estimated 10 million deaths in 2020 [4].  
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Cancer causes morbidity and mortality through several mechanisms. Locally 
growing tumors can compromise the integrity of the organ of origin through the 
process of inflammation, tissue destruction, and suppression of healthy and 
functioning tissue. Additionally, tumor cells may consume nutrients to such an 
extent that the host is starved. Some tumors produce signaling molecules that 
disrupt the homeostasis of the entire body, including inflammatory factors and 
hormones. Once cancer starts to spread, not only does the tumor burden increase, 
but additional tissues may suffer destruction, resulting in organ failure and 
eventually death. 

Hallmarks of cancer 
Human cells are part of a cooperative system and, for the preservation of the 
organism as a whole, they are subject to rigid control mechanisms that prevent 
them from reverting to selfish, survival-of-the-fittest behavior. In the reviews 
“Hallmarks of cancer” and “Hallmarks of cancer – the next generation” [5, 6], 
Hanahan and Weinberg describe the principal abilities that a cancer cell acquires 
in order to survive the antitumor environment of the human body (Figure 1). This 
includes both changes in individual cellular behavior and interaction with 
surrounding tissues and the immune system.   

Cancer cells disable or circumvent intrinsic and extrinsic apoptotic pathways as 
well as develop independence from growth signals, either by producing growth 
factors themselves or by hijacking the downstream intracellular pathways. They 
also achieve replicative immortality, through maintenance and regeneration of 
chromosomal telomeres, to enable indefinite mitotic cycling. The cellular 
metabolism is reprogrammed to extract energy and metabolites through the 
process of glycolysis and the increased need for nutrients and oxygen is addressed 
through the induction of new blood vessel growth. Tumor cells can also create a 
tumor-permissive microenvironment, ignore contact inhibition signals from 
neighboring cells and may ultimately, through replicative number as well as 
upregulation of proteolytic enzymes, invade surrounding tissues. 

Of particular importance in this thesis is the hallmark “Genomic instability and 
mutation”. Not only is this one of the ways in which tumor cells can adapt to and 
survive new challenges, like tumoricidal pharmacological therapies, but cancer is 
also largely thought of as a disease with genetic and genomic aberrations at its 
root. As will be described later in this thesis, our work on estrogen receptors is 
also linked to several hallmarks, particularly “Evading growth suppressors”, 
“Sustaining proliferative signaling”, and “Resisting cell death”.  
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Figure 1: The hallmarks of cancer. The hallmarks highlighted in red are of particular importance in this work. Adapted 
from Hanahan and Weinberg (2011) [6] with permission from the copyright holder. 

Mutational processes 

“The defects in genome maintenance and repair are selectively 
advantageous and therefore instrumental for tumor progression, if only 
because they accelerate the rate at which evolving premalignant cells can 
accumulate favorable genotypes.”  

Douglas Hanahan and Robert A. Weinberg  
in “Hallmarks of Cancer” (2011) [6] 

Germline and somatic mutations 
Mutations and genomic alterations that are studied in cancer are either present 
from conception (germline mutation) or have been acquired during the life of the 
organism and are only found in a subset of cells (somatic mutation). Germline 
mutations are studied as the mechanism for hereditary cancer, for example BRCA1 
and BRCA2 mutations, which confer an estimated 20-40% lifetime risk of 
developing ovarian cancer and 40-85% risk of breast cancer [7]. Another example 
is Lynch syndrome, which is caused by mutation in one of the mismatch repair 
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(MMR) genes or in the EPCAM gene and greatly increases the risk of several 
cancer types, first and foremost colorectal and endometrial cancer [7]. However, 
overall it is estimated that only 5-10% of all cancer is caused by strong single-gene 
germline mutations. 

Somatic mutations accumulate and propagate during the lifetime of multicellular 
organisms, and a small subset of these will confer tumorigenic properties to the 
cell. At diagnosis, a tumor typically contains 2-8 “driver” alterations [8]; the 
remaining alterations providing no apparent advantage to the tumor cells are often 
referred to as “passenger” mutations. Solid tumors have varying amounts of 
somatic mutations: lung and melanoma tumors have on average around 150 non-
synonymous mutations whereas pediatric cancers only harbor around a tenth of 
that number [8]. Two principally different processes are at play in the generation 
of mutations: 1) replicative errors and 2) environmental mutagens [9, 10].  

DNA replication error 
Considering the vastness of the human genome – over 3 billion base pairs (bp) in 
the haploid genome – it is almost surprising that it remains so stable throughout 
generations and throughout the life of the individual person. The genome is 
safeguarded by several important enzymatic and supportive protein systems, 
ensuring correct DNA replication and repair of any damage before it can give rise 
to persisting mutations.  

Replication error accounts for part of the “bad luck” factor and is a major 
contributor to cancer development. The lifetime risk for many cancer types has 
been reported to be directly proportional to the number of stem cell divisions in 
the tissue of origin [9]. Some mutations are introduced during each cycle of 
replication due to infidelity of the cell’s replication machinery for example 
through mismatch base-pairing [11]. DNA polymerase proof-reading is therefore 
crucial in maintaining the integrity of the genome, and deficiencies in this process 
are known to give rise to tumors [12, 13].  

Environmental and intrinsic mutagens 
Environmental mutagens include toxins and ionizing radiation such as ultraviolet 
(UV) light. Often these agents result in distinct mutational signatures due to their 
individual chemical reactivity profiles; for example UV exposure creates 
pyrimidine dimers that are prone to give rise to C>T and CC>TT mutations [14]. 

Importantly, mutagens can also be intrinsic to the human body. For example, in 
the metabolic processes, reactive oxygen species are generated, which have the 
potential to damage DNA [15]. Additionally, DNA molecules in vivo exist in 
aqueous state, which renders them vulnerable to hydrolysis of the glycosylic bond 
and release of a free base, creating an apurinic/apyramidinic site [16]. 
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DNA repair systems 
In a healthy cell, acquired genetic damage can often be corrected by DNA repair 
processes and enzymes. Disruption or dysregulation of these enzymes, as is often 
the case in cancer, will increase the proportion of genomic damage that is 
propagated. Germline or acquired mutations in genes critical to maintaining DNA 
stability and/or repairing errors can drastically increase the chance for DNA 
replication errors in cells and tissues, and thus are generally associated with 
increased risk for cancer.  

When only one DNA strand is damaged, the other strand still holds the 
information needed to restore the missing or ambiguous bases. This can be done 
with base excision repair (BER), nucleotide excision repair (NER) or mismatch 
repair (MMR). All three rely on endonucleases and involve breaking the bonds of 
the DNA backbone and removing either just one nucleotide (BER) or a larger 
section of the damaged strand (NER, MMR) followed by resynthesis with the 
other strand as a template and re-ligation with ligases. Some base modifications 
can be resolved by direct enzymatic modification, without breaking the 
phosphodiester bonds [17]. The MMR system monitors newly synthesized DNA 
for incorrectly copied DNA sequences and is particularly important in highly 
repetitive regions. Together, the DNA proof-reading and MMR systems account 
for the astoundingly low replication error rate of 1 in a billion nucleotides [17], 
equivalent to about 6 errors per cell replication.  

Double-stranded breaks of the DNA backbone are especially harmful to the cell as 
they may lead to genomic rearrangements wherein stretches of DNA fuse to the 
wrong site or even the wrong chromosome. Optimally, such a break may be 
resolved by the homologous recombination repair system (HRR), wherein an 
identical or nearly identical DNA molecule is used as a template to restore the 
DNA integrity [18]. Non-homologous end-joining (NHEJ) repair constitutes an 
alternative and more error-prone pathway [19].  

Genomic changes in cancer 

Tumor cells have dozens to hundreds or more coding mutations at the time of 
diagnosis, but the total number of alterations, coding and silent, can be much 
higher than that. The initiation of a tumor in many tissues may be attributed to 
mutations that arise stochastically during normal stem cell divisions [9, 10], but 
once a tumor has developed, it soon harbors too many genetic alterations to be 
readily accounted for by normal tissue dynamics. As an explanation, the concept 
of a mutator phenotype was introduced more than forty years ago based on the 
observation that once a neoplasm has developed, the rate of genetic change 
increases [20]. Although mutations and chromosomal damage are potentially 
lethal to a cell, they are also mechanisms through which cells can acquire a 
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proliferative advantage; or resistance, both to the human body’s own anti-tumor 
mechanisms, and to cancer therapies [6]. 

Single nucleotide variants and indels 
Genomic changes are commonly classified according to size and type as well as 
other characteristics. Single nucleotide variants (SNV) are the most commonly 
occurring alterations and are subdivided into nucleotide transitions and 
transversions. Transversion refers to the mutational process typically driven by 
ionizing radiation and alkylating agents, when a purine (A and G) is substituted by 
a pyrimidine (C and T) or vice versa (C>A, C>G, T>A, and T>G), whereas 
transitions are the conversion of purine to purine (G>A, A>G) or pyrimidine to 
pyrimidine (C>T, T>C), often driven by oxidative deamination and 
tautomerization. A single nucleotide change can be part of normal human variation 
and is, if present in at least 1% of the population, referred to as a single nucleotide 
polymorphism (SNP). A “non-synonymous” SNV by definition leads to an altered 
amino acid, a lost stop codon, or a premature stop codon, each resulting in an 
abnormal mRNA and protein. SNVs in coding sequence may also result in an 
unaltered amino acid sequence and are then referred to as “synonymous”. 
Synonymous variants are often disregarded at the analytical stage, but they may 
have unanticipated effects, such as exon-skipping [21] and it has recently been 
estimated that 6-8% of cancer driver mutations are synonymous variants [22].  

Indels (insertions and deletions) refer to changes, that either add or remove bases, 
typically less than 50 nucleotides (small indels) but sometimes much larger. Indels 
of a base pair length divisible by three are “in-frame”, and do not lead to a 
truncated protein, since the down-stream codons are still intact. Frame-shift 
alterations disturb the reading frame and typically lead to a premature stop codon 
and a truncated protein and/or translation-coupled degradation of the mRNA 
through the nonsense-mediated decay pathway [23].  

The mechanisms for acquiring genomic changes in cancer are similar to those at 
work in all somatic cells, with the crucial difference that one or several protective 
systems may be dysfunctional. Some pathways are well-described in tumor 
mutagenesis and can be tracked through their distinct mutational profiles.  

Enzymatic deamination of cytidine to uracil is a key part of the innate and 
adaptive immune system, providing a mechanism for hypermutation and 
chromosomal rearrangements to allow greater antibody diversity. Dysregulation of 
the activation-induced deaminase (AID) and APOBEC family deaminases are also 
a source for hypermutation in human cancers [24, 25]. APOBEC-deregulation is 
manifested as a substantial over-representation of C to T and C to G substitutions, 
primarily within TCA and TCT trinucleotides [24]. The APOBEC mutational 
pattern has also been identified in other cancers, including bladder, cervical, head 
and neck, and lung cancers [26]. Another example of a mutational signature is the 
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pattern of G:C to T:A transversions present in MUTYH-associated polyposis, a 
hereditary syndrome with high risk for developing colorectal cancers. This 
signature arises due to a defective BER DNA glycosylase (MUTYH) [27]. 

Structural variants  
Larger genomic changes are referred to as structural variants (SV), which includes 
rearrangements of the chromosomes and copy number variations (CNV). 
Interchromosomal rearrangements involve movement of genetic material between 
chromosomes, whereas intrachromosomal rearrangements are limited to a single 
chromosome (Figure 2). When a segment of DNA is missing, resulting in a lower 
copy number state, this is referred to as a deletion. Similarly, a large genomic 
segment may be duplicated one or several times, resulting in increased copy 
number, referred to as a duplication or amplification. Such copy number changes 
can lead to either decreased or increased amounts of gene product, which may 
have profound effects in a cell, and may also physically disrupt the coding 
sequence of genes, thereby inactivating normal function. Inversion refers to when 
a segment of DNA reverses orientation so that the sequence is oriented 
“backwards”, which alters the coding sequence and can likewise lead to loss or 
disruption of genes [28]. Another possible consequence of SV is the generation of 
fusion genes. The archetypal example of this is the hybrid Philadelphia 
chromosome in chronic myeloid leukemia resulting in the fusion of BCR and ABL 
genes into BCR-ABL which gives rise to a constitutively active tyrosine kinase 
with the ability to drive cell division [29-31]. 

Cancer cells are also prone to develop aneuploidy and highly complex genome 
copy states. The human karyotype, normally consisting of 23 chromosome pairs, 
may acquire extra chromosomes (e.g., trisomy) or lost chromosomes. Whole-
genome duplication is not uncommon in cancer and results in tetraploid cells [32], 
a phenomenon some report occur in 37% of human cancers [33]. 

Clustered rearrangements in cancer 

“Whatever the mechanism of damage, the consequences are profound. 
Faced with hundreds of DNA breaks, the cell’s DNA repair machinery 
attempts to rescue the genome. The resultant hodgepodge bears little 
resemblance to its original structure, and the genomic disruption has 
wholesale and potentially oncogenic effects.” 

Philip J Stephens and colleagues (2011) [34] 

From cytogenetic studies of cancers, it has long been known that chromosomal 
rearrangements occur and may constitute drivers of cancer growth. With the  
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Figure 2: Types of chromosomal rearrangements. Chr: chromosome; Ref: reference chromosome. Created with 
BioRender.com. 

advances of genetic methodologies and bioinformatics, analyses of structural in 
cancer have revealed diverse patterns in the type and location of rearrangements 
and copy number variations that may give clues to how they arose. Even before 
Watson and Crick’s discovery of the DNA double-helix, Barbara McClintock’s 
work on maize genetics in the 1930’s and -40’s described the phenomenon of 
repeated chromosome breakage and fusion through cycles of mitosis that would 
result in complex, clustered rearrangements of chromosomes [35]. Fusion of 
chromosomes may not immediately lead to a problem, but in the anaphase of 
mitosis, when chromosomes must segregate into separate daughter cells, there may 
be strands of chromatin still connecting them, which renders the genome 
vulnerable to fracturing. In cancer, cytogenetic studies have revealed significant 
telomere attrition and instability, which can lead to such breakage-fusion-bridge 
cycles with resulting chromosomal inconsistencies [36, 37].  

In 2011, Stephens and colleagues coined the expression “chromothripsis” to 
describe the occurrence of tens to hundreds of rearrangements clustered within a 
limited space, from a few megabases up to the length of a chromosome arm [34]. 
Multiple plausible hypotheses exist to explain chromothripsis. A cell that has 
initiated apoptosis will start to digest its genome, resulting in chromosome 
fragmentation and if this process is interrupted, the restoration of the damaged 
regions is likely to be highly error-prone. Another proposed cause is that a burst of 
ionizing radiation during mitosis likewise could explain the juxtapositioning of the 
breakpoints [34, 38].  

Analyses of breakpoint sequences in chromothripsis regions indicate that fusion of 
the chromosomes is mainly mediated by NHEJ repair, and, to a lesser extent, 
alternative end-joining repair and microhomology-mediated break-induced 
replication [39, 40]. Initially, using SNP chip microarray data, chromothripsis was 
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estimated to be present in 2-3% of cancers [34], but a recent analysis of whole 
genome sequencing data from a pan-cancer collection of tumors showed it was 
found in 22.3% of tumors, and some tumor types, including breast cancer, had a 
prevalence of more than 50% [40, 41]. 

Other patterns of clustered SVs have also been described. Chromoanasynthesis 
refers to the process of rearrangement through replication error involving template 
switching and microhomology-mediated break-induced replication [42]. A third 
term, chromoplexy, was invented for yet another type of rearrangement pattern 
found in prostate cancer, characterized by large chains of rearrangements that 
affect multiple chromosomes in a coordinated fashion [43]. Chromothripsis, 
chromoanasynthesis and chromoplexy are grouped under the umbrella concept of 
chromoanagenesis [44]. 

Tumor evolution and heterogeneity 

“As many more individuals of each species are born than can possibly 
survive; and as, consequently, there is a frequently recurring struggle for 
existence, it follows that any being, if it vary however slightly in any 
manner profitable to itself, under the complex and sometimes varying 
conditions of life, will have a better chance of surviving, and thus be 
naturally selected. From the strong principle of inheritance, any selected 
variety will tend to propagate its new and modified form.” 

Charles Darwin in On the Origin of Species (1859) 

As our understanding of tumor biology has grown, many tumor diseases have been 
divided into subtypes according to their molecular and pathological characteristics. 
Even though subclassification of tumors is highly useful for determining prognosis 
and treatment, it is only an approximation of reality since each cancer patient will 
have a genetically and phenotypically unique tumor disease. We now know that 
even within a single tumor, there can be considerable intratumoral clonal diversity 
(Figure 3). 

It is commonly stated that the approximate limit for clinical detection is a tumor 
size of 1 cm3, roughly equivalent to one gram, and contains 109 tumor cells. 
Although cell size and density will vary, it is estimated that a tumor at diagnosis 
contains millions to billions of cells [45]. It is likely that all these cells originated 
from one or a few common precursor cells, accumulating genetic and phenotypic 
changes throughout generations of cell divisions. 
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Figure 3: Schematic illustration of the concepts of inter- and intratumor heterogeneity. Colored circles represent tumor 
cells. Different colors are used to illustrate genotype and phenotype differences between (top) and within (bottom) 
tumors. Lightning symbol: mutation event; stop sign: unable to propagate. 

Genomic instability of tumor cells increases the likelihood of acquiring new 
genetic changes which propagate throughout generations [46]. It is possible that a 
small subpopulation of tumor cells with stem cell-like properties are responsible 
for upholding the population of cancer cells [47]. The concept of cancer stem cells 
was first introduced in leukemia [48]. Since then, solid tumors have also been 
found to hold cells with stem-like properties, including gastric cancer [49], 
melanoma [50], colorectal cancer [51], prostate cancer [52], and others. In breast 
cancer, for example, a CD44+CD24− subset of tumor cells have increased ability to 
initiate new tumors [53]. Additionally, the claudin-low subtype in breast cancer 
exhibits properties reminiscent of the stem-like phenotype [54, 55]. The 
implication for tumor heterogeneity is that the cancer stem cells make up only a 
small portion of the bulk of the tumor but act as precursors and may regenerate or 
repopulate the mass if they remain and survive surgery and cytotoxic treatments. 
The stem cell model is sometimes pitted against the classical model of tumor 
clonality, but elements of both mechanisms may be at work depending on the 
tumor type.  
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Metastatic processes 

“When a plant goes to seed, its seeds are carried in all directions; but they 
can only live and grow if they fall on congenial soil.” 

“Then as regards "metastasis." Here, too, we shall find evidences of 
predisposition; we shall see that one remote organ is more prone to be the 
seat of secondary growth than another.” 

Stephen Paget (1889) [56] 

Inflammation, destruction of surrounding tissues and mere physical bulk 
associated with a primary tumor will potentially cause disruption of the function of 
the organ in which it grows. Tumors may also deprive the host organism of 
nutrients and produce signal substances that disturb homeostasis. Ultimately 
however, only 10% of cancer deaths are attributed to a primary tumor – the 
remaining 90% are caused by metastatic cancer [57].  

The dynamics of tumor evolution and metastatic spread have been modelled to 
account for the clonal properties of tumors. The linear model hypothesizes that 
metastatic spread is a late event and that metastatic cells are most closely related to 
the most advanced of the primary tumor clones. The parallel model holds the view 
that metastasis may begin very early during tumor evolution and that the primary 
and metastasis tumors then continue to evolve in parallel, possibly with continuous 
seeding or re-seeding of daughter tumors [58] (Figure 4).  

Four hallmarks of metastasis have been proposed [59]. These include 1) Motility 
and invasion, 2) Modulation of microenvironment, 3) Plasticity and 4) 
Colonization. The first barrier a cancer cell must overcome to achieve migration to 
a distant locale is usually the basement membrane. The next step is to gain access 
to anatomical spaces that allow for traveling throughout the body. In some 
compartments, there is room for extensive growth and spread, such as the 
abdominal cavity, but tumor cells can also be transported using blood vessels or 
lymphatic vessels. Intravasation is the process through which cancer cells gain 
access to the circulation, resulting in tumor cells circulating through the blood 
stream. For colonization from blood vessels, tumor cells must first adhere to the 
endothelial lining and extravasate to the tissues. Then, if the microenvironment of 
the new tissue is permissive, the tumor cells may form a colony [59]. 

Tumors that preferentially spread through the circulatory system often seed 
metastases at the first capillary bed that they encounter – for example the lungs 
(via pulmonary circulation) or the liver (via portal circulation). Lymphatogenic 
spread seeds metastases to nearby draining lymph nodes and therefore, analysis of 
these tissues is often integral to cancer diagnostics. The lymphatic system drains 
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Figure 4: Schematic illustration of proposed models for tumor evolution. Right hand panels show proposed evolutionary 
path from precursor phenotype (blue). Different colors are used to illustrate the diverse tumor cell clones and offspring. 

into the venous system, and from there the tumor cells can spread 
hematogenically, with potential access to the entire body [60]. 

In 1889, Stephen Paget coined the “seed and soil” theory, based on his post-mortem 
examination of cancer patients. He observed that both the properties of the tumor 
cells (seed) and the metastasis locale (soil) dictate the conditions for the metastatic 
seeding process. In other words, tumor cells will only spread to tissues wherein the 
microenvironment is permissive to their growth, and this varies between tumor types 
[56]. Carcinomas, especially of the breast and prostate, preferentially spread to bone 
– one study reports that around 70% of patients that have died from prostate or
breast cancer have skeletal metastases at autopsy [61]—whereas melanoma
metastases are more common in the lungs, liver and brain [62].

Studying inter-tumor and intra-tumor heterogeneity 
Most biochemical methods require many cells for analysis and for clinical biopsy, 
efforts are made to retrieve as representative a sample as possible. But as we have 
seen, a growing, developing tumor potentially harbors many diverse 
subpopulations and therefore it is of interest to examine the general structure and 
clonality of tumor cells within a cancer and determine the likelihood of capturing 
most subclones in one biopsy. 

Tumor evolution and heterogeneity can be studied through a variety of ways. One 
method is multiregion sampling wherein multiple samples are extracted from the 
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same tumor, hoping to capture subpopulations of tumor cells. This has been 
successfully achieved in several solid malignancies including breast cancer [63, 
64], kidney cancer [65], pancreatic cancer [66], lymphoma [67], lung cancer [68], 
melanoma [69] and prostate cancer [70], revealing varying degrees of intratumor 
heterogeneity. The result of such studies depends greatly on the genetic markers 
used and the interpretation of the data, but in general, it is acknowledged that 
many solid tumors display at least some degree of genetic heterogeneity, with 
indications that larger tumors are more heterogeneous [63]. With advances in 
technology, tumor heterogeneity can be studied at higher and higher resolution, 
allowing for characterization of single tumor cells [71, 72].  

Clonal relationship between primary tumor and metastasis  
With the background of tumor evolution and metastatic properties, a distant 
metastasis may be very different from the primary tumor that seeded it. This 
population of cells has undergone the tests of invasion, spread and colonization 
and the disease at this point is often regarded as incurable. Changes that are 
uniquely present in metastases potentially have a role in tumor aggressiveness and 
spread so there have been numerous efforts to characterize metastases and 
compare them to the matched primary tumors.  

One approach is to track coding mutations in known cancer driver genes, which has 
been done for lung cancer, colorectal cancer, breast cancer and others. Limiting the 
analysis to known driver genes in cancer, the mutational profiles in primary tumors 
and metastases is more than two thirds concordant and generally there is a net gain of 
driver mutations throughout the evolution of the tumor [73-80]. Whole-genome and 
exome sequencing studies include both driver and non-driver mutations and detect a 
larger heterogeneity between primary tumors and metastases, but it seems that 
approximately 50-60% of mutations can still be expected to be shared, although the 
concordance percentage varies widely between patients (range 6% to 95%) [81-85]. 

Even when the number of novel mutations in metastases is low, they can 
potentially represent a mechanism for relapse after the selection pressure of 
adjuvant treatment. In breast cancer, mutations in the ESR1 gene, encoding 
estrogen receptor α, have recently been found to occur almost exclusively in 
advanced breast cancer, after treatment with anti-estrogen compounds [86, 87]. It 
is debated whether treatment resistance variants may actually be present already in 
the primary tumor, but at sub-detection levels. Mathematical modeling of tumor 
mutations in colorectal cancers speaks in favor of this hypothesis [88, 89]. If 
resistance mutations precede pharmaceutical therapy, the treatment will cause a 
temporary disease regression while selecting for and allowing expansion of the 
clones that are resistant. For tumor diseases where relapse follows a very distinct 
pattern of progression within just a few months, such as BRAF inhibitor-treated 
melanoma [90, 91] and anti-EGFR-treated colorectal cancer [92] this scenario is 
particularly plausible.   
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Breast Cancer 
“The conclusion I draw from [these cases] is this, that we must look in the 
female to the ovaries as the seat of the exciting cause of carcinoma, 
certainly of the mamma, in all probability of the female generative organs 
generally, and possibly of the rest of the body.” 

George Beatson (1896) [93] 

The human breast 

Mammary gland development begins in the developing fetus and only completes 
after pregnancy, when hormonal influences initiate the process of lactation. The 
breast is composed of three types of tissue: glandular, adipose and connective 
tissue. The mammary glands have 15-20 lobes which are further subdivided into 
lobules. The functional unit of the breast is the terminal duct lobular unit which is 
composed of a cluster of alveoli with adjoining ductule (Figure 5). Epithelial cells 
line the ducts and alveoli and produce milk through a combination of merocrine 
and apocrine secretion and myoepithelial cells contribute to the ejection of milk 
through the converging ducts that terminate in the nipple [94]. Breast tissue 
undergoes repeated remodeling during the fertile years, precipitated by puberty, 
menstrual cycles, pregnancy and lactation. In conjunction with menopause, the 
mammary gland normally undergoes involution, where the terminal duct lobular 
units senesce and reduce in size. Incomplete involution is one of the biological 
processes associated with breast cancer development [95].  

Female sex hormones 
The steroid hormones, estrogens and progesterone, orchestrate the processes of 
female secondary sex characteristics and reproduction. Four estrogen hormones 
are found in the human body, estrone, estradiol, estriol and estetrol, with estradiol 
(E2) regarded as the dominant one in fertile years. Biosynthesis of estrogens in 
women of reproductive age mainly takes place in the ovaries, but there is 
significant contribution to estrogen production and metabolism by other tissues, 
such as adipose tissue, osteoblasts, chondrocytes and vascular endothelium [96].  

In the human breast, estrogen is responsible for breast duct development and 
instrumental in inducing prolactin secretion by the pituitary. Progesterone is 
required for alveolar growth and development, but estrogen is also indirectly 
involved, by inducing transcription of the progesterone receptor (PR; gene symbol 
PGR), enabling progesterone signaling [97]. 
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Figure 5: The anatomy of the female breast. © 2011 Terese Winslow LLC. US Govt has certain rights. Reprinted and 
adapted with permission from the copyright holder.  

Breast cancer epidemiology and etiology 

Cancer is the second leading cause of death worldwide [4]. More than 19 million 
people were diagnosed with a tumor disease in 2019, and almost 10 million died 
because of cancer [4, 98]. Breast cancer represents a sizeable portion of these 
numbers, comprising 11.7% of new diagnoses and 6.9% of deaths [98]. In Sweden 
during 2019, 8288 women received a diagnosis and 1353 died from the disease 
[99]. The incidence for breast cancer has increased steadily over the last few 
decades [2], and simultaneously, the prognosis for breast cancer has improved 
drastically, with a 40% reduction in mortality rate since 1989 [100]. The 5-year 
survival rate is now estimated at 91% and the 10-year survival rate at 84%, making 
breast cancer one of the invasive tumor diseases with the best prognosis. 

A wide variety of tumorigenic and metastatic processes can initiate tumor 
formation in the breast. The World Health Organization classification of “breast 
tumors” includes fibroepithelial tumors, hamartomas, mesenchymal tumors, 
lymphomas and metastases to the breast; but breast carcinoma (breast cancer), as 
the name implies, develops from epithelial cells of the breast. Most forms of breast 
cancer arise from epithelial cells in the terminal duct lobular unit [101]. 

It is estimated that familial genetic factors account for 5-10% of breast cancer 
cases [102], but even in patients with a relevant family history, a predisposing 
gene is found in less than 30% of cases. Pathogenic mutations in BRCA1 or 
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BRCA2, are autosomal-dominant and confer a greatly increased risk of developing 
breast cancer before the age of 70 (around 60% for BRCA1 and 50% for BRCA2) 
[103-105]. Inactivating mutations of the tumor suppressor gene PTEN are rare but 
associated with an 85% lifetime risk of breast cancer. Carcinogenic variants of 
TP53, CDH1, and STK11 are about half as penetrant, but also associated with 
development of other cancers [106]. 

Even though a large number of predisposing genes have been identified, most 
breast cancer cases are so-called “sporadic” and arise stochastically without any 
obvious familial or hereditary component. As with many other cancer types, the 
risk of contracting breast cancer increases with age. High body mass index [107, 
108] and diabetes [109] are known predisposing factors, along with modifiable
lifestyle aspects such as tobacco use [110] and alcohol consumption [111]. Breast
cancer arises in hormone responsive tissue, and exposure to female sex hormones
is also an important epidemiological risk factor. This includes both exogenous
exposure such as postmenopausal estrogen substitution, and endogenous exposure
such as early menarche and late menopause, nulliparity and higher age at first birth
[102, 112]. High levels of endogenous circulating steroid sex hormones in
postmenopausal women have also been linked to the development of breast cancer
[113, 114].

Estrogen receptors in breast cancer 

"If cancer cells have receptors for these hormones, it's not necessarily a 
bad thing. It means that they are at least TRYING to perform the tasks of a 
normal breast cell. They're behaving — somewhat." 

Marisa Weiss, Chief Medical Officer, Breastcancer.org (2020) 

Estrogen receptors 
ERα was first discovered by Elwood Jensen in the late 1950’s. While studying the 
estrogen-retaining properties of uterine tissues, he isolated the receptor as a protein 
[115] that mainly resided in the cell cytoplasm of target tissues, and, upon binding
of estrogens, translocated to the nucleus [116]. It is now known that ERα is
encoded by the ESR1 gene on chromosome 6 and spans 595 amino acids [117].

Decades after the discovery of ERα, a different team of scientists isolated a protein 
from rat prostate tissue that was highly homologous to the estrogen receptor and 
was dubbed ERβ [118]. It is encoded by the ESR2 gene on chromosome 14, which 
is transcribed and translated to a 530 amino acid long protein, containing similar 
functional domains of ERα, with varying degrees of homology (Figure 6) [119, 
120].  
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Figure 6: Protein domains and homology of full-length estrogen receptors α and β. AF-1: Activation function 1; DBD: 
DNA-binding domain; H: hinge domain; LBD: Ligand-binding domain; AF-2: Activation function 2; C-t: C-terminal 
domain.  

Through alternative promoter usage and alternative splicing, dozens of transcript 
variants can be produced from the ER genes. Many of the reported transcripts have 
not been well characterized, but several are known to vary in their occurrence 
across tissue types and result in increased or decreased receptor activity and co-
factor affinity [121].  

Although somewhat outside the scope of this thesis, it should be mentioned that 
there is a third estrogen receptor, the G protein coupled estrogen receptor (GPER, 
formerly GPR30) which is structurally and functionally distinct from ERα and β 
[122-124]. Upon ligand-binding, it enacts a rapid cellular response through the 
production of second messengers. It is reported to be expressed in around 60% of 
invasive breast tumors [125, 126], and to correlate to poor prognosis [127], and 
tamoxifen resistance [128, 129]. 

Estrogen receptor signaling mechanisms 
ERα and β are members of the nuclear receptor superfamily, subgroup 3 – the 
steroid receptors. [130]. Like most other nuclear steroid receptors, they are 
composed of four functionally distinct domains (Figure 6). The N-terminal 
activation function 1 (AF-1) domain permits ligand-independent activation 
through phosphorylation and interaction with transcriptional co-factors. 
Downstream of this region is the DNA-binding region, which contains a zinc 
finger motif and allows binding of the receptor to estrogen response elements 
(ERE) on DNA [131]. The hinge region contains a nuclear localization signal 
[118] and also composes a flexible connection to the C-terminal part of the 
protein, the ligand-binding domain (LBD). The LBD also includes a second 
activation function section (AF-2), responsible for conformational change in 
response to ligands as well as association to transcriptional co-factors [131]. A 
comparison between ERα and β reveals that the DNA-binding domain is 95% 
homologous, the ligand-binding domain 53% and the co-factor association domain 
AF-1, only 17% homologous (Figure 6) [118], indicating that the two receptors 
may have similar affinity for binding sites on DNA but diverge in their ligand- and 
co-factor-binding profiles. 
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When ERs are activated, they translocate to the nucleus and undergo a 
conformational change, enabling them to form dimeric complexes. ER dimers 
exert their effects through interaction with the genome and associated co-factors, 
resulting in transcription of target genes. ERs form both homodimers (α/α, β/β) 
and heterodimers (α/β) [132, 133]. ERα and ERβ compete for genomic binding 
sites, and while they share a substantial number of transcriptional targets, ERα has 
a higher affinity for EREs, and co-expression of both receptors results in 
displacement of ERβ to more ERE-poor regions of the genome [134].  

ERs can interact directly with DNA containing ERE palindromic sequences (the 
classical/direct pathway) or indirectly, through other transcriptional regulators 
such as SP1 [135] and the transcription factor complex Activator Protein 1 (AP-1) 
[136, 137], called the tethered/indirect pathway. A third mechanism of ER 
activation is through phosphorylation, independent of ligand binding. ER activity 
is regulated through phosphorylation via a diverse set of pathways, including the 
epidermal growth factor receptor family and the insulin-like growth factor receptor 
with associated downstream effectors (such as phosphoinositide 3-kinase 
(PI3K)/AKT and RAS) [138-144], as well as chemokine receptor pathways [145, 
146], estrogen signaling pathways (ERα) [147] and cyclin-dependent kinase 
pathways (ERα) [148, 149] (Figure 7). 

Biological impact of estrogen receptors 
The estrogen-responsive transcriptome has been extensively studied and reviewed 
[150-155]. Methods for identifying target genes include computational sequence 
analysis for estrogen-responsive DNA motifs, gene expression analysis, chromatin 
immunoprecipitation with DNA analysis and protein detection assays. Estrogen 
receptors are involved in both upregulation and downregulation of hundreds to 
thousands of genes. Important targets include transcription factors and co-factors 
such as PGR, FOS, GREB1, RARA and MYC, as well as genes involved in growth 
hormone signaling such as VEGFA, IGF1, and EGFR.  

As we have seen, ERα and β have a high degree of homology in their DNA-
binding domain (95%), but while they share some transcriptional targets, they 
have opposite effect on others. This can be exemplified by ER regulation of some 
of the cell cycle proteins. Whereas ERα is known to stimulate cell cycle 
progression through transcriptional upregulation of cyclin D1, cyclin A and MYC 
[156-158], introduction of ERβ reduces the transcription of these genes and causes 
a G2 arrest [159]. 

One of the mechanisms through which ERβ opposes the action of ERα is through 
regulation of transcription sites dependent on the AP-1 transcriptional complex. 
ERβ affects this process on multiple levels, altering recruitment of AP-1 factors 
FOS and JUN to estrogen-responsive promoters, and reducing production of FOS 
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Figure 7: Estrogen receptor (ER) mechanisms for activation of transcription. Upon activation by ligand or through 
phosphorylation, ERs translocate to the nucleus, dimerize and bind response elements either directly or via 
transcriptional co-factor complexes. ER: Estrogen receptor; EGFR: epidermal growth factor receptor; IGFR: insulin-
like growth factor receptor; E2: estradiol; CoA: Co-activator; TF: Transcription factor; P: phosphoryl group; ERE: 
estrogen response element; TFRE: transcription factor response element. Created with BioRender.com. 

protein, resulting in decreased transcription of some ERα targets, including PGR 
and TFF1 [160]. 

The ERα/β concerted effect on cell transcription has been described by Williams et 
al. In a transcriptome-wide study of ERα and β-responsive genes, performed using 
a cell line with inducible ERβ expression they showed that, while estrogenic 
activation of ERα alone caused differential expression of 1432 genes, introduction 
of ERβ abrogated this effect for 998 genes (70%). ERβ also affected the 
expression of an additional 152 genes not regulated by ERα. The biological 
processes induced by ERα included mitotic cell cycle, cell proliferation and cell 
cycle check point, whereas ERβ induced genes involved in negative regulation of 
cell cycle, energy pathways and apoptosis [161].  

Expression patterns of estrogen receptors 
The estrogen steroid receptors have a profound impact on cell fate, regulate a wide 
variety of downstream genes and affect cell survival and proliferation. ERα is 
required for breast development and drives proliferation in the normal mammary 
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gland, but ERα positive cells themselves do not seem to actively proliferate [162, 
163]; instead, they may act through paracrine signaling mechanisms to induce cell 
division in neighboring cells [164]. ERβ is not necessary for mammary duct 
development, although ERβ knock-out mice have reduced ovarian function and 
require supplementation of progesterone to induce normal pubertal mammary 
growth [165]. ERα is mainly expressed in epithelial breast cells; around 10-25% of 
acinar and ductal epithelial cells located near the lumen are positive for this 
receptor in immunohistochemistry (IHC) assays [166-168], whereas ERβ is 
expressed both in luminal epithelial, myoepithelial and stromal cells [166, 168-
170].  

In breast cancer, ERα is expressed in approximately 75% of breast tumors [171, 
172] and in contrast to normal breast tissue, it is present in a larger number of cells
and co-expressed with markers for proliferation [162]. IHC detection of ERβ in
breast cancer specimens has yielded conflicting results, with some studies
reporting a high percentage of tumors expressing ERβ (56-76%) [173-177] and
others a moderate to absent number (0-35%) [170, 178, 179]. Some authors have
remarked that the lack of well validated antibodies and assays may be at the root
of these conflicting results and that comparison with ESR2 mRNA levels indicate
that estimates in the lower range may be more accurate [170, 179].

Clinical relevance of estrogen receptors 
ERα has the capability to initiate and drive tumor growth through its activation of 
a plethora of tumor promoting genes. The tactic of reducing estrogen signaling to 
combat breast cancer has been used since the 19th century, when ovariectomy was 
found to have a beneficial effect for patients with inoperable breast cancer [93]. 
Pharmacological endocrine therapies in clinical use can inhibit ER signaling 
through estrogen depletion, partial antagonism or targeted ERα degradation; 
treatment strategies targeting ERα is further discussed in a later section. As we 
shall see, ERα is a well-established biomarker in breast cancer diagnostics, and is, 
despite its tumor-promoting properties, associated with better prognosis. The terms 
“ER-positive” and “ER-negative” are frequently used to describe breast tumors 
and it should be noted that this generally refers to the expression of ERα only.  

The role of ERβ in breast cancer is controversial. In vitro studies indicate that it 
has antitumorigenic properties, and it is proposed as a tumor suppressor in breast- 
and other cancers [180], and ERβ expression levels are reported to decline during 
breast tumor development [181-183]. Expression of ERβ in breast cancer has been 
shown in numerous studies to be linked to a favorable outcome, with some authors 
reporting the effect across all subtypes and treatments [184, 185], and some for 
ERα-positive disease only [186]. Association for ERβ with better outcome in 
tamoxifen-treated breast cancer [187-190] has also been reported, with some 
studies indicating that this is particularly pronounced in ERα-negative disease 
[187, 188]. However, in contradiction with these results, ERβ has also widely been 
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reported as a potential marker for increased risk for relapse and/or death – both in 
hormone-receptor negative [191, 192] and hormone receptor-positive disease [193, 
194], as well as in a cohort unselected for receptor status and treatment [195]. 

Given the conflicting reports and our incomplete understanding of ERβ function in 
breast cancer, the exact role and potential clinical use of this receptor is yet to be 
determined. However, a meta-analysis, incorporating data from most of the 
aforementioned studies as well as several others, showed that high ERβ expression 
was associated with improved outcome for both disease-free and overall survival 
[196]. Should the hypothesis of ERβ as a tumor suppressor be confirmed, there are 
ERβ-selective agonists [197, 198] that could conceivably provide new treatment 
options in the future.  

Genomic changes in ESR1  
For some malignancies, genomic rearrangements resulting in gene fusions are of 
great importance and constitute druggable targets. Breast cancer does not to the 
same extent exhibit fusion genes, but some recurrent fusion genes have been 
described. For example, ESR1 gene fusions can result in a protein lacking the 
ligand-binding domain and may lead to ligand-independent, constitutive activation 
of the receptor [199, 200]. RNA sequencing (RNA-seq) has revealed ESR1 fusion 
transcripts that enable estrogen-independent growth as well as complete resistance 
to selective estrogen receptor modulators (SERMs) [201]. 

A large portion of breast cancer patients receive some form of endocrine therapy 
to suppress estrogen-driven tumor proliferation. Similar to other tumor drivers, 
ERα is subject to mutations that increase the activity of the receptor, even in the 
absence of agonists. Variants like this, including E380Q [202] and Y537N [203] 
were described already in the 1990’s, but the clinical relevance only became 
apparent in 2013, when a series of studies on ESR1 mutations in advanced breast 
cancer reported that ESR1 mutations were common in metastatic breast cancers, 
especially among patients who had previously received endocrine therapy [86, 87, 
200, 204]. In these studies, both previously known and novel mutations were 
described, most of them located in the ligand-binding domain of the estrogen 
receptor [86], leading to constitutive activation and downstream transcription. 
LBD mutations include at least 60 variants (reviewed in [205]), several of which 
have been experimentally verified to confer increased activity in the absence of 
estrogenic ligands [86, 87, 200, 204]. The more potent mutations, like Y537S, 
even confer some resistance to ER suppression by ER modulators and degraders, 
requiring higher doses to inhibit in vitro proliferation [206]. In patients, the major 
reported effect is resistance to aromatase inhibitors both as monotherapy [207] and 
in combination with the new PI3K-blocking compound alpelisib [208], although 
there are novel endocrine therapies in development that are effective even against 
ESR1 mutant tumors [209, 210]. 
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Biomarkers and molecular profiling in breast cancer 
In addition to the estrogen receptors, there are several biologically and clinically 
relevant markers that affect tumor cell phenotype, patient prognosis and treatment 
options.  

Progesterone receptors 
PR A and B are nuclear steroid receptors encoded by the same gene (PGR) and are 
produced by start of transcription at one of two alternative promoters [211]. PR B 
contains an additional 164 amino acids at the N-terminal end [212] and has a 
higher capability of inducing expression of downstream target genes [213]. PGR is 
a classical transcriptional target of ERα [211] and presence of the receptor is 
considered a marker for ER activation. It is involved in extensive cross-talk with 
ER and although its exact functions in breast cancer are debated, it is routinely 
assessed in the clinic together with ERα and human epidermal growth factor 
receptor 2 (HER2), and is associated to a more favorable outcome [214-216]. 

HER2/ERBB2/neu 
HER2, encoded by the gene ERBB2, was identified in the 1980’s as an oncogene 
in neuroblastoma [217] and was later revealed to be a tyrosine kinase receptor and 
a member of the EGFR family [218, 219]. HER2 is located in the cellular 
membrane, where it responds to growth signals through dimerization and 
autophosphorylation, initiating a signaling cascade through several downstream 
effector systems [220]. In breast cancer, HER2 is genomically amplified and/or 
overexpressed in 15-20% of tumors, leading to excessive intracellular growth 
signaling and tumor proliferation, and its overexpression is associated with poor 
prognosis [221, 222], although the outcome for HER2-positive breast cancer has 
improved since the advent of targeted therapies against this receptor [223].  

Intrinsic subtypes 
In the early 2000’s, with the use of microarray technology, pioneering work by 
Perou and Sørlie resulted in a novel classification of breast tumors. Using 
transcriptional profiles, they stratified a collection of breast tumors into groups 
that transcriptome-wise resembled either luminal or basal epithelial mammary 
cells, with a third group characteristic of the HER2-enriched subtype [172]. These 
gene expression profiles have since crystallized into five subtypes that are 
associated to clinical characteristics and outcomes: Luminal A, Luminal B, HER2-
amplified, Basal-like, and Normal-like [221]. The intrinsic subtypes are closely 
linked to the receptor status of the tumors: Luminal A and B are mainly composed 
of ER-positive tumors; the HER2-enriched group is enriched for HER2-amplified 
tumors (ER-positive or -negative); and the Basal-like group is generally 
characterized as being ER-, PR- and HER2-negative (triple negative breast 
cancers; TNBC). The role and even the biological existence of the Normal-like 
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subtype, so named because its gene expression profile resembles that of normal 
breast tissue, is debated. It is not used in clinical diagnostics, and many argue that 
it may be an artifact from contamination by normal breast tissue [224, 225]. 

Breast tumors can now be classified into the intrinsic subtypes based on 
expression levels of a 50-gene panel, Prediction Analysis of Microarrays 50 
(PAM50), that approximates the gene expression groups [225]. Although 
expression profiling is not usually part of the clinical routine, surrogate 
immunohistochemistry and morphological markers can approximate the 
expression subtypes. The concordance between the IHC- and PAM50-defined 
subtypes ranges from 45% for the HER2-enriched group to 86% for the Basal-
like/TNBC group [226].  

Mutations and genomic dysregulation 
Breast cancer, like other malignancies, exhibits recurrent alterations in certain 
genes, particularly genes that are related to regulation of the cell cycle, cell 
survival and apoptosis.  

TP53, dubbed “the guardian of the genome” [227], is the most frequently mutated 
gene across all cancer types [228] and TP53 mutations occur in approximately 
35% of breast tumors [228, 229]. The protein encoded by this gene responds to 
diverse stress factors, including DNA damage, and restricts inappropriate clonal 
expansion by controlling cell cycle progression, DNA repair and apoptotic 
mechanisms [230]; oncogenic mutations disable these tumor suppressive 
functions. Multiple strategies are being investigated to develop treatments 
targeting TP53 dysregulation in tumors, including achieving synthetic lethality by 
disrupting DNA repair pathways, inducing an immunogenic response against 
mutant TP53 and restoring proper protein conformational structure through small 
molecule compounds. For some anti-mutant TP53 therapies, clinical trials are 
underway [231].  

PIK3CA encodes the catalytic subunit of PI3K, p110α, which catalyzes the 
production of second messengers with diverse downstream effects, including the 
activation of the AKT/mTOR (mammalian target of rapamycin) signaling pathway 
[232]. PIK3CA mutations are present in approximately 35% of breast tumors [228, 
229, 233-235], and can lead to constitutive activation of the PI3K pathway, 
resulting in dysregulation of processes such as cell growth, proliferation, migration 
and differentiation. PIK3CA mutations are generally associated to better outcomes 
[236], but predict poor prognosis in the metastatic hormone receptor-positive 
subtypes, with poorer response to chemotherapy [237]. 

In normal tissues, the PI3K pathway is negatively regulated by the phosphatase 
PTEN, which catalyzes the opposite reaction to PI3K, reducing the levels of 
second messengers and counteracting the downstream effects. Although PTEN 
mutations are not particularly common in breast cancer, the PTEN phosphatase is 
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frequently lost through other processes such as genomic disruption and promoter 
hypermethylation [235, 238-240]. 

The most important markers for hereditary breast cancer, BRCA1 and BRCA2, 
both encode proteins involved in double-stranded DNA break repair via the HRR 
repair system. Inactivation of BRCA1/2 function causes genomic instability and 
chromosomal rearrangements. Characterization of rearrangement signatures has 
shown that mutant BRCA1 is associated predominantly with smaller (<10 kb) 
tandem duplications and smaller (<100 kb) deletions, whereas mutant BRCA2 is 
associated more exclusively with smaller deletions [233]. Via categorization of 
rearrangement and mutational signatures it is possible to identify tumors with a 
phenotype matching that of germline BRCA mutations – so-called “BRCA-ness”. 
Although not subject to BRCA1/2 inactivating mutations these may have acquired 
BRCA methylation or other HRR defects that render them susceptible to treatments 
that target this deficiency [241]. 

Metastatic breast cancer 
When breast cancer spreads to one or more secondary locations it is usually 
considered incurable, but novel targeted and chemotherapeutic agents have 
contributed to extending the survival of patients with systemic disease. Breast 
cancer preferentially spreads to the bone, but lung and liver metastases are also 
common [242]. Depending on the molecular subtype, breast tumors have different 
affinities for different metastatic locales. The luminal subtypes show preference 
for bone, whereas the basal-like subtype more often metastasizes to lung and brain 
[243]. 

Although the prognosis of breast cancer has improved dramatically, tumor 
recurrence is still common, and late recurrence is more common than in most other 
cancer types, especially in ER-positive breast cancer. Risk for relapse in ER-
negative breast cancer subtypes is greatest in the first five years and for ER-
positive breast cancer the risk is greatest at 6-10 years [244]. One meta-analysis 
showed that distant relapse occurred in the 5-20 year period after endocrine 
therapy for 13-41% of patients with ER-positive disease, with the cumulative risk 
increasing within this timeframe depending on tumor stage and node status [245]. 
Thus, overall the 5-year survival from breast cancer is very high, however over a 
quarter of women will, in the longer term, suffer a relapse. 

As late relapse is more common in breast malignancies with a relatively good 
prognosis, risk-stratification is of great interest since it could spare patients from 
unnecessary treatment. Multiple attempts have been made to define risk-factors for 
late relapse. Suggested markers include lymph node metastasis [246] and 
expression of proteins related to tumor dormancy [247].  
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Discordance of biomarkers in primary and metastatic tissues 
One challenge in the treatment of metastatic breast cancer is that the primary and 
metastatic tumors, although descended from a common progenitor, are not always 
genetically and phenotypically similar. Studies indicate that the receptor status 
(ER, PR or HER2) changes from the primary tumor to the metastasis in more than 
40% of patients with PR being the most frequently affected marker [248-252]. A 
meta-analysis concluded that ER was discordant in 23%, PR in 41%, and HER2 in 
10% of cases with matched samples [253].  

Considering the differences seen between primary tumor and metastasis biology, it 
is now recommended by the European Society for Medical Oncology (ESMO) to 
secure biopsies from relapse sites for evaluation of the receptor status whenever 
possible. But in cases with discordant results, it has still not been ascertained 
whether primary or metastasis receptor status should guide treatment, although 
clinical studies to answer this question are underway [254].  

Contralateral breast cancer 
Contralateral breast cancer (CBC) is defined as breast cancer occurring in both 
breasts, either synchronously or in sequence (metachronously). Principally, CBC 
is regarded as a new primary tumor, and diagnosed and treated as such. Risk 
factors for developing CBC include young age at diagnosis, family history of 
breast cancer, large tumor size and a high number of tumor-positive lymph nodes 
[255].  

Breast cancer patients have a higher risk of developing a new tumor in the other 
breast, compared to previously healthy individuals. A meta-analysis study showed 
a CBC median annual incidence rate of 0.5% after diagnosis of a first primary 
tumor [256]. Some studies also report worse prognosis of CBC compared to other 
breast cancer patients [257, 258], particularly if the second tumor occurs within 4-
5 years or is synchronous with the first [257, 259].  

Clinical diagnostics of breast cancer 
The most common clinical presentation of breast cancer is a lump in the breast 
[260]. In the last 10 years in Sweden, 62% of breast cancers have been diagnosed 
via mammographic screening [261]. Both Swedish guidelines and ESMO 
recommend a triple approach to diagnosing breast cancer. It consists of clinical 
examination of the breasts and regional lymph nodes, radiological imaging and 
pathological evaluation of a biopsy or cytological sample [260, 262].  

Histology and pathology 
Invasive breast tumors exhibit a variety of growth patterns from almost completely 
differentiated, glandular-like to completely solid or diffusely growing. The most 
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common morphology, previously referred to as “invasive ductal carcinoma” and 
lately renamed “invasive breast carcinoma of no special type”, comprises most 
breast cancers. Carcinomas with more than 90% of special type morphology are 
classified as “special type”, for example invasive lobular, mucinous or tubular 
carcinomas [101]. There is limited knowledge of the biological processes resulting 
in one special type or another. Correlations have been found between certain 
histology types and molecular characteristics, for example invasive lobular 
carcinoma is often classified to the luminal or HER2 positive subtypes [263]. 
However, there is still much work to be done to reconcile the molecular and 
morphologic phenotypes.  

Tumor grading is performed according to the Nottingham histological grade 
(NHG) system. Points are scored according to tubule and gland formation, nuclear 
pleomorphism and mitoses, and the tumors are classified into one of three grades, 
where grade 1 is the most indolent and grade 3 is the most malignant. More 
extensive glandular formation is a sign of higher differentiation and lower grade, 
but nuclear pleomorphism – diversity in the shapes and sizes of the tumor cell 
nuclei – and a high mitotic count are a sign of malignancy and high grade [264]. 

Intrinsic subtyping through gene expression analysis is increasingly recommended, 
but still not routinely performed in the clinic. Presently in Sweden, gene 
expression profiling is recommended for a subset of luminal breast cancers with 
uncertain risk categorization to better determine which patients would benefit from 
chemotherapeutic agents [260]. However, in most cases, IHC markers and tumor 
grade are used for approximation of tumor subtype to help guiding the choice of 
treatment. The key biomarkers are ER, PR, and HER2 receptor statuses, tumor 
grade and the expression of the proliferation marker Ki67 (Figure 8) [260, 262]. 
The ER-positive subtypes, Luminal A and B, have a favorable prognosis and can 
be treated with hormonal therapy, but are more at risk for late or very late relapse. 
HER2-positive disease has a more aggressive biology but is sensitive to treatment 
with anti-HER2 targeted therapies (usually combined with chemotherapy and/or 
endocrine therapy), and generally has a favorable outcome. The most aggressive 
and difficult-to-treat tumors fall in the Basal-like and triple negative subgroups, 
which are mostly, but not completely overlapping. They lack expression of either 
treatment targets (ER/PR or HER2) and are often poorly differentiated with an 
aggressive tumor biology and a high risk for relapse in the short term. 

Tumor staging for breast cancer takes into account the anatomical properties of the 
tumor and is classified in categories of T (tumor size and local invasion), N 
(lymph node involvement) and M (distant metastasis) [265]. Stage is denoted from 
0-IV and subdivided further using A-C, for example Stage IA signifies a tumor
smaller than 20 mm without lymph node involvement or metastasis, whereas Stage
IV refers to any tumor with distant spread. Further, the pathological stage, likewise
designated 0-IV, combines TNM stage with grade and biomarkers for improved
prognostic prediction.
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Figure 8: Surrogate instrinsic subtyping using immunohistochemistry. Luminal subtypes have a better prognosis with 
a tendency towards lower histological grade and lower risk for relapse, but are at risk for recurrence during a longer 
period. ER-negative subtypes have a higher risk for relapse in the short term and are often high grade at diagnosis. 
ER: estrogen receptor α; PR: progesterone receptor; HER2: human epidermal growth factor 2; NHG: Nottingham 
histological grade; + sign denotes positive status; - sign denotes negative status.  

Treatment for breast cancer 
Treatment regimens for breast cancer depend on the properties of the tumor 
disease, and include surgery, radiotherapy, endocrine treatment, immunotherapy, 
chemotherapy, and targeted therapies.  

Surgery and radiotherapy 
For most patients, surgery is the first step in their treatment regimen. Breast-
conserving surgery combined with radiotherapy results in equal recurrence-rates 
compared to mastectomy [266] and in Sweden, 65% of non-metastatic tumors in 
the years 2015-2020 were excised using breast-conserving surgery [261]. 
Depending on growth characteristics, size and lymph node involvement, some 
tumors require pre-operative systemic treatment – neo-adjuvant therapy – to shrink 
the tumor and prevent relapse. Full mastectomy is indicated when partial 
mastectomy would not be sufficient for radical removal, or when adjuvant 
radiotherapy is contraindicated. In conjunction with surgery, sentinel node biopsy 
is normally performed [260]. Radiotherapy is recommended for all patients that 
have undergone breast-conserving tumor removal [260, 262].  
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Endocrine treatment 
Lifetime exposure to estrogens is a risk factor for developing breast cancer and 
estrogens can likewise act as growth stimulators on breast tumor tissue. For 
hormone receptor-positive breast cancer, standard of care includes hormonal 
therapy with the aim of reducing ER activity. This can be achieved through 
estrogen deprivation, inhibition of ER or induction of ER degradation.  

Selective estrogen receptor modulators (SERM) like tamoxifen have both 
agonistic and antagonistic effects depending on the tissue. Upon oral 
administration it is converted into potent metabolites, e.g. 4’-OH-tamoxifen, which 
have high affinity for the estrogen receptor. In certain tissues, such as breast, it has 
anti-estrogenic effects, whereas in other tissues, it acts as an agonist, thus reducing 
some of the adverse effects. This tissue-specific effect is not fully understood, but 
is at least in part due to differential expression of ER isoforms and co-factors 
[267].  

Aromatase inhibitors (AI) are the first line hormonal adjuvant treatment for post-
menopausal breast cancer patients. Anastrozole, letrozole and other AIs work by 
inhibiting the conversion of androgens into estrogens in the breast and other non-
ovarian tissues [268]. This effectively results in estrogen deprivation and reduced 
ER activity in post-menopausal women. Pre-menopausal women have active 
ovaries as well as compensatory mechanisms through the hypothalamo-pituitary 
axis and do not get a consistent reduction in plasma estrogens on AI therapy alone, 
which is why tamoxifen is generally the first line treatment for these women [269].  

Another approach to suppressing estrogen signaling is using selective estrogen 
receptor degraders (SERDs) like fulvestrant, which is used mainly in 
metastatic/advanced breast cancer [254, 260]. It acts both as an antagonist of the 
receptor and induces protein degradation thus reducing the total ER content of the 
cells. Meta-analyses have showed equal efficacy to other endocrine therapies in 
advanced breast cancer [270, 271] and it can be used in conjunction with targeted 
therapy with cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors [272, 273]. 

In pre-menopausal women, estrogen levels can also be drastically reduced by 
suppression of ovarian function. This can be achieved through surgical removal of 
the ovaries, through radiotherapy or treatment with luteinizing hormone-releasing 
hormone (LHRH) agonists/gonadotropin-releasing hormone analogs. LHRH 
agonists have been shown to reduce the risk of relapse in ER+ breast cancer in 
premenopausal women [274].  

Continuation of endocrine therapy for ten years versus five years results in an 
additional reduction in recurrence [275]. Swedish and European guidelines 
recommend endocrine therapy for at least five years for patients with ER-positive 
disease (unless very-low risk), and also recommend extension of hormonal therapy 
for up to ten years, depending on individual risk and adverse effect profiles [260].  
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Chemotherapy  
Cytotoxic agents are an important part of the treatment repertoire for most cancer 
types, but they are not used indiscriminately, due to the risk of adverse effects. In 
breast cancer, patients are stratified based on several risk factors, including patient 
age, tumor size, lymph node positivity, receptor status and tumor stage to 
determine whether to administer chemotherapy. Most patients with Luminal B, 
HER2-positive or triple negative breast cancer receive adjuvant chemotherapy 
which usually consists of anthracyclines and/or taxanes [262].  

HER2 immunotherapy  
Passive immunotherapy with the monoclonal antibody trastuzumab (Herceptin) 
was approved for use in advanced breast cancer in 1998 and has, in combination 
with chemotherapy, become standard-of-care for patients with HER2-positive 
tumors [260]. Trastuzumab and its biosimilars directly inhibit the extracellular 
portion of the HER2 receptor, reducing downstream intracellular signaling. For 
patients with HER2-positive disease that is advanced or has poor prognosis, 
additional HER2-targeted agents can be combined with chemotherapy and 
trastuzumab to enhance treatment response in pre- or postoperative therapy 
regimens, including the monoclonal antibody pertuzumab [276], and small 
molecule inhibitors such as lapatinib [277] and neratinib [278]. 

There are also available antibody-cytotoxic drug conjugates that take advantage of 
the cancer-targeting effect of the anti-HER2 antibodies to deliver a chemotherapy 
dose directly to the cancer cells. For example trastuzumab-emtansine improves 
invasive disease-free survival in HER2-positive treatment-refractory breast cancer 
[279] and is now part of the treatment repertoire for these patients. 

New and future targeted therapies 
Hormone therapy resistance can occur through increased activation of a number of 
pathways, including the CDK4/6-RB1 pathway. CDK4 and CDK6 are activated by 
cyclin D1 which leads to phosphorylation of RB1, allowing the cell to move from 
G1 to S phase [280]. One of the available CDK4/6 inhibitors is palbociclib, a 
small molecule that prevents the activation of CDK4/6 and when added to 
fulvestrant or AI treatment improves the prognosis in advanced breast cancer [281, 
282]. CDK4/6 inhibition is now recommended as an addition to endocrine therapy 
in advanced ER-positive disease [254, 260].  

As discussed previously, dysregulation of the PI3K pathway through PIK3CA 
mutations or PTEN loss are common occurrences in breast cancer, and there are 
therapeutic agents targeting the PI3K pathway. Some compounds have been 
implemented in the clinic for some time, such as the mTOR inhibitor everolimus 
in metastatic breast cancer, whereas others are still in development.   
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For the ~35% of breast cancer patients with a mutation in PIK3CA there will be 
new avenues of treatment, such as small molecule inhibitors of PI3K. Alpelisib, a 
specific inhibitor of PI3Kα, administered together with endocrine therapy, was 
recently found to improve progression-free survival, although with a statistically 
non-significant effect on overall survival (OS), in hormone receptor-positive, 
HER2-negative, PIK3CA-mutated breast cancer. [283, 284]. Alpelisib has been 
approved by the American Food and Drug Administration as well as the European 
Medicines Agency and will be available in Sweden soon. There are also pan-PI3K 
inhibitors in development, such as buparlisib and pictilisib which have completed 
phase III clinical trials [285, 286], as well as compounds that target the PI3K 
downstream effector AKT that have shown promise in phase II studies [287-289].  

Cancers with a mutation in one of the BRCA genes are more vulnerable to 
treatments that block other DNA repair proteins. PARP inhibitors target poly-
ADP-ribose polymerase (PARP), which is part of the single-strand DNA break 
repair system. PARP inhibitors trap the PARP repair complex, leading to stalled 
replication forks. In normal, HRR-sufficient cells, these replication forks are 
resolved by the HRR machinery, but in HRR-deficient cells, inhibition of PARP in 
combination with cytotoxic chemotherapy give rise to synthetic lethality as the 
cancerous cells can no longer repair DNA damage [290].  

Tumors have developed strategies to evade destruction by the immune system, 
including upregulation of immunosuppressive molecules, like the PD-1/PD-L1 
proteins. Antibodies and small molecule inhibitors of PD-L1 have emerged as a 
promising therapy in several cancer types, including melanoma and non-small cell 
lung cancer [291]. PD-L1 antibody atezolizumab together with chemotherapy is 
now also a treatment option in PD-L1-positive metastatic TNBC, with clinical trial 
results showing extended progression-free survival and overall survival [292, 293].  
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Methods 

Patients and samples 
All patient studies were performed in compliance with the World Medical 
Association Declaration of Helsinki, with approvals from the regional ethical 
committee. Trained health professionals provided written and oral information and 
all patients gave signed written informed consent. All confidential data was 
handled in accordance with Sweden’s Personal Data Act and the General Data 
Protection Regulation, where applicable.  

Study I  
Eleven patients diagnosed in the south Swedish healthcare region during 1986-
1997 with available frozen specimens from both primary tumor and at least one 
distant metastasis were included in the study. Blood samples were obtained from 
three of the patients and from 7 unrelated individuals which were used as normal 
controls in whole-genome sequencing analysis. DNA was extracted from fresh-
frozen tissue using AllPrep (Qiagen). Clinical data was retrieved from patient 
charts, except for HER2 status, which was determined through DNA copy number 
analysis.   

Study II:  
Ten patients with metachronous CBC, previously part of a larger cohort of CBC 
[294] with available fresh frozen tumor tissue and detailed patient information 
were included. The patients were diagnosed with a first invasive breast cancer. 
Nine developed a subsequent contralateral invasive breast tumor and one a 
contralateral in situ lesion. Thirteen out of the 20 tumors had paraffin-embedded 
material available, allowing for IHC re-evaluation of standard clinical biomarkers 
by a pathologist, and for the remainder, clinicopathological data was obtained 
from patient charts. DNA was extracted using AllPrep (Qiagen). 

Study III and IV:  
The Sweden Cancerome Analysis Network – Breast (SCAN-B) study is a multi-
center, prospective observational study initiated in 2010 that aims to include all 
patients diagnosed with primary breast cancer at each of the participating hospitals 
[295, 296]. Today, nine cancer care units in the south of Sweden as well as 
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Uppsala participate and more than 17,000 patients have been enrolled, an inclusion 
rate of 99%. Patients receive standard-of-care and tumor samples, where available 
after clinical pathological analysis, are collected for research and, in the first 
phase, are all RNA sequenced (>11,000 to date). The patients in study III and IV 
are a subset of consecutively diagnosed patients (Figure 9) with invasive primary 
tumors diagnosed between September 1 2010 and March 31 2015, previously 
described by Brueffer et al. [297], which was reduced to 3207 patients in study IV 
due to additional quality checks and implementation of advanced analysis 
pipelines. The cohort is population-based and patients were included based on no 
prior contra- or ipsilateral disease. Tumor samples are preserved in RNAlater 
(Ambion/ThermoFisher) immediately after surgery, flash frozen, and processed 
according to standardized SCAN-B protocols [295-297]. 

 

 

Figure 9: The SCAN-B cohort selection diagram for study III. QC: quality control. * non-metastatic unilateral primary 
breast cancer, excluding patients with synchronous contralateral tumor (within 3 months of diagnosis). Adapted from 
Brueffer et al. [297] (CC-BY 4.0). 
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DNA and RNA analysis 

Polymerase chain reaction (PCR) 
The polymerase chain reaction (PCR) was developed in the 1980’s [298] and laid 
the groundwork for the bulk of genetic analysis methods used today. It is a method 
wherein specified nucleic acid sequences are copied and exponentially amplified. 
The reaction components include template DNA, the DNA replication enzymes 
from a heat resistant microorganism (Taq polymerase), primers, free nucleotides 
and a thermal cycler. Primers are starter sequences that dictate which specific 
segment will be amplified. By cycling between hotter and cooler temperatures, the 
DNA strands are artificially separated allowing access for the primers and 
polymerase, duplicating the sequence exponentially, resulting in millions to 
billions of copies [298].  

Quantitative PCR methods 
Quantitative PCR (qPCR; also called real-time PCR) is a development of the PCR 
technology. By using fluorophores or sequence-specific fluorescent probes and 
measuring fluorescent intensity, it is thus possible to performing relative 
quantification by comparing the fluorescent intensity to reference sequences.  

Digital PCR (dPCR) is a further development of qPCR, and the most common 
type is droplet digital PCR (ddPCR). Rather than running a bulk amplification, the 
aqueous template and reagent mix is randomly partitioned into reaction 
compartments – droplets separated by oil in ddPCR – with a volume in the 
nanoliter range. Ideally, each droplet contains either zero, one or only a few of the 
nucleic acid sequence(s) of interest. The amplification reaction is then performed 
and a fluorescent probe (or some other indicator) is used to generate signal if the 
target sequence(s) is present within the droplet [299]. The “digital” designation 
refers to that each droplet is scored either “positive” or “negative” based on the 
signal reaching above a threshold indicating presence of the target. Since the 
partitioning is a random process following Poisson statistics, from the number of 
positive and negative droplets, a highly accurate quantification can be made.  

Importantly, dPCR-based methods yield an absolute measurement of the number 
of sequence copies in the sample, and thus do not rely on relative quantifications 
using reference standards as do other methods such as qPCR. This method enables 
highly sensitive and specific detection and quantification of minute amounts of 
genetic material [300], such as tumor DNA released into the blood stream of 
cancer patients [301], and an improved variant of dPCR called IBSAFE was used 
in study III to validate presence of mutations in DNA of tumor samples and detect 
mutations in relapse material.  
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DNA and RNA sequencing 

Principles of sequencing 
The Human Genome Project – coordinated by the Human Genome Organization 
(HUGO) – was, at the time of its launch in 1990, a massive undertaking which 
aimed to map out the complete human DNA sequence. It took 13 years to 
complete and has since been a foundation for human molecular genomic research 
[302]. In the past two decades, advances in sequencing technology and data 
processing have greatly reduced the required time and cost of whole genome 
sequencing and as a result, thousands of genomes have been sequenced from 
breast tumors alone [228, 303, 304].  

The first method of sequencing developed by Sanger et al. in the seventies exploits 
the properties of dideoxynucleotides triphosphates (ddNTPs), which lack the two 
hydroxyl chemical groups on the ribose which are necessary for further elongation 
of the DNA strand. When incorporated into an elongating DNA strand, they 
terminate replication and result in a shortened fragment. A PCR reaction with for 
example ddTTP nucleotides mixed in will result in amplicons of varying length, 
always terminated on a thymine base. Thus, four separate reactions, each 
containing either ddATP, ddTTP, ddGTP or ddCTP, and subsequent fragment 
separation with gel electrophoresis could reveal the DNA sequence [305]. Sanger 
sequencing subsequently evolved to include fluorophore-labeled ddNTPs, so that 
the reactions could be pooled, and the sequence decoded through detection of 
fluorescent signals [306].  

Massively-parallel sequencing 
Next generation sequencing (NGS), also known as massively-parallel sequencing, 
is fundamental to all four studies (study I-IV) presented here. There are two 
principally different methods. One is sequencing-by-ligation [307], which utilizes 
fluorescently labeled oligonucleotides that, upon complementary hybridization to 
the template material, is ligated to the polynucleotide backbone, creating a 
fluorescent signal corresponding to the ligated base. The second, sequencing-by-
synthesis, refers to methods that are conceptually similar to the original Sanger 
approach, but modified and vastly scaled-up, allowing simultaneous sequencing of 
tens to hundreds of millions of template fragments in a “flow cell” where reagents 
are flowed over tethered clonal reactions. By hybridization of DNA strands to the 
surface of the flow cell, and cycles of chemicals for base additions, the sequence 
of millions of nucleic acid fragments can be imaged and read in parallel. 

Each sequencing method has its advantages and drawbacks. Methods that rely on 
PCR amplification of template prior to sequencing may produce a PCR product 
with uneven representation of the template, leading to misrepresentation of copy 
number data, although this can to some extent be corrected for at the 
bioinformatics stage. Additionally, too many cycles of sequence amplification 
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increases the risk for technical errors, polymerase base misincorporation errors and 
also underrepresentation of GC-rich regions [308]. The length of the sequenced 
fragments is limited to a few hundred base pairs at most, leading to problems with 
highly repetitive regions. In sequencing-by-ligation methodologies, palindromic 
sequences are problematic [300]. 

“Third generation sequencing” methods are coming into use, such as single 
molecule real time sequencing (SMRT, Pacific Biosciences) [309] and nanopore 
sequencing (Oxford Nanopore Technology) [310]. These new technologies enable 
sequencing of single DNA molecules, circumventing the need for clonal 
amplification of the templates and furthermore, producing long reads, more than 
10 kb, or in some cases only limited by the sample DNA molecule length [311]. A 
drawback has been the high error rates (~15%) but these issues are being 
addressed through approaches like multiple pass sequencing and improvements in 
data analysis bioinformatics [312]. 

Currently, the sequencing-by-synthesis platform commercialized by Illumina 
(formerly Solexa, established in 1998)  is the dominating method for high-
throughput sequencing [313], and was used for sequencing of samples described in 
studies I-IV, and the procedures described hereafter refers to the Illumina 
sequencing method.  

Library preparation 
Genomic DNA is first fragmented to a length of up to 1500 base pairs long, and 
often shorter with a median length between 300-800 bp. This can be achieved 
through sonication or cation catalyzed enzymatic digestion. The fragment ends are 
then repaired and the 5’ end is phosphorylated through enzymatic reactions. 
Several adenosine residues are added to the 3’ end to facilitate the next step – 
adapter ligation. Adapters are oligonucleotides that serve as a connection for the 
DNA strands to attach to the flow cells during the sequencing reaction and they 
also contain identifiers or “barcodes” that allow for pooling of multiple samples 
into the same sequencing reaction. Finally, the DNA library is amplified in a PCR 
reaction and undergoes quality controls [314]. PCR cycling, although commonly 
used for library amplification, is known to introduce some biases. In general, a 
shorter program is used and some library preparation protocols omit the PCR step 
altogether [315]. In studies I and II, 10 cycles was used, and for RNA-seq in 
studies III and IV, 12 cycles of PCR. 

In studies I-II, one microgram of fragmented DNA was used for library 
preparation with the TruSeq DNA sample preparation kit (Illumina) according to 
the manufacturer’s instructions. Before PCR amplification, each library was size-
selected for fragments between 550-950 bp using agarose gels. Libraries were 
analyzed with BioAnalyzer (Agilent), and the concentrations were measured using 
a Qubit spectrophotometer (Invitrogen). 
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Library preparation of mRNA, as performed in studies III and IV, requires 
additional preparation steps, including the production of complementary DNA 
(cDNA). mRNA was purified from total RNA extracts using magnetic beads 
targeting the poly(A) tail of the transcripts. cDNA synthesis was performed using 
a dUTP protocol [295-297, 316] that retains strand directionality allowing 
selective degradation of the second strand, prior to sequencing. In other respects, 
the sequencing library generated from an RNA sample is similar to a DNA library 
from a DNA sample. 

Sequencing-by-synthesis 
Sequencing takes place in a solid phase amplification reaction. The prepared 
library (from DNA or RNA starting material) is loaded onto a flow cell, wherein 
primers complementary to the library adaptors are attached to the surface at high 
density but with adequate spatial separation between tethered primers. The 
adapter-ligated DNA strands hybridize with the attached primer strands and the 
clustering step takes place. One DNA fragment can form a bridge between two 
primers and after several rounds of amplification, a “cluster” of clonal DNA 
forward and reverse strands is formed in situ (Figure 10) [317, 318]. At the end of 
clonal amplification, reverse strands are cleaved and washed away, leaving only 
forward strands. At this point, the sequencing step commences (Figure 11).  

Fluorescently tagged nucleotides and enzymes are added to the flow cell. The 
nucleotides carry a reversible terminator that ensures that only one base is added  

Figure 10: Cluster generation on the Illumina flow cell.  
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Figure 11: The Illumina sequencing reaction and imaging. Clusters of clonal DNA strands are sequenced by adding 
fluorescently labeled reversible terminator nucleotides in cycles. For every cycle, the clusters are visualized as a spot 
of color corresponding to the last added base. 

for each round, but which can be cleaved to allow subsequent addition of more 
bases. Thus, the template DNA is copied, one base at a time, and for every added 
base, the clusters are photographed, recording the color of that base. 

Paired-end sequencing means that the template DNA is sequenced from both ends, 
resulting in two short sequences of customizable size, for example 100 bp, which 
may overlap or may be separated by the length of the remaining DNA fragment. 
This allows for easier alignment and better detection of rearrangements and indels 
[319], and was utilized in all four studies.  

Illumina has launched several machines utilizing their solid-phase, sequencing-by-
synthesis method, including both benchtop and production-scale sequencers. In 
our studies, sequencing was performed using HiSeq 2000 (studies I and II) and for 
the SCAN-B patients (study III and IV), either HiSeq 2000 or NextSeq 500 were 
used.  
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Analysis of sequencing data 

“As was predicted at the beginning of the Human Genome Project, getting 
the sequence will be the easy part as only technical issues are involved. 
The hard part will be finding out what it means, because this poses 
intellectual problems of how to understand the participation of the genes in 
the functions of living cells.” 

Sydney Brenner in “Loose End” (1995) [320] 

The human genome contains more than 3 billion basepairs. Adding that massively 
parallel sequencing usually sequences the genome multiple times, it quickly 
generates massive amounts of data that requires extensive computational resources 
and bioinformatic processing. The greater the “sequencing depth” or “coverage” 
the higher the confidence with which variations from the normal sequence can be 
called. Greater coverage can also increase the capture subclonal variations within a 
population of cells.  

In principle, RNA- and DNA-seq data involve similar analysis steps to yield 
interpretable information, but different bioinformatic tools may be required. Given 
equal library input, RNA-seq enables higher coverage for transcribed exonic 
sequences compared to DNA sequencing, but instead poses challenges due to 
RNA processing such as alternative splicing and RNA editing and thus requires 
additional data analysis steps. The RNA-seq bioinformatic analysis for studies III 
and IV followed the SCAN-B analysis protocol [295, 321]. The principal steps for 
analysis of sequencing data are described below.  

Read alignment 
The sequencing reaction yields millions of sequence fragments for each sample 
and in the first step the sequence fragments are aligned to a reference genome, 
containing both a consensus sequence for all human chromosomes and some 
alternative version sequences that are found in subpopulations, referred to as 
“decoys”, since they prevent faulty alignment of reads [322]. The bioinformatic 
tool Novoalign (Novocraft Technologies) was used for alignment of whole 
genome sequence reads to reference genome GRCh37; SNP patched; with decoy 
sequences in studies I-II. For the RNA-seq studies III-IV, HISAT2 2.0.5 [323] was 
used for RNA-seq alignment to reference genome GRCh38.p8 (including 
alternative sequences and decoys), patched with dbSNP Build 147 common SNPs 
and the GENCODE 25 transcriptome model. Once processed, the sequencing 
reads from each sample is assembled in a binary alignment map/format (BAM) 
file, which holds the information of their position relative to the reference genome. 
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Tagging duplicate reads 
Duplicate reads, for example from PCR amplification steps, are a common 
occurrence in sequencing data and may lead to over-representation of some 
fragments, and consequently biases downstream analyses such as copy number 
variation calling. With whole genome input, true identical duplicates are 
statistically unlikely to occur by chance, and are therefore most often attributed to 
technical causes, most importantly PCR amplification. Therefore, analysis 
software is employed to flag identical reads as duplicates so that they can be 
disregarded in the following analyses. In studies I-II, this was done with the tool 
Picard v 1.66 [324]. However, with less complex library input, such as whole 
mRNA, the likelihood for “natural” duplicate reads increases, and removing them 
may reduce analysis sensitivity and skew estimates of gene expression levels 
[325]. Consequently, while the SCAN-B analysis pipeline does mark duplicates, 
they are not removed in the subsequent gene expression analysis (study IV). 
Mutation detection using RNA-seq data requires a different analysis strategy and 
in study III, duplicate reads were marked using SAMBLASTER 0.1.24 [326] and 
removed in the downstream analyses. 

Detection and comparison of structural variants 
SVs can be identified by in silico analysis of the BAM file, by identifying 
discordant reads and split reads. Paired-end sequencing results in two short reads 
that are overlapping or separated by an unsequenced fragment of a length that 
should roughly correspond to the average library fragment size, minus the length 
of the reads. Discordant reads either have an unexpected 5’ to 3’ orientation 
relative one another, or they span an unexpected distance or even map to separate 
chromosomes. Deletions and amplifications will result in a regional increase or 
decrease in number of reads whereas aberrant directionality of the reads may be 
informative of inversion events. Paired reads that each map to a different 
chromosome are indicative of a chromosomal translocation. Ideally, the 
breakpoints of a rearrangement are covered by split reads – i.e., the exact sequence 
of the rearrangement breakpoint is known – but with a low coverage approach, this 
is not always the case, and the breakpoint is instead estimated computationally 
from the available sequencing data.  

For calling of variants in tumors, it is optimal if there is a patient-matched normal 
control against which the tumor sequences can be compared, to avoid calling 
germline variants. This is far from always possible since normal tissue frequently 
is unavailable, and therefore some software allows for calling of SVs without 
matched controls. FREEC [327], for instance, can instead use internal sample 
markers for CNV characterization. In studies I-II we had available normal, non-
tumor DNA from a subset of the patients as well as from some un-related, healthy 
individuals, and we used these samples to create a pooled normal control. FREEC 
was used for CNV analysis and BreakDancer [328] for SV calling.  
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In the comparison of SVs between paired tumors in studies I-II, overlap of 
rearrangements were evaluated using BedTools v2.18 and rearrangements were 
considered shared (present in both tumors) if one predicted breakpoint fell within 
500 bases of a breakpoint in the other tumor. Through this process, rearrangements 
were defined as specific to either tumor 1 or tumor 2 or shared between them, 
enabling the calculation of percentage similarity. The shared percentage for one 
tumor in a pair was calculated:  

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠ℎ𝑎𝑟𝑒𝑑 𝑆𝑉𝑠 𝑖𝑛 𝑇1 =  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑉𝑠 𝑖𝑛 𝑇1 𝑡ℎ𝑎𝑡 𝑎𝑟𝑒 𝑎𝑙𝑠𝑜 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑇2 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑉𝑠 𝑖𝑛 𝑇1  
Where T1 denotes tumor 1 and T2, the paired tumor (tumor 2). In study II, the 
total shared percentage for both tumors was used:  

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠ℎ𝑎𝑟𝑒𝑑 𝑆𝑉𝑠 =  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠ℎ𝑎𝑟𝑒𝑑 𝑆𝑉𝑠 𝑖𝑛 𝑇1 𝑎𝑛𝑑 𝑇2 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑉𝑠 𝑖𝑛 𝑇1 𝑎𝑛𝑑 𝑇2  
Copy number states are detected as an increase or decrease of the number of 
sequencing reads covering that region and assigned as either gains or losses. The 
degree of similarity between two tumors can thus be calculated by assessing the 
number and length of the regions with altered copy number that are present in both 
samples. 

RNA-seq for characterizing mutations and gene expression patterns 
RNA-seq has supplanted the previously dominating technologies, microarrays, 
which was a popular option when exploring gene expression patterns in tissues. 
There are of course limitations to RNA-seq analysis, particularly for mutation 
detection. The analysis for sequence variants in RNA is limited to transcribed 
genes and is likely to miss e.g. alterations in tumor suppressor genes and variants 
that result in nonsense-mediated decay of the transcripts. The reverse transcription 
of RNA to complementary DNA can also introduce artifacts and cellular RNA 
editing may give rise to variants that are not present in the genome. Meanwhile, 
the advantages with RNA-seq are that it has superior dynamic range, does not rely 
on probes for detection of transcripts [329] and allows de novo characterization of 
RNA sequences, including fusion transcripts, RNA-editing, alternative splice 
variants, indels, and SNVs [330].  

In study III, RNA-seq data is used to identify mutations as described by Brueffer 
et al [234]. Variants were detected using VarDict-Java [331] and were annotated 
using vcfanno 0.3.1 [332] with several resources, including RNA-editing 
databases [333-336], clinically relevant variant databases [337-342] and normal 
variants [343, 344], including an in-house constructed 10-sample collection of 
tumor-adjacent normal tissue run through the SCAN-B pipeline. Variant effects 
were predicted using SnpEff 4.3.1r [345]. 
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Importantly, a series of filters were then applied to reduce noise and enhance 
detection of clinically relevant variants. We applied negative filters for low 
complexity regions, SNP status and RNA editing, and positive filters to rescue any 
variants present in databases for clinically relevant mutations. For the purposes of 
the study, we interrogated the set of mutations for 13 ESR1 mutations 
experimentally verified to induce increased ER activity in the absence of ER 
ligands and/or presence of anti-hormonal compounds [86, 87, 200, 204, 206, 346-
351].  

RNA-seq gene expression  
For gene expression analysis, the read count aligned to each gene must first be 
converted to a value relative to the total number of reads of the sample and the 
length of each gene. For single-end sequencing, each read represents one 
sequenced fragment, whereas paired-end sequencing results in two reads per 
fragment, which is taken into account when calculating the gene expression 
values. This results in measures called FPKM (paired-end sequencing) or RPKM 
(single-end sequencing), abbreviations for Fragments/Reads Per Kilobase of exon 
per Million mapped reads [352]. The values are calculated by dividing the number 
of reads for a gene with the total read depth of the sample and then normalizing it 
to the length of the gene. 

𝐹𝑃𝐾𝑀 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠 𝑚𝑎𝑝𝑝𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑐𝑟𝑖𝑝𝑡𝑇𝑟𝑎𝑛𝑠𝑐𝑟𝑖𝑝𝑡 𝑙𝑒𝑛𝑔𝑡ℎ (𝑘𝑖𝑙𝑜𝑏𝑎𝑠𝑒𝑠) ∗ 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠 ∗ 10  
TPM (transcripts per million) values are calculated by first normalizing reads to 
transcript length, generating the reads per kilobase of transcript (RPK) value. The 
RPK of the gene is then normalized using the sum of all RPK values for the 
sample, yielding the TPM, which will have a constant average across samples, 
improving comparability of gene expression, although it does not take into account 
global shifts in RNA quantity between populations of cells [353, 354].  

𝑅𝑃𝐾 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠 𝑚𝑎𝑝𝑝𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑐𝑟𝑖𝑝𝑡𝑇𝑟𝑎𝑛𝑠𝑐𝑟𝑖𝑝𝑡 𝑙𝑒𝑛𝑔𝑡ℎ (𝑘𝑖𝑙𝑜𝑏𝑎𝑠𝑒𝑠)  
𝑇𝑃𝑀 = 𝑅𝑃𝐾𝑆𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑅𝑃𝐾 𝑣𝑎𝑙𝑢𝑒𝑠 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 ∗ 10  

To generate TPM values in study IV, the software Cufflinks was used [355, 356]. 
The TPM values were log2 transformed (after addition of 0.1 to each value since 
log2(0) is not defined) to reflect the fold-change of the transcript abundance.   

Differential gene expression analysis considers differences in gene mRNA levels 
between samples to find genes that are co-expressed or under-expressed together 
with a factor of interest. There are different statistical methods to achieve this end. 
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In study IV, we used the voom function from the limma package [357] to 
normalize and log-transform the TPM values. We fitted linear regression models 
and mean variance was calculated using the empirical Bayes method, computing 
the differential gene expression statistics. Furthermore, genes were grouped 
according to their biological function to analyze which pathways are regulated in 
ESR2 high and low contexts. This was achieved using the fgsea package [358]. 

Statistical analysis 

“The main purpose of a significance test is to inhibit the natural 
enthusiasm of the investigator.” 

Frederick Mosteller in Selected Quantitative Techniques (1954) [359] 

Two-group comparisons and statistical significance 
In two-group hypothesis testing, the structure of the data guides the choice of the 
type of statistical test. Data that conforms to normal distribution can be tested 
using parametric tests (such as Student’s t-test or Chi-squared test), whereas data 
that does not follow the normal distribution are tested using a non-parametric test 
(such as Mann-Whitney U-test or Fisher’s exact test) [360]. The test evaluates the 
probability (p) that any observed difference between the groups should arise by 
chance. 

A p-value of 0.05 is commonly used as an upper limit for statistical significance, 
however, the measure is continuous. The p-value should be interpreted from the 
general context; p-value of <0.05 is not necessarily statistical proof that the null 
hypothesis can be rejected [361]. Additionally, when a large number of tests is 
being performed, the likelihood of encountering a “significant” p-value increases, 
and it should thus be subject to correction for multiple hypothesis testing.  

The confidence interval (CI) describes the range of possible values for the variable 
of interest with a certain precision, e.g., 95%, analogous to a p-value of 0.05. The 
confidence interval is one way of addressing the risk for sampling error [362]. 
Often both p-value and CI are presented since they complement each other [360]. 

Survival analysis 
Survival analysis is a branch of statistics dedicated to analyzing the time from 
diagnosis to death or another clinically relevant endpoint, like progression or 
relapse in cancer. The endpoints for survival analysis in cancer research have been 
defined and summarized by the Definition for the Assessment of Time-to-event 
Endpoints in CANcer trials (DATECAN) initiative [363]. In study III, overall 
survival (OS) and relapse-free survival (RFS) were utilized as endpoints. OS 
events are defined as death from any cause, whereas an RFS event signifies that a 
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patient has either suffered a local or distant tumor relapse, or died. In study IV, we 
utilized the relapse-free interval (RFI) rather than RFS for better comparison with 
our validation dataset. The endpoint for RFI was defined as locoregional or distant 
relapse.  

Kaplan-Meier (KM) analysis allows for analysis of time to event for patients with 
different start dates by setting the start point, or in this case the date of diagnosis, 
to day zero. Then the time to event or until last follow-up can be readily compared 
between patients. A KM-plot shows the fraction of patients in each group that 
were exempt from suffering an event (survivors) plotted over time on the x axis. 
Unless an event has occurred at the time of the last follow-up a patient is excluded 
from the group – censored – from the plot going forward. Curves that diverge may 
signify that the stratification factor may have prognostic significance [364]. The 
statistical relevance of such a difference is most commonly investigated using the 
logrank test [365]. 

Further analysis and quantification of the effect on survival can be performed by 
calculating the hazard ratio (HR) using Cox regression, which also allows for 
multivariable analysis, where possible confounders can be incorporated into the 
analysis. The HR value represents the risk increase over time for one group 
compared to a reference group [366]. 

Cox regression works on the assumption of proportional hazards, i.e. that the 
factors separating the groups have a multiplicative impact on outcome and do not 
change over time. Non-proportionality can for example be suspected if the 
survival curves cross. Since the assumption is fundamental to the Cox regression it 
is important to test data for non-proportionality. In study III and IV, the 
proportional hazards assumption was tested using the Schoenfeld residuals method 
[367]. 
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Results and Discussion 

“…We are approaching an era in which treatment decisions will be based 
on tumour molecular abnormality profile or “signature,” rather than 
tumour tissue type or anatomical site of origin, improving patient 
prognosis and quality of life.” 

Sarah D Jackson and John D Chester [368] 

In the first part of the thesis (studies I and II), chromosomal rearrangements are 
identified in paired tumors from breast cancer patients and used to characterize the 
clonal relationship between primary and metastasis or contralateral tumors. Study 
III is dedicated to identifying and describing mutations in ERα in 3217 primary 
invasive breast tumors and their associations to patient outcome. In study IV, we 
have characterized mRNA expression patterns of ERβ in primary breast cancer.  

Study I  
In study I, our aim was to identify genomic structural variants in paired primary 
breast tumors and matched distant metastases and determine the level of similarity 
between them. We performed low-coverage (range 7.5-14.9x sequence coverage) 
whole genome sequencing of tumor DNA for eleven patients with matched 
primary tumor and metastasis tissue samples available. We found a median of 85 
(range 18-404) rearrangements per tumor, with slightly fewer in the primary 
tumors (median: 82; range 26-310) compared to metastases (median: 87; range 18-
404). In any given tumor there was a high concordance with the paired sample 
(median: 89%, range 61%-100%), compared to 3% between randomly matched 
tumor pairs. In 9 out of 11 patients, there was a net gain of rearrangements in the 
metastasis compared to the primary tumor. The paired tumors were less similar 
regarding copy number aberrations, with only 16-43% shared events, compared to 
5-28% in the randomly matched tumor pairs.  

Apart from a net gain in rearrangements in the metastases, we also found that in 
some patients, there was enrichment of subsets of rearrangements, perhaps 
indicating clonal expansion of a subpopulation containing those rearrangements. 
Rearrangement patterns varied, with some tumor pairs exhibiting variants that 
were spread across the entire genome and others that mainly had focal clusters 
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limited to a chromosome or chromosome arm, reminiscent of the pattern described 
for chromothripsis.  

Comparison of randomly generated tumor pairs showed rearrangement match 
between tumors of 0-36% and although 36% is an outlier value, it shows that some 
degree of similarity in the background must be expected. One possible explanation 
for this is germline- or population-specific rearrangements – indeed, in our PCR 
validation we found that some of the rearrangements in tumor DNA were also 
detectable in matched normal DNA or pooled DNA from six unrelated control 
persons (8/62 rearrangements). Although this could be a source for overestimation 
of the percentage of shared rearrangements, our validation also showed that 10 out 
of 51 rearrangements (20%) that were predicted to be specific to either the primary 
tumor or the metastasis was detectable by PCR in both tumors, indicating that, in 
total, the shared percentage may still be slightly underestimated. 

We found that, in general, primary and metastasis pairs are very similar with 
regard to genomic rearrangements, with more than half of the events in one tumor 
also to be found in the other. Shared genomic rearrangements can be a strong 
indicator of a shared clonal origin. Moreover, the absence of identical events does 
not completely exclude the possibility of clonality, especially if the total number 
of rearrangements is low. From our data, it appears that most rearrangements are 
early events in the process of tumor evolution and likely present in a large fraction 
of the tumor cell population. In contrast to point mutations, which also show 
extensive intratumoral heterogeneity [71], rearrangements are more readily 
detectable with a lower-coverage approach which is increasingly feasible as 
sequencing costs continue to drop. This could also make rearrangements attractive 
targets for creating personalized assays for tracking minimal residual disease. 

Study II 

Contralateral breast cancer (CBC), defined as when a patient previously diagnosed 
with breast cancer, suffers a second tumor in the opposite, healthy breast, is 
clinically treated as a new primary tumor unless there is specific suspicion of 
metastasis. In study II, we investigated a collection of 10 paired breast tumors 
from patients with CBC. We performed low coverage (sequence coverage 1.8-
11.2x), whole genome sequencing and analyzed the sequencing data for structural 
variants and copy number aberrations. We found that rearrangements were readily 
detectable in both first (BC1) and second (BC2) tumors and that most pairs of 
contralateral tumors had a low percentage of shared rearrangements (6-15%), 
consistent with the tumors being independent primary disease. Three of the pairs 
showed a higher degree of shared events with 39%, 46% and 75%. Our previous 
characterization of primary tumors and paired metastases (Study I) had revealed 
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similarities greater than 50% between clonally related tumors and thus we could 
conclude that at least one contralateral tumor (with 75% shared events) certainly 
represented a spread of the first tumor, with two other tumors that were 
ambiguous.  

Although the number of patients in this study was low, the finding that at least one 
patient in ten had a metastasis that was clinically interpreted as a new primary 
tumor is significant. The findings of our study has since been confirmed by other 
authors using exome sequencing and identifying concordant mutational profiles in 
3 out of 25 contralateral tumor pairs [369]. Although more studies must be 
undertaken before any general conclusion can be made, the results suggest that 
about one in ten cases of contralateral disease may in fact represent metastatic 
spread. If no in situ component can be found in the second tumor, then it may be 
relevant to expand the analysis to incorporate markers that will allow the clonal 
origin of the new tumor to be defined with more certainty. 

Study III 

As previously discussed, mutations in ESR1, have been identified as an acquired 
mechanism of resistance to endocrine therapy (ET) [86, 87, 200, 204]. This group 
of mutations, mostly comprised of SNVs, have the potential to render the tumors 
unresponsive to treatment with pharmaceutical compounds that would normally 
repress ER function in cancer cells. ERα-activating variants have almost 
exclusively been found in metastatic or treatment-refractory breast cancer, 
although studies incorporating primary tumors report occurrence in 0-7% [86, 87, 
370, 371]. 

We looked for the presence of known activating mutations, previously 
characterized to induce constitutive ERα activation in in vitro and ex vivo studies. 
We analyzed RNA-seq data from 3217 SCAN-B patients with invasive tumors, 
diagnosed in the years 2010-2015. We identified ESR1 resistance mutations in 30 
out of 3217 cases (0.9%) in the full cohort, and out of the 2720 ER-positive 
tumors, 29 cases (1,1%) were ESR1 mutated. For two of the ESR1 mutant tumors 
we also acquired tissue or cytological samples from relapse material and ddPCR 
analysis revealed that the resistance mutations were still present in these lesions.  

In ET-treated disease, presence of ESR1 mutation was significantly associated to 
poor relapse-free and overall survival (p=0.0006 and p=0.008, respectively), with 
hazard ratios of 3.00 and 2.51, respectively, which remained significant when 
adjusted for other prognostic factors.  

This is, to our knowledge, the single largest study of ESR1 resistance mutations in 
primary tumors, and the first to show that these mutations, already existing at 
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diagnosis and prior to treatment, are associated to a poor outcome in the cohort 
receiving ET. Given the small number of mutant tumors we could not stratify 
based on specific mutations, but other authors have demonstrated that the 
mutations may have diverse characteristics, both in regard to downstream 
transcriptional activity [372, 373] and pharmacodynamic profiles [206]. The most 
common mutation was E380Q (10 patients), which has a modest effect on ERα 
activity in vitro, and indeed, only one out of ten patients carrying this mutation had 
a death or relapse event.  

If our results can be replicated, it could be considered highly relevant to screen for 
ESR1 mutations already at diagnosis, since novel endocrine therapies that are more 
effective against the mutant tumors are in development [209, 210].  

Study IV 

ERβ is a receptor for estrogen, which can form both homodimers and heterodimers 
with ERα, resulting in transcriptional regulation of a distinct subset of target genes 
[161]. There are indications that ERβ is associated with better prognosis, 
attenuating the growth-promoting signaling by ERα, but previous studies have 
yielded conflicting results and protein detection has been a challenge due to the 
lack of well validated antibodies [170, 179]. 

We studied ESR2 mRNA detected through RNA-seq in the SCAN-B sub-cohort 
(study III, reduced to 3207 samples due to additional quality controls) and its 
relation to the expression of other genes as well as impact on patient survival. 
ESR2 mRNA was expressed at low levels, with one third of tumors ESR2-
negative, and transcription levels were highest in the Normal-like, Basal-like and 
HER2-enriched PAM50 subtypes. We found that there was a small, but significant 
association with OS in the full cohort (p=0.006, logrank test) as well as the ET-
treated (p=0.03, logrank test) and TNBC (p=0.01, logrank test) subgroups, with a 
better outcome in the tertile with highest ESR2 expression. Our multivariable 
analysis, incorporating age, tumor size, lymph node status and grade showed that 
the effect on overall survival was independent of these co-variates for the whole 
group and for the TNBC group, but not the ET-treated patients. We also analyzed 
relapse-free interval (RFI) but could find no significant association of ESR2 
expression with this endpoint.  

Furthermore, we set out to validate the findings using RNA-seq data from the 
TCGA primary breast tumors and found that there was a similar trend for the 
entire cohort (p=0.1, logrank test), and ET group (p=0.1, logrank test), but not for 
TNBC. Additionally, we found that high ESR2 expression was associated with 
better outcome for ERα-negative and HER2-positive tumors in TCGA, both with 
regard to RFI and OS (p=0.02 and p=0.03 respectively, logrank test). 
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We performed differential gene expression analysis of ESR2-high versus ESR2-
low tumors in SCAN-B ERα positive and negative subgroups, which revealed that 
high ESR2 expression was associated with transcription of genes involved in 
immune activation, regardless of ERα status, and this could provide a rationale for 
the association to outcome.  

In summary, we showed that ESR2 is expressed at low levels in primary breast 
tumors, but that higher expression is associated to improved survival. Our results 
are in line with the hypothesis that ERβ possesses tumor suppressor properties and 
is down-regulated during tumor development. Methods relying on tissue mRNA 
quantification such as qPCR and RNA-seq have a different set of challenges to 
antibody-based assays, including the inability to discriminate between tumor cell 
expression and stromal expression as well as the technical challenges introduced 
by template amplification and RNA editing. Nevertheless, with the contradictory 
evidence derived from antibody-based assays, mRNA quantification may 
contribute valuable information to characterize the role of ERβ in breast cancer.  
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Conclusions 

• Chromosomal rearrangements are relatively stable throughout the 
evolution of a tumor and can be identified through low coverage (10x) 
whole-genome sequencing and subsequently detected with PCR assays 
tailored to the tumor. Thus, they could serve as personalized biomarkers 
for investigating tumor clonality and tracking disease progression. 

 

• Contralateral tumors may represent a metastatic spread and it would be 
relevant to expand current clinical diagnostics to more definitively 
ascertain the clonal origin of a second tumor and treat contralateral spread 
appropriately. 

 

• Genomic endocrine therapy resistance mutations in ESR1 occur in around 
1% of ER-positive primary tumors. They are associated to poor prognosis, 
and screening for these variants may help clinicians to identify patients 
that will not benefit from standard endocrine therapies.  

 

• Expression levels of ESR2 are generally low in breast cancer, but higher 
expression is associated to improved outcomes and increased gene 
expression signatures of immune cell activity. 
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Concluding remarks 

“… Humans need to keep exploring the world around us through open-
ended scientific research. The wonders of penicillin would never have 
been discovered had Alexander Fleming not been conducting simple 
experiments with Staphylococci bacteria. Recombinant DNA research—
the foundation for modern molecular biology—became possible only with 
the isolation of DNA-cutting and DNA-copying enzymes from gut- and 
heat-loving bacteria. Rapid DNA sequencing required experiments on the 
remarkable properties of bacteria from hot springs. And my colleagues and 
I would never have created a powerful gene-editing tool if we hadn’t 
tackled the much more fundamental question of how bacteria fight off 
viral infections.” 

Jennifer A. Doudna in A Crack in Creation: Gene Editing and the 
Unthinkable Power to Control Evolution (2017) 

By applying state-of-the-art technologies and bioinformatic techniques, we have 
described diverse genomic and transcriptomic changes that may serve to shed light 
on tumor biology and potentially be used for refined diagnostics and monitoring of 
disease progression. Since our work on genomic rearrangements in breast tumors 
was first published, the mechanisms behind large genomic damage events have 
been further elaborated upon. As discussed in the introduction, we now know 
more about the different rearrangement profiles that may be found in tumor cells 
and the putative mechanisms behind them. By characterizing patterns of DNA 
damage, it could become possible to identify tumors that are susceptible to 
different types of therapies, analogous to the synthetic lethality caused by PARP 
inhibitors in BRCA-mutated tumors. We showed in our work that the majority of 
rearrangements in clonal tumors are early events in the development of the tumor 
and rearrangements may serve as relatively stable biomarkers for sensitive 
detection of minimal residual disease in circulating tumor DNA from patient blood 
plasma [301].  

Targeted therapies in cancer medicine often have a limited effect, sometimes only 
extending the median time to progression by a few months, and development of 
resistance is a frequent problem. This means that there is frequently hesitation 
about adopting new treatments into clinical practice; the benefit for the patient 
must be weighed against economical cost and the risk for adverse events. On the 
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other hand, each new cancer drug is another tool in the arsenal against tumor 
progression. In the future, sequence analysis may assist in stratifying patients to 
inform therapy decisions and increase our understanding of the dynamics of 
resistance development. That the SCAN-B project has RNA-sequenced, in real-
time, more than 11,000 tumors to date demonstrates the feasibility of 
implementing sequencing technologies in clinical diagnostic routines. Gene 
expression analysis for select cases, as well as mutational analysis for certain 
cancers are already a clinical reality.  

Genomics and transcriptomics have the potential to contribute both to general 
prognostics and to identifying tumor- and patient-specific drivers that could be 
targeted with pharmacological intervention. RNA-seq offers the dual opportunity 
of both performing gene expression profiling and identifying coding genomic 
changes, as we have shown in this and related works [234], which is beneficial in 
breast cancer, where both are of clinical interest. Whole genome- and/or 
transcriptome profiling is not yet widely utilized in the clinical setting. The work 
performed in this thesis and by others will hopefully contribute to elucidating 
which analyses could be valuable for precision medicine in cancer care.  However, 
sequencing data requires specialized expertise for bioinformatic analysis and 
interpretation that is not available at all clinical centers. For the implementation of 
these techniques, standardized laboratory and bioinformatic protocols need to be 
developed that can produce easily interpretable data that is generalizable across 
countries and clinics. 

As a final note, I would like to argue for the importance of continued 
advancements in our understanding of fundamental biology. Clinical research and 
translational research, wherein clinicians and scientist cooperate to bring 
biological knowledge into the clinic and vice versa, are essential for developing 
future practices in medicine. Basic research is at the other end of the spectrum, 
investigating the molecular and biological processes that govern the fate of cells, 
but is just as vital for medical research as a whole, particularly for generating 
sound hypotheses and developing novel techniques. Many important discoveries 
begin with the simple curiosity for the mechanisms of life, and although the 
clinical utility of a line of research may not be immediately apparent, sometimes 
the most clinically removed discoveries can have profound medical implications.  
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