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Abstract 

Breast cancer is a disease dominated by copy number alterations, but only HER2 copy 

number assessment analyzed by fluorescence in situ hybridization (FISH) is today included in 

the guidelines for breast cancer diagnostics. The anticipated inclusion of copy number 

estimation for additional DNA segments would be time consuming and cumbersome if 

analyzed with FISH. The development of Next Generation Sequencing (NGS) has opened the 

possibility of copy number assessment in multiple regions by targeted sequencing. 

Introduction of a panel aiming at detecting copy number alterations in breast cancer would 

need validation. We employed FISH analysis and designed and validated 17 bacterial 

artificial chromosomes (BAC) probes for selected chromosomal regions which are often 

subject to copy number alterations in breast cancer. Copy number analysis performed on 

formalin-fixes paraffin-embedded (FFPE) samples are subject to potential loss of 

chromosomal material due to sectioning artifacts. NGS uses bulk tumor samples and does not 

suffer from this effect. We therefore wanted to see if there is a systematic relationship in copy 

number difference between estimates using FFPE (i.e. sectioned cells) and estimates using 

whole cell imprints to identify a possible adjusting factor. Linear regression generated 

coefficients of large variation for the cell lines. We performed FISH analysis with the 17 

probes on both imprints and FFPE sections of the breast cancer cell lines HCC1954 and 

HCC2218 and found that there were in general lower copy number estimates from FFPE 

sections. The average difference was about one copy number for the most heterogeneous cell 

line and somewhat less for the other, but there were large variations between the different 

regions in both cell lines so no specific adjusting factor was found. We then used the same 

validated probes in FISH analysis of FFPE tumor samples from 12 patients diagnosed with 

breast cancer and compared the copy number estimates with NGS estimates for the same 

regions. The copy number estimates by NGS largely aligned with estimates by FISH, but 

with certain notable discrepancies, reflecting the NGS test still being in a state of 

development. Further validation of the NGS test against the current gold standard for copy 

number assessment, FISH, combined with improved data analysis, is a crucial step preceding 

implementation in routine diagnostics. 
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Sammendrag 
Brystkreft er en sykdom som er dominert av kopitallsendringer, men i tråd med dagens 

retningslinjer for brystkreftdiagnostikk utføres kun HER2 kopitallsanalyse ved FISH. En 

utvidelse av disse retningslinjene til å inkludere flere DNA områder vil være tidkrevende med 

FISH analyse, men utviklingen av NGS og forestående introduksjon i diagnostikken vil 

muliggjøre kopitallsestimering ved målrettet sekvensering av en rekke områder i DNA. Før 

implementering av en slik test i diagnsotikken må den valideres opp mot FISH som er dagens 

gullstandard for kopitallanalyse. Vi designet og validerte 17 BAC prober med FISH for 

utvalgte kromosomale regioner som ofte er utsatt for kopitallsendringer i brystkreft. Ved 

analyse av kopitallsendringer på FFPE materiale er det risiko for tap av DNA materiale 

grunnet snitting av blokken. NGS bruker biter av hel tumor og er ikke utsatt for et slikt tap av 

materiale. Vi ønsket derfor å se om det finnes et systematisk forhold mellom 

kopitallsestimater for snittet FFPE materiale og hele celler, såkalte imprints og mulighet for 

beregning av en kompensasjonsfaktor. Vi utførte FISH analyse med de 17 validerte probene 

på imprints og FFPE av de to brystkreftcellelinjene HCC1954 og HCC2218 og fant at det 

generelt er lavere kopitall i FFPE celler. I gjennomsnitt utgjorde denne forskjellen omtrent 1 

kopitall for den mest heterogene av cellelinjene og noe mindre for den andre, men det var stor 

variasjon mellom regionene i begge cellelinjer, slik at en systematisk forskjell mellom 

imprints og FFPE ikke ble funnet. Vi utførte deretter FISH analyse på tumorprøver fra 12 

pasienter som var diagnostisert med brystkreft og sammenlignet kopitallsestimatene med 

estimater av kopitall etter NGS. Vi fant at kopitallsestimatene fra NGS i stor grad stemte 

overens med etimater fra FISH analyse, men med noen påfallende unntak som kan forklares 

med at NGS analysen for kopitallsestimering fortsatt er under utvikling. Videre validering av 

NGS analysen for kopitallsestimering, samt videreutvikling av dataanalysepakken er 

avgjørende neste steg før implementering i dignostikken. 
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1. Introduction 

1.1 Epidemiology 

Breast cancer is the second most prevalent type of cancer worldwide, after lung cancer, with 

approximately 1,67 million new cases in 2012 (1). This represents 25% of all female cancers, 

excluding non-melanoma skin cancer. The incidence of breast cancer varies four-fold 

worldwide and with a higher incidence in high-income countries like Northern America, 

Australia and Western and Northern Europe and lower in Middle Africa and Eastern Asia. 

Rising incidence rates in Asia and sub-Sahara Africa suggest the importance of 

environmental factors such as diet, age at parity and reproduction pattern (2). In Norway, the 

incidence of breast cancer has almost doubled since 1965, and there were 3371 new cases of 

female breast cancer and 31 cases of male breast cancer in 2016 (3). The number of cases 

increased in the late 90’s following the implementation of the mammographic screening 

program which inflated the incidence rate because cancers were being diagnosed one to three 

years earlier than they would have been in the absence of screening and possibly also due to 

detection of slow-growing tumors. Some of the historic increase in incidence rate also reflects 

changes in reproductive patterns involving known risk factors. Earlier diagnosis and 

improvements in treatment have seen the relative survival rate improve from approximately 

70% in the 1970’s to almost 90% today as illustrated in Figure 1.  

 

 

Figure 1: Incidence (red line), mortality rates (pink line), 5-year relative survival (brown) (3). 
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1.2 Risk factors line 

There are several well known risk factors for developing breast cancer. Early menarche, late 

menopause, low parity, high age at first pregnancy, and short menstrual cycles are all factors 

which increases estrogen exposure to the mammary epithelium (4-7). Additional risk factors 

are high age, high alcohol consumption, night shift work (8, 9) and prolonged intake of 

estrogen supplements. Obesity is a risk factor in postmenopausal women (10, 11).  The 

amount of mammographically dense tissue in the breast differs among women and because of 

differences in the relative amount of glandular and connective tissue.  Women with dense 

tissue comprising  >75% of the breast have a 4 to 5 times increased risk of breast cancer 

compared to women with less or no dense breast tissue (12). Inherited factors are the cause of 

5-10% of breast cancer cases with mutations in high-penetrance genes BRCA1 and BRCA2 

being the most prevalent. BRCA1/2 are involved in homologous DNA repair after double-

strand breaks, transcriptional regulation, chromatin remodelling and cell cycle control (13). 

Carriers of pathogenic variants of BRCA1 have a 55-65% risk of breast cancer and 39% risk 

of ovarian cancer by the age of 70. For carriers of pathogenic BRCA2 variants the risk of 

breast cancer is 45-47% and ovarian cancer is 11-17%. (Meta-analysis of BRCA1 and 

BRCA2 penetrance (14). Pathogenic BRCA1 variants are associated with early onset 

estrogen receptor (ER)-negative, progesterone receptor (PR)-negative, human epidermal 

growth factor receptor 2 receptor (HER2)-negative, (so called triple-negative), breast cancer 

which is more aggressive in nature.    

Other high-penetrance genetic factors include mutations in TP53 (Li-Fraumeni syndrome) 

(15, 16), PTEN (Cowden syndrome) (17), CDH1 (Hereditary diffuse gastric cancer 

syndrome) (18), and STK11 (Peutz-Jeghers syndrome) (19, 20). Mutations in these genes 

comprise a small percentage of the total number of breast cancer cases, but carriers have a 

significantly increased lifetime risk of developing breast cancer, as well as certain other types 

of cancer (14). 

 

1.3 Biology of the breast 

The female breast, depicted in Figure 2A, contains, in addition to adipose and fibrous 

connective tissue, branching ducts which connect 15-20 lobes, each comprised of 20-40 

terminal ductal lobular units (TDLU). The TDLU forms 10-100 sac-like acinii which produce 

the milk. The milk is emptied into ducts which converge in the nipple. The epithelium 
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throughout the TDLU is bilayered with an outer (basal) myoepithelial cell layer surrounding 

an inner (luminal) epithelial cell layer, as shown in Figure 2B.   

 

                       

Figure 2: A: Anatomy of the female breast (21). B: Organization of cells in the TDLU. Blue cells depict luminal 

cells, green cells are myoepithelial cells resting on the basal lamina (22). 

 

The cells in the luminal and basal layer are thought to arise from the same mammary stem 

cell residing in the basal compartment of the ducts. Cells in these layers have 

immunohistochemical profiles with distinct expression of cytokeratins and other specific 

markers (23). 

The TDLU are the functional units of the breast. At puberty, the rising levels of estrogen and 

progesterone initiates growth and differentiation of the ductal structures. Full maturation of 

the TDLU occurs during pregnancy and lactation.  

  

1.4 Tumorigenesis 

Every multicellular organism relies on each cell to function as a coordinated unit with tight 

control over signaling, proliferation, apoptosis and function. When damage to the DNA 

allows a cell to bypass these control mechanism, the generation of a cell proliferating on the 

expense of its host can occur. Cancer is in the simplest of terms a genetic disease, but even 

though the underlying mechanisms of tumorigenesis are extremely diverse, a set of common 

traits have emerged. In 2000, Hanahan and Weinberg introduced six hallmarks of cancer and 

followed up with an additional four hallmarks 11 years later (Figure 3) The first six 



4 

 

established hallmarks of cancer cells included: 1.self-sufficiency in growth signals, 2. 

insensitivity to growth-inhibitory signals, 3. evasion of programmed cell death, 4. limitless 

replicative potential, 5. sustained angiogenisis and 6. ability to invade tissue and metastasize. 

All of these acquired capabilities which allow cancer cells to survive, proliferate and 

disseminate arise in different tumor types via distinct mechanisms at various times and serve 

as a framework in understanding the multistep process of tumorigenesis. The driving force 

behind these acquired capabilities is according to the authors, development of genomic 

instability which generates random mutations and chromosomal rearrangements, and the 

tumor promoting inflammatory micro-environment of the (pre-)malignant cells caused by the 

presence of immune cells. These two factors are termed enabling hallmarks. The Warburg 

effect describes the abnormal glycolysis in tumors where up-regulation of glucose 

transporters compensates for the switch to glycolysis even in the presence of oxygen (24). 

Reprogramming of cellular metabolism to support growth and proliferation seems so 

widespread in cancer that it’s proposed as a hallmark of cancer. Due to unresolved issues 

about its functional independence from the original core hallmarks, it’s deemed an emerging 

hallmark. A final emerging hallmark involves the cancer’s ability to avoid recognition and 

destruction by the immune system.  

 

 

Figure 3: Schematic overview of the ten suggested hallmarks of cancer. The original six hallmarks are illustrated 

in the left image, the four later added hallmarks are depicted in the right image (25).  

 

Most breast cancers originate from epithelial cells and are thus categorized as carcinomas. 

Ductal carcinoma not otherwise specified make up the vast majority, about 80%, lobular 
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carcinomas account for approximately 15% (26, 27). Regardless of subtype, the tumors are 

subcategorized into histological grades 1 to 3 based on level of differentiation (from well-

differentiated, through moderately differentiated, to poorly differentiated, based on 

architectural features), cytologic features (pleomorphism), and mitotic activity. Ductal 

carcinoma in situ (DCIS) describes proliferation of malignant cells which do not yet have 

capacity for invasive growth, although they are considered a precursor to invasive carcinoma. 

DCIS of the breast can be divided into subgroups based on their growth pattern, morphology 

and level of necrosis. 

 

1.5 Prognostic and predictive markers  

When classifying a breast tumor for the purpose of prognosis and treatment, mapping the 

expression of hormone receptors estrogen receptor (ER), progesterone receptor (PR), human 

epidermal growth factor receptor 2 (ErbB2/HER2) and cell proliferation marker Ki-67 by 

immunohistochemistry (IHC) is the recommended diagnostic practice for all breast cancer 

cases in Norway (28). 

 

1.5.1 Estrogen receptor 

ER regulates transcription of target genes involved with uterine and mammary gland 

development and growth as well as having other important functions in the immune, skeletal, 

cardiovascular and central nervous systems (29). 

The steroid hormone estradiol (estrogen) crosses the cell membrane and binds to the estrogen 

receptor (ER). ER is a nuclear transcription factor and forms a dimer upon binding to a 

ligand. The activated receptor relocates to the nucleus and binds to estrogen response element 

regulatory sequences in the promoter of estrogen responsive genes and recruits co-regulatory 

proteins, leading to a physiological response. In addition to the classical “genomic” pathway 

that occurs over hours, there is an alternative “non-genomic” pathway in which estrogen can 

exert its effects within seconds or minutes through another class of estrogen receptors in or 

adjacent to the plasma membrane. These ERs form complexes with receptor tyrosine kinases 

activating MAPK/ERK and PI3K/AKT pathways. Estrogen can also bind non-ER plasma 

membrane-associated estrogen-binding protein leading to increased levels of Ca2+ or NO or 

activation of kinases.  
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ER expression is associated with more differentiated tumors with favorable prognosis and its 

detection by IHC as imaged in Figure 4 is part of routine diagnostics in breast cancer.  

 

 

Figure 4: IHC of ER negative (left) and positive (right) breast cancer (30). 

 

A hormone-receptor (ER and/or PR) positive tumor is likely to respond to hormone therapy 

and the administration of hormone receptor antagonists such as tamoxifen, or compounds 

blocking the production of estrogen (aromatase inhibitors), has been effective as adjuvant 

therapy for breast cancer.  

 

1.5.2 Progesterone receptor 

Progesterone is an ovarian steroid hormone essential for breast development during puberty 

and pregnancy in preparation for breast feeding. While progesterone acts as a mitogen in the 

breast, it has inhibitory function in the reproductive tract and ovary. Like ER, progesterone 

receptor (PR) is a ligand-activated nuclear transcription factor. There are two main isoforms, 

PR-A and PR-B, and a lesser known third isoform, PR-C. All are transcribed from the same 

gene. PR-B is the full length peptide while PR-A and PR-C are truncated due to alternate 

translational start sites within the mRNA. PR-B is required for normal mammary gland 

development, while PR-A is essential for uterine development and reproductive function. PR-

A can also act as dominant repressor of PR-B and ER. PR-C can enhance PR activity in 

breast cancer cells or inhibit PR-B in the uterus being important in induction of labor. The 

ligand-activated A and B isoforms can form both homodimers and heterodimers capable of 

regulating gene expression by binding directly to DNA at progesterone response elements or 

indirectly by binding to other transcription factors. It can also exert non-genomic effects 
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through activation of protein kinases MAPK, PI3K/Akt or c-Src. PR is an ER target gene and 

a downstream effector of estrogen in the presence of EGF(31), suggesting crosstalk between 

EGFR, ERBB2 and the steroid receptors, but it can also be expressed independently of ER 

(32). It has been demonstrated that women taking progestins (synthetic progesterone) in 

combination with estrogen as part of hormone replacement therapy, had a greater risk of 

breast cancer with larger tumors of higher grade, than those taking estrogen alone (33). These 

results are controversial for several reasons (34-36), but still implicate PR in human breast 

cancer development and progression. The testing of PR status in breast cancer is important 

for at least two reasons. 3-5% of ER-negative patients are PR-positive and may respond to 

hormonal therapy. Also, PR status differentiates two classes of ER-positive breast tumors 

where ER+/PR- tumors are much less likely to respond to tamoxifen than ER+/PR+ tumors 

(37). Figure 5 is an image of negative and positive PR staining by IHC. 

 

 

Figure 5: IHC of PR negative (left) and positive (right) breast cancer (30). 

 

1.5.3. HER2/neu  

The human epidermal growth factor receptor 2 (HER2), also known as ErbB2, is 

overexpressed in 15-20% of breast cancer tumors. Overexpression is associated with poorly 

differentiated, high-grade tumors with high rate of cell proliferation and metastatic capacity, 

higher recurrence rate, and shortened survival (38, 39).  

HER2 is part of the epidermal growth factor family along with HER1 (EGFR), HER3 and 

HER4. Its intracellular domain has tyrosine kinase activity important in regulation of growth 

and differentiation (40, 41). HER2 has no known ligand, but a range of growth factors can 

bind to its family members. Ligand binding initiates receptor dimerization with HER2 being 

the preferred partner. Heterodimers have higher signaling potential than homodimers, and 
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heterodimers involving HER2 are more potent than those without. HER2/HER3 dimer is the 

most potent activator of proliferation and tumor development (42-44). Normal cells have low 

levels of HER2 at the cell membrane, thus limiting heterodimerization involving HER2 and 

keeping growth signals at a controllable level. 

The humanized monoclonal antibody trastuzumab (45) targeting the extracellular domain of 

HER2 has been found to have significant impact on disease outcome when administered in 

combination with chemotherapy both in an adjuvant and neoadjuvant setting (46-52) by 

reducing cell proliferation and inducing apoptosis (53, 54). It has also proven effective in 

patients with metastatic disease (55). Trastuzumab is only effective against breast tumors 

with overexpression of HER2.  

Testing for HER2 amplification and overexpression is standard of care for breast cancer 

patients and is assessed by IHC and/or in situ hybridization (ISH) analysis. IHC analysis for 

HER2 protein expression is visually assigned a score of 0, 1+, 2+ or 3+. Tumors lacking or 

with weak/incomplete membrane staining is given a score of 0 or 1+ and are deemed 

negative. Tumors with complete cell membrane staining but weak to moderate intensity are 

given a score of 2+ and are designated borderline. Borderline cases should be re-tested by 

complementary method such as ISH. Signals from probes specific for HER2 and centromere 

17 (cent17) is counted manually and a ratio of HER2:cent17 higher than 2.0 is considered 

amplified. A score of 3+ is given when strong and complete membrane staining is observed 

in >10% of tumor cells. Figure 6 A and B depicts HER2 detection by IHC and FISH 

respectively.  

 

Figure 6: A: IHC of breast cancer with HER2 score of 3+ (56). B: HER2 (green) amplification detected by FISH 

with chromosome 17 centromeric control probe (red) (57). 
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A significant number of HER2+ breast tumors may either not initially respond to trastuzumab 

or eventually develop drug resistance. Possible reasons for drug resistance may be obstacles 

preventing binding to antigen (truncated, but active HER2 (58), up-regulation of downstream 

signaling pathways (59, 60), use of alternate signaling pathways (61, 62), or failure to trigger 

immune-mediated cell death (63, 64).  

Several other drugs targeting HER2 and its association with its family members are available 

in therapy such as lapatinib and neratinib which are dual tyrosine kinase inhibitors 

interrupting EGFR/HER2. While trastuzumab is inefficient in blocking HER2/HER3 

dimerization, the monoclonal antibody pertuzumab binds HER2 in a way that prevents its 

dimerization with EGFR, HER3 and HER4 (65).   

 

1.5.4 Ki-67    

Ki-67 is a nuclear protein associated with cellular proliferation. It’s expressed in the G1, S, 

G2 and peaks in the M phase of the cellular cycle, but it is non-existing in resting G0 phase 

(66). Normal breast tissue has low levels (<3%) of Ki-67 expression (67), and high levels of 

Ki-67 in breast tumors are associated with worse prognosis (68). Ki-67 is most readily 

analyzed with IHC and expression is estimated by manually counting cells. It’s recommended 

as a biomarker to determine optimal treatment in early breast cancer (69) and is included in 

the Norwegian breast cancer group (NBCG) guidelines (28). Figure 7 is an image of Ki-67 

staining by IHC in breast cancer. 

 

 

Figure 7: IHC of Ki-67 staining of breast cancer (70). 
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1.6 Diagnosis and treatment 

In Norway, the Norwegian Breast Cancer Group (NBCG) together with the Norwegian 

Directorate for Health maintain the guidelines for diagnosis and treatment of breast cancer 

patients (28). In general, a needle biopsy is performed after a tumor in the breast is verified 

by ultrasound or radiographic imaging. The tumor is classified according to stage, 

morphology, histological grade, molecular markers such as ER/PR/HER2, size of the tumor 

and surgical margins by pathological examination. The primary treatment is surgery of the 

breast with/without removal of lymph nodes in the axilla.  

Tumor stage is determined by the TNM system (T=tumor, N=nodes, M=metastasis). Tumor 

size is graded T1-T4, where T1 denotes tumor less than 2 cm in diameter and T4 marks tumor 

invading either skin or chest wall.  Lymph node involvement is graded N0-N3, and M0-1 

describes the presence of distant metastasis. Patients with clinical tumor stage T1-2 N0-1 M0 

is considered primary operable. Patients with T3-4 N0-3 M0-1 or T1-2 N2-3 M0-1 describing 

tumors with more extensive lymph node involvement or distant metastasis are considered 

primary inoperable. The primary tumor is removed by lumpectomy (breast conserving 

surgery, BCS) or mastectomy (removal of entire breast). In patients where axillary lymph 

node involvement is unknown, a sentinel lymph node dissection and assessment of metastatic 

invasion is performed. The sentinel lymph node is the first lymph node in relation to the 

tumor that drains the breast and is usually the first location of lymphatic dissemination from 

the primary site (71). Detection of disseminated cancer cells indicates full axillary clearance 

(72) Patients with locally advanced, primary inoperable breast cancer undergo neoadjuvant 

therapy to shrink the tumor and prevent progression prior to surgical removal.   

Surgical removal of the primary tumor is the cornerstone of breast cancer treatment, but other 

options include chemotherapy, radiation therapy, endocrine or targeted therapy.  

Systemic adjuvant treatment, chemotherapy, can be administered after surgery based on the 

patient’s age, TNM status and cancer subtype. Standard treatment regimen consists of either 

anthracyclins or taxanes. Anthracyclins can exert their effects through different mechanisms; 

inhibition of DNA and RNA synthesis by intercalation, blocking of transcription by 

inhibition of topoisomerase II, the enzyme which relaxes supercoiled DNA, generation of 

free radicals that damage DNA, proteins and cell membranes (73), and histone eviction from 

open chromatin areas (74). Taxanes disrupt microtubule function, thus inhibiting the cell 

from progressing through the cell cycle (75).     
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Radiation is therapy directed at reducing relapse after surgery and is offered to patients who 

have had breast conserving surgery or have cancer cell positive lymph nodes. The radiation 

therapy aims to induce apoptosis due to catastrophic DNA damage in the remaining cancer 

cells (76).   

Patients with tumors positive for ER and/or PR are offered anti-estrogen therapy. Selective 

estrogen receptor modulators (SERM) act as an ER antagonist in the breast. The most widely 

used compound, tamoxifen, binds to ER causing a conformational change that prevents 

estrogen binding and its ensuing effects in the cell. Several studies show that use of 

aromatase inhibitors (AI) increases disease-free survival compared to tamoxifen (77, 78). AI 

inhibits aromatase which is responsible for converting androgen to estrogen. The 

administration of AI is contraindicated in premenopausal women whose estrogen synthesis 

occurs in the ovaries. A decrease in estrogen triggers an increased production of androgen. In 

postmenopausal women, the synthesis of estrogen occurs in other body compartments 

including the liver, muscles, connective tissue, and skin (79). The use of tamoxifen therapy 

for 5 years reduces relative mortality by 30% (80), and when extending therapy to 10 years 

the relative mortality drops another 30% compared to women taking it for only 5 years (81). 

Targeted therapy aimed at HER2 has proven effective in HER2 amplified tumors, but for 

triple negative tumors no targeted treatment currently exists and general systemic 

chemotherapy is the only option. For women with metastatic disease, all treatment options 

are considered palliative. 

 

1.7 Classification by alterations in gene expression 

Breast cancer is a disease driven by multiple genomic alterations in DNA and extensive inter- 

and intra-tumor heterogeneity (82). By understanding the drivers influencing proliferation, 

metastatic ability and resistance to systemic treatment in each patient, improved care with 

prolonged survival may be provided.       

By analyzing gene expression profiles in breast carcinoma and selecting genes with a similar 

expression pattern before and after chemotherapy, an intrinsic gene list presumably reflecting 

the phenotype of individual tumors was identified (83). Hierarchical clustering of these genes 

led to classification of the breast tumors into five distinct subclusters, named the intrinsic 

clusters. The tumors of luminal A type are frequently ER+ and/or PR+, HER2 negative and 

have low expression of Ki-67 and are associated with good prognosis. Luminal B tumors 



12 

 

have higher expression of genes involved in proliferation and may also express HER2, 

making the prognosis significantly worse compared to luminal A. The HER2-enriched 

subgroup has frequently an activation of HER2 related pathways. One subgroup was 

dominated by ER-, PR- and HER2- (so-called triple negative) tumors with expression of 

genes characteristic of myoepithelial or basal epithelial cells, such tumors are called basal-

like. There is considerable diversity within each group and especially among the basal-like 

tumors which can be further subdivided into several distinct subgroups (84). Both latter 

subtypes have rather poor prognosis. 

A fifth subgroup of breast carcinomas is called normal-like based (intermediate prognosis) on 

expression patterns similar to normal breast tissue. Recently, yet another subtype called 

claudin-low has been identified (85). These tumors are often triple-negative, and show 

genomic instability with many DNA copy number (CN) gains and losses. The majority of 

these tumors are associated with poor prognosis. 

The Food and Drug Administration approved a refined version of the intrinsic subtypes, the 

PAM50 test, which was optimized for quantitative reverse transcriptase polymerase chain 

reaction (qRT-PCR) (86) to analyze genes characteristic of the intrinsic subtypes and assigns 

samples into luminal A, luminal B, HER2-enriched or basal-like subtypes. This is now 

commercialized as the Prosigna test (Breast Cancer Prognostic Gene Signature Assay), which 

in addition to the PAM50 subtypes, gives a numeric score that predicts the risk of relapse 

after 10 years in postmenopausal women with ER+ tumors (the risk of recurrence (ROR) 

score).  

 

1.8 Classification by DNA copy number alterations 

Classification of breast carcinomas based on pattern of DNA copy number alterations has 

identified recurring groups termed simplex, complex I (sawtooth), complex II (firestorm), and 

flat (87). Tumors of the simplex type are characterized by broad segments of duplications and 

deletions, usually involving whole arms or entire chromosomes. This DNA alteration pattern 

corresponds often to the luminal A intrinsic subtype. The complex I group with its sawtooth 

pattern of narrow segments of deletions and duplications often affecting the majority of the 

chromosomes corresponds to the basal-like subtype. Complex II tumors, which are usually 

identified as HER2-enriched or luminal B, resemble the simplex type, but have at least one 

narrow peak of high-level amplification with intermittent deletions (so-called firestorms). 
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The complex I group with its sawtooth pattern of narrow segments of deletions and 

duplications often affecting the majority of the chromosomes corresponds to the basal-like 

subtype. The flat subtype consists of tumors with no obvious amplifications or deletions. The 

clinical relevance of this subtype is unclear. 

 

1.9 Classification by combining expression and copy number alterations 

By analyzing both gene expression and DNA copy number alterations, Curtis et al. selected 

genes whose expression were correlated to copy number alterations (in cis). By using this 

gene list, 2000 breast tumors were divided into 10 subgroups, termed integrative clusters (IC) 

(88). The 10 IC have since been further validated (89) and represent one of the most 

extensive molecular-based taxonomy to date. The integrative cluster approach takes into 

account major chromosome alterations like specific whole arm gains or losses, narrow 

amplifications and complex rearrangements (such as firestorms). When classification by this 

method is compared to classification by PAM50, most of the latter groups get split into 

subgroups identifying subsets of the five subtypes with differences in prognosis. For instance, 

the IC 2 comprises tumors identified as intrinsic subtype luminal A or luminal B which in 

addition to whole arm gains and losses, also have high level amplification of tumor driver 

genes on chromosome 11q, a typical firestorm event. This subgroup of ER+ patients has poor 

prognosis. Other ICs dominated by ER+ tumors are IC group 3, 4, 7 and 8 correlating with 

luminal A tumors with simplex pattern, and IC 1 and IC 6 which mainly comprise luminal B 

tumors with simplex or firestorm DNA architecture. ER-tumors with DNA alterations of the 

saw tooth type and chromosome alterations characteristic of basal-like tumors mostly make 

up IC 10. A subset of basal-like tumors with intermediate prognosis falls into the mixed IC 4. 

HER2-enriched tumors are mainly grouped into IC 5 which also comprises both ER+ and 

ER- tumors with poor prognosis. The HER2-enriched tumors in IC 5 have narrow high-level 

amplification of HER2 and some neighboring genes, while the HER2 when enriched in 

samples grouped into IC 1, 6 and 9, is part of a broader lower-level amplification with 

unknown prediction power on HER2-targeted therapy response. IC 9 is mixed with ER+ and 

ER- tumors with intermediate prognosis. This group has frequent amplification of oncogene 

MYC and loss of tumor suppressor gene TP53 and RB.           

 



14 

 

1.10 DNA damage and mechanisms of copy number aberrations 

The DNA in a cell is subject to massive damage on a daily basis. Ultraviolet radiation can 

lead to pyrimidine dimers prone to deamination which, if left unrepaired, will result in 

cytosine being replaced by thymine. Ionizing radiation can lead to both single strand (SSB) 

and double strand breaks (DSB) of the DNA backbone. A range of environmental factors 

such as tobacco smoke, industrial chemicals, some plant and microbial products, and some 

chemotherapeutic drugs also possess mutagenic effects on DNA. Additionally, endogenous 

processes in the cell such as spontaneous depurination or deamination, attack by reactive 

oxygene species generated as a by-product in metabolism, non-enzymatic methylation 

producing the cytotoxic base 3-methyl-cytosine, as well as proofreading errors in replication, 

pose a threat to the integrity of the genome. Upon detection of DNA damage, the cell will 

stop progression through the cell cycle and either repair the damage or enter apoptosis. 

Malfunctions in the systems for detecting and repairing DNA damage are important 

contributors in the development of cancer.    

Pan-cancer sequencing has revealed an inverse relationship between the amount of mutations 

and copy number aberrations (CNA). This so-called “cancer genome hyperbola” illustrated in 

Figure 8 depicts cancers seeming to be dominated by somatic mutations or CNAs (90). Most 

breast cancer tumors are dominated by CNAs. 

 

Figure 8: Illustration of the cancer genome hyperbola (90).  

 

Structural variation in the DNA can manifest as deletions or amplifications of DNA 

segments, inversions, tandem duplications, or more complex alterations such as deletion or 

rearrangement of chromosomal arms or loss/gain of entire chromosomes. These events may 

promote tumor progression by amplification of oncogenes or deletion of tumor suppressor 
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genes. Translocations may create fusion genes or juxtapose a gene next to the regulatory 

sequence of another gene and in the process result in altered gene expression.   

There are multiple endogenous processes which can result in such rearrangements which 

eventually can drive tumor development. Mechanisms to repair double strand breaks and 

erroneous replication are known to contribute to structural variation and can be divided into 

three groups: 

 

1. Homologous recombination 

2. Non-replicative, non-homologous repair  

3. Replication-based repair mechanisms 

 

The DNA damage response (DDR) which is the system of proteins and pathways to repair 

DNA is complex and relies on at least six different mechanisms. Three of the mechanisms 

deal with incorrect bases in one strand using the second strand as template. In base excision 

repair (BER) the damaged base is removed by a DNA glycosylase followed by removal of 

the associated sugar-phosphate residue by an endonuclease and a phosphodiesterase, re-

synthesis of the base by a DNA polymerase and sealing of the nick (a break in the 

phosphodiester bond between two adjacent nucleotides) by DNA ligase. More extensive 

DNA damage such as pyrimidine dimers and SSB are corrected by nucleotide excision repair 

(NER). This involves excision of a larger stretch of DNA surrounding the damage, re-

synthesis and sealing of the nick. An infrequently used mechanism can directly remove 

methyl groups from incorrectly methylated guanines. 

DNA damage involving both strands is repaired either by homologous recombination (HR) or 

non-replicative, non-homologous repair. HR occurs during late S or G2 of the cell cycle and  

uses the homologous chromosome as a template in reconstitution of the original sequence 

(91). The invasion of a homologous strand to act as template may in some cases cause 

deletion and amplification, and thus copy number variation, in a process called non-allelic 

homologous recombination. This happens in the event of misalignment between the 

chromosomes due to non-allelic sequence similarity and may even occur between non-

homologous chromosomes (92, 93). There are yet other homology-based pathways known to 
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cause mutations or rearrangements (94). HR can also contribute to carcinogenesis through 

loss of heterozygosity (LOH) (95).  

The best characterized non-replicative, non-homologous repair mechanism is called non-

homologous end-joining (NHEJ). NHEJ functions throughout the cell cycle by bringing 

together and fusing the broken ends of chromosomes regardless of sequence and generally 

with loss of a few nucleotides due to trimming of bases at single-stranded ends (96) . In the 

occurrence of multiple simultaneous DSBs, NHEJ may fuse ends of different chromosomes 

causing translocations, insertions/deletions or inversions.  

Replication based repair mechanisms deal with both mismatch base repair and other 

replication errors. In the event of a replication fork collapse due to a single-stranded nick, a 

single-ended double-strand break is formed. This is repaired by break-induced replication 

(BIR), a process resembling HR. Under normal circumstances this repair is error free, but 

occasional mistakes can result in LOH, translocation and deletion/duplication and can be an 

underlying mechanism for CNA and disease development (97). 

  

1.11 Breakage-fusion bridge cycles 

The ends of chromosomes are protected from degradation and fusion of chromosome ends by 

the DNA repair system through multiple repetitive sequences called telomeres (98, 99). In 

stem cells and germ cells telomerase elongates the telomeres after each round of replication, 

thus retaining telomere length. In most tissues the telomere is shortened after each successive 

round of replication (100), thus limiting its proliferative potential. A signal of DSB is 

activated when chromosome ends lacking telomeres are exposed. This normally triggers 

TP53-mediated apoptosis. Mice deficient in both telomerase and TP53 show an increase in 

carcinoma with chromosome rearrangements (101). Upon entering mitosis, uncapped 

chromosomes will produce two sister chromatids lacking a telomere. The sister chromatids 

can then fuse with one another. As shown in Figure 9, during anaphase the chromatids will be 

pulled in opposite direction and break apart, not necessarily at the site of fusion. This 

produces two uneven chromatids lacking telomeres and the cycle can repeat through 

subsequent cell divisions until the chromosomes acquire a telomere by translocation with a 

non-homologous chromosome. This can initiate new breakage-fusion-bridge (BFB) cycles 

involving the new chromosome lacking a telomere, thus inducing massive chromosomal 

instability. Cells which have undergone BFB cycles will typically have some DNA regions 
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with complex rearrangements including high-level amplifications with intermittent deletions. 

In breast cancer, this is the copy number alteration pattern recognized as “firestorms” by 

Hicks et al.  

 

 

Figure 9: metaphase (A,B), anaphase (C,D) and telophase (E,F) of normal (top row) and irradiated cells (bottom 

row) (102). Black arrows: acentric chromosomes, arrowhead: double minute chromosome, white arrow: 

chromosome bridges 

 

1.12 High-level amplifications in breast carcinomas 

As mentioned previously, breast cancer is regarded as a neoplasia where DNA copy-number 

alterations are an important driver event (90). Tumors can have defects in the different repair 

mechanisms which will result in different types of genomic abberations. Some recurrent 

alterations are low level gains of large chromosome segments or extra copies of chromosome 

arms or whole chromosomes. Others are high-level copy number gains where in extreme 

cases some regions/genes are amplified 10-fold or even more. Such regions are of particular 

interest as: 

1. They are seen even in early stage neoplasia (such as DCIS). 

2. They are hallmarks of several biologically and clinically distinct subtypes. 

3. Most are highly correlated with increased mRNA and protein level of the amplified 

genes and represent both established but also potential therapeutic targets. 
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Today, copy number estimation of only one gene (HER2) is included in guidelines for breast 

cancer diagnostics. If more genes are to be included in daily diagnostics for more optimal 

prognostication and therapy prediction, it will be both time- and tissue consuming to perform 

FISH analyses. An alternative would be to apply next-generation sequencing technology for 

assessment of copy number alterations in multiple regions. NGS is a costly and tissue 

demanding procedure, but by using a targeted approach where only selected regions of the 

genome are sequenced, NGS is suitable for diagnostic routine. So far panels for targeted 

sequencing have been implemented mainly for detection of single nucleotide mutations and 

small indels. A panel aiming at detecting copy number alterations in breast cancer samples 

could prove advantageous but will need thorough validation.  
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2. Aim of study 
This work aims at comparing DNA copy number levels assessed by FISH and by next 

generation sequencing.  

This was addressed by: 

1. Designing and validating probes detecting frequently amplified DNA regions in breast 

cancer. 

2. Studying the relationship between FISH on intact nuclei (imprints) and sections of 

nuclei (diagnostic tissue sections). 

3. Comparing DNA copy number estimated by FISH with DNA copy number estimated 

by targeted sequencing. 
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3. Materials and methods 

3.1 Materials 

3.1.1 Cell lines  

The normal fibroblast cell line was selected as normal control for FISH probes. The cell lines 

HCC2218 (polyploid) and HCC1954 were selected based on the HER2 positivity and that 

lymphoblast cell lines from the same patients were available. Lymphoblasts provide internal 

control. All cell lines were cultured in PenStrep (Gibco, Sigma Aldrich). The imprints were 

made by adding cells from a culture to glass slides and allowing the cells to settle before 

fixation by immersion in methanol. The imprints were subsequently stored in 70% ethanol at 

-20°C. A volume of each cultured cell line was fixated and paraffin embedded by the 

Department of Pathology. Data for selected cell lines are listed in Table 1.  

Table 1: List of cell lines with assorted technical data. 

 

  

3.1.2 Patient samples 

Formalin-fixed, paraffin-embedded (FFPE) tissue from primary breast carcinomas from 14 

patients were selected based on existing data from genome-wide copy number analyses 

(tumors displaying a localized amplification). The patients were part of a prospective breast 

Cell line Origin Cell type Her2 ampl. Other 

characteristics 

Medium Manufacturer 

Fibroblasts Blood Fibroblast 

 

Normal Normal MEM w/salts1 

+ 10%FBS2 

+L-glutamine3 

 

Coriell Inst. 

HCC2218 Breast/duct Invasive ductal 

carcinoma 

Overexpressed p53 positive 

ER negative 

polyploid 

RPMI-1640  

+ 10% FBS 

ATCC 

Lymphoblast 

from HCC2218 

Blood Lymphoblasts Normal  RPMI-1640  

+ 10% FBS 

ATCC 

HCC1954 Breast/duct 

 

Invasive ductal 

carcinoma 

Overexpressed ER negative 

PgR negative 

RPMI-1640  

+ 10% FBS 

ATCC 

Lymphoblast 

from HCC1954  

Blood Lymphoblasts Normal  RPMI-1640 

+ 10% FBS 

ATCC 
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cancer study (the Oslo2 study, REK 200606181-1). One patient sample was omitted due to 

sectioning difficulties; the sample was fat rich and dissolved on the water bath microtome and 

thus required dry sectioning which was not available in the lab. Additional data about patient 

samples selected for FISH are included in Table 2. 

Table 2: Tumor samples selected for FISH with information about ER, PR, HER2 and Ki67 status, histological 

grade, H&E, tumor type, and ID number. 

 

From the same clinical cohort 100 patient samples were selected for a separate classification 

study where both RNA sequencing and PAM50 where performed using fresh frozen biopsies 

and FFPE tissue. From these, DNA from 68 samples was analyzed by targeted sequencing in 

a separate project aiming at identifying high-level DNA amplifications and nine of these were 

also analyzed by FISH. 

 

3.2 Methods 

3.2.1 Fluorescence and microscopy 

Assessing the basic features of a tissue specimen stained with haematoxylin and eosin 

requires the use of an optical microscope, or light microscope. The optical microscope uses 

visible light and a system of lenses to magnify a specimen placed on the stage between the 

Oslo2U

_# 

To 

FISH Block  

Hist. 

Grade Size ER PgR HER2 Ki67   

H&E 

comment: 

1116 3 3 3 (3 3 3 ) 25 0 0 0 80   Ok 

1117 4 4 2 10 >50 0 0 31   Ok 

1119 4 2, 3, 4 2 (2 3 2) 25 100% 10% 

2+ (neg 

CISH, 1.42) 35   Ok 

1122 5 and 7 4, 5, 7 2 (3 2 1 ) 10 og 9 100% 70 and 80 0 10 og 25 Two tumors  

5 and 7: 

DCIS 

1124 6 6, 7, 8 3 22 >50% 0 3 47   Ok 

1129 2 1, 2, 3  3 (3 3 3 ) 18 0 0 3 >60 Medullary  Ok 

1138 4 3, 4, 5  2 13 100 0 0 20 Lobular Ok 

1162 2 2 2 25 >50 >10 0 34   Ok 

1171 7 7 2 30 100 100 0     Ok 

1175 3 3 og 7 2 40 0 0 0 60   Not tumor 

1203   9 2 (3 2 1) 18 and 15 

>50 

100 0 0 

25 and 

20 Two tumors 

Sample 

omitted  

1210 3 3 2 15 >50 >10 0 34   Ok 

1240 3 3 3 40 >50 >10 3 33   Ok 
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light source and the lenses which consists of the ocular lens (eye piece) and the objective 

lens. Light passes through a condenser focusing the light on the specimen.   

Fluorescence describes the process where light of a specific wavelength is absorbed by an 

atom thereby raising an electron from its ground state to an excited state followed by its 

immediate return to its ground state accompanied by the emission of light of a lower 

wavelength. The shift to a lower wavelength is called the Stokes shift and is caused by small 

amounts of energy being lost through vibration of the excited electron. The wavelength, and 

thus energy, of the incoming light must be equal to the difference between the electron’s 

possible energy states for fluorescence to occur.  

Application of a fluorescence microscope for visualization of fluorochromes and 

fluorophores has become an indispensible technique in molecular biology. Different 

fluorophores absorb and emit light at different wavelengths allowing multiplexing with 

several fluorophores to visualize a number of features simultaneously by a simple switch of 

filter.  The epifluorescence microscope uses a high powered light source such as a mercury or 

xenon arc lamp to illuminate the specimen from above. The light passes through an excitation 

filter suitable to the fluorophore to be visualized and is focused through an objective lens 

before exciting the specimen. The emitted light from the excited fluorophores passes back 

through the same objective lens. A dichroic mirror and an emission filter separate the emitted 

light from the reflected excitation light transmitting only the fluoresced light to the eye piece 

and detector. Figure 10 depicts an epi-fluorescence microscope. 

 

Figure 10: Anatomy of an epi-fluorescence microscope (103). 
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The epi-fluorescence microscope used for our analyses was a Zeiss Axioplan 2 microscope 

equipped with an Axio cam MRM CCD camera and Axio Vision software. The selected areas 

were photographed in z-stacks with 20 images vertically photographed through the specimen.  

 

3.2.2 Fluorescence In situ hybridization  

In situ hybridization was first described as a method for detecting specific regions of DNA in 

1969 using radioactively labelled probes (104) and has today evolved into a vast array of 

different applications following better understanding of the physical properties of nucleic 

acids, vast improvements in fluorescence microscopes, and mapping of the genome coupled 

with bioinformatics. The various techniques have become indispensible tools for detection of 

amplifications, deletions, and translocations in nucleic acids. Most of the techniques now use 

fluorescence for detection. Standard fluorescence in situ hybridization (FISH) exploits the 

basic property of DNA to hybridize with a DNA probe under stringent conditions. The probe 

can be labelled with fluorescently tagged nucleotides for direct visualization. The nucleus is 

stained blue with the DNA binding dye DAPI (4’,6-diamidino-2-phenylindole). 

FISH can be performed using commercially available probes, whole kits, in-house probes 

made from bacterial artificial chromosomes (BACs), or by PCR based techniques. In-house 

probes are inexpensive and offer the possibility to easily switch fluorophore for optimal 

multiplexing. 

 

3.2.3 Selection of regions for customizing DNA FISH probes   

As a separate project a customized next-generation DNA targeted sequencing panel for copy 

number estimation of 19 different DNA loci frequently found to be amplified in breast cancer 

was developed. Briefly, a TruSeq Custom Amplicon Kit v1.5 (Illumina) for targeted 

sequencing was developed with the Design Studio software (Illumina). The number of oligo 

pairs was 1536 (maximum number) and the length of the amplicons was median 155 

nucleotides (range: 125-190). The principle behind this approach, as illustrated in Figure 11, 

was oligo pairs binding to the same DNA strand in a multiplex reaction over a wide range of 

annealing temperatures (as the temperature gradually were taken down to 40°C after 

denaturation of DNA). Bound 5’ oligos were extended and ligated to the 3’oligos. Universal 

sequences in the custom oligos were used to amplify and barcode the extension products. 

Barcoded products were pooled and sequenced using a MiSeq machine (Illumina).  
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Figure 11: Principle of Illumina TruSeq Custom Amplicon Kit (105). 

 

Briefly, the data analysis was performed as follows: 

Sequencing data was obtained from the Illumina MiSeq sequencing machine, and 

preprocessed through the integrated software (MiSeq Reporter). The output data from this 

first process contained information on the number of DNA reads from each base pair in each 

of the 1536 regions included in the panel (regions typically span ~100 base pairs). The first 

step in the algorithm was to aggregate the data within each regions, so that each region was 

represented with one mean value for number of reads, as well as one mean B-allele-frequency 

(BAF) value (pertaining to the regions including SNP-variants). Read values were then log-

transformed. For this project, read values from sequencing data from 19 normal (non-

abberant) samples were clustered based on a hierarchical clustering method. From this 

analysis 145 regions systematically presented with low reads, and were interpreted as being 

of technically low quality and therefore excluded from further analyses. The next step 

involved segmentation of the log-transformed read counts, to identify breakpoints, and to 

reassign read-values based on mean read count within each segment. This was performed 

using the PCF method (piecewise constant fitting) (106). The next step was to calculate 

integer copy number value for each segment. A central concept in order to find a probable 

copy number profile was to model a series of non-integer copy number profiles, based on 
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many different combinations of tumor fraction and mean tumor ploidy. In order to reduce the 

number of combinations of tumor fraction and mean tumor ploidy, we added one more 

assumption: that the most frequent read count value for regions with a BAF-value close to 

0,5, represented a clonal and balanced genomic region in the tumor with 1+1 or 2+2 

maternal/paternal allele distribution. The sum square error between modeled non-integer 

copy number profiles and the closest integer-copy number profile was then calculated. The 

model presenting the lowest sum square error value was chosen.  

 

Validation and analysis of BAC probes 

Bacterial artificial chromosome (BAC) clones with DNA sequence from several of the 

regions (see Table 3) was selected using the University of California Santa Cruz genome 

browser (http://genome.ucsc.edu/). The BAC clones were inserted in plasmids in the 

chloramphenicol resistant Escherichia coli (E.coli) and the bacteria were purchased from 

Source Bioscience. Table 3 lists all probes detailing location and target genes. Probe p9 

(CTC-859I3) was discontinued prior to FISH on patient samples. Replacement probe (RP11-

939C24) is given the same probe number (p9). Probes for sequences on chromosome 8 target 

different regions and was hence not used as mutual validation. Probes given a probe number 

were selected for further experiments. 
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Table 3: List of probes with location and target genes from hg19 (Human Genome version 19).  

Probe  Chr 

Base pair 

start 

Base pair 

end 
Target genes 

Probe 

number 

                                            

Status 

CTD-2117M19 1 67227507 67304267 INSL5/WDR78  Some satellites 

RP11-205N11 1 67318175 67483062 MIER1 p1 OK 

CTD-3092L3 1 150600571 150658482 GOLPH3L  Unspecific 

RP11-623P23 1 150447829 150628209 GOLPH3L p2 OK 

RP11-148K15 1 204571658 204744566 MDM4 p3 OK, some satellites 

RP11-155F3 1 204728025 204909902 NFASC  Abundant satellites 

RP11-466H15 3 178822841 179006790 PIK3CA p4 OK, weak signal 

RP11-737O18 3 178633717 178836408 ZMAT3 p5 OK 

RP11-1141F12 8 38163568 38352086 WHSC1L1 p6 OK 

RP11-440N18 8 128596756 128777986 MYC p7 OK, some satellites 

RP11-1147E20 9 14132115 14263575 NFIB p8 OK, some satellites 

RP11-355C15 9 13975754 14148081 NFIB  OK, some satellites 

CTC-859I3 10 123212761 123337532 FGFR2 p9 OK, weak signal 

RP11-939C24 10 123312805 123494626 FGFR2 p9 OK, some satellites 

RP11-825J6 11 68958598 69145055 FGF4/CCND1 a p10 OK 

RP11-156B3 11 69106702 69297637 FGF4/CCND1 b  OK 

RP11-614E9 11 69445317 69614776 CCND1 p11 OK 

RP11-878N15 12 69235643 69417613 3'MDM2 p12 OK, weak signal 

RP11-450G15 12 69080492 69256798 MDM2  Occasional satellites 

RP11-1087J7 15 99251672 99432616 IGFR1 p13 OK, weak signal 

RP11-1116O4 15 99419812 99595033 IGF1R  Satellites 

RP11-62N23 17 37725641 37882864 NEUROD2-GRB7 p14 OK 

RP11-94L15 17 37811836 37973561 STARD3  Unspecific 

RP11-610O22 17 37862118 38011536 ERBB2-IKZF3  Unspecific 

CTD-3135I22 17 37953489 37995042 IKZF3 p15 OK 

RP11-1065N2 17 57646788 57864577 VMP1  OK, weak signal 

RP11-76K15 17 57855372 58019732 VMP1 p16 OK, backgound 

CTD-3174P24 20 54892712 55069396 RTFDC1 p17 OK 

RP11-875M12 20 55066527 55282509 FAM209B  Unspecific 

http://www.ncbi.nlm.nih.gov/clone?term=CTD-2117M19
http://www.ncbi.nlm.nih.gov/clone?term=RP11-205N11
http://www.ncbi.nlm.nih.gov/clone?term=CTD-3092L3
http://www.ncbi.nlm.nih.gov/clone?term=RP11-148K15
http://www.lifesciences.sourcebioscience.com/genomecube/?s=RP11-155F3&cl=10189063&pgc=0&pga=0&pgp=0#main-content
http://www.ncbi.nlm.nih.gov/clone?term=RP11-466H15
http://www.ncbi.nlm.nih.gov/clone?term=RP11-1141F12
http://www.ncbi.nlm.nih.gov/clone?term=RP11-440N18
http://www.ncbi.nlm.nih.gov/clone?term=RP11-1147E20
http://www.lifesciences.sourcebioscience.com/genomecube/?s=RP11-355C15&cl=10432659&pgc=0&pga=0&pgp=0#main-content
http://www.ncbi.nlm.nih.gov/clone?term=CTC-859I3
http://www.ncbi.nlm.nih.gov/clone?term=RP11-614E9
http://www.ncbi.nlm.nih.gov/clone?term=RP11-878N15
http://www.ncbi.nlm.nih.gov/clone?term=RP11-1087J7
http://www.ncbi.nlm.nih.gov/clone?term=RP11-62N23
http://www.ncbi.nlm.nih.gov/clone?term=RP11-610O22
http://www.ncbi.nlm.nih.gov/clone?term=CTD-3135I22
http://www.ncbi.nlm.nih.gov/clone?term=RP11-76K15
http://www.ncbi.nlm.nih.gov/clone?term=CTD-3174P24
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The analysis of signals in the nuclei followed a set of parameters based in part by a book 

about FISH (107), advice from supervisors, and limits set by time, available resources and 

experience. The following parameters were used as guidelines in analysis of probe signals 

throughout this thesis: 

1. Nuclei from multiple areas with uniformity in signal intensity and signal-to-noise 

ratio were selected for analysis. 

2. Nuclei should not overlap.  

3. Apparent signals revealed as artifacts and the associated nuclei were omitted from 

analysis. Common artifacts include proteinaceous debris and crystals. 

4. Nuclei with signals located on the extreme periphery of the nucleus were omitted. 

5. Cells with duplicated DNA through S phase display two signals in close proximity 

reflecting the sister chromatids. These cells were omitted or the signals counted as 

one.  

6. A goal of 50 counted cells per analysis was set.  

7. In nuclei where signal count was between 10 and 20, an accurate quantification 

was sometimes difficult due to close proximity of signals and minor 

miscalculations may have occurred. Separating these signals as one or more was 

unbiased causing some over- and underscoring.  

8. The number of signals in any given nuclei was capped at 20. Some nuclei 

displayed a massive amount of signals clearly exceeding 20, but the close 

proximity of these signals made an accurate quantification impossible. 

 

3.2.4 Plasmid isolation  

Plasmid isolation was performed using the low-copy plasmid QIAGEN-tip 500 (Hilden, 

Germany) kit with very low-copy plasmid protocol. Bacteria containing the desired bacterial 

artificial chromosome (BAC) were grown on Luria Bertani agarplates (LA) containing 

chloramphenicol 20 µl/ml and incubated over night at 37°C before storage in refrigerator at 

4°C. 
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Detailed protocol  

1. A bacteria colony was picked from the plate and incubated in 2 ml LB medium containing 

20 µl/ml chloramphenicol. Shaken vigorously (200 rpm) for 6-8 h at 37°C. 

2. The culture was added to 400 ml LB medium containing 20 µl/ml chloramphenicol and 

shaken vigorously over night (12-16 h) at 37°C. 

3. Centrifuged at 6,000 x g for 15 min at 4°C and discard supernatant.  

4. Pellet was resuspended in 20 ml Buffer P1 containing RNase A. 

5. Lysis of pellet was performed by adding 20 ml alkaline lysis Buffer P2 and mixing 

thoroughly for 4 min 30 sec. 

6. Solution was neutralized and lysis was stopped by adding 20 ml 4°C Buffer P3 (adjusted to 

pH=5,5 with acetic acid) followed by mixing until lysate turned white. Incubated on ice for 

30 min. 

7. Centrifuged at 20,000 x g for 30 min at 4°C. 

8. Filtered through prewetted gauze and collected supernatant in new centrifuge tubes.   

9. Precipitated DNA by adding 42 ml isopropanol and centrifuge at 15,000 x g for 30 min at 

4°C and carefully discarded supernatant. 

10. DNA pellet was redissolved in 500 μl TE buffer, pH 8,0.11,5 ml Buffer QBT was added 

to provide optimal DNA binding conditions.  

11. QIAGEN tip-500 was equilibrated by applying 10 ml Buffer QBT and allowing column 

to empty by gravity flow.  

12. Applied DNA solution to column and discarded flow through.   

13. Column washed with 2 x 30 ml Buffer QC to remove DNA binding proteins. 

14. DNA was eluted by adding 15 ml 65°C Buffer QF and collected in small centrifuge tubes. 

15. DNA was precipitated by adding 10,5 ml isopropanol, mix and centrifuge at 15,000 x g 

for 30 min at 4°C. Supernatant was carefully discarded.  
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16. Marked position of pellet in tube. Washed pellet by adding 10 ml 70% EtOH and 

centrifuged at 15,000 x g for 15 min at 4°C. 

17. Discarded supernatant, air-dried for 10 min and redissolved DNA in 500 μl 10mM Tris-

HCl buffer, pH 8,5. 

18. Tubes shaken vigorously over night at 4°C and DNA concentration and purity measured 

on NanoDrop 3000 (ThermoFisher Scientific, MA, USA). 

 

3.2.5 Nick translation 

The isolated BAC plamids were tagged with the appropriate fluorophore by nick translation. 

A master mix containing 5 μl 10x Nick Translation-buffer, 5 μl dNTP-mix (0,5 mM dATP, 

dCTP, dGTP, 0,1 mM dTTP), 5 μl DTT (100 mM), 5 μl DNase (50 ng) was added to 1 μg 

plasmid DNA in addition to 1 μl of desired fluorophore-tagged dUTP (Green Flurorescent 

Protein (GFP), Orange Fluorescent Protein (OFP), Blue Fluorescent Protein (BFP), 

TexasRed, or InfraRed). After addition of 1 μl DNA polymerase I (10 U/μl, ThermoFisher 

Scientific) the tubes were incubated at 14°C over night.  

Reactions were stopped by adding 5 μl EDTA (pH 7.5) and probes were stored at -20°C. 

 

3.2.6 Precipitation and preparation of nick translated probes 

Two pairs of nick translated probes (or triplet+pair) with 2,5 μl of each probe were mixed 

with 2,5 μl ssDNA (1 mg/ml), 2,5 μl tRNA (1 mg/ml) , 2,5 μl cotDNA and volume adjusted 

to 200 μl with dH2O. 20 μl 3M NaAc (pH 5) and 660 μl ice cold abs. EtOH were added, the 

tubes vortexed and spun down before incubation at -70°C over night. 

The precipitated probes were centrifuged at 13400 rpm, 20 mins, at 4°C. After carefully 

removing the supernatant, pellet was washed with 95 μl 70% EtOH (4°C) and centrifuged for 

15 mins with aforementioned settings. The supernatant was discarded and the pellet air dried 

at room temperature. The pellet was redissolved in 12,5 μl 55% Hybmix. The probemix was 

finally shaken at room temperature for 2-3 hours followed by 1 hour in 56°C water bath. 
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3.2.7 Fluorescence in situ hybridization of imprint 

FISH on imprinted cell lines was performed according to the following protocol: 

1. The slides (stored in 70% EtOH at -20°C) were placed in 1,0xPBS for 5 min. 

2. Transfered to 0,4% formaldehyde for 10 min. 

3. Transfered to 0,1xPBS for 5 min. 

4. Dehydrated slides for 3-5 mins in 70%, 95%, 2 x abs. EtOH. 

5. Air-dried for 20 min. 

6. Spun down probe mix. 

7. Added 10 μl probe mix to each slide and sealed with 18 x 18 mm cover slip. 

8. Sealed with Fixogum mounting glue.  

9. Placed slides in 47°C for 20 min. 

10. Loaded slides into Dako hybridizer running the programmed protocol (87°C for 4 min, 

47°C over night). Alternatively, used heat plate 80°C for 10 min followed by incubation in 

humidity chamber at 47°C over night. 

11. Placed slides in pre-warmed 37°C 4xSSPE and carefully removed cover slip. Incubated 

for 10 min. 

12. Transferred to pre-warmed 47°C 4xSSPE for 10 min. 

13. Dehydrated slides for 3-5 min in 70%, 95%, 2 x abs. EtOH. 

14. Incubated in hexan:isopropanol (60:40) for 10 min. 

15. Placed in isopropanol for 5 min. 

16. Rehydrated slides for 3-5 min in abs EtOH, 95%, 70%. 

17. Transferred slides to 0,1xPBS for 5 min. 

18. Air-dried for 5 min. 

19. Added a drop of vectashield mounting medium and cover slip. Sealed with nail polish and 

stored at 4°C. 
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3.2.8 Fluorescence in situ hybridization of paraffin sections 

FISH on FFPE tissue was performed according to the following protocol: 

1. Deparaffinized slides 2 x 10 min in xylene. 

2. Rehydrated slides for 3-5 min in abs EtOH, 95%, 70%. 

3. Air-dried for 5 min. 

4. Antigen retrieval was performed by steaming in 10 mM citrate buffer for 45 min. 

5. Let slides cool down in room temperature for 10 min. 

6. Washed twice in 2 x saline-sodium citrate (SSC) buffer for 5 min.  

7. Placed slides in dH2O for 1 min. 

8. Digested tissue with pepsin (0,5%, 10 mg/ml) for 9 min at 37°C in pre-warmed humidity 

chamber. 

9. Washed slides twice in 2xSSC for 5 min. 

10. Dehydrate slides for 3-5 min in 70%, 95%, 2 x abs. EtOH. 

11. Air-dried 

12. Added suitable volume probe mix dependent on area of tissue and added cover slip. 

13. Denatured on heat plate at 80°C for 10 min followed by incubation in humidity chamber 

at 47°C over night. 

14. Placed slides in 37°C 2xSSC with 0,1% IGEPAL CA-630 (Sigma Aldrich) for 2 min.  

15. Transferred to 73°C 2xSSC 0,1% IGEPAL CA-630 for 2 min. 

16. Let slides air-dry. 

17. Mounted with vectorshield and cover slip. Stored at 4°C. 
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Statistics 

Statistical analysis was performed in the statistical program R (R Core Team (2017) (108).  

The Student’s paired t-test was used to calculate differences between mean copy number 

between imprint and FFPE for the cell lines HCC1954 and HCC2218 and between estimated 

NGS values and FISH counts for patient material and cell lines.  

Correlation was performed between mean FFPE and imprint copy number in order to identify 

an adjusting factor for copy number in sections (109).  
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4. Results 
 

4.1 Validation of BAC probes 

To verify correct probe localization, two or three overlapping probes nick-translated with 

different fluorophores were co-hybridized to fibroblasts. We lacked overlapping probes for 

p6 and p7, which target different sequences on chromosome 8. These had been previously 

validated in the lab. Probes p6 and p7 were thus only validated for signal quality and not 

specificity.  

Figure 12A is an example of successful overlap between two pairs of probes. Not all probes 

were distinctly specific; we observed several scenarios in during image analysis which 

challenged the interpretation. Satellites can be one to several small signals in close proximity 

to the main signal. As seen in Figure 12B, two overlapping probes with the presence of an 

additional smaller signal from one probe close to the main signal reflects a split probe which 

would either lead to discarding of the probe or caution in interpretation of signals in the 

following experiments. 

 

Figure 12: A: RP11-1087J7 (green) and RP11-1116O4 (orange), and RP11-878N15 (cyan) and RP11-450G15 

(magenta) show overlapping signals. B: Probe pair CTC-859I3 (green) and RP11-939C24 (magenta) 

overlapping with the latter split into additional signal. 

 

Probes which did not co-localize, had more than two signals present or had many satellites 

were deemed unspecific and discarded (Figure 13-14). The satellites were not always present 

as seen in figure 13B. 
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Figure 13: Overlapping probe pair RP11-1147E20 (green) and 355C15 (orange) with satellites.  

 

 

Figure 14: Overlap between probe pair CTD-3174P24 (green) and RP11-875M12 (magenta) in the center of 

image. Extra signals are due to unspecific binding. 

 

4.2 Comparison of selected probes by FISH on imprint versus FFPE for cell lines 

HCC1954 and HCC2218.   

We wanted to compare copy number for the 17 selected probes (Table 3) on imprint versus 

FFPE for the two cell lines HCC1954 and HCC2218. Two signals per nuclei were observed 

in all nuclei deemed countable. (Data not included). Figure 15 and 16 show the comparison 

between imprint (red boxes) and FFPE (blue boxes) for cell line HCC1954 and HCC2218 

respectively, for the probes analyzed. Some probes were omitted from both cell lines due to 

insufficient staining of imprinted cells. From cell line HCC1954 probe p6, p9 and p12 and 
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from HCC2218 probes p2 and p16 were omitted due to insufficient staining. Probes are 

numbered as listed in Table 3. High amplification generated overlapping signals making 

accurate quantification impossible. Copy number is thus capped at 20.   

 

 

Figure 15: Box plot shows comparison between observed copy number in imprint and FFPE for cell line 

HCC1954. 
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Figure 16: Box plot shows comparison between observed copy number in imprint and FFPE for cell line 

HCC2218.  

 

The results show a clear trend of imprinted cells having a higher or equal copy number 

relative to FFPE cells with the notable exceptions of p10 (and to a lesser degree, p11) in 

HCC1954 and p14 (and to a lesser degree p7) for HCC2218.  

A clearer picture emerged when illustrating the difference of copy number between imprint 

and FFPE cells as mean numbers as shown in Figure 17-18. Probes p14 and p15 in HCC1954 

are capped at 20 reflecting non-quantifiable amplification. The dots for imprint and FFPE 

cells in the plot overlap at 20, but FFPE HCC1954 copy numbers are visible. For HCC2218 

the dots for p17 overlap, but only the dot for FFPE cells is visible. While there is a large 

variance in assessed CN for each probe in HCC1954, the smaller discrepancy between 

counted CN for HCC2218 indicates a more systematic relationship between imprint and 

sectioned samples.  
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Figure 17: Comparison of mean copy number (on the y-axis) of probes (on the x-axis) between imprint and 

FFPE for cell line HCC1954. Copy numbers are capped at 20. Omitted probes are due to indeterminate data for 

imprinted cells.  

 

Figure 18: Comparison of mean copy number (on the y-axis) of probes (on the x-axis) between imprint and 

FFPE for cell line HCC2218. Copy numbers are capped at 20. Omitted probes are due to indeterminate data for 

imprinted cells.  
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The copy numbers for the different targeted sequences show substantial variation with a 

percentage difference ranging from -29 to +90% and an average of 32,5 %. The average 

difference in copy number is 1,1 with extremes of -3 and +3 (Table 4). Exclusion of p10 (see 

discussion) leaves the average copy number difference at 1,4 (calculation not shown). 

Table 4: probes are listed p1-p17. Mean copy numbers for imprint and FFPE HCC1954 cell line. Difference in 

copy numbers are given as percentage and numerical value. 

 

mean 

CN 

imp1954 

mean CN 

FFPE1954 

%diff 

1954impFFPE 

copy 

number 

change 

p1 2.93 2.43 20.3 0.5 

p2 7.94 4.89 62.5 3.1 

p3 6,00 3.17 89.5 2.8 

p4 4.71 2.96 59.1 1.8 

p5 3.73 2.82 32.1 0.9 

p6 NA 1.7 NA NA 

p7 4.41 4.36 1.1 0 

p8 13.4 8.37 60.1 5,0 

p9 NA 2.38 NA NA 

p10 7.95 11.22 -29.2 -3.3 

p11 7.97 8.49 -6.1 -0.5 

p12 NA 2.38 NA NA 

p13 4.42 2.33 90 2.1 

p14 20 20 0 0 

p15 20 20 0 0 

p16 3.88 3.4 14 0.5 

p17 7.79 4.81 62 3,0 

Average 

  
32.5 1.1 

 

     

Table 4 shows comparison of imprinted versus FFPE HCC2218 cells by mean copy number. 

The difference in CN between imprint and FFPE cells is presented as percentage and 

numerical value. The copy numbers for the different targeted sequences show substantial 

variation with a percentage difference ranging from -82 to +160% and an average of 22%. 

The massive difference in copy number between imprint and FFPE for p14 heavily skews the 

average for all probes to a seemingly negligible -0,2. Exclusion of the p14 probe puts the 

average difference between imprint and FFPE of 0,8 (calculation not shown). The striking 

anomaly of p14 is a topic in the discussion section.   
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Table 5 probes are listed p1-p17. Mean copy numbers for imprint and FFPE HCC2218 cell line. Difference in 

copy numbers are given as percentage and numerical value. 

  
mean CN 

imp2218bl 

mean CN 

FFPE2218 

%diff 

2218impFFPE 

copy 

number 

change 

p1 NA 2.2 NA NA 

p2 NA 5.3 NA NA 

p3 3.64 3.07 18.7 0.6 

p4 2.57 2.18 18 0.4 

p5 3.14 2.58 21.6 0.6 

p6 4.22 1.63 159.8 2.6 

p7 3.88 4.16 -6.6 -0.3 

p8 2.75 2.28 20.6 0.5 

p9 4.2 2.64 59.3 1.6 

p10 2.96 2.33 27 0.6 

p11 3.09 2.52 22.4 0.6 

p12 2.95 2.83 4.3 0.1 

p13 2.89 2.42 19.6 0.5 

p14 2.54 14.1 -82 -11.6 

p15 3.21 2.48 29.5 0.7 

p16 NA 12.16 NA NA 

p17 3.17 3.18 -0.5 0 

Average     22.3 -0.2 

 

 

A list of the number of counted nuclei for all probes on cell lines HCC1954 and HC2218 

imprint and FFPE is included in ST1. Compared to analysis for HCC1954 imprints, many 

probes for HCC2218 imprints suffered from low number of countable cells. SF1 and SF2 

illustrate plots portraying the standard deviation for signal counts on the cell lines showing a 

lower deviation in HCC2218 imprint indicating less heterogeneity.  

There seemed to be heterogeneity in the cell lines with regard to CN as illustrated in Figure 

19A. Figure 19B is an image taken during analysis of HCC1954 imprint cells undergoing 

mitosis which indicate lagging chromosomes during mitosis, which is again is a typical 

feature of breakage-fusion-bridges (BFB). This is an indication of this type of process being 

active in the cells, which again can explain heterogeneity within the cell line. 
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Figure 19 A: HCC2218 FFPE cells of similar size and DAPI intensity with variation in CN. B: DAPI image 

taken during analysis of HCC1954 imprint of possible BFB. 

 

We performed a linear regression on the CN estimates for imprints and FFPE sections for 

both cell lines to see if there is a specific factor to adjust for CN loss by sectioning. The 

coefficient for HC1954 imprints versus FFPE was calculated to 1,01, although excluding the 

regions with high-level amplification reduced this number to 0,72. For the HCC2218 cell 

line, the coefficient was calculated to be -1,45, but was modified to 0,20 by excluding the CN 

for the p14 outlier. This significant difference indicates that no specified adjusting factor for 

CN loss in FFPE sections can be determined based on the data in this thesis.   

 

Figure 20: Illustration showing the correlation in CN estimates between imprints on the x-axis and FFPE 

sections on the y-axis for HCC1954 (A), HCC1954 excluding high-level amplifications (B),  HCC2218 (C), and 

HCC2218 excluding the p14 outlier (D).  The coefficients for the plots is shown above each plot 
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Next, we wanted to compare the copy numbers for both imprints and FFPE for both cell lines 

HCC1954 and HCC2218 to copy number estimates by NGS, as shown in figure 21. As 

evident by visual inspection there is large variation in the alignments for the different cell 

lines, but p-values indicate no significant difference in CN between cell lines and NGS. The 

alignment for HCC2218 imprints show very good correlation with a p-value >0,91. Mean CN 

by FISH and CN estimated by NGS for imprints and FFPE of both cell lines are listed in ST2. 

 

 

Figure 21: Alignment of CN by FISH against CN estimated by targeted sequencing by NGS for imprints and 

FFPE of cell lines HCC1954 and HCC2218. CN by FISH is shown by a green box with median CN marked as a 

red line while the top and bottom represent the 75
th

 and 25
th

 percentile respectively. Mean CN estimated by 

NGS is illustrated by a blue line. Chromosome number is shown on the x-axis, CN is shown on the y-axis.       

p-value for statistical comparison of CN by FISH and NGS is shown for each plot.  
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4.3 FISH on patient samples 

Tissue biopsies from 14 patients were selected and stained with H&E for verification and 

localization of tumor cells. Biopsy from one patient was omitted due to problems sectioning 

the fat rich tissue. The remaining 13 biopsies were analyzed for copy number with FISH 

using 17 validated probes (CTC-859I3 from FISH on cell lines was replaced by RP11-

939C24 due to weak signal-to-noise ratio, see Table 3). The mean copy numbers from FISH 

on patient samples are summarized in Table 6. Current guidelines for HER2 status 

determination by FISH state that six or more copies reflect amplification (110, 111). We 

therefore defined CN between 2 and 6 as “gain” and CN from 6 and upwards as 

“amplification”. In table 7, all copy numbers defined as amplification (above this threshold) 

are marked red. CNs equal or less than 1,5 are marked green to illustrate regions with 

deletions. CN is capped at 20. 

Table 6: Patients are designated by their Osl2-number. Probes p1-p17 listed with average copy number.          

nd: not determinable, marked blue. CN≥6 is marked red and CN≤1,5 is marked green. 

Osl2# 
1116 1117 1119 1122-5 1122-7 1124 1129 1138 1162 1171 1210 1240 1163 

p1 2,8 3,8 1,8 1,8 1,5 2,5 1,7 1,6 3,1 1,3 1,8 2,3 nd 

p2 2,4 3,4 2,7 2,6 2,1 2,6 2,4 2,2 2,6 2,0 1,8 2,6 nd 

p3 3,3 4,5 3,3 3,1 1,9 3,0 2,0 2,2 2,5 1,9 2,0 3,8 nd 

p4 2,4 4,0 1,0 1,6 1,5 1,9 2,1 2,2 2,4 1,8 1,8 2,8 2,4 

p5 4,0 3,8 2,4 1,9 1,7 2,6 1,9 2,3 2,4 1,5 1,9 3,5 1,8 

p6 1,1 1,5 6,6 1,8 1,0 1,2 1,1 20,0 2,5 1,8 13,1 4,5 2,2 

p7 nd 1,8 3,0 1,8 1,5 2,6 2,8 2,4 1,8 nd 6,8 5,6 nd 

p8 1,9 1,6 1,9 1,7 1,6 2,7 1,8 1,5 1,7 1,5 2,7 2,2 nd 

p9 2,5 nd 1,8 1,6 1,7 nd 1,5 1,8 2,2 1,5 1,8 2,6 nd 

p10 4,4 3,0 3,8 1,8 1,6 10,0 4,3 1,8 2,2 15,0 15,0 2,3 nd 

p11 5,1 3,0 4,1 1,9 1,8 8,7 3,5 1,8 2,9 15,3 10,5 2,7 6,4 

p12 3,4 1,5 2,0 1,7 1,4 1,6 2,5 1,7 2,6 1,7 2,4 2,3 nd 

p13 1,5 4,9 2,6 1,5 1,3 2,7 2,0 1,8 2,0 1,9 1,9 2,0 nd 

p14 1,9 2,5 3,5 1,8 1,6 20,0 20,0 1,9 2,7 2,1 2,1 20,0 nd 

p15 1,1 nd 2,0 1,9 1,8 20,0 20,0 1,6 2,9 1,9 2,6 20,0 nd 

p16 5,3 2,2 2,6 1,8 1,9 3,7 2,6 1,6 2,7 1,3 2,4 3,0 nd 

p17 3,1 1,5 2,3 1,6 1,3 3,5 4,2 1,6 7,0 2,0 4,2 2,7 nd 

 

For patient samples 1116, 1124 and 171 FISH was unsuccessful for one probe, while patient 

sample 1117 had two unsuccessful hybridizations. FISH results for most probes proved 

repeatedly suboptimal on tissue in patient sample 1163; only four of the hybridizations 

resulted in signals discernible from extensive background noise. This sample was therefore 
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omitted from sequencing. The samples 1122-5 and 1122-7 represent two biopsies from the 

same patient with DCIS. All other samples were cases of invasive carcinoma. In cases of 

possible deletions, the CN is set to a minimum of one copy. The number of counted nuclei in 

the different tumor samples for the selected probes was subject to high variation (ST3). 

Occasional weak signals, high level of background noise, and morphology of tumor samples 

influenced the analysis of the samples. Also included in the supplementary, is ST4 listing the 

standard deviation for signal counts on patient samples. 

The copy numbers for each probe for each of the twelve breast cancer patient sample are 

shown in Figure 22. For each plot a horizontal line at CN of 2 and 6 marks normal CN and 

amplification respectively.  

 

 

Figure 22: Box plot illustration of copy numbers for the targeted sequences of 17 color coded probes on the x-

axis. Patient sample 1163 is omitted. Horizontal lines at 2 and 6 represent normal copy number and 

amplification respectively. Each dot represents the CN in a separate cell nucleus. 
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Copy number aberrations were observed for all patient samples. While some samples were 

dominated by normal CN or deletion (such as patient 1122), others were dominated by CN 

gain (such as patient 1116, 1117, 1119) or were more heterogenous with both gains and 

amplifications (such as patients 1124, 1129, 1240). We observed regions with amplifications 

in several patients and Figure 23 depicts two images of amplified regions. While the copy 

number in A could be quantified within a small margin of error, the opposite was true in B 

where the clustered amplification was impossible to count correctly and the CN was set to 20.  

 

Figure 23: A: Amplification detected with p10 in Osl2_1171. B: Amplification detected with p15 in patient 

sample 1240. 

An example of a patient sample (1210) with heterogeneous CN is shown in Figure 24 where 

we see CN gains, deletions and amplifications in the same cells. 

A                                                                                                         B

                                                                                             

Figure 24: A: Amplification detected with p7 (orange), but not p9 (magenta) in patient sample 1210. B: 

Amplification detected with p6, gain with p8 and normal CN with p12. 
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Some patients were dominated by copy number gain as we see in sample 1129 where the 

majority of the probes had copy numbers between 2 and 6, except from p14 and p15 (Figure 

25) which were highly amplified. The latter probes detect sequences in proximity to the 

HER2 gene on chromosome 17. The same pattern was observed in patient sample 1240 

(Figure 26). 

   

Figure 25: CNA with p14 (orange), p10 (green), p13 (magenta) in patient sample 1129. 

 

Figure 26 illustrates the complexity of CN analysis with different CN in tumor cells with 

gains/amplifications and closer to normal CN in neighboring cell.  

 

Figure 26: Amplification of p14, gain of p10 and p13 in patient sample 1240. 

We observed that several patients had possible deletions in one or more regions. Figure 27 

shows two tumor cells both having just one copy of p6 (red) and different CN for p7 (white).  
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Figure 27: Possible deletion of p6 and p12, and normal CN for p7 in patient sample 122-7. 

 

4.4 Comparison of copy number estimates by FISH and NGS 

The patient samples included in the CN analysis by FISH were part of a larger study where 

the tumor DNA was analyzed by targeted sequencing by NGS for multiple genes frequently 

altered in breast carcinomas. The regions analyzed by FISH were, with four exceptions, 

covered by the targeted sequencing and allowed comparison of detected CN between the two 

methods as illustrated in Figure 27. Remaining five plots are illustrated in SF3, and a table 

listing the mean CN by FISH and CN estimated by NGS for all nine patient samples is 

included as ST5. 

The CN counts by FISH and estimates by NGS largely seem to correlate with several 

estimates offering near match, but certain discrepancies are easily noticeable. The CN counts 

by FISH are both higher and lower for some regions in relation to NGS while other regions 

offer a better match. Gains and amplifications are detected by both methods with good 

correlation even though the amplification on chromosome 11 in sample 1210 is lower when 

estimated by FISH compared to NGS. CN in sample 1138 is systematically estimated higher 

by NGS reflecting gains in most regions, while corresponding CN by FISH is closer to two 

copies. Examples of the same tendency of NGS to estimate higher CN are also seen in sample 

1210, though one of the amplifications is well correlated. We used a t-test to calculate p-

values for the comparison of CN estimates by NGS to CN counts by FISH analysis. A value 

of 1 would indicate perfect correlation between the two methods of assessment, but the 

calculated values showed much variation reflecting the different levels of alignment seen in 

the plots. 
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Figure 27: Alignment of CN by FISH against CN estimated by targeted sequencing by NGS in patient samples 

identified by numbers on the right hand side of the plots. CN by FISH is shown by a green box with median CN 

marked as a red line while the top and bottom represent the 75
th

 and 25
th

 percentile respectively. Mean CN 

estimated by NGS is illustrated by a blue line. Chromosome number is shown on the x-axis, CN is shown on the 

y-axis. p-value for statistical comparison of CN by FISH and NGS is shown for each plot.  

p =  0.0046 

p =  0.5096 

p =  0.0007 

p =  0.3722 
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5. Discussion  

5.1 Validation of BAC probes 

29 probes were sought validated with FISH, of which 17 probes were included in further 

analyses based on correct binding, signal intensity and uniformity of the signal. Most probes 

were analyzed in pairs as they were overlapping. However, probes for a sequence on 

chromosome 11 were analyzed as a triplet. Four sequentially overlapping probes for 

chromosome 17 were isolated, but analyzed as pairs in separate reactions. Also, no 

overlapping probes were available for the two probes annealing to chromosome 8; these 

probes had been previously validated in the lab. 

Signal intensity was weak for several probes in the first round of FISH analysis and had to be 

repeated. If a probe signal was continuing to show low intensity, the probe was discarded 

with a preference for the overlapping probe. In cases where probes gave a split signal or 

abundant satellites, the probe was either discarded with a preference for the overlapping 

probe or the ambiguous signal was counted as one during analysis. This was necessary for 

some of the probes where the best probe was selected for further analysis. Some probes 

generated a split signal in some cells and a single distinct signal in a neighboring cell. Split 

signals may be a consequence of condensed chromatin inhibiting a part of the probe to bind. 

This leaves a gap in the sequence between the other parts of the probe which do hybridize, 

and the signal can appear as two distinct signals instead of one.  Splits were usually evident 

as an additional smaller signal in near proximity to the main signal and were in these cases 

counted as one signal. The interpretation became more complicated in nuclei with multiple 

signals where some of the split signals might have been counted as separate signals. In other 

cells a true signal in close proximity to another signal may have been counted as one. This 

ambiguity will be somewhat negated by the number of counted cells for each probe. Only 

probes with a few satellites were tolerated, and nuclei with more diffuse signals were left out 

of the analysis.  

The varying quality of the BAC probes used to bind the selected gene segments underlines 

the critical necessity of proper validation. Some probes generated either a few or multiple 

extra signals due to unspecific binding (Table 3). While several probes consistently generated 

intense, non-ambiguous signals, other probes produced signals with low signal-to-noise ratio. 

Weak signals, even among previously approved probes, seemed to be a somewhat random 

event complicating the experiments. Often a repeat of the FISH with or without a new 
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attached flurophore produced satisfying results. This did not seem to be a technical issue as 

three or four other probes in the same probe mix hybridized adequately to its target sequence 

on the same slide. The fact that all probes were analyzed with a standard protocol might have 

influenced results, and perhaps the optimization of a custom protocol would improve results 

for each probe. As all hybridizations were carried out with a mix of three, four or even five 

probes, the logistics involved in optimizing protocols were beyond the scope of this thesis. 

Hybridization efficiency and signal quality did not seem to be affected by the amount of 

different probes in a mix. Multiplexing with two, three, four or even five probes produced the 

same random results in all cell lines and biopsies. Another factor influencing the analysis was 

the apparent size of the probes. While most probes produced large signals, some of the probes 

generated tiny signals in comparison, readily hidden by background noise.      

 

5.2 Comparison of copy number in imprint and FFPE for cell line HCC1954 and 

HCC2218 

There was a trend of higher copy number in imprinted cells versus FFPE cells as evident 

from Figure 17-18 and Table 4-5. An average difference of one copy number between 

imprint and FFPE for HCC1954 gives strong indication that chromatin may be lost in some 

cells during sectioning. This difference was off by several copies for some of the probes, and 

this may be relevant in a therapeutic setting, which operates with cut-off values to determine 

diagnosis and treatment. For the HCC2218 cell line the outlier results for probe p14 skewed 

the average difference in copy number close to zero, but looking at the corresponding 

numbers for each probe individually, the CN difference largely followed the trend of higher 

CN in imprint relative to FFPE material. In general, the CN detected by the probes were 

lower and more homogeneous (see illustration of standard deviance in SF1 and SF2) in 

HCC2218 than HCC1954 reflecting different amount of CN alterations between the cell 

lines. The CN comparison between imprints and FFPE cells usually correlated well when CN 

alterations were low (i.e. close to 2 copies), but there was substantial variation in regions of 

gains and amplifications which introduced a level of uncertainty due to possibly overlapping 

signals. Considerable heterogeneity within breast cancer cell lines has been previously 

reported (112, 113), reflecting the range of varying CN for each locus estimated in our 

analyses. Additionally, for FFPE material, there is a higher probability of losing target DNA 

by sectioning if there are multiple copies of a sequence compared to few. The observation of 

more extensive CNA in HCC1954 compared to HCC2218 could help explain why the CN 
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observed in HCC1954 has a larger variation for each region than the corresponding region in 

HCC2218. The possible BFB event depicted in Figure 19 B in the HCC1954 imprint cell line 

indicates genomic instability in the cell line; if this mechanism has caused some of the 

observed amplifications, we would expect cell-to-cell variation. 

Much of the observed variance is due to heterogeneity of the tumor cells. The varying results 

imply difficulties in specifying an adjusting factor to compensate for possible loss of CN due 

to sectioning, at least without more extensive data material providing more reliable results by 

increased data points. This is supported by the marked difference in linear regression 

coefficient calculated for the two cell lines. Including an increased number of cell lines with 

CN assessment for additional regions would possibly clarify if determining such an adjusting 

factor across cell lines is possible. While an increased number of data points would 

strengthen the statistical power of the data, it would also demand a massive effort to obtain 

these data, especially for the probes with a low signal-to-noise ratio where repeated 

hybridizations had to be done. The magnitude of such analyses would exceed the scope of 

this thesis, but would be of great value in a follow up study.  

The protocol for FISH on imprint and FFPE cells differ significantly and may be a factor in 

the varying hybridization efficiency, signal intensity and background noise within the same 

round of hybridization. Some probes may hybridize more favorably to specific tissues under 

different circumstances. The cells involved were tumor cells which do not have normal 

chromatin arrangement (114, 115). It is possible that highly condensed chromatin may inhibit 

annealing of entire probes or parts of probes and account for lower cell to cell copy number 

estimates and varying signal intensity.  

Results of comparison for probe p6, p9 and p12 for HCC1954 are not available due to 

indeterminate results of hybridization. Hybridization with probe p6 in imprints from both cell 

lines resulted in scattered background and a low signal-to-noise ratio leaving true signals hard 

to distinguish. Even though some nuclei enabled an adequate signal count, the total number 

of countable nuclei remained too low and hence the probe was left out of comparison with 

FISH on FFPE material. In the FFPE sample the signal was of sufficient strength with low 

background, reflecting the initial results from validation of the probe on imprinted fibroblasts. 

Due to low concentration of the isolated plasmid, which also may have been a factor 

influencing poor FISH results, a second round of plasmid isolation with improved yield was 

performed preceding FISH on patient material. Probe p9 (CTC-859I3) was, when analyzing 
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patient samples, replaced by the overlapping probe RP11-939C24 due to poor hybridization 

efficiency, low signal intensity and high level of background noise. There was an intense 

background stain in the FFPE samples as well, but signals in a minority of nuclei were easily 

countable.  

The images taken for probe p10 on imprint were suboptimal. The 20-image z-stack was out 

of focus, potentially missing signals. This was evident by strong signals in the initiating z-

stack image. Also, the signals from this probe varied between intense and faint in the same 

cell, complicating true signal identification. The ambiguity of the results for this probe in 

HCC1954 casts doubts about the true copy number count and hence the results for this probe 

in HCC1954 could be considered disregarded.  

Other challenging factors included a low number of counted nuclei (ST1). This was primarily 

caused by low signal-to-noise ratio leaving few qualified nuclei with discernible signals. For 

the HCC1954 cell line this was especially relevant for probe p3 (21 counted nuclei) and 

probe p5 (11 counted nuclei) on imprints, where observed CN were variable, displaying a 

range of 3-9 copies and 3-6 copies respectively. For several probes in the HCC2218 imprints 

the number of counted nuclei was low. Probe p3 had only 14 countable nuclei in the images 

taken, while p4, p6, p7 and p9, had seven, nine, 17 and five respectively. This low nuclei 

count, even if observed CN were subjected to minor standard deviation, remains a source of 

reduced statistical power. They do, however, offer support to the trend set by the results from 

the other probes by demonstrating higher CN for imprinted cells.   

While HCC1954 are cells that easily adhere to other material, HCC2218 are cells that grow in 

suspension and thus proved difficult to be made to adhere to glass slides. The slides 

containing imprinted HCC2218 cells had mainly a few isolated cells or small clusters of cells. 

The data for these cells were therefore extremely hard to obtain, but a second set of slides 

with HCC2218 cells with intermittent blood lymphoblast cells were acquired. During 

microscopic analysis of these slides the lymphoblasts acted as control cells with a normal 

copy number. They were, however, a complicating factor as these cells should be identified 

and omitted from analysis. In most situations this was an easy task as the lymphoblasts’ 

nuclei were smaller and more regular in shape compared to the tumor cells. The tumor cells 

displayed nuclei of a wide variety of shapes and sizes, but also occasionally appearing very 

similar to lymphoblasts. Most probes were hybridized in a mix of four. This meant that due to 

increased copy number for at least one of the target sequences, the tumor cells were 



52 

 

unequivocally identified. However, heterogeneity of the tumor cells regarding copy number, 

shape and size, and the fact that for some slides only minor and sporadic CN increase was 

observed, misidentifications are probable to some extent. Cells not positively identified as 

tumor cells were left out, meaning this would mostly impact data by making fewer cells 

available for analysis. On rare occasions, the possibility of lymphoblasts with normal CN 

being interpreted as tumor cells would skew the data by lowering the average CN.  

As illustrated in Figure 19 A, there was a significant variation of CN for the sequence 

targeted by probe p14 in multiple adjacent cells of FFPE HCC2218. The cells seem to be of 

similar size and display near equal intensity of the DAPI stain. The CN for these neighboring 

cells seem to differ substantially with one cell showing a CN of 2, while the other cells 

display gains or clustered amplifications. Although in the FFPE sample most cells had 

amplified CN for the probe p14, the opposite was true in the imprint cell line which only 

displayed a small gain in CN. The number of imprinted cells analyzed for this probe, 

however, was low due to previously stated problems with adherence to glass slides. This 

significant difference in observed CN should mandate repeated FISH analysis to confirm or 

reject the results, but this was omitted due to time constraints. A lack of validation of this 

suggests the results to be interpreted with caution.  

NGS and FISH CN for both cell lines were found to overlap to a certain degree (Figure 21), 

however, the difference between NGS and FISH CN was generally larger in HCC1954 

compared to HCC2218, again reflecting the observed variation for each probe in this cell line. 

Alignment of CN estimated by NGS to CN from FISH in HCC1954 revealed an estimated 

equal or slightly higher CN for most probes. Probes detecting CN gains and amplifications 

produced more divergent results. HCC2218 displayed less diversity in CN for most 

sequences and the comparison between FISH and NGS was more aligned (p=0,9198 for 

HCC2218 imprint). There are, however, two amplified regions which present with somewhat 

higher CN when analyzed by FISH in HCC2218 FFPE.    

 

5.3 FISH on patient samples and comparison with CN estimate from targeted 

sequencing 

Guidelines for assessing HER2 amplification without the use of a centromeric control probe 

state that CN of six or more reflect amplification (110, 111). By extending this 

recommendation to include all regions analyzed, amplifications of one or more regions were 



53 

 

detected in seven patient samples (excluding sample 1163). Three of the patient samples had 

amplifications of segments in proximity to HER2 and these correspond to the patient data in 

Table 2. Patient sample 1119 had a HER2 score of 2+ by IHC, and correspondingly an 

elevated CN by FISH for probe p14 in proximity to HER2. An average FISH score of 3,5 

obscures the cell to cell variation seen in the microscope; a high proportion of cells had CN 

between 6 and 8, and some even up to 9. Gains were observed to a varying degree in all 

patient samples, although in some samples (1122-7 and 1171) gains were only detected in a 

minority of the cells in a few regions. This, as well as the large diversity in observed CN for 

some loci (especially evident in samples 1117, 1119, and 1124), may reflect intratumoral 

heterogeneity analogous to the cell-to-cell variation seen in the HCC1954 and HCC2218 cell 

lines. Intratumoral heterogeneity is a well-know feature in breast carcinomas and seem to be 

more prominent in some tumors (22). 

Distinguishing nuclei with loss of both copies of a region from nuclei with unsuccessful 

hybridization posed an analytical challenge. Because of this, deletions were only detected in 

cells with a minimum of 1 copy. In some cases (i.e. probe p4 in patient sample 1119 and 

probe p6 in patient sample 1122-7) where CN is set to one, no nuclei were non-ambiguously 

observed to have more than one copy, but a great proportion of nuclei were blank, even if 

they were been positive for other probes. The images in Figure 23-27 illustrate some of the 

complexity in CN analysis in tumor cells. For many probes the number of signals in a nucleus 

is beyond visual separation making an accurate count impossible. In cases of low CN, 

overlapping signals are discernible by careful analysis of the z-stack, but this is a time 

consuming exercise. However, heavily amplified segments still remained a challenge. An 

upper limit of 20 signals per nuclei was set as signal separation was challenging when there 

were high level amplifications. Another challenge when analyzing tumor cells by FISH is the 

separation of individual nuclei. In most samples, with the cases of DCIS a notable exception, 

a great number of nuclei were overlapping with cells proliferating in a disorganized pattern. 

Much time was spent using the microscope to locate a suitable region of the tumor for image 

generation and even then, some images provided a slim number of nuclei meeting the 

previously stated criteria for analysis. Highly irregular nuclei morphology and DAPI stain, 

and instances of overdigestion of FFPE tissue prior to hybridization, excluded an additional 

number of cells.  

The number of counted nuclei in the different tumor samples for the selected probes was 

subject to significant variation. Occasional weak signals, high level of background noise, and 
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morphology of tumor samples introduced a level of uncertainty to take into account when 

comparing copy number count in FISH versus sequencing.  ST3 lists the number of counted 

signals per probe for each tumor sample. For a majority of the patients an adequate nuclei 

count was achieved, but two patients offered a low count for one or two probes. Patient 

sample 1119, however, was subject to highly variable signal quality and hence, seven probes 

have countable nuclei below 30. For FISH analysis on the patient samples, probe p9 was 

replaced by its overlapping validation probe as previously stated. Several probes were by 

necessity incorporated with a different flurophore and many hybridizations were repeated 

once or twice to achieve a successful result. Still, some patient samples lack results from 

FISH analysis for one or two probes as illustrated in table 6. A special case was that of 

patient sample 1163 of which proved particularly difficult to obtain FISH signals for many of 

the probes. Even after multiple rounds of FISH, only four probes were subject to analysis. All 

other hybridizations were either deemed negative or riddled with intense background noise 

obscuring FISH signals for all but a few cells in each image. Reasons for this are probably 

tissue specific. Possible degradation of tissue prior to fixation or suboptimal fixation may be 

cause of poor hybridization efficiency or excessive background stain.  

The FISH copy number and NGS estimated copy number did overlap to a certain degree, 

however for some patient samples (ie. 1117, 1138, 1129, 1162) the difference in copy number 

was significantly different (p<0.05). Comparison plots of FISH versus NGS for four selected 

patients in Figure 27 illustrate some of the challenges involved while the remaining plots are 

included in the supplementary (SF3). CN estimated by NGS are in many cases a close 

reflection of the CN analyzed by FISH both in identifying gains and amplifications, as well as 

normal CN. The CN in cases of seemingly diploid states estimated by FISH is often 

somewhat below 2. It is to be expected that a diploid CN would appear slightly reduced due 

to chromatin lost during sectioning. A proportion of the cells will present only one copy even 

if the majority have two. If none or few cells have a gain, the average number will be lower 

than two. Provided that the CN analysis revealing the diploid status, which is indicated by the 

blue line closely following the stapled line, is a correct representation of reality, the compared 

results are in concordance. However, for some samples (i.e. patient sample 1138) the NGS 

systematically overestimates CN for regions which by FISH are close to 2 copies.  Accurately 

estimating CN by NGS in cases of few segments, as seen in patient sample 1138, poses an 

analytical challenge, although a similar profile with better concordance is seen in sample 

1122. This is a complicated technical issue and reflects the NGS test still being in a state of 
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development. FISH, although it too has analytical pitfalls challenging even experienced 

pathologists, is considered the gold standard in CN analyses. The technical difficulties 

discussed in previous sections, as well as inter- and intraobserver variability introduce a 

certain degree of uncertainty, but the CN for all probes estimated by FISH are results of 

careful and thorough analyses. NGS is based in part on advanced mathematical algorithms 

and data processing as well as being performed using DNA from bulk-tumor samples. There 

is considerable amount of noise stemming from non-neoplastic cells which occasionally mask 

data. The fraction of tumor cells to normal cells in any given sample is also of critical 

importance as the algorithm relies on a certain fraction in later calculations and data 

processing is to some degree a process of trial and error.  

 

Technical challenges in analysis of FISH  

Occasionally the guidelines for FISH signal analysis were circumvented due to few cells with 

high-intensity signals. In cases of weak signals, low number of countable cells, and high level 

of background noise, signals were counted with caution, but the low number of counted cells 

results in weakened statistical power. Though the number of counted cells should preferably 

exceed 50, it was in some cases considerably lower (ST1 and ST3). The nucleus membrane 

should be intact and have clear borders. Nuclei with signs of over-digestion were analyzed 

with caution or omitted as these nuclei may have lost chromatin. This also applied to 

sectioned samples where nuclei presented with varying size. A small nucleus with dim DAPI 

stain indicates that parts of the nucleus have been sectioned off, possibly losing chromatin in 

the process, no longer reflecting the complete copy number. In some cases, the validity of a 

signal was either confirmed or rejected through analysis of the 20 image z-stack of the 

nucleus. By sifting through the stack of 20 images, split probes generating an extra signal 

could be identified by being in the same focus plane as the main signal. If the signals 

appeared to localize in different levels of the nuclei, they were likely reflecting multiple 

copies. Artifacts could also be identified by this method, as these generally were much larger 

and persisted through multiple levels of the z-stack. Nuclei with ambiguous signals were 

omitted from analysis. Overlapping nuclei was tolerated if the counted signals were non-

ambiguously determined to reside in one or the other nuclei. Presence of signals in 

overlapping regions of two or more nuclei disqualified the nuclei from further analysis. 
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6. Conclusions  
The proper validation and selection of probes for FISH are of critical necessity as many 

probes are unspecific, produce abundant satellite or generate a weak signal-to-noise ratio, all 

complicating visual interpretation of copy numbers.  

While imprints from cell lines in large part, as expected, were estimated to have somewhat 

higher CN than FFPE sections from the cells lines, this was not universally true.  

Additionally, the estimated CN in both imprints and FFPE sections displayed a high degree 

of heterogeneity further complicating matters. Regions with gains and, in particular, 

amplifications displayed a larger diversity between the two methods. A high mean CN was 

often accompanied by a wide spread in low and high CN values. A high degree of cell-to-cell 

variation reflects a need to analyze a sufficient number of cells. Specifying a factor to adjust 

for sectioning artifacts thus proved difficult based on the cell lines and data points in this 

thesis. However, the overall trend observed supports the logical assumption of higher 

observed CN for imprint cells relative to FFPE cells and could inspire a more comprehensive 

study involving additional cell lines and chromosomal regions to further investigate this 

relationship. As a side note, the tissue specific challenges seen in one of the patient samples, 

underlines the essential value of having multiple methods of CN assessment.    

Detection of HER2 amplification by IHC and/or FISH remains to date the only CN analysis 

included in routine diagnostics of breast carcinomas. In the anticipated future of personalized 

medicine, a more thorough molecular characterization of individual tumors will exceed the 

capacity of FISH analyses and require more time- and cost efficient technologies. While 

FISH is the current gold standard for CN analyses, the introduction of NGS into routine 

diagnostics is imminent. However, methodical, technical and analytical challenges still need 

to be worked out. The ongoing development of the targeted sequencing test to better 

differentiate breast carcinomas could potentially be modified to include other forms of 

neoplasia where CNA are the driver events. Augmenting the current capabilities of FISH 

analysis is the development and introduction of advanced image analysis software. This will 

allow easier identification of tumor cells, signal count and artifacts, providing more accurate 

analysis in a shorter time frame. 

The CN estimates by NGS were in large part in agreement with the corresponding CN 

estimates by FISH. While minor discrepancies were observed throughout most patient 

samples, occasional larger discordance was identified. Systematic overestimating was evident 
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in some cases. While FISH is more reliable in detecting deletions which may be masked by 

noise in NGS, the latter is better at estimating massive amplifications which extend beyond 

the resolution of FISH analysis. The diagnostic implications of accurate quantification of 

such amplifications remain unclear. The impact of accurate CN analysis may be vital in cases 

where threshold values will determine therapy, accentuating the importance of extensive 

validation of NGS-based methods in diagnostics.  
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Supplementary 
 

 

SF1: Illustration of the standard deviance of CN estimates for cell line HCC1954. Probes are listed on the x-

axis, st.dev. value is marked on the y-axis. 

 

 

SF2: Illustration of the standard deviance of CN estimates for cell line HCC2218. Probes are listed on the x-

axis, st.dev. value is marked on the y-axis 



65 

 

ST1: Number of counted nuclei for cell lines HCC1954 and HCC2218 imprint and FFPE. Number below or 

equal to 30 are marked green, while lacking data are marked blue.  

 

imp1954 FFPE1954  imp2218bl FFPE2218 

p1 40 58 nd 45 

p2 54 63 nd 40 

p3 21 66 14 58 

p4 63 54 7 39 

p5 11 56 49 89 

p6 nd 43 9 40 

p7 39 61 17 45 

p8 45 70 36 50 

p9 nd 40 5 33 

p10 37 51 28 48 

p11 37 51 34 44 

p12 nd 42 41 35 

p13 43 46 27 53 

p14 39 39 26 61 

p15 39 39 41 27 

p16 57 40 nd 45 

p17 48 47 26 44 
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ST2: Median CN by FISH and estimated CN by NGS for probes p1-p17 for HCC1954 and HCC2218 imprints 

and FFPE.  

1954imp FISH_median NGS CN 
 

1954FFPE FISH_median NGS CN 

p1 3 2 
 

p1 2 3 

p2 8 2 
 

p2 4 6 

p3 6 2 
 

p3 3 4 

p4 5 2 
 

p4 3 3.1 

p5 4 NA 
 

p5 3 NA 

p6 NA 2 
 

p6 2 2 

p7 4 NA 
 

p7 4 NA 

p8 14 2 
 

p8 8 9 

p9 NA 2 
 

p9 2 3 

p10 8 NA 
 

p10 10 NA 

p11 8 2 
 

p11 8 12 

p12 NA NA 
 

p12 2 NA 

p13 4 2 
 

p13 2 3 

p14 20 126 
 

p14 20 126 

p15 20 126 
 

p15 20 126 

p16 4 2 
 

p16 3 4 

p17 8 2 
 

p17 4 8 

       

       2218imp FISH_median NGS CN 
 

2218FFPE FISH_median NGS CN 

p1 2 3 
 

p1 2 3 

p2 NA 3 
 

p2 6 3 

p3 4 3 
 

p3 3 3 

p4 2 2.1 
 

p4 2 2.1 

p5 3 NA 
 

p5 3 NA 

p6 4 2 
 

p6 1.5 2 

p7 4 NA 
 

p7 4 NA 

p8 2 2 
 

p8 2 2 

p9 4 2 
 

p9 3 2 

p10 3 NA 
 

p10 2 NA 

p11 3 2 
 

p11 2 2 

p12 3 NA 
 

p12 3 NA 

p13 3 2 
 

p13 2 2 

p14 2 11 
 

p14 15 11 

p15 3 2 
 

p15 2 2 

p16 NA 8 
 

p16 12 8 

p17 3 2 
 

p17 3 2 
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ST3: Overview of the number of counted nuclei for each probe for all patient samples. Numbers below or equal 

to 30 are marked green while indeterminate samples are marked blue. 

 

 

ST4: List of standard deviations for probes p1-p17 for the patient samples.  

 

 

 

Osl2_# 
1116 1117 1119 1122_5 1122_7 1124 1129 1138 1162 1171 1210 1240 X 

p1 50 52 10 40 50 31 54 46 51 61 47 56 nd 

p2 84 65 79 49 58 55 73 22 41 44 41 52 nd 

p3 64 92 50 54 49 62 64 52 36 35 45 43 nd 

p4 40 55 19 42 43 37 64 19 62 46 68 48 38 

p5 28 63 50 62 62 52 75 17 45 58 41 50 22 

p6 49 46 24 48 33 65 42 43 48 44 42 40 43 

p7 nd 79 25 64 66 79 51 34 56 nd 48 51 nd 

p8 52 64 64 39 44 35 55 51 57 48 92 44 nd 

p9 94 nd 25 40 76 nd 56 40 64 65 45 55 nd 

p10 39 67 69 48 64 48 66 48 67 57 41 50 nd 

p11 54 59 51 66 64 51 57 31 63 57 40 47 22 

p12 55 57 31 55 58 67 52 22 57 46 84 50 nd 

p13 80 75 119 60 50 48 58 37 43 57 48 51 nd 

p14 44 113 79 95 47 54 41 46 61 44 51 43 nd 

p15 95 nd 14 41 64 41 41 47 71 46 66 43 nd 

p16 62 38 23 54 48 46 47 43 69 22 41 45 nd 

p17 87 87 116 58 64 53 45 50 41 53 53 45 nd 

Pat.ID P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 

 
Osl2_1117  1.3 1.3 1.5 1.4 1.6 0.5 0.7 0.5 NA 1.2 1.2 0.5 1.6 0.9 NA 0.8 0.9 

 
Osl2_1119  0.4 1.2 1.1 0 0.8 3,0 1.3 0.8 0.7 1.7 1.9 0.9 1.2 1.9 0.4 1,0 1,0 

 
Osl2_1122_5  0.5 1,0 0.8 0.5 0.4 0.5 0.4 0.5 0.5 0.4 0.4 0.4 0.5 0.4 0.4 0.5 0.5 

 
Osl2_1122_7  0.5 0.7 0.7 0.5 0.5 0.2 0.5 0.5 0.5 0.5 0.4 0.5 0.5 0.5 0.4 0.8 0.5 

 
Osl2_1124  0.7 0.9 1.1 0.7 0.9 0.4 1.1 1.2 NA 4.4 4.4 0.7 1,0 0 0 1.2 1.1 1 

Osl2_1129  0.7 0.9 0.8 0.8 0.7 0.3 1.3 0.6 0.5 1.1 1.4 0.9 0.6 0 0 0.9 1.5 2 

Osl2_1138  0.5 0.7 0.7 0.7 0.8 0 0.8 0.5 0.6 0.5 0.4 0.5 0.6 0.4 0.5 0.5 0.5 2.1 

Osl2_1162  1.5 0.9 0.9 1.1 0.9 0.9 0.7 0.6 0.9 0.8 0.9 0.8 0.7 1.1 1,0 1.2 2 NA 

Osl2_1116  1,0 0.9 0.9 1.1 1.1 0.3 NA 0.6 1,0 1.3 1.2 1.2 0.6 0.7 0.4 1.9 1.2 

 
Osl2_1171  0.5 0.7 0.7 0.6 0.5 0.4 NA 0.5 0.5 0 NA 0.5 0.4 0.9 0.4 0.5 0.7 

 
Osl2_1210  0.7 0.4 0.6 0.5 0.3 2.5 2,0 1.1 0.4 0 4.6 0.9 0.4 0.4 0.7 0.7 1.1 

 
Osl2_1240  1,0 0.8 1.4 1.2 1.1 1.6 2,0 0.8 1,0 1,0 0.9 1.1 1,0 0 0 1.4 0.8 

 



68 

 

 

SF3: Alignment of CN by FISH against corresponding targeted sequencing by NGS in remaing 5 patient 

samples identified by numbers on the right hand side of the plots. CN by FISH is shown by a green box with 

median CN marked as a red line while the top and bottom represent the 75
th

 and 25
th

 percentile respectively. 

Mean CN estimated by NGS is illustrated by a blue line. Chromosome number is shown on the x-axis, CN is 

shown on the y-axis. p-value included for each plot.   
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ST5: Median CN by FISH and estimated CN by NGS for probes p1-p17 for 9 patient samples. 

1117 

FISH 

median  NGS CN   1119 

FISH 

median  NGS CN   1122 

FISH 

median  NGS CN 

p1 4 6   p1 2 1   p1 2 2 

p2 3 6   p2 3 3   p2 3 6 

p3 5 6   p3 3.5 3   p3 3 6 

p4 4 6   p4 1 3   p4 2 2 

p5 3 NA   p5 2 NA   p5 2 NA 

p6 2 2   p6 7 7   p6 2 2 

p7 2 NA   p7 3 NA   p7 2 NA 

p8 2 2   p8 2 2   p8 2 2 

p9 NA 4   p9 2 2   p9 2 2 

p10 3 NA   p10 4 NA   p10 2 NA 

p11 3 4   p11 4 4   p11 2 2 

p12 2 NA   p12 2 NA   p12 2 NA 

p13 5 7   p13 2 2   p13 1.5 2 

p14 2 2   p14 3 3   p14 2 2 

p15 NA 2   p15 2 3   p15 2 2 

p16 2 2   p16 2 3   p16 2 2 

p17 2 4   p17 2 2   p17 2 2 

                      

                      

1124 

FISH 

median  NGS CN   1129 

FISH 

median  NGS CN   1138 

FISH 

median  NGS CN 

p1 2 2   p1 2 2   p1 2 5 

p2 2 2   p2 2 3   p2 2 5 

p3 3 2   p3 2 3   p3 2 5 

p4 2 2   p4 2 2.1   p4 2 5 

p5 3 NA   p5 2 NA   p5 2 NA 

p6 1 1   p6 1 1   p6 20 31 

p7 3 NA   p7 3 NA   p7 2 NA 

p8 2 2.2   p8 2 2   p8 2 4 

p9 2 2   p9 1,5 2   p9 2 4 

p10 10 NA   p10 4 NA   p10 2 NA 

p11 9 9   p11 3 4   p11 2 4 

p12 2 NA   p12 2,5 NA   p12 2 NA 

p13 3 2   p13 2 2   p13 2 4 

p14 20 24   p14 20 25   p14 2 4 

p15 20 24   p15 20 25   p15 2 4 

p16 4 3   p16 3 3   p16 2 4 

p17 4 3   p17 4 5   p17 2 5 
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1162 

FISH 

median  NGS CN   1171 

FISH 

median  NGS CN   1210 

FISH 

median  NGS CN 

p1 3 2   p1 1 1   p1 2 4 

p2 3 2   p2 2 3   p2 2 4 

p3 2 2   p3 2 3   p3 2 4 

p4 2 2   p4 2 2   p4 2 4 

p5 2 NA   p5 1 NA   p5 2 NA 

p6 2 2   p6 2 2   p6 15 14 

p7 2 NA   p7 NA NA   p7 7 NA 

p8 2 2   p8 1 2   p8 3 4 

p9 2 2   p9 2 2   p9 2 4 

p10 2 NA   p10 15 NA   p10 15 NA 

p11 3 2   p11 15 22   p11 9 21 

p12 3 NA   p12 2 NA   p12 2 NA 

p13 2 1   p13 2 2   p13 2 4 

p14 3 2   p14 2 2   p14 2 4 

p15 3 2   p15 2 2   p15 3 4 

p16 3 2   p16 1 2   p16 2 4 

p17 7 8   p17 2 2   p17 4 4 

 


